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SILVA, Natacha. Passos iniciais do metabolismo de isoprenoides em
angiospermas: gendmica evolutiva e anélises moleculares em Coffea spp. 2020.
73 p. Tese (Doutorado em Ciéncias Biolégicas — Biologia Vegetal) — Universidade
Estadual Paulista “Julio de Mesquita Filho”, Rio Claro. 2020.

RESUMO

Os isoprenoides compdem uma classe de metabdlitos especializados em plantas, com
funcdes biologicas, ecologicas e fisiologicas. As plantas sintetizam milhares de
compostos derivados dos isoprenos, com fungdo associada a atracdo de
polinizadores, protecdo contra pragas, desenvolvimento e crescimento das plantas.
Além disso, eles sdo muito utilizados pelas industrias farmacéutica e de cosméticos.
Existem duas vias metabolicas capazes de produzir isoprenoides em plantas: a via
citoplasmatica do mevalonato (MVA) e a via plastidial do metileritritol fosfato (MEP).
Os objetivos do trabalho foram: i) identificar os genes iniciais da via de biossintese de
isoprenoides em Coffea spp.; ii) avaliar se o elicitor &cido hexanoico (Hx) é capaz de
modular o perfil transcricional dos genes da via MVA e MEP em C. arabica,; iii) analisar
a evolucao dos genes chave da via MVA (HMGR e MVK) e MEP (DXS e DXR). Plantas
de C. arabica cv. Catuai Vermelho (CaCV) e cv. Obata (CaOB) foram tratadas com
aplicacédo de acido hexanoico (Hx - 0,55 mM) em solugéo nutritiva aerada, e apos 48
h foram coletadas folhas e raizes para extracdo de RNA e analises de perfil
transcricional via RNA-seq e RT-gPCR. Foram identificados mais de uma copia para
cada gene da via MVA (HMGS, HMGR, MVK, PMK, MVD) e MEP (DXS, DXR, CMK,
MDS, HDS, HDR) em C. arabica. C. eugenioides apresentou mais de uma copia para
alguns genes da via MVA (AACT, HMGR, PMK, MVD) e da via MEP (DXS e HDR).
Em C. canephora, os genes da MVA (AACT, HMGS, MVK, PMK, MVD) e alguns da
MEP (DXR, MCT, CMK, MDS, HDS) foram de cépia unica. Os genes AACT, HMGS,
HMGR, MVK, PMK, MVD, DXS, DXR, CMK e MDS foram induzidos em folhas tratadas
com Hx em CaCV. Em CaOB, os genes MVK, DXS, DXR, CMK, MDS e HDS foram
induzidos em folhas tratados com Hx. Os genes AACT, HMGS, HMGR, MVK, PMK,
DXS e DXR foram reprimidos em raizes de CaCV e os genes AACT, HMGS, HMGR,
MVK, MVD, DXS, DXR e MDS reprimidos em raizes de CaOB tratadas com Hx. Os
nossos resultados indicam que o Hx é capaz de modular a expressdo dos genes das
vias MVA e MEP, em folhas e raizes de café de maneira genétipo e tecido-especifica,
evidenciando o poder reprogramador de Hx no metabolismo de isoprenoides.

Palavras-chave: Coffee, MVA, MEP, terpenoides, acido hexanoico



SILVA, Natacha. Initial steps of isoprenoids biosynthesis in angiosperms:
genomic evolution and molecular analysis in Coffea spp. 2020. 73 p. Thesis (PhD
in Biological Sciences — Plant Biology) — Universidade Estadual Paulista “Julio de
Mesquita Filho”, Rio Claro. 2020.

ABSTRACT

Isopropenoids comprise a class of specialized metabolites from plants comprising
important biological, ecological and physiological functions. Plants synthesize
thousands of isoprene compounds, which are related to pollinators attraction, anti-
herbivory properties, plant growth and development. In addition, they are widely used
by the pharmaceutical and cosmetic industries. There are two metabolic pathways
responsible for isoprenoid biosynthesis in plants: the cytoplasmic mevalonate pathway
(MVA) and the plastidic metileritritol phosphate pathway (MEP). In this study our main
goals were: i) to identify genes related to the initial steps of isoprenoid biosynthesis in
Coffea spp.; ii) evaluate if hexanoic acid (Hx) can transcriptionally modulate genes of
MVA and MEP pathway in C. arabica; iii) analyze the evolution of selected MVA
(HMGR and MVK) and MEP (DXS and DXR) genes. C. arabica cv. Catuai Vermelho
(CaCV) and cv. Obatd (CaOB) plants were treated with exogenous application of
hexanoic acid (Hx - 0.55 mM) in an aerated nutrient solution, and after 48 h, leaves
and roots were collected for RNA extraction and transcriptional analyses using RNA-
seq and RT-gPCR. More than one copy were observed for several MVA pathway
genes (HMGS, HMGR, MVK, PMK, MVD) and MEP pathway genes (DXS, DXR, CMK,
MDS, HDS, HDR) in C. arabica. C. eugenioides presented more than one copy of some
genes from MVA (AACT, HMGR, PMK, MVD) and MEP (DXS, HDR) pathways. In C.
canephora, some genes from MVA (AACT, HMGS, MVK, PMK, MVD) and MEP (DXR,
MCT, CMK, MDS, HDS) pathways were classified as single copy. AACT, HMGS,
HMGR, MVK, PMK, MVD, DXS, DXR, CMK and MDS genes were induced in leaves
under Hx-treatment in CaCV. In CaOB, MVK, DXS, DXR, CMK, MDS and HDS genes
were induced in leaves by Hx exogenous application. AACT, HMGS, HMGR, MVK,
PMK, DXS and DXR genes were repressed in CaCV roots and AACT, HMGS, HMGR,
MVK, MVD, DXS, DXR e MDS repressed in CaOB roots under Hx treatment. Our
results indicated that Hx can modulate the expression of genes involved in MVA and
MEP pathways in coffee in a genotype and tissue-specific way, emphasizing that Hx
is able to reprogram isoprenoid metabolism.

