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RESUMO

O pedunculo do caju (Anacardium occidentale L.) apresenta grande importancia econémica e
social mundialmente, devido ao seu alto valor nutricional, além de sabor e aroma peculiares.
Durante o seu amadurecimento, o pedunculo apresenta rapida reducdo na firmeza e
desenvolvimento de diferentes coloragdes da pelicula, impactando na qualidade e aceitacdo
dos pseudofrutos pelos consumidores. Embora muitos estudos discorram sobre a firmeza e
coloracdo dos pedunculos de caju, ainda sdo desconhecidos os mecanismos moleculares
envolvidos nas alteragBes dessas caracteristicas durante o desenvolvimento do fruto. Portanto,
0 objetivo desse estudo foi analisar o transcriptoma de pedinculos de dois genotipos de caju
(CCP 76 e BRS 265) com diferentes firmeza e coloragdo em dois estadios de
desenvolvimento (imaturo e maduro), utilizando a técnica de RNA-Seq (sequenciamento do
RNA). A partir dos resultados foi possivel observar que a firmeza e o conteudo de
antocianinas dos pedunculos reduziram durante o desenvolvimento de ambos 0s gendtipos.
Entretanto, os cajus BRS 265 imaturo e maduro apresentaram maior firmeza e maior contetdo
de antocianinas do que o CCP 76 nos mesmos estadios de maturacdo. A analise de expressdo
diferencial revelou um total de 3.266 genes diferencialmente expressos (GDES) entre cajus
BRS 265 imaturo e maduro, enquanto entre CCP 76 imaturo e maduro foram identificados
4.374 GDEs. Posteriormente, as analises de enriquecimento funcional dos GDEs
demonstraram que 0s gendtipos apresentaram respostas, principalmente, aos processos de
reducdo de firmeza (catabolismo e biogénese de macromoléculas da parede celular) e
desenvolvimento de coloragdo da pelicula (biossintese de flavonoides e fenilalanina) dos
pedinculos. Um total de 71 e 34 GDEs envolvidos no processo de amaciamento e na
biossintese de flavondides foram identificados em cajus, respectivamente. No geral, a
diferenca de firmeza entre os gendtipos estudados poderia ser justificada pela regulacédo
negativa de genes codificantes de expansina (EXP), bem como pela regulacdo positiva de
genes codificantes de enzimas envolvidas na degradacéo da pectina [poligalacturonase (PG),
pectatoliase (PL) e pectina acetiltransferase (PAE)] e na biossintese da parede celular em
cajus CCP 76 (gendtipo de pedunculo mais macio). Ja a coloracdo vermelha da pelicula e o
alto contetido de antocianinas em cajus BRS 265 ainda imaturos poderiam ser associados a
regulacao positiva de genes codificantes de enzimas envolvidas na biossintese de flavondides
[fenilalanina aménia liase (PAL), cinamato 4-hidroxilase (C4H) e chalcona sintase (CHS)] em
relacdo aos cajus CCP 76 no mesmo estadio de maturacdo. Por fim, seis GDEs envolvidos nos

metabolismos de interesse desse estudo (firmeza e flavondides) tiveram o seu padréo



transcricional validado pela reacdo em cadeia da polimerase via transcricdo reversa
quantitativa em tempo real (RT-gPCR). As informacgdes oriundas desse estudo poderdo
fornecer subsidios para pesquisas futuras, visando a extensao da vida pés-colheita, bem como

a qualidade de cajus, agregando valor econémico a esse fruto.

Palavras-chave: Pedlnculo. Antocianinas. Ontologia génica. Expressdo diferencial.
Poligalacturonase.



ABSTRACT

The cashew apple (Anacardium occidentale L.) has great economic and social importance
worldwide, due to its high nutritional value, in addition to its peculiar flavor and aroma.
During its maturation, the peduncle shows a fast firmness reduction and development of
different peel coloration, impacting the quality and acceptance of pseudofruit by consumers.
Although many studies discuss about the firmness and color of the peduncles, the molecular
mechanisms involved in the alterations of these characteristics during cashew development
are still unknown. Therefore, the aim of this study was to analyze the peduncle transcriptome
of two cashew apple genotypes (CCP 76 and BRS 265) with different firmness and color in
two developmental stages (immature and mature), using the RNA-Seq technique (RNA
sequencing). From the results, it was possible to observe reduced firmness and anthocyanin
content in the peduncles during the development of both genotypes. However, the immature
and mature BRS 265 cashew apples showed greater firmness and higher anthocyanin content
than CCP 76 cashew apples at the same maturation stages. Differential expression analysis
revealed a total of 3,266 differentially expressed genes (DEGS) between immature and mature
BRS 265 cashew apples, while between immature and mature CCP 76 cashew apples, 4,374
DEGs were identified. Subsequently, the functional enrichment analysis of DEGs showed that
the genotypes showed responses, mainly, to the softening process (catabolism and biogenesis
of cell wall macromolecules) and development peel coloration (flavonoids and phenylalanine
biosynthesis) of the peduncles. A total of 71 and 34 DEGs involved in the softening process
and flavonoid biosynthesis were identified in cashew apple peduncle, respectively. In general,
firmness difference between the studied genotypes could be justified by the down regulation
of genes encoding expansin (EXP), as well as by the up regulation of genes encoding
enzymes involved in the pectin degradation [polygalacturonase (PG), pectatoliase (PL) and
pectin acetyltransferase (PAE)] and cell wall biosynthesis in CCP 76 cashew apple (softer
peduncle). The red coloration peel and high anthocyanin content in immature BRS 265
cashew apple could be associated with the up regulation of genes encoding enzymes involved
in the flavonoid biosynthesis [phenylalanine ammonia lyase (PAL), cinnamate-4-hydroxylase
(C4H) and chalcone synthase (CHS)] compared to CCP 76 cashew apple at the same
developmental stage. Finally, six DEGs involved in the metabolisms of interest in this study
(firmness and flavonoids) had their transcriptional pattern validated by real time polymerase
chain reaction (RT-gPCR). The information from this study may provide subsidies for future

research, aiming at extending post-harvest life, as well as the quality of cashew apple



peduncle, adding economic value to this fruit.

Keywords:  Peduncle. Anthocyanin. Gene ontology. Differential  expression.

Polygalacturonase.
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1. INTRODUCAO

Fruto do cajueiro (Anacardium occidentale L.), 0 caju € constituido pela castanha
(fruto verdadeiro) e pelo pseudofruto que é originado a partir do pedunculo floral
(MICHODJEHOUN-MESTRES et al., 2009). A cultura do caju tem grande importancia
econdmica e social para muitos paises, principalmente, para o Brasil, mais especificamente
para a regido Nordeste, onde a cajucultura tornou-se atrativa e promissora devido as
condicdes de clima e solo favoraveis do local (VIDAL, 2017; ICB, 2020). Além da
importancia comercial, o caju também tem se destacado devido aos avancos nas descobertas
sobre as suas propriedades farmacoldgicas (CAVALCANTE et al, 2003; KUBO et al., 2003;
BEEJMOHUN et al., 2015; VASCONCELOS et al., 2015; CARVALHO et al., 2020). Tal
atividade bioldgica deve-se, principalmente, a capacidade antioxidante exercida pelos
compostos bioativos presentes no mesmo, tais como vitamina C, polifendis totais, flavondides
amarelos, carotendides totais e antocianinas (LOPES et al., 2012; SCHWEIGGERT et al.,
2016).

Os peddnculos do caju podem ser utilizados na indudstria, onde sdo processados
para a fabricacdo de polpas, geléias, entre outros produtos; na alimentacdo animal e no
consumo in natura (PROMMAJAK et al., 2014). Embora, a maior parte da producéo total de
cajus seja destinada a comercializacdo in natura, os produtores de caju enfrentam grandes
dificuldades ao enviar o peddnculo a centros consumidores mais distantes (ASSUNCAO;
MERCADANTE, 2003; MOURA et al., 2010). A vida util extremamente curta do peddnculo,
associada a rapida reducdo da firmeza resultam em perda a atratividade e da viabilidade para
comercializacdo dos cajus.

Além da firmeza, a coloracdo da pelicula possui fundamental importancia na
preferéncia do consumidor (CARIOCA et al., 2003). Sua cor em cajus maduros pode variar
do vermelho ao amarelo quando o caju esta completamente desenvolvido. Recentemente
SCHWEIGGERT et al. (2016) verificou que a coloragdo vermelha e alaranjada da pelicula de
alguns cajus tem sido atribuida, principalmente, ao contetdo de antocianinas e carotendides,
respectivamente.

Durante o amadurecimento do caju, ocorre reducdo da firmeza e de adstringéncia,
desenvolvimento de aroma e sabor tipicos dos peddnculos, além de mudanca na cor da
pelicula (FIGUEIREDO et al., 2002). Entretanto, o amaciamento do pedunculo assim como o
desenvolvimento da cor da pelicula sdo processos influenciados pelo gendtipo de caju.

Pedunculos do genotipo de caju BRS 265 apresentam pelicula vermelha e polpa firme quando
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maduros ao passo que pedunculos de CCP 76 tornam-se mais macios e desenvolvem cor
alaranjada na pelicula (LOPES et al., 2012).

No geral, a degradacdo da parede celular é considerada o principal fator
responsavel pelo amaciamento dos frutos (BRUMMELL, 2006). A despolimerizacdo da
matriz glicana e as modificacGes na pectina (solubilizacdo e remoc&o de aglcares neutros das
cadeias laterais) resultam na degradacdo da lamela média e, consequentemente, na reduzida
adesdo entre as células (PANIAGUA et al., 2016). Ja o acimulo de antocianinas ocorre pela
via de biossintese dos flavonoides (JAAKOLA, 2013; LI, 2014). Além de cor, essa via produz
alta quantidade de compostos antioxidantes (flavondis) e relacionados com o sabor
adstringente de caju (taninos condensados). Por fim, todas essas alteracGes decorrentes do
amadurecimento envolvem a expressao coordenada de um grande conjunto de genes,
justificando a necessidade de usar a abordagem transcriptomica para uma melhor
compreensdo desses metabolismos durante o desenvolvimento dos pedunculos.

Apesar da importancia socioecondémica e nutricional do caju, estudos moleculares
com essa espécie ainda sdo escassos. E, embora muitos estudos discorram sobre a firmeza e o
conteddo de antocianinas em cajus (FIGUEIREDO et al., 2001; LOPES et al.,, 2011;
SCHWEIGGERT et al., 2016), ainda s&o desconhecidos os mecanismos moleculares que
desencadeiam a reducdo da firmeza, além da transi¢do para a coloracdo vermelha durante o
amadurecimento desses frutos.

Portanto, neste estudo, a analise do transcriptoma associada a quantificacdo de
antocianinas e firmeza objetiva fornecer a relacdo entre genétipo e fendtipo, destacando genes
regulatorios envolvidos na cor e firmeza em pedunculos durante o amadurecimento de caju.
As informacGes oriundas desse estudo fornecerdo uma base para estudos no campo da
gendmica funcional. Além disso, 0s genes selecionados serdo importantes alvos de estudos
posteriores para esclarecer sua real significancia no controle dos metabolismos supracitados,
resultando ao longo prazo, na melhoria da qualidade e na agregacdo de valor econémico aos

frutos.
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2. REVISAO DE LITERATURA

2.1. A cultura do cajueiro

2.1.1. Importancia socioeconémica

O cajueiro (Anacardium occidentale L.), planta nativa do Nordeste brasileiro, foi
introduzido pelos portugueses na América (Central e Sul), no leste da Africa e mais
tardiamente (século XV) na india, o que contribuiu para a dispersdo dessa cultura (SAROJ et
al.,, 2014). O cajueiro pertence & ordem Sapindales e mais especificamente a familia
Anacardiaceae, a qual inclui a mangueira e o pistacheiro (SAVADI et al., 2020). Seu
verdadeiro fruto é a castanha, um aquénio seco e indeiscente, enquanto o pseudofruto é
oriundo do desenvolvimento do pedunculo floral, tecido fibroso coberto por uma fina
epiderme que sustenta o fruto verdadeiro (figura 1) (MICHODJEHOUN-MESTRES et al.,
2009).

Figura 1 — Estrutura do caju.

Pedunculo

Castanha

2L 4

Fonte: autor.

A cultura do cajueiro é a segunda mais importante na producdo de castanhas
mundialmente, apresentando crescente interesse econdmico (SAVADI et al., 2020). Em 2018,
0 Vietn4, a india e a Costa do Marfim foram os maiores produtores de castanha de caju,
totalizando 4 milhdes de toneladas. Atualmente, o Brasil € nono maior produtor de castanha
com producéo de 141 mil toneladas por ano (FAOSTAT, 2018). Esse fato pode ser justificado
pela ocorréncia da seca que castigou o semiarido brasileiro de 2012 a 2017, causando a

reducéo no total de area colhida de cajus no pais (\VIDAL, 2017).



17

No entanto, a cajucultura tem grande importancia econdmica para o Brasil. Em
2019, foram produzidas 139 mil toneladas de castanha em 428 mil hectares de area colhida no
pais (IBGE, 2019). Ainda em 2019, o Nordeste, somente, foi o responsavel por 99,1 % da
producdo nacional, sendo os estados Ceara, Piaui e Rio Grande do Norte os principais
produtores, ocupando 99,7 % da area cultivada com caju no pais (IBGE, 2019). Além disso,
essa cultura possui alta importancia socioecondmica, pois ¢ uma fonte de renda e gera
empregos diretos e indiretos principalmente no Nordeste brasileiro (VIDAL, 2017).

Apesar da castanha representar apenas 10 % do peso total do caju, ela é o
principal produto explorado por esse cultivo, enquanto muitos peddnculos sdo desperdi¢ados
(ALBUQUERQUE, 2011). No campo, a maioria dos produtores considera o peddnculo um
subproduto da castanha, sendo grande quantidade descartada ou deixada no préprio solo
depois da remocéo da castanha. Estima-se que 10 a 15 toneladas de pedunculos de caju sdo
produzidas como coproduto para cada tonelada de castanha de caju (TALASILA; SHAIK,
2015).