Keywords: Coffee, MVA, MEP, terpenoids, hexanoic acid
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1. INTRODUCAO

1.1 A viade biossintese de isoprenoides

Os isoprenoides ou terpenoides compdem uma classe de metabdlitos
especializados em plantas, com funcdes bioldgicas, ecologicas e fisioldgicas (TAIZ et
al., 2017). Os vegetais sintetizam mais de 40 mil compostos de terpenos relatados na
literatura (GALATA; MAHMOUD, 2012; ZHOU; PICHERSKY, 2020). Estes compostos
nos vegetais tém funcdes de protecdo contra predadores, atracdo de polinizadores,
controle da taxa transpiratéria, protecdo a luz ultravioleta, desenvolvimento e
crescimento (TAIZ et al., 2017; PICHERSKY; RAGUSO, 2018).

Todos os tipos de isoprenoides derivam de precursores de cinco carbonos (Cs).
Essas unidades geram moléculas de comprimento de cadeia de carbono definido (Cao,
Cis, C20, ... Csn), que servem como ponto de partida para a produgdo de toda a
variedade de isoprenoides (ZI et al., 2014; PICHERSKY; RAGUSO, 2018). Assim,
isoprenoides séo classificados como: os isoprenos - Cs, que podem originar o
horménio citocinina (VRANOVA et al., 2013); os monoterpenos (C1o), que formam os
compostos volateis dos 6leos essenciais de algumas plantas (horteld, lavanda e
citronela) e os piretroides presente nos crisantemos (repelente natural de insetos —
PICHERSKY; RAGUSO, 2018); os sesquiterpenos (Cis), que originam alguns
fitormbnios como o &cido abscisico (ABA) e a estrigolactona (AL-BABILI;
BOUWMEESTER, 2015); os diterpenos (Czo), que formam o hormaonio giberelina (GA),
o fitol presente na clorofila e estdo presentes nas resinas em pinus (CHEN et al., 2011,
Zl et al., 2014); os triterpenos (Cso), que fazem parte da composi¢cédo dos hormoénios
brassinosteroides, dos esteroides (lipidios) presentes nas membranas vegetais e as
saponinas relacionadas a defesa aos insetos (VRIET et al., 2013; ZHOU et al., 2015);
os tetraterpenos (Caso), que originam os carotenoides, pigmentos fotossintético,
presentes em cenoura, morango com propriedades antioxidantes (PICHERSKY;
RAGUSO, 2018); os poliisoprenos (Cn) possuem mais de 40 carbonos em sua
composicdo e sdo encontrados no latex da borracha, presente nas seringueiras
(Figura 1. QU et al., 2015).
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Figura 1. Estruturas quimicas de exemplos de isoprenoides.
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Fonte: Adaptado de Pichersky e Raguso (2018).

A formacéo dos variados tipos de isoprenoides pode ocorrer por duas rotas
metabolicas: a via do acido mevalonico (MVA), que ocorre predominantemente no
citosol e a via metileritritol 4-fosfato (MEP), que ocorre nos plastidios (RODRIGUEZ-
CONCEPCION; BORONAT, 2015). As duas vias sdo distintas e compartimentadas
separadamente para construir unidades de isopreno (HEMMERLIN et al., 2012). A
coexisténcia dessas vias no citosol e nos plastidios pode permitir a sintese de muitos
tipos de isoprenoides essenciais para um organismo séssil como as plantas, além
disso as duas vias podem estar ativas em paralelo ou separadamente (HEMMERLIN
et al., 2012). Por exemplo, a via MVA produz terpenos que estdo diretamente
relacionados ao crescimento e desenvolvimento vegetal, e a via MEP esta relacionada
aos pigmentos que realizam a fotossintese, estas funcdes podem ser realizadas por
ambas as vias em paralelo ou ativadas separadamente dependendo da necessidade
fisiologica vegetal (HEMMERLIN et al., 2012).

Assim, o inicio da via MVA (Figura 2) se da pela enzima AACT (Acetoacetil-
CoA tialose) responsavel pela condensacdo de duas moléculas de acetil-CoA,
formando uma molécula intermediaria, a acetoacetil-CoA. Em seguida, a enzima 3-
hidroxi-3-metilglutaril-CoA sintase (HMGS) realiza a condensac¢ao de uma molécula

de acetoacetil-CoA com uma molécula de acetil-CoA, formando o 3-hidroxi-3-metil-
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glutaril-CoA (HMG-CoA). A enzima HMG-CoA redutase (HMGR) reduz a molécula de
HMG-CoA e a converte em acido mevalonico (MVA) a partir da oxidacdo de duas
moléculas de NADPH. As enzimas mevalonato quinase (MVK), fosfomevalonato
quinase (PMK) e mevalonato difosfato descarboxilase (MVD) realizam a converséo de
MVA em isopentenil difosfato (IPP). A MVK fosforila 0 MVA, com o consumo de ATP,
e produz o fosfomevalonato (MVP) e adenosina trifosfato (ADP). Em seguida, a PMK
catalisa a fosforilacdo de MVP a partir de ATP, produzindo difosfato de mevalonato
(MVPP) e ADP. Finalmente, a MVD catalisa uma reagédo descarboxilativa, e elimina
um grupo carboxila do mevalonato com a hidrélise de ATP, formando o IPP.
Posteriormente, o IPP é convertido em dimetilalil difosfato (DMAPP) pela enzima
isopentenil difosfato isomerase (IDI) e, em seguida, s&o biossintetizados o0s
sesquiterpenos e triterpenos, especificos da via MVA (THOLL et al.,, 2011,
RODRIGUEZ-CONCEPCION; BORONAT, 2015; ZHOU; PICHERSKY, 2020).

No inicio da via MEP (Figura 2) a enzima 1-Desoxi-D-xilulose 5-fosfato sintase
(DXS) é responsavel pela condensacéao de gliceraldeido 3-fosfato (GAP) e piruvato,
para produzir uma molécula 1-Desoxi-D-xilulose 5-fosfato (DXP). Em seguida, a
enzima DXP redutoisomerase (DXR) catalisa a conversdo de DXP em 2-C-metil-D-
eritritol 4-fosfato (MEP), por uma reducdo utilizando uma molécula de NADPH. A
enzima MEP citidiltransferase (MCT) entéo catalisa a reacdo de conversao do MEP a
4-difosfocitidil-2-C-metil-D-eritritol (CDP-ME). A enzima CDP-ME quinase (CMK) é
responsavel, em seguida, pela reacao de fosforilagdo de CDP-ME com o consumo de
ATP, e produz a molécula 4- difosfocitidil-2-C-metil-D-eritritol 2-fosfato (CDP-MEP) e
ADP. A enzima 2-C-metil-D-eritritol-2,4-ciclodifosfato sintase (MDS) converte CDP-
MEP & 2-C-metil-D-eritritol-2,4-ciclodifosfato (MEcPP) e CMP. A enzima 4-hidroxi-3-
metilbut-2-enil difosfato sintase (HDS) catalisa a conversao de MEcPP em 4-hidroxi-
3-metilbut-2-enil difosfato (HMBPP) com a oxidacdo de um NADPH. Logo depois, a
enzima HMBPP reductase (HDR) é responsavel pela reagédo de reducdo da HMBPP
em IPP e/ou DMAPP com oxidagdo de um NADPH. IPP e DMAPP sédo as moléculas
precursoras da biossintese dos monoterpenos, diterpenos e tetraterpenos, especificos
da via MEP (THOLL et al., 2011; RODRIGUEZ-CONCEPCION; BORONAT, 2015;
ZHOU; PICHERSKY, 2020).
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Figura 2. Via de biossintese de isoprenoides citosélica (MVA) e plastidica (MEP) em
lantas.

Plastid suqlars,g::; -------- photosynthesis
ety - v
Cytosol acetyl-CoA * pyruvate + GAP
. AACT{ @+ Dxs
- ER acetoacetyl-CoA (gfpxn
Pirealiome HMGS D
Peroxisome HM(-‘{ _E;'o A pr .
R MCT
Mitochondria -5 MVA %‘z’ME
Type 1 and 2 CMK
isoforms in: CDP-MEP
Q) most plants MEtyfgs
l}
() some plants (b 4 HDS
HMBPP
HDR
DMAPP<+— IPP IPP«<— DMAPP
IDI IDI
Current Opinion in Plant Biology

As enzimas da via MVA sdo mostradas em azul e as enzimas da via MEP em verde. As setas marcam
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redutase. MVA, acido mevalbnico. MVK, mevalonato quinase. MVP, fosfomevalonato. PMK,
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IPP, isopentenil difosfato. DMAPP, dimetilalil difosfato. GAP, gliceraldeido 3-fosfato. DXS, DXP sintase.
DXP, 1-desoxi-D-xilulose 5-fosfato. DXR, DXP redutoisomerase. MEP, 2-C-metil-D-eritritol 4-fosfato.
MCT, MEP citidiltransferase. CDP-ME, 4- difosfocitidil-2-C-metil-D-eritritol. CMK, CDP-ME quinase.
CDP-MEP, 4- difosfocitidil-2-C-metil-D-eritritol 2-fosfato. MDS, 2-C-metil-D-eritritol-2,4-ciclodifosfato
sintase. MEcPP, 2-C-metil-D-eritritol-2,4-ciclodifosfato. HDS, 4-hidroxi-3-metilbut-2-enil difosfato
sintase. HMBPP, 4-hidroxi-3-metilbut-2-enil difosfato. HDR, HMBPP reductase. Fonte: Rodriguez-
Concepcion e Boronat (2015).
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1.2. A importancia dos genes HMGR e DXS

Os genes que codificam as enzimas HMGR e DXS sao considerados genes
chave para a regulacdo da biossintese de isoprenoides e essenciais para as vias MVA
e MEP (LI et al., 2014; PAN et al., 2019). Por exemplo, em Artemisia annua, gene
chave HMGR apresentou maiores niveis de atividade transcricional em folha jovem e
flor comparado aos niveis vistos em folhas velhas, caule e raizes (OLOFSSON et al.,
2011), o que demonstra que a via MVA esta ativa no desenvolvimento dos tecidos da
planta jovem. Além do elevado numero de transcritos detectados para esse gene,
andlises evolutivas sugeriram que a funcdo de HMGR sao conservadas em todo o
reino vegetal (LI et al., 2014), isso mostra que HMGR na via MVA permanece com as
mesmas funcdes na biossintese de terpenos.