Mesmo com grandes perdas no aproveitamento do pedunculo de caju, ele
apresenta alto valor comercial, sendo vastamente utilizado na inddstria € no consumo in
natura. Na inddstria, estima-se que 10 % da producdo total de pedinculos sdo processados
para a fabricacdo de polpas, geleias, doces, sucos, cajuinas e outros alimentos, bem como
aproveitados para a alimentacdo animal (PROMMAJAK et al., 2014). Entretanto, a maior
parte da producéo total de pedinculos (90 %) sdo destinados a comercializacdo in natura em
feiras e supermercados, principalmente, aqueles proximos a regifo produtora (ASSUNCAO;
MERCADANTE, 2003).

O consumo do pedunculo de caju é bastante apreciado devido ao seu aroma e
sabor peculiares, sendo vastamente aceito pelos consumidores. Além disso, o caju tem se
destacado devido aos avancos nas descobertas sobre as propriedades farmacoldgicas, como
atividade antimicrobiana e antimutagénica, acdo anti-inflamatdria e prevencdo da obesidade e
diabetes (CAVALCANTE et al, 2003; KUBO et al., 2003; BEEJMOHUN et al., 2015;
VASCONCELOS et al., 2015; CARVALHO et al., 2020). Tal atividade biol6gica deve-se,
principalmente, pela capacidade antioxidante exercida pelos compostos bioativos presentes no
caju. Quando maduro, o pedinculo é rico em vitamina C (279,37 mg.100 g de massa fresca -
MF), polifendis totais (69,51 mg.100 g* MF) e flavondides amarelos (50,75 mg.100 g** MF),
e em menor quantidade, carotendides totais e antocianinas (5,27 e 21,16 mg.100 g* MF,
respectivamente) (LOPES et al., 2012; SCHWEIGGERT et al., 2016).

Entretanto, uma das grandes dificuldades enfrentadas pelos produtores de caju que
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visam o envio do pedunculo a centros consumidores mais distantes é a vida util extremamente
curta do mesmo (MOURA et al., 2010). Apbés o periodo de 48 horas armazenado em
temperatura ambiente, o pedldnculo do caju apresenta-se enrugado, fermenta e,
consequentemente, perde sua atratividade e viabilidade para o comércio (FIGUEIREDO et al.,
2002). Essa curta vida util deve-se, principalmente, & estrutura delicada associada a rapida
perda de firmeza do pedinculo (MOURA et al., 2010). A pelicula fragil e a reduzida firmeza
fazem com que o pseudofruto seja sensivel a danos mecanicos, exigindo estratégias especiais
durante o transporte do mesmo (BARRETO et al., 2007). Alem disso, a ocorréncia de injarias
fisicas na pelicula atrelada a umidade favoravel (85 — 90 %) e ao alto contetdo de agucar (55
— 65 %) torna o0s pedinculos propensos a répida deterioracdo microbiana
(SIVAGURUNATHAN et al., 2010). Apesar dos cuidados, substanciais perdas econdmicas
tém ocorrido durante o transporte dos pseudofrutos, elevando os custos para os consumidores.
Tendo em vista que o pedinculo de caju é rico em fitoquimicos e nutrientes
essenciais para a salde humana e possui um grande potencial na industria de alimentos, faz-se
necessaria uma compreensdo acerca do desenvolvimento desse fruto. Portanto, estudos sobre
a regulacdo transcricional no caju poderdo auxiliar no melhoramento genético de pedunculos

com maior vida til e atratividade para consumo.

2.1.2. Desenvolvimento do pseudofruto

O cajueiro (genoma diploide 2n = 42) é uma planta perene, de porte médio e
ramificacdo baixa, sendo classificada como andromondica, ou seja, o sistema reprodutivo é
constituido por flores masculinas (estaminadas) e hermafroditas (ALIYU; AWOPETU, 2007;
SOUSA et al., 2007). Essa classificacdo somada a estrutura diferenciada da flor hermafrodita
(com o estigma situando-se em posicao superior aos estames) consistem em caracteristicas
que podem explicar muito do comportamento produtivo dessa planta (BARROS, 2011).
Como o cajueiro é uma espécie de fecundacdo cruzada (albgama), os pomares apresentam alta
heterogeneidade, tanto em relagcdo aos aspectos vegetativos (altura, copa e folhas) quanto aos
aspectos produtivos (caracteristicas dos frutos e produgdo) (VIDAL et al., 2013). A
diversidade de plantas do cajueiro tem sido agrupada em dois tipos: 0 comum e 0 ando
precoce, 0s quais diferem em estatura da planta, inicio do florescimento e produtividade de
frutos.

O melhoramento genético do cajueiro na década de 1950 é considerado um marco

na cajucultura, principalmente para pesquisas visando o0 aproveitamento do pedunculo
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(QUEIROZ et al., 2012). Como um resultado do melhoramento, vérias cultivares de cajueiro
com maiores niveis de producdo frutifera tém sido desenvolvidas (SAVADI et al., 2020).
Além disso, a baixa estatura dessa planta permite que o caju seja colhido manualmente,
resultando em pedunculos integros e de boa qualidade sanitaria. Outro fator essencial para a
obtencdo de pedunculos de qualidade é realizar a colheita dos cajus no correto estadio de
maturacao/desenvolvimento dos mesmos.

No geral, o desenvolvimento de um fruto é dado por eventos que ocorrem desde o
estabelecimento do mesmo até o amadurecimento, o qual é seguido pela senescéncia,
processo predominantemente degradativo e irreversivel que resulta na morte dos tecidos
(figura 2) (RYALL; LIPTON, 1979). Durante o crescimento do fruto, ocorre a divisdo e 0
alongamento/expansao celular, além da diferenciacédo dos tecidos. Quando o fruto atinge o seu
tamanho méaximo, ativa-se o processo de amadurecimento, caracterizado por uma sequéncia
de mudancas bioquimicas, fisioldgicas e estruturais dos frutos, conduzindo a um estado que
os torna comestiveis (CHITARRA; CHITARRA, 2005). A senescéncia corresponde a um
processo predominantemente degradativo e irreversivel, resultando na morte dos tecidos
(WATADA et al., 1984).

Figura 2 — Fases do desenvolvimento dos frutos: inicio da formacéo da polpa (1); término do
crescimento em tamanho (2); inicio do periodo de consumo (3); periodo 6timo de consumo
(4); predominancia de reac@es catabolicas (5) e ndo utilizavel para consumo (6).
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Fonte: Ryall; Lipton, 1979.



20

Em caju, o desenvolvimento da castanha e do pedinculo comeca apés a
fecundacdo da flor. Inicialmente, observa-se o crescimento rapido e uniforme do aquénio, até
atingir seu tamanho maximo entre 30 e 36 dias apos a antese (DAA). A partir desse ponto, a
massa da castanha decresce (aproximadamente 15 %) e a casca endurece, ocorrendo
simultaneamente ao processo de desenvolvimento e amadurecimento do pedunculo que se
encerra entre 56 e 60 DAA, sendo 52 DAA para o cajueiro do tipo anédo precoce (BARROS,
2011). Inversamente a castanha, 0 crescimento do pedunculo é muito lento nos estadios
iniciais e rapido depois que a castanha atinge de 73 a 77 % do seu tamanho maximo. Nessa
etapa, ocorre a obstrucdo do hilo (feixe vascular que conecta o aquénio ao pedicelo) e,
consequentemente, os fotoassimilados produzidos, posteriormente, pela planta ficam retidos
no peddnculo, havendo o acimulo dessas substancias e o consequente aumento da massa do
pedunculo (MICHODJEHOUN-MESTRES et al., 2009). E interessante observar que até a
quarta semana de desenvolvimento do caju, a castanha torna-se maior do que o pseudofruto.
Apos a maturagdo, ndo obstante a grande variacdo da relagdo peso da castanha/pedinculo, a
castanha representa de 8 a 12 % do peso total do caju.

O processo de amadurecimento dos frutos é controlado por varios hormoénios
vegetais. Dentre eles, destaca-se o etileno, que desempenha papel central nas mudancas
fisioldgicas e bioquimicas que ocorrem durante o amadurecimento dos frutos climatéricos
(PORAT et al., 2009). Com base na biossintese desse horménio e no comportamento
respiratorio, os frutos sdo classificados como climatéricos ou ndo-climatéricos (TUCKER,
1993). Os frutos climatéricos apresentam um pico na producdo de CO> e de etileno na fase
climatérica, o que ativa o processo de amadurecimento (BIALE, 1964). De modo inverso, 0s
frutos ndo-climatéricos apresentam um declinio gradual da respiracdo e baixa producdo de
etileno, permanecendo em niveis basais durante o amadurecimento (PORAT et al., 2009). Em
outras palavras, frutos climatéricos sdo capazes de amadurecer depois de colhidos ao passo
que os ndo-climatéricos somente amadurecem na planta.

Apesar do caju apresentar uma alta taxa respiratoria (62 a 72 mL Kg* h') a 20 °C,
ele ndo é considerado um fruto climatérico (BIALE; BARCUS, 1967). De acordo com Pratt e
Mendoza (1980), a producdo de etileno é muito baixa e estavel durante o amadurecimento
desse fruto (200 a 400 nL Kg* h'). Por esse motivo, o caju necessita permanecer na planta até
atingir completo amadurecimento, sendo a colheita realizada obrigatoriamente quando o
pedunculo estiver maduro, fase em que alcanga a méaxima qualidade para consumo (YAHIA,
2011).
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No inicio do desenvolvimento, o peddnculo do cajueiro apresenta coloracdo verde,
muito adstringente (travo) e bastante firme, ndo atendendo as caracteristicas organolépticas
desejadas pelo consumidor. A medida que o pseudofruto amadurece, ocorre perda de firmeza
e de adstringéncia; desenvolvimento de aroma e sabor tipicos; aumento de peso e tamanho;
além de mudanca na coloragdo da pelicula para vermelha, laranja ou amarela dependendo do
gendtipo (FILGUEIRAS et al., 1999; YAHIA, 2011). Somado a essas altera¢des, 0 aumento
gradual no teor de solidos solUveis associado a reducéo da acidez no pedinculo ao longo do
seu desenvolvimento resulta em frutos com maior grau de dogura (FIGUEIREDO et al.,
2002).

O desenvolvimento do caju (usando os genétipos CCP 76 e o BRS 265) foi
classificado em sete estadios de maturacdo de acordo com a coloragdo externa do pedunculo e
da castanha (figura 3) (LOPES et al., 2012). No estaddio 1, a castanha e o peddnculo
apresentam coloragdo verde. A partir do estddio 2, a castanha permanece madura e seca,
apresentando pouca alteragdo, até o Gltimo estddio de maturacdo. Enquanto nesse mesmo
periodo, as mudancas mais perceptiveis ocorrem com o pseudofruto, o qual sofre alteracfes
fisicas no seu tamanho e cor. O desenvolvimento da coloracdo do pedunculo depende do
genotipo, onde o caju CCP 76 e o BRS 265 apresentam cores laranja e vermelho quando
maduros, respectivamente. Embora ndo descrito na escala, o pedinculo do caju BRS 265 ja
apresenta tracos de cor laranja avermelhado ainda no estadio 2 de maturacdo (figura 3). Tendo
em vista esses fatores, o estudo comparando os pedinculos colhidos nos estadios 2 e 7
(possuem caracteristicas contrastantes) e de cajus com diferentes cores de pelicula (laranja e
vermelho) fornecera uma melhor visao sobre o desenvolvimento de cada genotipo.

A programacdo genética que conduz a divisdo, diferenciacdo, expansao celular e
amadurecimento dos frutos é controlada por um conjunto de genes, expressos em estadios
especificos ou diferencialmente regulados ao longo do seu desenvolvimento (KNAPP; LITT,
2013). Além disso, todo esse complexo processo requer a sintese de novas proteinas e RNAs
mensageiros (MRNASs) para atuarem nos diferentes metabolismos necessarios a maturacéo
dos frutos. Portanto, além de fornecer importantes informacGes sobre o desenvolvimento de
pedunculos de caju, o estudo transcriptdomico desse pseudofruto pode auxiliar na compreensao
acerca da regulacdo transcricional tanto em frutos nao-verdadeiros como em frutos néo-

climatéricos durante o amadurecimento.
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Figura 3 — Escala subjetiva baseada na coloragdo externa do peddnculo e da castanha para
classificar os estadios de desenvolvimento do caju. Estadios: 1- castanha e pedunculos verdes;
2- castanha madura e seca/ pedunculo verde; 3- castanha madura e seca/ pedinculo verde-
claro; 4- castanha madura e seca, pedinculo com inicio de coloracdo amarela (CCP 76) e
laranja avermelhado (BRS 265); 5- castanha madura e seca/ pedinculo amarelo com inicio de
cor laranja (CCP 76) e laranja avermelhado com inicio de cor vermelha (BRS 265); 6-
castanha madura e seca/pedunculo laranja-claro (CCP 76) e vermelho-claro (BRS 265); 7-
castanha madura e seca/ pedunculo laranja-escuro (CCP 76) e vermelho-escuro (BRS 265).

1 2 3 4 5 6 i

Estadios de desenvolvimento /

Fonte: Lopes et al., 2012.

2.1.2.1. Firmeza

Entre todos os parametros de qualidade, a firmeza é o mais importante atributo,
pois é utilizada como critério para determinacdo do valor comercial de frutos in natura, de
maneira que ela se relaciona a qualidade nutritiva e sensorial, além de propiciar maior periodo
de vida util pos-colheita (FIGUEIREDO et al., 2002). A firmeza também influencia a
transportabilidade do fruto e a taxa de infeccdo por microrganismos (WANG et al., 2019).
Apesar de ser imprescindivel que o fruto sofra reducdo na firmeza ao longo do
amadurecimento para tornar-se mais palatavel, o amaciamento excessivo traz prejuizo a
qualidade.

Em caju, o amaciamento do pedunculo ao longo do amadurecimento difere entre

0s genotipos. No caju CCP 76, foi verificada uma reducdo de aproximadamente 65 % na
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firmeza dos pedunculos (22,98 a 7,78 N) entre os estadios de maturagdo 2 (pseudofruto verde)
e 7 (pseudofruto laranja) (LOPES et al., 2011). Por outro lado, o caju BRS 265 apresenta um
dos pedunculos mais firmes ainda no estadio 2 (38,96 N) mantendo alta firmeza em
pedunculo maduro (14,48 N) quando comparado a outros genotipos (LOPES et al., 2011).

No geral, a perda de firmeza durante o amadurecimento dos frutos tem sido
atribuida, principalmente, as alteragdes nos componentes da parede celular que levam ao
declinio da integridade do fruto (SEYMOUR et al., 2013). Essa parede celular primaria
consiste em mistura complexa de polissacarideos e derivados (celulose, hemicelulose e
pectinas) e uma pequena quantidade de proteinas, secretados pela célula e reunidos em uma
rede organizada por meio de ligagGes covalentes e ndo covalentes (figura 4) (TAIZ; ZEIGER,
2017). A lamela média é responsavel pela adesdo entre as células vegetais, e juntamente com a

parede celular primaria sdo ricas em substancias pécticas (TAIZ; ZEIGER, 2017).

Figura 4 — Estrutura da parede celular vegetal.
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Fonte: Sticklen et al., 2008.

A pectina é um polissacarideo constituido, em grande parte, por unidades do acido
D-galacturdnico, sendo classificada em trés principais classes: homogalacturonano (HG),
ramnogalacturonano | (RGI), ramnogalacturonano Il (RGII) (WANG et al., 2019). As pectinas
podem apresentar cadeias laterais formadas por radicais metil e acetil, além de unidades de
galactose, arabinose e outros monossacarideos. Recentemente, pectinas de caju foram
caracterizadas quimicamente como HG altamente metilada (76 %) e como RGI ramificada
com arabinogalactanas do tipo Il (TAMIELLO-ROSA et al., 2019).
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A perda da firmeza durante o amadurecimento dos frutos tem sido relacionada,
principalmente, ao aumento na solubilidade da pectina (YANG et al., 2017). Durante o
desenvolvimento do caju, a reducdo no conteudo de pectina total ocasionada devido ao
aumento na solubilizacdo de pectinas foi concomitante a reducéo na firmeza dos pedunculos
(FIGUEIREDO et al., 2001). Além da solubilizacdo da pectina, a perda de aglcares neutros
presentes em suas cadeias laterais e a despolimerizacdo da matriz glicana contribuem para o
afrouxamento da parede celular e diminuicdo da interacdo célula-célula, reduzindo a firmeza
do tecido (BRUMMELL, 2006; GOULAO; OLIVEIRA, 2008; MERCADO et al., 2011;
WANG et al., 2018).

A degradacdo da pectina € o resultado da acdo coletiva de vérias enzimas
hidroliticas da parede celular (figura 5). A pectinametilesterase (PME) e a pectina
acetiltransferase (PAE) hidrolisam os grupos metil e acetil, respectivamente, da cadeia de HG,
produzindo uma pectina com baixo grau de metilagéo e acetilacdo (PRASANNA et al., 2007).
Desse modo, a cadeia principal de HG torna-se mais susceptivel ao ataque enzimatico da
poligalacturonase (PG) e pectatoliase (PL), enzimas responsaveis pela hidrolise (WANG et al.,
2018). Ja a cadeia de RGI é hidrolisada pela ramnogalacturonanoliase (RGL), liberando um
grupo de acido poligalacturdnico insaturado, enquanto a B-galactosidase (BGal) atua na
remog&o da galactose de suas cadeias laterais (VORAGEN et al., 2009).

Figura5 — Mecanismo de acdo das principais enzimas que atuam na degradacdo da pectina da
parede celular. Pectinametilesterase (PME), pectina acetiltransferase (PAE), poligalacturonase
(PG), pectatoliase (PL), ramnogalacturonanoliase (RGL) e B-galactosidase (BGal).
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Fonte: Wang et al., 2018.

Em caju, foi observado um pico na atividade da PME seguido pela elevacdo da
atividade da PG, sugerindo que essas enzimas e a associacdo entre elas sdo as principais

responsaveis pelo amaciamento de pedunculos durante o seu amadurecimento (FIGUEIREDO
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et al., 2001). De modo anélogo, o gene PGL1 revelou ser crucial para o retardo da perda de
firmeza em maca (Malus x domestica) e morango (Fragaria < ananassa Duch.) (ATKINSON
et al., 2012; POSE et al., 2013). Recentemente, Xue et al. (2020) verificaram que o
silenciamento de FYPME38 ou FVPME39 resultou em morangos mais firmes, enquanto a
superexpressdo desses genes produziu frutos mais macios.

Embora a PME e a PG sejam as enzimas mais completamente caracterizadas que
modificam pectina, elas sdo incapazes de afetar significativamente a textura dos frutos
(YANG et al., 2017). Em tomate (Solanum lycopersicum), a inibicdo da atividade da PG nao
preveniu a solubilizagdo da pectina (LANGLEY et al., 1994; SMITH et al., 1990), enquanto
PME ou PG silenciados tiveram relativamente pouco efeito no amaciamento desse fruto
(WEN et al., 2013; WANG et al., 2019). Por outro lado, o silenciamento de SIPL em tomate e
dos FafiGald ou FaRGL em morango acarretou o aumento da firmeza desses frutos,
destacando a importancia de uma visdo geral dos genes envolvidos nesse processo
(MOLINA-HIDALGO et al., 2013; PANIAGUA et al., 2016; ULUISIK et al., 2016; YANG
etal., 2017; WANG et al., 2019).

Os demais polissacarideos que compdem a parede celular também sofrem
alteracdes, impactando na estrutura da parede e, consequentemente, na firmeza dos frutos. A
celulose consiste em longas cadeias com unidades de [-(1,4)-D-glicose que associadas
formam as microfibrilas (SEYMOUR et al., 2013). O xiloglucano, um tipo de hemicelulose,
consiste em uma cadeia principal com unidades de p-(1,4)-D-glicose unidas com ramificagdes
de a-(1,6)-D-xilose (LAMPUGNANI et al., 2018). Esses polissacarideos formam liga¢des de
hidrogénio entre si, proporcionando resisténcia mecénica e garantindo manutencdo da
estrutura durante a extensao da parede celular (AQUILA et al., 2012).

Durante o amadurecimento em frutos, a expansina (EXP) e a xiloglucano
endotransglucosilase/hidrolase (XTH) promovem o relaxamento e a expansdo da parede
celular usando mecanismos diferentes. A EXP realiza a quebra das ligagbes de hidrogénio
entre as microfibrilas (celulose) e a matriz glicana de hemicelulose, enquanto a XTH ¢é
responsavel pela hidrolise e pela religacdo das cadeias de xiloglucano (SEYMOUR et al.,
2013). Além dessas enzimas, a xilosidase age removendo os residuos de xilose da cadeia
principal de xiloglucano, enquanto a celulase (endoglucanase; EG) catalisa a clivagem das
ligagdes glicosidicas B-1,4 presentes na cadeia de celulose, contribuindo para a perda de
firmeza dos frutos (JARA et al., 2019).

Desse modo, o silenciamento do SIExpl resultou em tomates mais firmes sem

alterar a cor, 0 peso e o conteudo de solidos soltveis nesses frutos, sugerindo ser um gene
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essencialmente envolvido na firmeza desses frutos (MINOIA et al., 2016). Recentemente, Jara
et al. (2019) verificaram que o gene FaEG1 foi mais expresso em morangos macios do que
em morangos firmes. Da mesma maneira, Dotto et al. (2005) identificaram maior expressao
de FaEXP em morangos macios do que em firmes, ressaltando a importancia de estudos com
genotipos que apresentam firmezas contrastantes para a identificacdo de potenciais genes
relacionados ao amaciamento de frutos.

Algumas dessas enzimas sdo codificadas por grandes familias multigénicas. Por
exemplo, a XTH é representada por 25 membros em tomate e 33 em Arabidopsis thaliana
(YOKOYAMA:; NISHITANI, 2000; SALADIE et al., 2006). No entanto, cada membro
desempenha uma funcdo especifica durante o amadurecimento do fruto, podendo o processo
de amaciamento ser influenciado pela expressdo de varios membros da mesma familia
multigénica. A superexpressdo de FvXTH9 ou FvXTH6 foram capazes de acelerar o
amadurecimento de morangos e, consequentemente, a producdo de frutos mais macios
(WITASARI et al., 2019). Assim como a XTH, os niveis de expressdo de trés membros
génicos (FCEXP1, FCEXP2 e FCEXP5) foram associados a reducdo da firmeza em morangos
(FIGUEROA et al., 2009). Portanto, um estudo transcriptdbmico pode auxiliar na identificacdo
de membros associados com a perda de firmeza durante o amadurecimento.

O processo de amaciamento dos frutos é mediado pela expressdo temporal de
varios membros da mesma e de diferentes familias multigénicas durante o amadurecimento,
além de apresentar regulacdo altamente coordenada. Com isso, estudos moleculares sdo
necessarios para avancar na compreensdo da regulacdo a nivel transcricional envolvida na
perda de firmeza de pedunculos durante o amadurecimento de gendtipos de cajus
contrastantes. O uso de cajus contrastantes auxiliara na busca por genes-chaves relacionados a

firmeza especifica de cada gendtipo.

2.1.2.2. Coloracao

A coloragdo é um importante indicio da maturidade e qualidade dos frutos de
algumas espécies frutiferas. No caju, a escolha do consumidor depende do mercado
importador, de modo que no mercado europeu, o consumidor francés prefere frutos vermelhos,
enguanto, em outros paises, a preferéncia é por frutos de cor amarela. O mercado brasileiro,
por exemplo, prefere o caju de cor avermelhada, devido a associagdo com um fruto maduro,
que alcangam os melhores precos no mercado (FILGUEIRAS; ALVES, 2002; CARIOCA et

al., 2003). A coloracdo vermelha de alguns gendétipos de cajus tem sido atribuida,
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principalmente, ao acimulo de antocianinas, visto que esses compostos ndo foram detectados
em cajus amarelos ao longo desenvolvimento desses frutos (SCHWEIGGERT et al., 2016).

As antocianinas pertencem a classe dos flavondides, compostos que possuem uma
estrutura basica, consistindo em dois anéis aromaticos ligados por um anel heterociclico com
trés &tomos de carbono (PANDEY et al., 2016). Os flavondides desempenham diversas e
importantes fungdes na biologia das plantas: antioxidantes, sinalizadores na interagéo planta-
bactéria, sinalizacdo hormonal, absorcdo de raios UV, fertilizacdo e germinacdo do pdlen,
além de pigmentar tecidos (STRACKE et al., 2007).

Entre os flavonoides pigmentados mais abundantes nas plantas vasculares estéo as
antocianinas (WINKEL-SHIRLEY, 2001). As antocianinas, compostos resultantes a partir da
glicolisacdo das antocianidinas, sdo as principais responsaveis pelas diferentes cores dos
tecidos vegetais, variando entre vermelho e azul (figura 6). No mais, a cor final dos tecidos é
determinada, principalmente, pela combinagdo da estrutura quimica das antocianinas e do pH
do vacuolo, local no qual esses compostos estdo localizados (WINKEL-SHIRLEY, 2001).
Durante o amadurecimento, ocorre 0 aumento no contetdo de antocianinas na pelicula,
principalmente, de cajus vermelhos (SCHWEIGGERT et al., 2016).

Figura 6 — Estrutura quimica e representacdo das cores das principais antocianinas presentes

na natureza.
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Fonte: adaptado de Su et al., 2016 e Ananga et al., 2013.

A via de biossintese dos flavondides tem sido muito estudada, sendo
bioquimicamente e molecularmente caracterizada em varias espécies incluindo Arabidopsis
thaliana e uva (Vitis vinifera) (SHIRLEY et al., 1992; BOSS et al., 1996; WINKEL-
SHIRLEY, 2001). Inicialmente, os flavonodides séo sintetizados pela rota dos fenilpropanoides,

onde ocorre a conversdo de fenilalanina em 4-cumaroil-CoA pela enzima fenilalanina aménia
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liase (TANAKA et al., 2010).

Entretanto, a via dos flavonoides, de fato, comeca com a a¢do da chalcona sintase
(CHS) produzindo chalconas (figura 7). Estas sdo isomerizadas espontaneamente ou pela a¢éo
da chalcona isomerase (CHI), resultando em flavonona (naringenina). No passo seguinte, a
flavonona 3-hidroxilase (F3H) produz dihidroflavonol, podendo este ser catalisado pela
dihidroflavonodide redutase (DFR) ou pela flavonol sintase (FLS) e resultar em
leucoantociadinina (flavan-3,4-diois) e flavonol, respectivamente (LI, 2014). A partir desse
ponto, a leucoantociadinina pode ser convertida a catequina (2,3-trans-flavan-3-ol) pela
enzima leucoantocianidina redutase (LAR) ou a antocianidina pela leucoantocianidina
dioxigenase (LDOX) (figura 8). Por fim, as antocianidinas, entdo, servem como substrato para
a sintese de epicatequina (2,3-cis-flavan-3-ol) pela antocianidina redutase (ANR) ou serem
glicosiladas pela UDP flavonoide 3-o-glicosil transferase (GT), resultando em antocianinas
(JAAKOLA, 2013).

Figura 7 — Representacdo esquematica da via de biossintese dos flavondides. Genes
estruturais: chalcona sintase (CHS), chalcona isomerase (CHI), flavonona 3-hidroxilase (F3H),
dihidroflavondide redutase (DFR), flavonol sintase (FLS), leucoantocianidina redutase (LAR),
leucoantocianidina dioxigenase (LDOX), antocianidina redutase (ANR) e UDP flavondide 3-
o-glicosil transferase (GT). Eles tém sido classificados em genes iniciais (EBGS) e tardios
(LBGs), sendo regulados por fatores de transcricdo da familia R2R3-MYB e por proteinas
basic helix—loop-helix (bHLH) e WD40 juntamente com os R2R3-MY B, respectivamente.