A expresséo génica de DXS foi caracterizada em Oryza sativa, e observou-se
um elevado numero de transcritos em folhas, sugerindo que esse gene tem funcéo
relevante nos tecidos fotossintéticos (YOU et al.,, 2020). Analises realizadas em
linhagens transgénicas de Arabidopsis thaliana mostraram que a inducdo na
expressdo do gene DXS, aumentou os niveis de compostos derivados de moléculas
de isoprenos, como por exemplo, clorofila, tocoferol, carotenoides, acido abscisico
(ABA) e giberelina (GA) (CARRETERO-PAULET et al., 2013). Os mesmos autores
observaram que o oposto ocorreu quando os niveis de DXS foram suprimidos, houve

uma reducdo na quantidade desses mesmos compostos.

1.2. Aimportancia dos genes MVK e DXR

Os genes MVK e DXR também séo considerados genes importantes na via de
biossintese de isoprenoides (THOLL, 2015). Entretanto, diferentemente de outros
genes dessa via, estas enzimas sdo codificadas por genes de coOpia Unica em
Arabidopsis thaliana (HEMMERLIN et al., 2012), mostrando que o0 gene nao precisa
de mais outras cépias pra realizar suas fun¢gdes nas vias de terpenos.

A atividade da MVK esta envolvida na regeneragdo e crescimento das plantas,
e também esta relacionada ao rebrote e formacdo de raizes em Pinus strobes
(HEMMERLIN et al., 2012). A DXR também é uma enzima importante envolvida na
biossintese de terpendides pela via plastidica do MEP, ela catalisa a segunda etapa
da biossintese dos terpendides no cloroplasto (THOLL, 2015). A inativacdo de DXR
resulta na parada do desenvolvimento e plantas albinas em Arabidopsis (XING et al.,
2010).
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As algas, plantas basais e superiores sdo capazes de sintetizar
simultaneamente terpenoides pelas vias MEP e MVA em paralelo. A manutencao da
presenca dos genes de terpenoides em plantas indica que estes compostos
provavelmente proporcionaram vantagens evolutivas para as espécies vegetais mais
antigas e foram mantidas ao longo da evolugdo (KUMARI et al., 2013). Desta forma,
o estudo sobre a evolucdo torna-se interessante para essas familias génicas
(RODRIGUEZ-CONCEPCION; BORONAT, 2015). A duplicacdo de genes, mutacéo e
selecao natural sdo processos essenciais que aumentam a diversidade genética das
plantas e podem facilitar a sua adaptacao entre a planta e o ambiente (PANCHY et
al., 2016; QIAO et al., 2019).

A analise evolutiva de genes especificos destas vias, ainda € incipiente e
necessita de estudos mais aprofundados, especialmente em cafeeiros (PICHERSKY;
RAGUSO, 2018). Apesar de ter sido estudados em plantas modelos, dado o grande
namero de terpenoides especializados produzidos por varias espécies vegetais, as
principais funcbes da grande maioria dos genes envolvidos nestas vias ainda néo
foram bem determinadas para o género Coffea spp. Os estudos filogenéticos séo
importantes para uma compreensao dos processos evolutivos que moldaram o

metabolismo de isoprenoides em cafeeiro.

1.3. Os isoprenoides no género Coffea spp

O género Coffea (Rubiaceae) possui grande importancia alimentar e
agrondmica (FAOSTAT, 2017). Embora existam 124 espécies descritas para esse
género (DAVIS et al., 2011), apenas duas possuem maior interesse econémico: C.
canephora e C. arabica. A espécie C. canephora é diploide e apresenta 22
cromossomos (2n = 2x = 22), enquanto que a C. arabica € alotetraploide e possui 44
cromossomos (2n = 4x = 44). C. arabica provavelmente originou-se de uma
hibridizagao natural que ocorreu entre C. canephora e C. eugenioides no continente
africano (LASHERMES et al., 1999; LASHERMES et al., 2016). Nos ultimos anos, a
sequéncia dos genomas de C. canephora (DENOEUD et al., 2014), C. arabica (NCBI
SRA acession number PRINA497895) e C. eugenioides (NCBI SRA acession number
PRJINA497891) passou a ser disponivel em bancos de dados publicos, trazendo uma
oportunidade Unica de estudos bioquimicos, evolutivos e gendmicos.

Por exemplo, os estudos bioquimicos relacionados aos lipidios (triterpeno

formado a partir da via MVA) sdo de grande interesse para a qualidade do grdo em



18

cafeeiro (PEREIRA; IVAMOTO, 2015). Os lipidios representam aproximadamente 10-
20% de os compostos quimicos totais que sdo encontrados em Coffea arabica
(SPEER; KOLLING-SPEER, 2006; PEREIRA; IVAMOTO, 2015). Os lipidios
desempenham um papel importante na qualidade da bebida quanto ao sabor e aroma,
principalmente por causa da hidrélise de triglicerideos e o liberagdo de &cidos graxos
gue sdo oxidados e inferem sabores caracteristicos para bebidas de café (CZECH, et
al., 2016; MAHMUD; SHELLIE; KEAST, 2020).

Os estudos moleculares sobre a via de isoprenoides no género Coffea ainda é
incipiente. Um estudo anterior avaliou o gene CaHMGR1 em C. arabica e observou
atividade transcricional em folha, botéo floral, polpa e no inicio do desenvolvimento do
perisperma (TISKI et al., 2011). Genes relacionados a biossintese de monoterpenos
em café ja foram funcionalmente validados para a via MVA (DEL TERRA et al., 2013).
Os niveis transcricionais dos genes das vias dos isoprenoides (MVA e MEP) ja foram
estudados em cafeeiros utilizando dados de sequenciamento em larga escala de
RNAs mensageiros (RNA-seq), sem genoma de referéncia, e foi observado que esses
genes apresentavam diferentes padrdes de expressao de acordo com o 6rgao e tecido
de C. arabica analisado (PEREIRA; IVAMOTO, 2015). Quantificagdes bioquimicas e
de atividade transcricional de genes relacionados com a biossintese de diterpenos em
C. arabica, em diferentes 6rgaos e tecidos de cafeeiro, demonstraram que existe uma
modulacdo genética envolvida na producdo desses compostos (KITZBERGER et al.,
2013; IVAMOTO et al., 2017). Porém, ainda é necessario que mais estudos sejam
realizados para definir um nimero mais preciso de cépias existentes para cada um
dos genes das vias MVA e MEP, agora que sao disponiveis dados do genoma
completo. Arealizacdo de analises evolutivas e a determinacgéo do perfil transcricional
desses genes nas espécies que deram origem a espécie C. arabica (C. canephora e
C. eugenioides) irdo aumentar o conhecimento sobre 0s processos evolutivos que

possivelmente moldaram o metabolismo de isoprenoides em cafeeiros.

1.4. A utilizacdo de elicitores para a inducdo da biossintese de compostos
especializados

Atualmente, sabemos que elicitores podem induzir a producéo de terpenoides
(ARANEGABOU et al., 2014; MANIVANNAN et al., 2016). Os elicitores sdo compostos
organicos produzidos pelas plantas ou animais que atuam como um sistema de alerta

da planta (ex: fitorménios) para induzir compostos relacionados a defesa contra
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predadores ou patégenos (FINITI et al., 2014). Os elicitores também podem ser
sintetizados artificialmente e aplicado na planta, e agem como sinalizadores celulares
(ARANEGABOU et al., 2014). O acido hexanoico (CsH1202), derivado do hexano, é
reconhecido como elicitador (SCALSCHI et al.,, 2013). Estudos realizados em
Arabidopsis e tomateiros mostram que o acido hexanoico (Hx) pode proteger as duas
espécies vegetais contra o fungo Botrytis cinerea (VICEDO et al., 2009; KRAVCHUK
et al., 2011). Além disso, ja foi observado que o Hx pode atuar na inducao de vias da
producéo de terpenoides, contribuindo com o aumento da expresséo de genes de
terpenoides em 6rgaos de Citrus e cafeeiro. (LLORENS et al., 2016; SILVA et al.,
2020).
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2. OBJETIVO GERAL
O objetivo do trabalho foi compreender aspectos de diversidade gendmica,
evolutiva e transcricional dos genes da via de sintese de isoprenoides em

angiospermas, com énfase no género Coffea.

2.1. Objetivos especificos
¢ Identificar os genes iniciais da via de sintese de isoprenoides em Coffea, avaliar
se 0 acido hexanoico é capaz de modular a transcricdo destes genes em C.
arabica, bem como analisar em termos evolutivos os genes chave da via MVA
(HMGR) e MEP (DXS).
e Analisar a evolucao dos genes MVK (via MVA) e DXR (via MEP) em espécies
de angiospermas e avaliar se o acido hexanoico é capaz de modular o perfil

transcricional desses genes em plantas de C. arabica.
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3. CAPITULO 1: ANALISE GENOMICA DAS VIAS DE BIOSSINTESE DE
ISOPRENOIDES EM Coffea spp.



25

3.1. Introducéo

Os isoprenoides ou terpenoides séo derivados de duas moléculas precursoras:
o isopentenil difosfato (IPP) e seu isdbmero dimetilalil difosfato (DMAPP) (PICHERSKY;
RAGUSO, 2018). Existem duas vias metabdlicas capazes de produzir o IPP e o
DMAPP em plantas superiores: a via citosélica do mevalonato ou acido mevaldnico
(MVA) e a via plastidial do metileritritol fosfato (MEP) (PICHERSKY; RAGUSO, 2018).

A via MVA inicia-se pelas reacfes quimicas ligadas as enzimas acetoacetil-
CoAtialose (AACT), 3-hidroxi-3-metilglutaril-Coa sintase (HMGS), HMG-CoA redutase
(HMGR), mevalonato quinase (MVK), fosfomevalonato quinase (PMK) e mevalonato
difosfato descarboxilase (MVD). E na via MEP, pelas rea¢fes enziméticas de 1-
Desoxi-D-xilulose  5-fosfato  sintase (DXS), 1-Desoxi-D-xilulose 5-fosfato
redutoisomerase (DXR), 2-C-metil-D-eritritol 4-fosfato citidiltransferase (MCT), 4-
difosfocitidil-2-C-metil-D-eritritol quinase (CMK), 2-C-metil-d-eritritol-2,4-ciclodifosfato
sintase (MDS), 4-hidroxi-3-metilbut-2-enil difosfato sintase (HDS) e 4-hidroxi-3-
metilbut-2-enil difosfato redutase (HDR) (RODRIGUEZ-CONCEPCION; BORONAT,
2015).

O gene HMGR da via MVA, é importante pois codifica a enzima catalisadora
responsavel pela conversdo de HMG-CoA em &cido mevalonico (LI et al., 2014). O
gene DXS também é importante por codificar a enzima responsavel pela condensacéo
de gliceraldeido 3-fosfato (GAP) mais piruvato, que da inicio ao primeiro passo da via
MEP. As enzimas codificadas por estes genes séo consideradas as etapas limitantes
nas duas vias de sintese de terpenoides (LI et al., 2014; PAN et al., 2019).

Uma copia do gene HMGR (CaHMGR1) apresentou atividade transcricional em
folha, botéo floral, polpa e inicio do desenvolvimento do perisperma em C. arabica
(TISKI et al., 2011). Observou-se também que a super expressao de HMGR em folha
de tabaco influenciou o aumento da concentragcédo de sesquiterpenos (B-cariofileno e
5-epi-aristolocheno) e monoterpenos (B-ocimeno e linalol) nas plantas de Nicotiana
tabacum (HENRY et al., 2018). Além das altas taxas de expresséo do gene, andlises
evolutivas sugeriram que a funcdo e evolucdo da familia génica de HMGR foram
conservadas em angiospermas (LI et al., 2014).