4-Cumaroil-CoA + 3x Malonil-CoA

CHS EBGs

Naringenina chalcona

CHI
R2R3-MYB

Naringenina .
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FLS
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LAR -
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Fonte: adaptado de Liu et al. (2013).
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Cada espécie apresenta uma expressao de genes estruturais especificos envolvidos
na via dos flavonoides. A auséncia de niveis detectaveis de transcritos para MdGT em macé
branca foi a responsavel pela perda de antocianinas e consequentemente ndo-pigmentacao
(KOTEPONG et al. 2011). De maneira distinta, a auséncia de antocianinas em roméa branca
(Punica granatum) foi relacionada com a supressdo ou expressdo limitada de PgANS (ZHAO
et al., 2015). Ja em ameixas (Prunus salicina L.), o gene PsLDOX demonstrou um papel
central para o acumulo de pigmentos vermelhos em peliculas, apresentando correlagdo
positiva entre sua expressdo e o conteido de antocianinas (GONZALEZ et al., 2016).
Entretanto, um estudo comparativo entre genotipos de macd vermelha e ndo-vermelha
mostrou diferencas apenas na intensidade do nivel de expressdo de alguns genes (MdCHS,
MdF3H, MdDFR, MdANS e MdGT), sendo estes mais expressos em maca avermelhada
(TAKOS et al., 2006).

No geral, os taninos podem ser classificados como hidrolisaveis ou condensados,
com base nas unidades que o compdem (AGOSTINI-COSTA et al., 2003). Catequina e
epicatequina tém sido apontados como as principais unidades monomericas que compdem 0s
taninos condensados (também chamados proantocianidinas) (figura 8), enquanto os taninos
hidrolisaveis sdo compostos por acidos fendlicos. Os taninos sdo compostos relacionados a
adstringéncia em frutos devido a interacdo entre eles e as proteinas salivares, resultando na
formacdo de um grande complexo precipitado que causa uma sensacdo de travo para o
consumidor (QUEIROZ et al., 2011; DAS; ARORA, 2017, BRITO et al., 2020).

Durante 0 amadurecimento, ocorre reducdo no contetdo de taninos (60-66%),
minimizando a chance de interacdo com as proteinas da saliva do consumidor e,
consequentemente, a sensacao de adstringéncia dos pedunculos (AGOSTINI-COSTA et al.,
2003). Entretanto, hd& uma grande controvérsia na literatura acerca do tipo de tanino
predominante em cajus. Agostini-Costa et al. (2003) verificaram a relagcdo entre taninos
condensados e a propriedade adstringente de caju. Posteriormente, Michodjehoun-Mestres et
al. (2009) e Brito et al. (2007) ndo identificaram a presenca de proantocianidinas em caju. Por
fim, Cunha et al. (2017) observaram que a enzima LAR (responsavel pela sintese de
catequina) ndo apresentou atividade durante o amadurecimento de caju, sugerindo que 0s

principais responsaveis pela adstringéncia desse fruto sdo os taninos hidrolisaveis.
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Figura 8 — Modelo da estrutura quimica do tanino condensado e de suas subunidades

formadoras.
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Fonte: adaptado de Vital et al., 2004.

Como visto anteriormente, as ultimas reagdes da via dos flavonoides parecem ser
decisivas para 0 acimulo de taninos condensados e antocianinas em vegetais. Em morango, o
silenciamento de FaGT resultou no redireciomento da biossintese de antocianinas para taninos
em frutos maduros (GRIESSER et al., 2008). Do mesmo modo, a alta expresséo de PCANR e
PcLAR em péra verde (Pyrus communis L.) promoveu um maior contetdo de taninos em
relacdo as antocianinas, sugerindo que esses genes sao essenciais para a definicdo da cor de
péras (YANG et al., 2015). Inclusive, recentemente, Robinson et al. (2020) silenciaram
VWANR em uvas e observaram frutos com menor concentracdo de taninos, reforcando a
importancia desse gene no acimulo desses compostos.

Os genes estruturais envolvidos na biossintese de flavondides tém sido
classificados em dois grupos: genes iniciais (early biosynthetic genes - EBGS) e tardios (late
biosynthetic genes - LBGs) (PELLETIER et al., 1997). Na familia Rosaceae, 0s genes iniciais
sdo assim chamados porque atingem seu pico de expressdo ainda no primeiro estadio de
desenvolvimento do fruto. Entre os genes iniciais tém-se aqueles que codificam as proteinas
CHS, CHI, F3H e DFR. Ja os genes tardios apresentam um pico de expressdo no estadio de
maturacdo, codificando as proteinas LDOX e GT (ESPLEY et al., 2007; RAVAGLIA et al.,
2013; GONZALEZ et al., 2016).

Além dos estruturais, os genes regulatérios desempenham fungdo crucial na
biossintese de flavondides. Estes genes codificam os fatores de transcri¢do da familia R2R3-
MYB, responsaveis por regular a expressdo dos EBGs; e das familias das proteinas basic
helix—loop-helix (bHLH) e WDA40, que através da formagdo de um complexo (denominado



31

MBW) com os R2R3-MYB, regula a expressdo dos LBGs (XU et al., 2015; GONZALEZ et
al., 2016). A expressao dos genes que codificam esses fatores de transcricdo geralmente, é
relacionada ao estadio de desenvolvimento do fruto (XU et al., 2015; GONZALEZ et al.,
2016). Em péra, o gene MYB10 foi mais expresso no estadio inicial, enquanto os niveis de
expressdo dos genes bHLH e WD40 foram mais altos no estadio final de desenvolvimento do
fruto corroborando com o acimulo de antocianinas (YANG et al., 2013).

Os genes que codificam os fatores de transcricdo pertencem a grandes familias
multigénicas, apresentando membros envolvidos tanto no metabolismo de antocianinas,
quanto no das subunidades dos taninos. Em uva, os genes VWMYBAl e VVMYBA2
funcionam como reguladores do conteldo de antocianinas (KOBAYASHI et al., 2002,
KOBAYASHI et al., 2004, WALKER et al., 2007), enquanto os genes VVMYBPAL,
VWMYBPA2 e VVMYBPAR sdo responsaveis pelo acimulo de taninos (BOGS et al., 2007;
TERRIER et al., 2009; KOYAMA et al., 2014). Em particular, VVMYBPAL e VVMYBPA2 sdo
capazes de ativar a regido promotora de VVLAR e VVANR (genes envolvidos na biossintese de
taninos), além de outros genes estruturais da via dos flavonodides (TERRIER et al., 2009;
BOGS et al., 2007).

Em vista do acumulo de antocianinas e taninos depender da regulacdo da
expressdo de genes estruturais envolvidos na biossintese de flavondides, bem como de fatores
de transcricdo que atuam na modulacdo desses genes, estudos moleculares sdo necessarios

para melhor compreensdo desse processo durante 0 amadurecimento de cajus.

2.2. Abordagem transcriptémica aplicada a frutos

A domesticacdo e o melhoramento genético do cajueiro tiveram inicio por volta
de 1950 no Brasil e na india (BHAT et al. 2010; QUEIROZ et al. 2012). Embora as técnicas
convencionais de melhoramento vegetal tenham feito progressos consideraveis no
desenvolvimento de espécies melhoradas, elas ndo tém sido capazes de acompanhar a
crescente demanda por hortalicas e frutos nos paises em desenvolvimento (SIMSEK et al.,
2017). Além disso, como em outras espécies de arvores perenes, 0 melhoramento genético do
caju pela reproducéo tradicional é lento e imprevisivel devido a longa fase juvenil, alto grau
de heterozigosidade, falta de correlagdes de tracos juvenil-maduros e grande tamanho da
planta madura (SAVADI et al., 2020). Portanto, tecnologias moleculares devem acelerar os
processos de selecdo e melhoramento dos frutos.

Em 2005, o surgimento das tecnologias de sequenciamento de DNA conhecidas
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como Next Generation Sequencing (NGS) revolucionou a pesquisa na &rea gendmica
(OZSOLAK; MILOS, 2011). Isso porque as tecnologias NGS permitem o sequenciamento de
varios genes a0 mesmo tempo, possibilitando uma larga escala produtiva de informacdes. O
uso dessas tecnologias estd evoluindo rapidamente (fato que pode ser observado pela
quantidade crescente de publicacBes e sequencias depositadas em bancos de dados publicos)
devido ao custo financeiro para a realizacdo de sequenciamento em larga escala esta cada vez
mais acessivel (figura 9).

Recentemente, o genoma do cajueiro gendtipo BRS 226 foi sequenciado por meio
das tecnologias NGS, mais especificamente, através da plataforma PacBio RS Il (capaz de
sequenciar fragmentos com >10.000 pares de bases) e depositado no banco de dados publico
Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Aoccidentale_er).
No geral, 0 genoma do cajueiro apresenta 41.197 genes anotados e agrupados em 581

scaffolds e 1.150 contigs.

Figura 9 — Numero de sequéncias génicas depositadas no GenBank e no Whole Genome
Sequencing (WGS) desde 1982 até 2020.
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Fonte: NCBI (2020).

Entre as tecnologias NGS, a técnica de sequenciamento de cONA (RNA-Seq) tem
sido amplamente utilizada com o intuito de quantificar e identificar os transcritos expressos
em um organismo em determinado estadio de desenvolvimento ou condi¢do de estresse
(OZSOLAK; MILOS, 2011). Segundo Korpelainen et al. (2015), a técnica de RNA-seq
integra as estratégias de extracdo, checagem da qualidade e integridade do RNA total,
seguidas pela selecdo do mMRNA, preparacéo e sequenciamento da biblioteca de cDNA e, por

fim, andlises de bioinformatica. Diferentemente de métodos baseados em hibridizacédo
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(microarranjo e northern-blot), a técnica de RNA-Seq ndo necessita de conhecimento prévio
do transcriptoma (possibilita o estudo de organismos nao-modelo) e ndo se limita a avaliagéo
apenas de genes para 0s quais existam sondas. Desta forma, novos transcritos e variantes de
splicing podem ser identificados. Além disso, é possivel determinar polimorfismos em regides
transcritas com resolucdo de um nucleotideo (WANG et al., 2009).

A técnica de RNA-Seq ainda apresenta vantagens em relacdo aos metodos
utilizados anteriormente para analise de expressdo génica devido a sua alta sensibilidade,
rendimento e menor quantidade de RNA inicial requerido para analise. Com essa técnica
também é possivel realizar o sequenciamento massivo e paralelo de milhdes a bilhdes de
moléculas de cDNA (HEATHER; CHAIN, 2016). Entdo, as sequéncias resultantes sdo
alinhadas a um genoma de referéncia ou montadas (quando a espécie ndo tem genoma
sequenciado), fornecendo a estrutura dos transcritos e o nivel de expressdo de cada gene
(SIMSEK et al., 2017).

Como os eventos decorrentes do amadurecimento dos frutos séo mediados pela
expressdao de um grande conjunto de genes, 0 RNA-seq é capaz de permitir-nos entender
melhor acerca dessa complexa regulacdo transcricional em diferentes frutiferas. Além disso, a
técnica de RNA-Seq tem sido muito utilizada para fornecer a base para compreenséo sobre 0s
mecanismos moleculares e os principais genes controlando mudangas na qualidade dos frutos
durante o amadurecimento (SIMSEK et al., 2017). Recentemente, muitos artigos relacionados
com a aplicacdo de RNA-seq em frutos tém sido publicados (SRIVASTAVA et al., 2016;
DESHPANDE et al., 2017; SIMSEK et al., 2017; PEI et al., 2019). Por meio da analise
comparativa de transcriptomas e de expressdo diferencial é possivel ter uma visdo geral dos
principais processos ativos durante o amadurecimento de frutos, bem como 0s genes
envolvidos nesses processos. Além disso, a analise comparativa usando genotipos de uma
mesma espécie revela provaveis genes associados com caracteristicas especificas de cada
genotipo.

Em vista da escassez de estudos moleculares em cajus, e das modificacGes desses
metabolismos envolverem a expressédo coordenada de diversos fatores de transcricdo, genes
envolvidos na biossintese (flavonoides), assim como na degradacdo (parede celular), justifica-
se a necessidade de usar a abordagem transcriptbmica para uma investigacao detalhada desses

metabolismos em peddnculos de caju durante 0 amadurecimento.
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3. OBJETIVOS

3.1. Geral

Relacionar o perfil transcriptdmico de peddnculos de cajus CCP 76 e BRS 265

com as alteracdes na firmeza e no conteudo de antocianinas.

3.2. Especificos

o Mensurar a firmeza e o contedo de antocianinas presentes em pedinculos de caju;

o Identificar os genes diferencialmente expressos (GDES), via analise transcriptdmica
(RNAseq), entre os estadios de desenvolvimento (imaturo e maduro) e os gendétipos (CCP 76
e BRS 265) dos pedunculos de caju;

o Realizar a anotacdo funcional do componente celular, processo bioldgico e funcédo
molecular por meio de ontologia génica (GO) dos GDEs;

o Identificar as vias metabodlicas atribuidas aos GDEs entre os estadios de
desenvolvimento (imaturo e maduro) e os gendtipos (CCP 76 e BRS 265) dos pedunculos a
fim de ajudar na identificacdo dos genes envolvidos nos metabolismos de interesse;

o Validar os resultados de expressdo obtidos na analise transcriptbmica, utilizando a

técnica de reacdo em cadeia da polimerase quantitativa (RT-gPCR).
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Abstract:

Cashew apple (Anacardium occidentale) has a great economic worldwide due to its high nutritional value,
peculiar flavor and aroma. During ripening, the peduncle develops different peel color and becomes quickly
fragile due to its oversoftening, impacting its consumers’ acceptance. In view of this, the understanding about its
transcriptional dynamics throughout ripening is imperative. In this study, we performed a transcriptome
sequencing of two cashew apple genotypes (CCP 76 and BRS 265), presenting different firmness and color peel,
in the immature and ripe stages. Comparative transcriptome analysis between immature and ripe cashew apple
revealed 4,374 and 3,266 differentially expressed genes (DEGs) to CCP 76 and BRS 265 genotypes, respectively.
These genes included 71 and 34 GDEs involved in the cell wall disassembly and flavonoid biosynthesis,
respectively, which could be associated with firmness loss and anthocyanin accumulation during cashew apple
development. Then, softer peduncle of CCP 76 could be justified by down-regulated EXP and up-regulated of
genes involved in pectin degradation (PG, PL and PAE) and in cell wall biosynthesis. Moreover, genes related to
flavonoid biosynthesis (PAL, C4H and CHS) could be associated with early high accumulation of anthocyanin in
red-peel peduncle of BRS 265. Finally, expression patterns of the selected genes were tested by real-time
quantitative PCR (qRT-PCR), and the qRT-PCR results were consistent with transcriptome data. The information
generated in this work will provide insights into transcriptome responses to cashew apple ripening and hence, it

will be helpful for cashew breeding programs aimed at developing genotypes with improved quality traits.