O gene DXS também esta relacionado a etapas regulatorias para a biossintese
de isoprenoides da via MEP nos cloroplastos (XU et al., 2019). A enzima 1-Desoxi-D-
xilulose 5-fosfato sintase (DXS) é responsavel pela condensacgéo de gliceraldeido 3-
fosfato (GAP) e piruvato, para produzir uma molécula 1-Desoxi-D-xilulose 5-fosfato
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(DXP), um passo importante para o inicio da via (CARRETERO-PAULET et al., 2013;
YOU et al., 2020). Os niveis transcricionais de DXS foram altos em folhas de arroz
(Oryza sativa), sugerindo um papel relevante desse gene nos tecidos fotossintéticos
(YOU et al., 2020). Uma alta expresséo de DXS em tricomas de tomate (Solanum
lycopersicum) evidenciou uma relagdo diretamente proporcional com o conteudo de
sesquiterpenos (HOFBERGER et al., 2015). O contrario, o silenciamento de DXS, foi
observado em estudos com Arabidopsis em que a planta apresentou folhas de
tamanhos menores, falta de pigmentacdo e alteragdo nos plastidios e até mesmo
fenotipo albino (ESTEVEZ et al., 2000; ESTEVEZ et al., 2001; CROWELL et al., 2003;
CARRETERO-PAULET et al., 2006).

Além dos estudos relacionados ao perfil transcricional dos genes das vias de
terpenos, sao de grande importancia a compreensao da evolugdo desses genes, para
maior embasamento sobre a biossintese de terpenoides. Estudos filogenéticos podem
permitir a formulacao de hipéteses sobre a evolugéo da estrutura e funcédo dos genes
(LI et al., 2014). Como por exemplo, HMGR e DXS, genes da sintese de terpenoides,
sdo altamente conservados em plantas superiores - monocotiledoneas e
eudicotiledoneas (LI et al., 2014; PAN et al., 2019)

Para aumentar ainda mais o conhecimento e embasamento sobre a producéo
de terpenoides, alguns estudos utilizaram a aplicacédo de &cido hexanoico (Hx) como
um elicitor de compostos de metabolismo especializado e observaram que ocorreu a
modulacédo da atividade transcricional dos genes envolvidos na via de biossintese de
terpenoides (NIINEMETS, 2010; SCALSCHI et al., 2013; LLORENS et al., 2016). Os
elicitores sdo compostos organicos produzidos pelas plantas ou animais que atuam
como um sistema de alerta da planta (ex: fitormbnios) para induzir a producéo de
compostos que promovam a defesa da planta contra o ataque de pragas e/ou
patogenos (PARE et al., 2005). Além disso, os elicitores também podem ser
sintetizados artificialmente, disponibilizados junto com a solugéo nutritiva e podem
atuar na inducdo da producao de moléculas sinalizadoras de estresse ambiental para
gue a planta possa se proteger (ARANEGABOU et al., 2014).

Em Citrus sinensis foi observado que o Hx induz a resisténcia efetiva da planta
contra o fungo Alternaria alternata. Além disso, foi observado alta expressdo dos
genes MVD e HMGR da via MVA em Citros com a presenga do Hx (LLORENS et al.,
2016).
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Estudos realizados em Arabidopsis e tomateiros mostram que o Hx pode ativar
compostos de protecdo dessas espécies vegetais contra o fungo Botrytis cinerea
(KRAVCHUK et al., 2011; FINITI et al., 2014). Hx também pode ativar compostos de
protecdo em batatas contra larvas do besouro Leptinotarsa decemlineata (LOPEZ-
GALIANO et al., 2019). O Hx, como elicitor, induz a ativagao de diversos mecanismos
de respostas de defesa da planta (ARANEGABOU et al., 2014), e ja foram observadas
evidéncias de inducéo transcricional dos genes das vias MVA em outros sistemas
vegetais (LLORENS et al., 2016).

Este trabalho teve como objetivo: i) identificar o nUmero de copias dos genes
envolvidos nos passos iniciais da via de biossintese de isoprenoides em C. arabica;
i) avaliar se a aplicacdo exdégena de Hx em solugéo nutritiva € capaz de modular os
niveis transcricionais de genes dessa via de folhas e raizes laterais a transcrigcdo dos
genes HMGR e DXS em cafeeiros; iii) compreender a filogenia dos genes HMGR e

DXS do género Coffea e espécies de angiospermas.

3.2 Material e métodos

3.2.1. Material vegetal, tratamento com acido hexandico e extracdo de RNA total

A espécie utilizada no estudo com acido hexanoico foi Coffea arabica cultivares
Catuai Vermelho e Obata. A espécie ja vem sendo pesquisada, principalmente os
tecidos folhas e raizes, pelo grupo de pesquisa do laboratério GeTransPlant — Unesp
Rio Claro, coordenada pelo orientador do atual trabalho, Prof. Dr. Douglas Silva
Domingues. Logo, esta pesquisa de doutorado da continuidade aos trabalhos de
pesquisas do grupo. A espécie Coffea arabica cultivar Catuai Vermelho é importante
devido a grande adaptabilidade ao ambiente de cultivo. A Catuai é originada do
cruzamento entre as outras cultivares de arabica que sdo Mundo Novo e Caturra
Amarelo. Ela apresenta como caracteristicas a alta produtividade e rusticidade da
Mundo Novo e pequeno porte da Caturra. Podem apresentar frutos com coloragao
avermelhada ou amarelada e alta adaptacdo em condi¢cdes de seca (Disponivel em:
http://www.consorciopesquisacafe.com.br/). A cultivar Obatd também é de grande
importancia para as lavouras de café por ser de alta resisténcia a doencgas, como por
exemplo a ferrugem. E derivada do cruzamento das cultivares de arabica Villa Sarchi
e Hibrido de Timor e possivel hibridizac&o natural com Catuai Vermelho. Ela apresenta

porte baixo, exigéncia em nutricdo, maturacao tardia com frutos grandes vermelhos e
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alta produtividade podendo superar Catuai Vermelho em determinadas regides
(Disponivel em: http://www.consorciopesquisacafe.com.br/).

Assim, as plantas com cinco meses de idade (3 a 4 pares de folhas) de C.
arabica cv. Catuai Vermelho IAC 144 e Obata IAC 1669-20 foram selecionadas por
uniformidade de desenvolvimento e transferidas para vasos (3 L) contendo solucao
nutritiva aerada (SNA), adaptada de Clark (1975) por de Carvalho et al. (2013). A
solugéo nutricional foi composta por K2SO4 (1068 mM), MgS0O4.7H20 (332,5 mM),
KH2PO4 (266 mM), CaCl2.2H20 (66 mM) e NH4NOs (5333 mM). Ferro e
micronutrientes foram fornecidos usando uma mistura de sais quelada comercial
(ConMicros Standard, Conplant) nas seguintes concentragdes (0,2 mg.L ~"): Fe (363),
Cu (91), Zn (37), Mn (91) , B (91), Mo (18) e Ni (17). Os experimentos foram realizados
em sala de crescimento de plantas, com a temperatura (23°C + 2 °C), fotoperiodo (12
h) e pH (5,5 ~ 5,6) controlados diariamente. As plantas foram mantidas sob iluminagéo
de painéis de LED (400 ymol.m=2.s1).

Apdbs um periodo de 96 h de aclimatacdo na sala de crescimento, 0s seguintes
tratamentos foram aplicados: a) SNA (controle) e b) SNA + 0,55 mM de &cido
hexandico (Merck, Darmstadt, Alemanha) por 48 h. Cada tratamento foi composto por
seis vasos, cada um contendo trés plantas. Cada grupo de vasos (composto de 18
plantas) foi considerado uma replicata biologica. As folhas maduras do terco médio e
as raizes laterais das plantas foram coletadas trés horas ap6s o inicio do fotoperiodo,
em seguida foram maceradas em nitrogénio liquido e armazenadas em freezer a -80
°C até a extracdo do RNA. O RNA total dos tecidos foi extraido usando o kit Rneasy
Plant, e purificado utilizando o kit RNeasy MinElute Cleanup Kit (Qiagen, Hilden,
Renania do Norte-Vestfalia, Alemanha). A integridade das amostras de RNA foi
verificada por eletroforese em gel de agarose a 1% e o RNA foi quantificado utilizando

o fluorébmetro Qubit (Thermo Fisher).

3.2.2. Analise do perfil transcricional dos genes das vias MVA e MEP em C. arabica.

Os RNAs totais de folhas maduras e raizes laterais foram utilizados para o
preparo de bibliotecas de sequenciamento de alto rendimento, em um total de 24
bibliotecas (2 tecidos, 2 condigbes - controle e tratamento com Hx, 2 cultivares e 3
replicatas biolégicas). O preparo de bibliotecas poli-A e sequenciamento foram
realizados pela empresa LC Sciences (Houston, Texas, Estados Unidos da América).

As bibliotecas foram sequenciadas na plataforma Illlumina NovaSeq, com leituras de
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150 pares de base (pb), paired-end. A qualidade das sequéncias nucleotidicas foi
verificada com o] programa FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) e apenas as que
possuiam Q>20 foram mantidas. As sequéncias foram mapeadas no genoma de
referéncia  publico de C. arabica disponivel na plataforma NCBI
(https://lwww.ncbi.nlm.nih.gov/genome/annotation_euk/Coffea_arabica/100/), com o
programa HISAT2 (KIM et al., 2015). A contagem de sequéncias do RNA-seq
mapeadas no genoma de referéncia foi realizada com o programa StringTie (PERTEA
et al., 2015). Os resultados de quantificacdo de atividade transcricional in silico (digital
gene expression - DGE) foram obtidos em valores de FPKMs (Fragments Per Kilobase
per Million).

As analises estatisticas foram realizadas no programa XLSTAT v.2014. Os
valores de expressao (FPKM) de cada uma das amostras em triplicatas, de folhas e
raizes controles e tratadas com Hx, foram transformadas em Logio para a conversao
dos dados em distribuicdo normal. Em seguida foram feitos os Testes T de Student -
two sample (p<0,05) nas triplicatas de cada um dos genes das vias MVA e MEP, nos
dois orgéaos (folha e raiz) separadamente. Ou seja, os valores de expressoes de cada
um do gene em folha controle (Folha C) foram comparados com folha tratada com Hx
(Folha Hx). E os valores de expressdes de cada gene em raiz controle (Raiz C) foram
comparados com raiz tratada com Hx (Raiz Hx). As figuras com os valores de
expressao génica in silico (Digital Gene Expression - DGE) foram desenvolvidas com
a ferramenta online BAR HeatMapper Plus Tool (http://bar.utoronto.ca/welcome.htm)
e editadas no programa CorelDRAW 2019 (64-Bit).