Key-words: peduncle, flavonoid, anthocyanin, gene ontology, differential expression.
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1. Introduction

Cashew (Anacardium occidentale L) is a tropical evergreen tree that belongs to the Anacardiaceae
family (Savadi et al. 2020). Its fruit, popularly known as the cashew, consists in two parts: nut and peduncle.
Cashew nut, potentially used as source of foods and CNSL (cashew nut shell liquid), is the second most
important nut after almonds in worldwide (Oliveira et al. 2020). Vietnam, India and Cote d’Ivoire were the major
producers of cashew nut in 2018 with production of 4 million tons (FAOSTAT 2018). The peduncle, also called
cashew apple, represents more than 90 % of cashew, being widely consumed all over the world not only for its
taste but also for its health benefits (Vasconcelos et al. 2015; Carvalho et al. 2018; Oliveira et al. 2020). However,
the commercialization of cashew apple is extremely challenging and has been limited due to its high perishability,
astringent flavor and intense softening, which affects fruit quality and marketability. Its postharvest life is less
than two days when stored at room temperature (Moura et al. 2010; Queiroz et al. 2011). Thus, the proper
understanding of pseudofruit development using scientific methods might increase postharvest life, reducing
losses.

In cashew apple, some genotypes are better at retaining firmness than others, in addition to promoting
specific peel color. Cashew apple genotype CCP 76 is largely commercialized fruit due to attractive peel
coloration (orange), sweetness, size and fresh mass of peduncle but is not commerce-friendly due to reduced
firmness. On the other hand, genotype BRS 265 (red color) presents desirable traits for marketing such as greater
firmness, which probably promotes longer postharvest life (Lopes et al. 2011). The differences in the traits of
agronomic interest between these genotypes makes them attractive models for transcriptional studies. Advances
in knowledge regarding cashew apples transcriptome enables the manipulation of desirable characteristics with
economic interest to meet specific demands such as genotypes with higher nutritional quality and reduced
firmness loss.

In cashew, classical breeding programs have been widely exploited to select superior genotypes based
on traditional traits as, size and weight of nuts or yield of a cashew tree, also to prospect genotypes with
enhanced fruit quality and resistance to pests and diseases (Filho et al. 2019). However, these programs are long
and time-consuming, therefore expensive with high production costs. The development of next-generation
sequencing (NGS), and hence RNA sequencing (transcriptome sequencing), has revolutionized genomic research
and provided unprecedented insight into transcriptome level studies, mainly regarding transcriptional regulation
during fruit development (Yu et al. 2012; Srivastava et al. 2016; Deshpande et al 2017; Pei et al. 2019). So far,

no transcriptome-based information of cashew apple was available and availability of such data will accelerate
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genomics-assisted breeding for recognition of novel genes of quality characters for sustainable fruit production
(Afzal et al. 2020).

Considering the economic importance of the cashew crop and its commercial exploitation, it is
necessary to find better ways to retain firmness and add nutritional value to peduncles during cashew nut
processing, making them more attractive for consumers. In view of this, transcriptomic studies involving
different genotypes can be interesting to understand about specific transcriptional regulation that results in
specific characteristics of each genotype. In the present work, transcriptomic changes of two cashew apple
genotypes (CCP 76 and BRS 265) contrasting in color and firmness during pseudofruit development were
investigated. Furthermore, this is the first report using transcriptomic analysis to characterize the cashew apple

development.

2. Material and methods
2.1. Plant material

In this study, cashew tree clones were cultivated in the same orchard at Experimental Station of
Embrapa Tropical Agroindustry in Pacajus-CE, Brazil (1at.4°11°26,62”S, lon. 38°29°50,78”W), with the same
climatic conditions. Cashew apples (Anacardium occidentale L.) from orange-colored peel, CCP 76 (Clone
Cashew Tree Pacajus), and red-colored peel, BRS 265 (Clone Brazil), were harvested at developmental stage 2
(green peduncle and mature nut) and at stage 7 (fully colored ripe peduncle with mature nut), based on the
peduncle peel color (Lopes et al. 2012). Pseudofruit were manually harvested from August to November 2018
and at the same time (9:00 to 10:00 a.m). From each CCP 76 and BRS 265 samples, three biological replicates
were prepared, where each replicate consisted of six cashew apples collected from three trees. After
determination of fruit firmness, the nuts were removed, and the peduncles were frozen, ground to a fine powder

in the presence of liquid nitrogen and stored at -80 °C for posterior analyses.

2.3. Firmness and anthocyanin content quantification

Fruit firmness was evaluated three times on opposite sides of each peduncle with a penetrometer
(Magness-Taylor model FT-011) used to measure the maximum force required to penetrate tissue to a depth of 5
mm using an 8 mm diameter cylindrical. Results were expressed in Newton (N). Total anthocyanins content was
extracted as described by Liu et al. (2012) and determined using the differential pH method described by Giusti

and Wrolstad (2001). The absorbance of extracts was measured at 510 and 700 nm, and the results were
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expressed as mg kgt on a fresh weight basis.

2.4. Total RNA extraction

Total RNA was extracted and purified from 0.1 g of ground samples using the Concert"SMPlant RNA
Reagent (Invitrogen, Darmstadt, Germany) and NucleoSpin® RNA Kit (Macherey-Nagel, Diren, Germany),
respectively. DNase digestion step was applied to remove genomic DNA contamination using RNase-Free
DNase Set (Qiagen, Hilden, Germany). Concentration and purity (260/280 ratio) of the isolated RNA was
determined with a NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, USA). Then, the RNA
integrity was verified on a 1.5 % agarose gel stained with ethidium bromide under UV light and confirmed with

Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, USA) through the RNA integrity number (RIN).

2.5. Construction and sequencing of cDNA library

Library construction and high-throughput sequencing of samples were performed by a sequencing
facility (Macrogen, Inc. Seoul, South Korea). A total of 12 cDNA libraries were constructed and sequenced by
using three biological replicates for immature (CI and BI) and ripe (CR and BR) peduncle of CCP 76 and BRS
265 genotypes, which immature and ripe refers to developmental stage 2 and 7, respectively. A total amount of 1
png of RNA (with RIN > 9) per sample was applied for strand-specific RNA-Seq libraries preparation using
Truseq Stranded mRNA library kit (Illumina, San Diego, CA, USA). Then, the libraries were sequenced on an
IHlumina Hiseq2500 platform (Illumina, San Diego, CA, USA) in paired-end mode with a read length of 101 bp
using TruSeq SBS v.4 kit (Illumina, San Diego, CA, USA). The raw sequencing reads were deposited in the

NCBI Sequence Read Archive (SRA) under the following bioproject accession number PRINA657300.

2.6. Reads quality check and mapping to the reference genome

The raw reads quality was evaluated using the FastQC v.0.11.7 software (Andrews 2010). The raw reads
containing adapter, low-quality bases (< Q20) and short size sequences (< 50 bp) were trimmed by Trimmomatic
v.0.36 tool (Bolger et al. 2014) and re-evaluated the data quality. After trimming, filter reads were mapped to
cashew tree genome BRS 226 available in Phytozome database
(https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Aoccidentale_er) using default parameters of

TopHat2 (Kim et al. 2013) and Bowtie2 (Langmead and Salzberg 2012) softwares (Supplementary Table S1).
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2.7. Differential expression analysis and functional annotation

The number of filter reads that mapped to each gene was calculated using HTSeq v. 0.9.1 (Anders et al.
2015) under the guidance of annotated genes from a GFF file (General Feature Format) available in the
Phytozome database. Then, the counts were normalized using edgeR package (Robinson et al. 2010). Only the
genes that presented count-per-million (CPM) > 2 in n of the samples, where n is the size of the smallest group
of replicates (here n = 2) were selected for differential expression analysis. Differentially expressed genes (DEGS)
and principal component analysis (PCA) were performed from normalized filter reads using DESeq2 package V.
1.30.0 (Love et al. 2014). Only genes presenting a corrected p-value threshold of 0.05 and |log, fold-change| > 1
were considered as DEGs (Benjamini and Hochberg 1995). DEGs were inferred from the following comparisons:
BR vs Bl; CR vs CI; Cl vs BI; CR vs BR. The annotation for DEGs related to color and firmness was obtained
by access a GFF file, while the transcription factors were identified using PlantTFDB v.5
(planttfdb.cbi.pku.edu.cn/prediction.php) with default parameters. Then, functional enrichment analysis of the
DEGs were performed using GOseq R package v. 1.30.0 (Young et al. 2010) and KOBAS software v. 3 (Xie et al.

2011).

2.8. Quantitative real-time PCR (gRT-PCR) analysis

Six genes related to flavonoids biosynthesis and cell-wall disassembling, besides of highly stable genes
were selected for validation of the transcriptomic data generated by RNA-seq analysis. Specific primer pairs
were designed, whenever possible, in the exon/exon junctions, using Perl primer v. 1.1.21 (Marshall 2004)
(Supplementary Table S2). The cDNA was transcribed from 0.5 pg of total RNA and oligo dT18 using the
Improm 11 kit (Promega, Madison, USA). The PCR reaction was performed using a RealPlex 4S thermocycler
(Eppendorf, Germany) in 96-well optical reaction plates. Each PCR reaction was set up in total 20 pL volume
containing 4 pL of cDNA (25 ng/uL), 1 pL of each primer (300 nM), 10 uL of GoTag® gPCR Master Mix
(Promega, Madison, USA) and 4 pL of ultrapure water. All reactions were carried out in biological and technical
triplicates, including a no cDNA template as negative control. The PCR cycling conditions were as follows:
95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s, the optimal annealing temperature for each primer
pair for 15 s and 60 °C for 20 s. Primer-product specificity was verified by melt-curve analyses after each
experiment. The gBase”-YS software v. 3.1 was used to measure the relative expression level of each gene and to
confirm the stability of candidate reference genes through GeNorm tool (Vandesompele et al. 2002; Hellemans et

al. 2007). Pearson’s coefficient (r) between RNA-seq (FPKM - Fragments Per Kilobase Million) (Supplementary
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Table S3) and gRT-PCR (relative expression) results was calculated.

2.9. Statistical analysis for firmness and metabolites
The data obtained for firmness and metabolites quantification were subjected to two-way analysis of
variance (ANOVA) using GraphPad Prism 9.0 software and averages were compared by Tukey test at 5 %

probability. The results were expressed as the mean * standard deviation (SD) of three biological replicates.

3. Results and discussion
3.1. Firmness and anthocyanin content in peduncles vary during developmental stages and between genotypes
Firmness and color peel are important attributes which determine the quality, besides of influence
consumers’ attractiveness and acceptance of in natura cashew apples commercialization (Minoia et al. 2016).
Firmness and anthocyanin content for CCP 76 and BRS 265 cashew apples at two developmental stages are
presented in Fig. 1. The firmness of both genotypes decreased significantly during fruit development (Fig. 1B),
while the total anthocyanin content increased in the same period (Fig. 1C). Although the anthocyanin values in
mature CCP 76 was lower compared with mature BRS 265, the increase in anthocyanin content was more
accentuated (4.3 times) in orange-colored (CCP 76) than red-colored (BRS 265) cashew apple (1.9 times)
throughout fruit development. Overall, firmness and anthocyanins content were significantly higher in BRS 265
than in CCP 76 cashew apple at the same developmental stage. These differences result in cashew apple

genotypes with distinct visible characteristics, as shown in Fig. 1A.

3.2. Sequencing and mapping data of peduncles cashew apple

RNA-Seq libraries of peduncles cashew apple CCP 76 and BRS 265 harvested at two development
stage (green and mature) with three biological replicates generated approximately 541 million raw reads,
showing an average Q30 value and GC content of 92.61 and 44.67 %, respectively (Supplementary Table S4).
The removal of low quality sequences, adapters, and short reads resulted in a final number of approximately 485
million of filter reads (89.58 %) among which 418 million (~ 91 %) reads mapped to the high-quality cashew
tree reference genome, which contains 41,197 predicted genes (Supplementary Table S4). According to Pie et al.
(2019), when the reference genome is representative and the experiments are not contaminated, the percentage of
mapped reads is expected to be higher than 70 %. In the current study, the high rate of mapped reads evidences

the quality of so far results for further analyses.
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The principal component analysis (PCA) and hierarchical clustering of the 12 samples analyzed were
performed to verify the uniformity of the replicates in each sample and genotype (Fig. 2). In PCA plot was
observed the expected clustering of replicates of each sample (Fig. 2A). The first two principal components (PC1
and PC2) explained 94 % of the total transcriptional variance, with PC1 explaining 56 % and PC2 the remaining
38 %. PCL1 discriminated the fruit at ripe stage (located on the left side) from those at immature stage (located on
the right side). Whereas PC2 distinguished both BRS 265 samples (located on the underside) from those of CCP
76 genotype (located on the top side). This indicates that the variance in gene expression is higher among
samples during development (stage 2 to 7) than between genotypes in the same maturation stage. The observed
PCA results, the hierarchical clustering (represented by heatmap graph) also showed the grouping of replicates of
each sample (Fig. 2B).

3.3. Analysis of differentially expressed genes (DEGS)

To reveal the related genes to cashew apple development and that responsible for specific trait of each
genotype, analysis of DEGs was carried out. From 41,197 predicted genes in the cashew apple genome, only
18,110 genes presenting CPM > 2 in at least two cDNA libraries were subjected to differential expression
analysis. Among these, 7,024 genes involved in different fruit ripening processes were inferred as DEGs (|log:
fold-change| > 1 and adjusted p-value < 0.05) (Supplementary Table S5). As shown in Fig. 3A, a total of 1,859
and 1,835 DEGs were detected in Cl vs Bl and CR vs BR, respectively. In addition, the comparative analysis
between CR and CI have been shown that 1,976 genes highly expressed in the CCP 76 ripe, while the expression
of 2,398 genes was down-regulated. Similarly, the comparison BR vs Bl presented 1,337 and 1,929 up and
down-regulated genes to BRS 265 ripe, respectively (Fig. 3A).

The Venn diagram was constructed to summarize commonly and uniquely genes expressed between
established comparisons (CR vs Cl and BR vs BI) (Fig. 3B). A total of 1,749 and 641 genes were exclusively
differentially expressed in CR vs Cl and BR vs BI, respectively. Additionally, 2,625 DEGs were common during
fruit development of both genotypes. The comparison of transcriptional changes allowed us to observe that two
cashew apple genotypes share similar transcriptional dynamics (common DEGS) during development.
Undoubtedly, exclusive DEGs underlie the specific differences found in each studied genotype. Detailed
information on these common and exclusive DEGs are listed in Supplementary Table S6.

3.4. Functional enrichment analysis
Gene Ontology (GO) enrichment analysis of identified DEGs assigned to main biological process

involved in cashew apple development. Overall, DEGs were assigned to 73 and 74 functional groups
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significantly enriched (p-value of < 0.05) in CR vs Cl and BR vs BI, respectively (Supplementary Table S7). As
shown in Fig. 4, several significantly enriched DEGs could be associated to firmness-related processes,
corroborating with alterations in this trait. Likewise, many DEGs were mainly involved in biological processes
related to sugar and cell wall metabolism in watermelon (Citrullus lanatus) (Zhu et al. 2017). Interestingly,
several DEGs were assigned to the category of L-phenylalanine biosynthetic process (GO: 0009094) in CCP 76
genotype. It is an important highlight that phenylalanine is a precursor compound to anthocyanin biosynthesis
(Wu et al. 2018).

Additionally, to further explore the functions of DEGs, these were subjected to KEGG pathway
enrichment analysis. A total of 37 and 35 KEGG pathways were significantly enriched with a p-value of < 0.05
in CR vs Cl and BR vs Bl comparisons, respectively (Supplementary Table S8). The majority of metabolic
pathways were equally enriched during fruit development of both genotypes (Fig. 5). Notably, many firmness-
related pathways and flavonoid biosynthesis (ko00941) were significantly enriched in DEGs during cashew
apple ripening. Enrichment of related pathways such as “phenylalanine metabolism”, “galactose metabolism”
and “pentose and glucoronate interconversion” have been also described in previous studies of the fruit ripening
(Ma et al. 2020, Sun et al. 2020). In this study, we focused on cited metabolisms because they are important
pathways associated with fruit quality traits. The other metabolisms will be analyzed in more detail in the further
studies.

3.5. Genes related to cell wall disassembly in cashew apple

The cell wall disassembly is considered the main factor responsible for fruit softening. Pectin, the main
component present in the middle lamella, consists of polysaccharides enriched in galacturonic acid, classified in
three major groups: homogalacturonan (HG), rhamnogalacturonan-1 (RG-1), and rhamnogalacturonan-11 (RG-I1)
(Wang et al. 2019). Pectin solubilization, depolymerization of matrix glycans and loss of natural sugar from
pectin side-chain promote middle lamella degradation and, hence the reduction of cell-to-cell adhesion,
contributing to fruit firmness loss (Brummell 2006; Goulao and Oliveira 2008; Mercado et al. 2011). Recently,
pectins from cashew apple fruit were characterized, where were found that about 76 % of its HG chain is methyl
esterified, the presence of few quantities of RG-I backbones and some arabinogalactan substitutions in its main
chain (Tamiello-Rosa et al. 2019). In the present study, a larger number of DEGs (71 genes) were importantly
linked to fruit softening in cashew apple (Fig 6).

Pectin methylesterase (PME) and pectin acetylesterase (PAE) selectively remove the methyl-ester and

acetyl groups from homogalactouronic acids, respectively, making this polymer accessible to other cell wall
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hydrolytic enzymes activities (Prasanna et al. 2007). Curiously, we found many PME and PAE more expressed in
immature than ripe cashew apple with exception of the one PAE (Anaoc.0635s0009), which was exclusively up-
regulated in CCP 76 ripe (Fig. 6A). Previous study also reported that many immature fruit are rich in PME, while
ripe fruit are rich in hydrolase enzymes (Prasanna et al. 2007). Additionally, we identified two pectin
methylesterase inhibitor (PMEI; Anaoc.0006s1481 and Anaoc.0020s0385) were highly more expressed in
immature than ripe cashew apple. Likewise, dos Santos et al. (2019) noticed the up-regulation of PMEI in
immature acerola (Malpighia emarginata), suggesting that the inhibition of pectin degradation by PMEI is one of
the attempts to maintain cell wall integrity of this fruit.

Among the cell wall hydrolases coding genes, we identified many polygalacturonase (PG) and pectate
lyase (PL) were up-regulated from immature to ripe in both genotypes (Fig. 1B). Notably, one PG
(Anaoc.0010s0426) showed the most up-regulation in these comparisons CR vs CI (12-fold), CR vs BR (18-fold)
and CI vs Bl (10-fold). Moreover, two PG (Anaoc.0003s0794 and Anaoc.0005s1122) were exclusively up-
regulated in CR vs ClI, corroborating with the high firmness loss (60 %) during CCP 76 development (Fig. 1B).
Interestingly, other two PL (Anaoc.0015s0315 and Anaoc.0004s1735) showed a 9-fold increase in BRS 265 ripe,
while in CCP 76 ripe was observed 6 and 5-fold increase, respectively, suggesting it could imply their role in
pulp softening.

PL and PG have different responses to fruit ripening because the degradation of HG chain by PL occurs
by a B-elimination reaction in contrast to the hydrolytic mechanism of PG (Jimenez-BermUdez et al. 2002).
Although silencing of PG had no apparent effect on tomato fruit softening, the antisense downregulation of the
FaPG1 in strawberry resulted in firmer ripe fruit (Garcia-Gago et al. 2009; Wang et al. 2019). However, the
silencing of PL has been successfully applied for the modulation of fruit firmness in tomato and strawberry
without altering color, mass and soluble solids content (Jimenez-Bermudez et al. 2002; Uluisik et al. 2016; Yang
etal. 2017; Wang et al. 2019). In cashew apple, PG and PME activities have received attention due to their direct
relation to fruit firmness (Figueiredo et al. 2001; Souza et al. 2016).

Thus, our results suggested that genes coding enzymes involved in the metabolism of pectins are
expressed in a coordinated way during cashew apple development. In immature cashew apple, the PME and PAE
presented higher gene expression level, while the expression of PG and PL genes was prevalent in ripe cashew
apple. Besides this, the PME activity precedes the PG and PL activities, consequently, it might be required
during the early phase of fruit development and once that PL and PG become active, the PME expression goes

down (Srivastava et al. 2016). Furthermore, these data suggest that in CCP 76 cashew apple, PG and PL might be
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the major pectin solubilizing enzymes, while in BRS 265 cashew apple, only PL could be associated with this
process.

In the current study, one rhamnogalacturonan lyase (RGL; Anaoc.0012s0556) was up-regulated in ripe
stage to both CCP 76 and BRS 265 cashew apples, showing 3.6 and 3.2-fold changes, respectively (Fig. 6B). For
many fruit, the RGL can contribute strongly to cell wall disassembly during ripening. For example, the silencing
of FaRGL resulted in firmer strawberry due to the maintenance of cell wall middle lamella, supporting the idea
that this gene plays a vital role in fruit softening (Molina-Hidalgo et al. 2013).

The loss of neutral sugars from side chains of pectins also seems to contribute for the cell wall
disassembly process and consequently fruit softening because neutral chains might anchor pectins to the wall
through binding to matrix glycans or cellulose (Popper and Fry 2005; Zykwinska et al. 2005). Therefore, the loss
of arabinan and galactan side chains from RG-I could induce pectin solubilization indirectly, by increasing wall
porosity, allowing access of other hydrolase enzymes to their substrate (Paniagua et al. 2014). Overall, the
galactosidase genes were down-regulated during cashew apple development, except one B-galactosidase gene
(Anaoc.0007s0563) showed relation to peduncle softening of BRS 265 (Fig. 6A). Supporting this idea, the
silencing of FafGal4 increased the galactose content in the cell wall of transgenic strawberry fruit, resulting in
fruit firmer (Paniagua et al. 2016). Similarly, Smith et al. (2002) observed an increase in firmness of transgenic
tomato fruit with a silenced p-galactosidase gene.

The hemicellulose is a common component of the cell wall. Its xyloglucan backbone is composed of
B(1,4)-linked glucose residues that have a(1,6)-linked xylosy! side chains (Lampugnani et al. 2018). In our study,
few hemicellulose related genes were differentially expressed during cashew apple development (Fig. 6C). Only
one B-xylosidase gene (XYL; Anaoc.0006s1525) showed higher expression in ripe genotypes, while other B-
xylosidase gene (Anaoc.0642s0001) was specifically up-regulated in CCP 76 ripe. Our data suggest these genes
may be associated with removal of xylosyl groups present in branching chains of hemicellulose, contributing to
softening of cashew apple. Figueiredo et al. (2002) found no significant reduction in hemicellulose content
during development of CCP 76 cashew apple.

The activity of some enzymes such as expansins (EXP) and xyloglucosyltransferase/endohydrolase
(XTH) allow the access of the cell wall hydrolases to the wall matrix glycan, playing important role in the fruit
softening. In general, a total of six EXP was more expressed in the immature than ripe CCP 76 (Fig. 6D). On the
other hand, the gene expression increase was noticed to two EXP (Anaoc.0011s0309 and Anaoc.0011s0308)

during cashew apple development, which may be closely related to firmness loss in this fruit. With regard to
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XTH, two genes (Anaoc.0019s0860 and Anaoc.0013s1113) expression increased dramatically (> 8-fold) at the
ripe cashew apples (Fig. 6D). Additionally, the increased expression of two XTH (Anaoc.0008s1378 and
Anaoc.1311s0001) and one XTH (Anaoc.0003s1889) in ripe cashew apple was noticed in BR vs Bl and CR vs Cl,
respectively.

These enzymes work to fine-tune wall expansion and cell growth, while at the same time providing
structural support and mechanical stability (Lampugnani et al. 2018). The high expression of EXP in immature
fruit has been associated with the lignification process, suggesting there is a flux of water and nutrients from the
tree through immature cashew apple to the nut (Yang et al. 2008; Carvajal et al. 2015). Notably, the highest
number of up-regulated EXP in immature peduncle may be related to increased growth of CCP 76 in relation to
BRS 265 cashew apple during fruit development (Choi et al. 2006). Besides, the later ripening process requires
the presence of EXP and XTH to loosen the cell walls (Yu et al. 2012). The importance of these enzymes is due
to EXP modifying the interactions between hemicellulose and cellulose, resulting in wall relaxation. Whereas
XTH can cleave and re-ligate xyloglucan backbones, possibly incorporating new xyloglucan fragments into the
cell wall (Cosgrove 2005; Eklof and Brumer 2010).

In tomato, the down-regulation of SIEXP1 delayed fruit softening (Minoia et al. 2016). Likewise, the
EXP seems to play an important role in mango softening since three EXP showed higher expression values (>
10-fold) from immature to ripe fruit (Srivastava et al. 2016). Moreover, the overexpression of the FVXTH6 or
FvXTH9 in strawberry resulted in accelerated color change, faster ripening and decreased firmness compared to
the control fruit (Witasari et al. 2019). On the other hand, the overexpression of the SIXTH1 in tomato reduced
fruit softening, suggesting that this gene could be involved in the maintenance of cell wall structure rather than
cell wall disassembly (Miedes et al. 2010).

Cellulase is a complex enzyme formed by three different proteins: endoglucanase (GH9), exoglucanase
and B-glucosidase. GH9 and exoglucanase transform cellulose into small cellooligosaccharides and then -
glucosidase hydrolyzes the cellooligosaccharides into glucose (Sathya and Khan 2014; Sindhu et al. 2016). In
our study were identified two up-regulated GH9 (Anaoc.0002s0304 and Anaoc.0004s52299), highlighting the
Anaoc.0004s2299 that showed approximately 12-fold increase in ripe cashew apples of both genotypes (Fig. 6E).
In view of this, we speculate that above gene might be the main responsive to the cellulose degradation in
cashew apples.

Besides cell wall disassembly, its biosynthesis also seems to affect its structure and then fruit softening.

In cashew apple, genes related to cell wall biosynthesis were up-regulated exclusively during CCP 76 ripening
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(Supplementary Table S5). Among them, we observed cellulose synthase genes and pectin matrix biosynthesis
related genes (UDP-glucuronate 4-epimerase and polygalacturonate 4-alpha galacturonosyltransferase).
Simultaneous up-regulation of multiple genes of the same family during softening suggests the
complexity of the softening process. In addition, although the two genotypes evaluated here share many DEGs in
common, each genotype showed a specific firmness loss rate. BRS 265 cashew apples are firmer when immature
and maintain more firmness than CCP 76 during all development (Fig. 1). According to our results, this behavior
may be explained by some reasons. The high amount of EXP expressed in immature CCP 76 genotype can have
contributed to higher size expansion due to intense intercellular relaxation accompanied by the water
accumulation, resulting in lower firmness of this pseudofruit (Fig. 1 and 6). Throughout the development,
continuous cell wall loosening is observed together with up-regulation (PG, PL and PAE) and down-regulation
(PMEI) of many genes involved in the alteration in HG may contribute to softening of ripe CCP 76 cashew apple
(Fig. 6). Besides this, the positive regulation of many genes involved in cell wall biosynthesis could signal an
attempt to stop the excessive firmness loss in ripe CCP 76 (Fig. 6). Therefore, the differential expression changes
in various cell wall modifying enzymes-coding genes in CCP 76 and BRS 265 cashew apple suggest differences

in cell wall composition of these two genotypes.

3.6. Genes involved in the biosynthesis of anthocyanins in cashew apple

The mechanism of anthocyanins accumulation in cashew apple was estimated evaluating expression
patterns of structural genes in the phenylpropanoid and flavonoid pathways. Overall, 34 DEGs encoding proteins
related to these pathways were mainly more expressed in ripe cashew apples (Fig. 7).

Anthocyanins are generally synthesized via phenylpropanoid pathway, which constitutes the
biosynthetic route most studied in detail among others that integrates the secondary metabolism in plants
(Jaakola 2013). In this pathway, phenylalanine ammonia-lyase (PAL), cinnamate-4-hydroxylase (C4H) and 4-
coumaroyl-CoA ligase (4CL) catalyze the conversion of phenylalanine to 4-coumaroyl-CoA. In the present study,
we identified that PAL was most expressed in ripe cashew apple, while C4H and 4CL showed higher expression
level in immature peduncles (Fig. 7). The PAL up-regulation can be related to anthocyanin content augmented in
peduncles (Fig. 1C). Besides this, trans-cinnamic acid product of the PAL activity seems to be a precursor of
flavor volatiles of Brazilian cashew apples (Talasila and Shaik 2015).

On the other hand, the up-regulation of C4H and 4CL in immature fruit can be associated with lignin

biosynthesis. Despite the lignin is not generally found in the pulp of fruit, pear (Pyrus communis L) and cashew
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apple are exceptions because they are botanically considered as accessory being originated from floral receptacle
and peduncle, respectively (Seymour et al. 2013). Consistent with this, some genes involved in monolignol
biosynthesis were differentially expressed during cashew apple development (Supplementary Table S5).

The flavonoid pathway begins with the action of chalcone synthase (CHS), which is responsible by the
condensation of one molecule of 4-coumaroyl-CoA and three molecules of malonyl-CoA, producing a chalcone
(Jaakola 2013). Then, chalcone isomerase (CHI) subsequently catalyzes the stereo-specific cyclization of
chalcones into flavanones. Regarding the CHS, five genes were more expressed in ripe cashew apple (Fig. 7).
Interestingly, two CHS (Anaoc.0620s0006 and Anaoc.0620s0008) were abundantly expressed in BRS 265
compared to CCP 76 cashew apple, showing high log,FC values between immature and ripe fruit, respectively.
On the other hand, one CHS (Anaoc.0008s0742) and three CHI (Anaoc.0019s0714, Anaoc.0909s0007 and
Anaoc.0011s0700) exhibited up-regulation only during CCP 76 development. Therefore, the results presented
here suggest that CHS is associated with anthocyanin accumulation in BRS 265 genotype, while CHS and CHI
could be related to increased anthocyanin in CCP 76 cashew apple. (Fig. 7).

In this point, the flavonoid pathway gain branches, where flavanones can be converted to isoflavones,
flavones and dihydroflavonols due to the action of enzymes: isoflavone synthase (IFS), flavone synthase (FNS)
and flavonoid 3'-monooxygenase (F3’H) or flavanone 3-hydroxylase (F3H), respectively (Grotewold 2006). In
our study, four F3°H were up-regulated in ripe cashew apples, while FNS (Anaoc.0012s0035) showed a sharply
increase (24-fold) mainly during CCP 76 development. In particular, F3H converts flavanone into the
dihydrokaempferol (precursor of orange pelargonidin), which can be used by F3°H to produce dihydroquercetin
(precursor of red cyanidin) (Chaves-Silva et al. 2018). These results suggest that flavones and dihydroflavanones
biosynthesis are more active pathways inside flavonoids metabolism in cashew apples.

Dihydroflavonols can be oxidized either by flavonol synthase (FLS) to form flavonols or reduced by
dihydroflavonol 4-reductase (DFR) to produce leucoanthocyanidins in the first dedicated step for anthocyanin
biosynthesis (Li 2014). In our study, many FLS and DFR were more expressed in ripe cashew apple (Fig. 7).
Interestingly, high DFR (Anaoc.0009s0342) expression was associated to high anthocyanin content in immature
and ripe BRS 265 (red-peel genotype). In addition, one FLS (Anaoc.0017s0663) increased considerably in BR vs
Bl (12-fold) and CR vs CI (12.2-fold). Consistent with this, the FLS activity increased abruptly from immature
to ripe cashew apple of CCP 76 genotype (Cunha et al. 2017). Cashew apples are known due to their high
flavonol levels, which the flavonol myricetin was found as the main phenolic constituent, followed by quercetin

and kaempferol (Bataglion et al. 2015). The increase in FLS expression correlated with flavonol accumulation
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was reported in satsuma mandarim (Citrus unshiu Marc.), species that belong to Sapindales (the same order of
cashew apple) (Moriguchia et al. 2002).

The expression imbalance of DFR and FLS may represent a key mechanism for regulating color tissue
in plants. In this context, transgenic tobacco (Nicotiana tabacum) overexpressing PtDFR displayed down-
regulation of the endogenous FLS, and hence the anthocyanin synthesis, resulting in red flowers (Luo et al.
2016). Conversely, the abundance of flavonols increased when FLS was overexpressed or DFR was silenced in
transgenic crabapple leaves (Malus spp.) (Tian et al. 2015). Thus, it is probable that the overexpression of DFR
and FLS could repress each other (Luo et al. 2016).

Alternatively, leucoanthocyanidins, the products of DFR action, can follow two different pathways: (1)
they can be converted into catechin (2,3-trans-flavan-3-ol) due to activity of the leucoanthocyanidin reductase
(LAR) or (2) generate anthocyanidin by leucoanthocyanidin dioxygenase (LDOX) (Grotewold 2006). Curiously,
we observed high LAR (Anaoc.0002s0626) and low LDOX (Anaoc.0015s0462) expression in ripe cashew apples
(Fig. 7). In other words, the flow of leucoanthocyanidins seems to be more active to the production of catechin
than anthocyanidin in ripe fruit. Similarly, transgenic tobacco overexpressing TcLAR had decreased
anthocyanidin levels and increased catechin content, build unit of proanthocyanidin (PAs; also called condensed
tannins) (Liu et al. 2013). Meanwhile, LAR was more highly expressed in green than red peel pear, which
promoted the process of PAs pathway and contributed to the formation of green peel pear (Yang et al. 2015).

PAs have been of considerable interest in cashew apple because of their importance for the astringent
flavor of this fruit (Das and Arora 2017). In cashew apple, a trace amount of delphinidin (type of anthocyanidin)
was detected, whereas it was found the 927 mg kg of PAs constituted mainly of epigallocatechin associated
with epicatechin units (Michodjehoun-Mestres et al. 2009b; Queiroz et al. 2011). Intriguingly, Cunha et al. (2017)
did not detect LAR activity in cashew apples, while we observed the LAR up-regulation. This could be because
increase in transcription were not being translated into proteins. Besides this, many authors did not notice
leucoanthocyanidins, catechin or PAs in cashew apples, suggesting that characteristic bitter and astringent flavor
of this fruit can be related to presence of the hydrolysable tannins as monogalloy! diglucoside and digalloyl
glucoside (Brito et al. 2007; Marc et al. 2012).

Regarding flavonoid glucosylation, flavonols are almost exclusively glycosylated preferentially in 3-
position of the hydroxyl group in fruit (Seymour et al. 2013). For instance, peduncles of cashew apple exhibited
the tendency to having relatively high amounts of the glycosylated flavonols such as myricetin 3-0-glucoside,

myricetin 3-o-rhamnoside, quercetin 3-o-rhamnoside and quercetin 3-0-galactoside (Gordon et al. 2012; Filho et
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al. 2019). Meanwhile, anthocyanins are produced from anthocyanidin glucosylation, reaction that plays an
important role in their stability and water solubility (Fang et al. 2019). In this study, we observed that flavonol 3-
o-glucosyltransferase (UGT71C4; Anaoc.0001s1795) was down-regulated from immature to ripe cashew apple
(Fig. 7). On the other hand, the up-regulation of anthocyanidin 3-O-glucosyltransferase (UGT78D2;
Anaoc.0008s1150) can be associated to increased anthocyanin content noticed during cashew apple development.

Overall, we attributed the limited number of DEGs related to anthocyanin biosynthesis found in this
study to the sample composition since it consisted of a mixture of peel and pulp (made up mainly of pulp) of
cashew apple. This might has mitigated the observation of genes related to color expressed mainly in the peel.
Undoubtedly, peel is the richest tissue in pigments, since during fruit ripening occurs the alteration of its color
due probably to an increase in the expression of genes involved in anthocyanin biosynthesis (Schweiggert et al.
2016). For instance, the LDOX and UGT expressions were positively correlated with anthocyanin content in peel
of pear and pulp of blood orange, both exhibit red tissues (Cotroneo et al. 2006; Yang et al. 2015). In accordance
with this, the low expression of UGT in ripe strawberry was associated with the redirection of anthocyanin to
PAs (Griesser et al. 2008).

Flavonoid biosynthesis is modulated mainly at the transcriptional level by transcription factors such as
MYB, basic helix—loop-helix (bHLH) and WD40 families (Xu et al. 2015). Hence, MYB regulates flavonol
biosynthesis, while MYB-bHLH-WD40 (MBW) ternary transcriptional complex activates the production of
anthocyanin and PAs plants (Li 2014; Xu et al. 2015; Gonzalez et al. 2016). In our study, numerous MYB and
bHLH transcription factors genes were identified as differentially expressed during cashew apple development
(Supplementary Table S9). Interestingly, only one predicted WD40 transcription factor (Anaoc.0002s2092)
displayed increased expression in both ripe cashew apple genotypes.

It is known that different MYB family members can control separately the biosynthesis of different
flavonoids. For instance, MYB4 and MYB32 were discovered by inducing lignin biosynthesis, acting as
repressors of the anthocyanin pathway. Whereas MYB7 and MYB4 were found to repress the flavonoid
biosynthesis in Arabidopsis thaliana (Preston et al. 2004; Fornalé et al. 2014). However, a recent study revealed
that MYB10 is a primary MYB candidate that activates anthocyanin accumulation in the peel pear, probably
forming a functional complex with bHLH (Qian et al. 2017). Indeed, the PgWD40 was induced up to 60-fold in
black peel compared to acyanic peel of pomegranate fruit (Punica granatum), thus considered the main factor
responsible for activating the expression of PgDFR and anthocyanin accumulation (Rouholamin et al. 2015).

The greatest transcriptomic differences related to flavonoid biosynthesis occurred during cashew apple
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development. Supporting this idea, the up-regulation of the PAL, CHS, CHI, F3H/F3’H, DFR and UGT genes
might be the reason for the anthocyanin accumulation in ripe fruit, while C4H and 4CL genes may be
responsible by lignin biosynthesis in immature fruit (Fig. 1 and 7). Additionally, the differential expression of
different genes involved in the flavonoid pathway suggests that cashew apples have different flavonoids
accumulation (flavone, flavonol, flavanone and chalcone) during ripening. For instance, the lower expression of
LDOX and the higher expression of LAR suggest that ripe cashew apple has more condensed tannins than
anthocyanins.

Curiously, major transcriptomic differences between the orange-peel and red-peel cashew apple
genotypes were not clearly shown for the anthocyanin accumulation. Although the BRS 265 cashew apple
showed higher anthocyanin content than CCP 76 cashew apple, it was possible to observe genes related to this
process just when comparing these fruit in immature stage (Fig. 1 and 7). Therefore, the differential expression
of PAL, C4H and CHS genes can be associated with higher anthocyanin in immature BRS 265 cashew apple
compared to immature CCP 76 cashew apple. Hence, these genes may be responsible for early high
accumulation of anthocyanin in BRS 265 genotype. Regarding ripe stage, few anthocyanin related DEGs in
pericarp of cashew apple happened because the pigment biosynthesis occurs mainly in peel of fruit, tissue where
probably have a high gene expression of these genes. It could be interesting to study using just the peel of

cashew apple to know more about the pigmentation process at its molecular level.

3.7. qRT-PCR and RNA-seq results show good correlation

The reliability of our RNA-seq data was validated by qRT-PCR (Fig. 8). In this regard, six candidate
reference genes selected from RNA-seq results (ACT, EIF, FBOX, RPOL, SAND and URK) revealed average
expression stability (M) value of 0.69 calculated by geNorm (Supplementary Figure S1). Thus, genes presenting
M-values lower than the default limit of 1.5 were considered stable, as proposed by Vandesompele et al. (2002)
suggesting that these six candidate genes are stable in both stages and genotypes. GeNorm also calculated the
optimal number of genes suitable for normalization and returned the Vn/Vn + 1 value of sequential combinations
(Hellemans et al. 2007). Among the six stable genes, just three reference genes were enough to data
normalization, since V3/4 value was 0.13, below the adopted threshold value of 0.15 (Vandesompele et al. 2002).
The best combination of genes for total samples of cashew apple development was RPOL, SAND and ACT
(Supplementary Figure S1).

After, the expression of six genes related to flavonoids biosynthesis (FLS, LAR and PAL) and cell-wall
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disassembling (PG, PL and XTH) during cashew apple development were evaluated using gRT-PCR (Fig. 8).
Five target genes revealed positive and high Pearson’s correlation coefficient (r > 0.975) between RNA-seq and
gRT-PCR results, with exception of XTH that showed lower correlation (r = 0.369). Anyway, the XTH presented
a positive correlation coefficient, indicating that the expression of this gene in both techniques showed the same

direction. Thus, these results corroborate the reliability of results originated with RNA-seq technique.

4. Conclusion

In summary, the present study shows a comparative transcriptome analysis of two contrasting cashew
apple genotypes (CCP 76 and BRS 265) in order to explore key genes involved in specific traits (firmness and
flavonoid content). To our best knowledge, the present study is the first to report the transcriptomic sequencing
of peduncle of cashew apples. Through transcriptome analyses, we provided a comprehensive understanding of
the major pathway involved in development of cashew apple, and hence responsible by fruit changes. In
flavonoid biosynthesis and cell wall disassembly specifically, we identified genes that can potentially contribute
to improvement of these metabolisms during cashew apple ripening. In addition, our results contribute to the
elucidation of molecular mechanisms involved in the regulation of these metabolisms in fruit. Furthermore, we
showed key genes that can be interesting to highlight the uniqueness of each studied genotype and can provide a
knowledge guide for improving quality traits. Therefore, our findings provide a handout in developing genotypes
by genetic manipulation of the desired trait, reducing the risk of sharp softening and valorization in commercial

cashew production.
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Figure caption:

Fig. 1 The morphology of fruit, firmness and anthocyanin content in two cashew apples genotypes. (A) BRS 265
and CCP 76 cashew apples at two development stages (2 and 7). Scale bar = 2 cm. (B) Firmness and (C) total
anthocyanin contents of cashew apples. For each genotype and developmental stage, different capital letters
indicate significant differences between developmental stages, while different lowercase letters indicate

significant differences between genotypes, at P < 0.05. Vertical bars represent standard errors of the means (n=3).

Fig. 2 Principal component analysis (PCA) and heatmap of gene expression analysis. (A) PCA plot based on the
normalized counts. Colored points inside the clusters represent biological replicates from different genotypes.
Values indicated on the axis of the factor map correspond to the percentage of total variance explained by each
axis (PC1 and PC2). (B) Heatmap showing the Euclidean distances between the samples calculated from the
regularized log transformation. Color from white to dark blue indicates increasing similarity between biological

replicates. Bl: BRS 265 immature; BR: BRS 265 ripe; Cl: CCP 76 immature; CR: CCP 76 ripe.

Fig. 3 The numbers of differentially expressed genes (DEGs) during the cashew apple development. (A)
Numbers of DEGs in pairwise comparisons in immature and ripe of two different genotypes of cashew apple.
Blue and red bars represent down and up-regulated DEGS, respectively. (B) Venn diagram showing the number
of commonly and uniquely DEGs during CCP 76 and BRS 265 cashew apple development. Blue and red
numbers into graph represent down and up-regulated DEGs, respectively. Bl: BRS 265 immature; BR: BRS 265

ripe; Cl: CCP 76 immature; CR: CCP 76 ripe.

Fig. 4 GO enrichment circle plots for the top 10 most significant GO categories for each comparison. (A) GO
analysis of DEGs between BR vs BIl. (B) GO analysis of DEGs between CR vs Cl. (C) The associated tables
present the GO term ID and function. Similar GO categories for two genotypes are bold. The outer circle shows
the relative log2 fold change values for each gene: red and blue points showing up and down-regulated genes.
The inner quadrants are colored based on the z-score (relation between the number of up and down-regulated

genes) and their size based on the enrichment p-value: larger surface, lower the p-value and vice versa.

Fig. 5 Top 19 metabolic pathways most represented during the cashew apple development according to the

Kyoto Encyclopedia of Genes and Genomes (KEGG). Black and gray bars represent the percentage of DEGs
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calculated in relation to the number of enzyme families of each pathway (indicated by the Enzyme Commission
number) to BRS 265 ripe (BR) vs BRS 265 immature (BI) and CCP 76 ripe (CR) vs CCP 76 immature (CI)

comparisons, respectively. Only those pathways with corrected P < 0.05 are shown.

Fig. 6 Modulation of genes related to cell wall disassembly during cashew apple development. These genes code
enzymes responsible for (A) inhibition/degradation of side and (B) main chain of homogalacturonan; (C)
degradation of hemicellulose chain, (D) cell wall relaxation and (E) degradation of cellulose chain. A color scale
bar is shown at the top-right of the figure and corresponds to log2 fold change values. Blue indicates the lowest
expression and red indicates the highest expression. Asterisks indicate DEGs (genes that present |log2 fold-
change|>1 and corrected p-value threshold of 0.05) between stages and genotypes. Log2 fold change values were

used to compare libraries: Bl (BRS 265 immature), BR (BRS 265 ripe), ClI (CCP 76 immature) and CR (CCP 76

ripe).

Fig. 7 Modulation of flavonoid pathway during cashew apple development. A color scale bar is shown at the top-
right of the figure and corresponds to log2 fold change values. Blue indicates the lowest expression and red
indicates the highest expression. Asterisks indicate DEGs (genes that present |log2 fold-change|>1 and corrected
p-value threshold of 0.05) between stages and genotypes. Log2 fold change values were used to compare
libraries: Bl (BRS 265 immature), BR (BRS 265 ripe), CI (CCP 76 immature) and CR (CCP 76 ripe). PAL:
phenylalanine ammonia-lyase; C4H: cinnamate-4-hydroxylase; 4CL: 4-coumaroyl-CoA ligase; CHS: chalcone
synthase; CHI: chalcone isomerase; IFS: isoflavone synthase; FNS: flavone synthase; F3’H: flavonoid 3'-
monooxygenase; F3H: flavanone 3-hydroxylase; DFR: dihydroflavonol 4-reductase; FLS: flavonol synthase;
FLG: flavonol 3-o-glucosyltransferase; LDOX: leucoanthocyanidin dioxigenase; GT: anthocyanidin 3-O-

glucosyltransferase; ANR: anthocyanidin reductase; LAR: leucoanthocyanidin reductase.

Fig. 8 Expression of genes related to anthocyanin biosynthesis and cell wall disassembling quantified by RNA-
seq (RNA sequencing) and gRT-PCR (Quantitative real-time PCR) analysis. The left y axis represents the
relative gene expression levels analyzed by gRT-PCR (black columns) and the right y axis indicates the FPKM
value from RNA sequencing (RNA-seq) data (white columns). The results were represented as mean + standard
deviation (n=3). The r letter indicates the Pearson’s correlation coefficient. FLS: flavonol synthase; LAR:

leucoanthocyanidin reductase; PAL: phenylalanine ammonia-lyase; PG: polygalacturonase; PL: pectate lyase;
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XTH: xyloglucosyltransferase/endohydrolase.

Supplementary Figure 1 Supplementary. geNorm analyses. (A) Average expression stability values of
candidate reference genes and (B) determination of the optimal number of candidate reference genes for

normalization.

Supplementary Table 1 Number of filters reads mapped to cashew tree genome.

Supplementary Table 2 Primer sequence, optimal annealing temperature and amplicon size of each evaluated

gene in this study.

Supplementary Table 3 Normalized counts in Fragments Per Kilobase Million (FPKM).

Supplementary Table 4 Summary of sequencing and data mapping. Total raw reads; total filter reads; Q30
percentage: proportion of nucleotides with quality value > 30; GC content percentage: GC content of total

nucleotides; Mapped reads (%).

Supplementary Table 5 Identified differentially expressed genes (DEGS) to each studied comparison in this
study. The first column of table shows gene ID followed by its base mean, log2 fold change value, P-value,
adjusted P-value and differential expression (up or downregulated). Bl: BRS 265 immature; BR: BRS 265 ripe;

Cl: CCP 76 immature; CR: CCP 76 ripe.

Supplementary Table 6 Common and exclusive differentially expressed genes (DEGSs) during CCP 76 and BRS
265 cashew apple development. The table consists of gene ID and its identification in relation to Arabidopsis
thaliana to each studied comparison. Bl: BRS 265 immature; BR: BRS 265 ripe; Cl: CCP 76 immature; CR:

CCP 76 ripe.

Supplementary Table 7 GO enrichment analysis during the cashew apple development. The table consists of
name and ID of GO term, besides its gene ontology classes: biological process (BP), cellular component (CC)

and molecular function (MF). Over and under represented P-value calculated to each GO term based on



65

information present in fourth and fifth columns. Only those GO terms with over represented P-value < 0.05 are
shown. The fourth column lists the number of up and downregulated genes to the studied comparisons assigned
to each GO term. The fifth column lists the number of background genes mapped to each GO term. The last

column shows the ID of DEGs enriched each GO term.

Supplementary Table 8 Enriched metabolic pathways represented during the cashew apple development
according to the Kyoto Encyclopedia of Genes and Genomes (KEGG). The first three columns show the name,
database and ID of pathways. The fourth column lists the number of up or downregulated genes to the studied
comparisons assigned to each pathway. The fifth column lists the number of background genes mapped to each
pathway. The last columns list the P-value and corrected P-value of the statistical test, genes names and
hyperlink to visualization of genes pathway in website. Bl: BRS 265 immature; BR: BRS 265 ripe; Cl: CCP 76

immature; CR: CCP 76 ripe.

Supplementary Table 9 Gene ID, transcription factor family, best hit in Arabidopsis thaliana, e-value and

description for the best hit in each studied comparison in this study.
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Supplementary Figure 2
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Supplementary Table 2

75

. s as . s 2 Anneling Amplicon
Gene Gene_ID Gene name Forward primer (5’ - 3°) Reverse primer (5’ - 3°) temperature (°C)  size (bp)
ACT* Anaoc.0006s0509 Actin GACAACCGTATGATGTTATACC CAATCGCAACTTCTTTAGCC 63.6 152
. S
EIF Anaoc.000550957 Translation initiation factor ATTGAGAGGAGAAACTGGGCG CACACCATGAGAACAGCACCG 636 190
FBOX* Anaoc.000252076 F-box protein GGTTCAGAGACAAGAAATAGATG GCACTAGAGTTGACACAAGAAT 636 182
RPOL* Anaoc.001950338 RNA polymerase |1 protein CTGGAAATTGTGGTTCGTGG TTTCTGATTGCTGGTGTTGG 65 141
SAND* Anaoc.0010s1075 SAND family protein AAACTATGTTCTTCTCTGCTGG TTTCCACATCCTTCACCCAC 636 17
*
URK Anaoc.000150689 Protein uridylate kinase ATAATGTGAAGCCCAAGCC ATTGCTACCTCTATTCCCAAG 598 162
PAL Anaoc.0011s0624 Phenylalanine ammonia lyase AGTATGAACAAAGGGACGGA GATAGCAAACCTGATACCTGAG 65 236
PG Anaoc.0010s0426 Polygalacturonase CAATCGTAAGTGGTTCCCGAA GCACCATTCACAGTTACTCCT 65 129
PL Anaoc.0015s0315 Pectate lyase TCTCTTCTGTCTCCTCTTCCTG GGGTATTTGTCTTGCGGAAC 63.6 134
TGCTAAGAATCTCAATCTGGTC
FLS Anaoc.001750663 Flavonol synthase ATGTCCTCGTCCTGATCTC 63.6 181
LAR Anaoc.000250626 Leucoanthocyanidin reductase GTCACTTTGTTGCCGATGCT CATTTATTGATCCCGAGGTGAGAG 65 161
XTH Anaoc.0013s1113 Xyloglucan endotransglycosylase/hydrolase TGCTTGCTTCTGCTAATTTC CGTTAGTGTGAAGAGTGTAG
59.8 299

* genes de referéncia




Supplementary Table 4

76

Developmental

GC content

Mapped reads

Genotypes stages cDNAlibraries Total raw reads Total filter reads Q30 percentage percentage (%)

BG-R1 35,475,960 31,212,424 91.51 44.88 27(%1105)83

Green BG-R2 40,246,384 35,093,228 92.66 44.64 31(%;%5??)86

BG-R3 46,360,900 41,200,480 92.30 44.84 35608226
(91.0)

e 43487231
BM-R1 55,931,418 50,335,408 93.00 44.77 oL

Mature BM-R2 46,257,628 41,672,446 93.11 44.87 35(%‘(‘)1;5)32

BM-R3 41,510,620 37,301,176 92.62 44.72 32&0;‘)57

CG-R1 52,234,814 41,200,480 92.73 44.43 40(%986)63

Green CG-R2 47,732,844 42,602,124 92.14 44,54 36(%517(‘)‘)80

CG-R3 44,064,846 39,912,154 93.49 44.65 34432885
(91.1)

o 32528770
CM-R1 41,517,440 41,250,450 92.68 44.64 o)

Mature CM-R2 43,962,712 38,823,036 91.95 44.57 33(29%668)84

CM-R3 46,654,026 41,915,778 93.14 44.60 36021978

(90.8)
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5. CONCLUSAO

Em resumo, o presente estudo mostra uma analise transcriptébmica comparativa de
dois gendtipos contrastantes de caju (CCP 76 e BRS 265) a fim de explorar genes-chave
envolvidos em caracteristicas especificas tais como a firmeza e a coloragdo. Além disso, este é
0 primeiro estudo a relatar o sequenciamento do transcriptoma de pedunculos de caju. Por
meio do sequenciamento dos transcritos, foi possivel fornecer uma compreensao abrangente
sobre os principais processos envolvidos no desenvolvimento dos pedunculos de caju e,
portanto, responsavel pelas mudancas organolépticas nos frutos.

Em particular, foram identificados genes que podem potencialmente contribuir
para a melhoria dos processos de biossintese de flavondides e degradacdo da parede celular
durante o amadurecimento de cajus. Além disso, os resultados obtidos contribuem para a
elucidacdo de mecanismos moleculares envolvidos na regulacdo desses metabolismos em
frutos. A expressao de alguns genes foi associada a singularidade de cada genotipo estudado,
fornecendo conhecimento para posteriores estudos envolvendo o melhoramento das
caracteristicas de qualidade. Por fim, o presente estudo fornece suporte cientifico para estudos

de manipulacdo genética da caracteristica desejada, valorizando a produgdo comercial de caju.
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