3.2.3. ldentificacé&o dos genes das vias MVA e MEP nos genomas de Coffea spp
Foram utilizados como queries as sequéncias de proteina (aminoacidos) dos
genes AACT (At5g48230), HMGS (At4g11820), HMGR (Atlg76490), MVK
(At5g27450), PMK (At1g31910), MVD (At2g38700), DXS (At4g15560), DXR
(At5g62790), MCT (At2g02500), CMK (At2g26930), MDS (At1g63970), HDS
(At5g60600) e HDR (At4g34350) de Arabidopsis thaliana. Estes genes foram
comparados contra os genomas das espécies C. canephora, C. eugeniodies e C.
arabica através da ferramenta Blast. Foi utilizado o genoma de C. canephora
disponivel na plataforma PLAZA 4.0 (VAN BEL et al., 2017) e os dados do GenBank
do National Center for Biotechnology Information (SAYERS et al., 2019) para C.
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arabica e C. eugenioides. Apenas 0s genes que apresentaram valores de score = 200

e E-value < e-50 foram selecionados para andlises posteriores.

3.2.4. Andlise filogenética dos genes HMGR e DXS

A selecao das espécies para as analises evolutivas foram a partir das espécies
gue se tem genoma completo e disponivel no banco de dados genomicos publicos.
Além disso, foram baseadas ao que se tem na literatura para analises filogenéticas
dos genes HMGR e DXS (Li et al 2014, Pan et al., 2019, You et al. 2020).

As sequéncias codificantes (CDSs) de HMGR e DXS de cinco espécies de
plantas angiospermas (Sorghum bicolor, Oryza sativa, Zea mays, Carica papaya, Vitis
vinifera) foram obtidas por BLAST na plataforma PLAZA 4.0 (VAN BEL et al., 2017)
utilizando sequéncias de A. thaliana como queries, com 0s mesmos procedimentos
descritos no item 3.2.3. As sequéncias nucleotidicas codificadoras foram traduzidas
em aminoacidos e alinhadas com o software MUSCLE (EDGAR, 2004), usando a
ferramenta TranslatorX (ABASCAL et al., 2010). As arvores filogenéticas dos genes
HMGR e DXS foram inferidas pelo método Neighbor-Joining, baseado no modelo LG
(LE; GASCUEL, 2008). O bootstrap da arvore foi inferido a partir de 1000 réplicas e
foi utilizado para representar a histéria evolutiva dos genes de interesse. A analise
evolutiva e as arvores finais foram obtidas utilizando o programa MEGAX (KUMAR et
al., 2018). Os nomes e as chaves dos Grupos |, II, lll e IV de HMGR (LI et al., 2014) e
dos Tipos I, Il e Il de DXS (YOU et al., 2020) foram editadas no programa CorelDRAW
2019 (64-Bit).

3.2.5. Determinacao das estruturas génicas de HMGR e DXS em plantas

Foi realizada a analise de estrutura génica de HMGR e DXS nas seis espécies
de plantas angiospermas citadas no item 3.2.4 (A. thaliana, C. papaya, O. sativa, S.
bicolor, V. vinifera, Z. mays), incluindo as trés espécies de Coffea.

As sequéncias de nucleotideos foram recuperadas na plataforma PLAZA 4.0
(VAN BEL et al., 2017) para as espécies de angiospermas e C. canephora, e na base
de dados GenBank do National Center for Biotechnology Information (SAYERS et al.,
2019) para C. arabica e C. eugenioides. Para analisar a estrutura éxon-intron dos
genes HMGR e DXS, utilizamos o programa Gene Structure Display Server v2.0 (HU

et al.,, 2014). O CDS no formato FASTA correspondentes aos genes das espécies
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foram inseridos, alinhadas por Est2genome, para gerar estruturas génicas. Em
seguida, cada estrutura éxon-intron foram adicionadas aos ramos de cada uma das
espécies, juntos nas arvores filogenéticas geradas no MEGAX, e realizados as figuras

finais (&rvore mais estruturas éxon-intron) no programa CorelDRAW 2019 (64-Bit).

3.3 Resultados e discussao

3.3.1 Identificacdo do numero de cépias dos genes das vias MVA e MEP em Coffea
spp

Em C. canephora observou-se que a maior parte dos genes da via MVA
(CcAACT, CcHMGS, CcMVK, CcPMK, CcMVD) séo codificados por uma Unica copia
génica, com excecdo de HMGR, que possui dois genes codificantes (Tabela 1). C.
eugenioides apresentou genes de coépia Unica (CeHMGS, CeMVK), duas cépias
(CeHMGR, CeMVD), e quatro copias (CeAACT, CePMK) (Tabela 1). Na espécie
alotetraploide C. arabica, foi observado um nimero maior para quase todos 0s genes:
uma copia para CaAACT, duas copias para CaHMGS e CaMVK, trés cépias para
CaHMGR, CaPMK e quatro cépias para CaMVD. Além disso, o ganho de um gene
para CaMVD em C. arabica sugere uma duplicacéo recente desse gene (Tabela 1).

As trés espécies do genero Coffea spp apresentaram mais de uma cépia do
gene HMGR. O numero de copias de HMGR identificados em C. canephora (2) e C.
eugenioides (2), foi diferente da observada em C. arabica (3) (Tabela 1).

C. canephora e C. eugenioides séo codificadas por duas cépias de HMGR, em
cada uma das duas espécies, 0 mesmo numero de copias de HMGR foram vistos em
Cucumis melo, Citrus sinensis e Arabidopsis thaliana e (Lange e Ghassemian, 2003
(esta citacdo estd em Tiski 2011); Li et al., 2014). Assim, HMGR ser codificado por
duas copias sugere que as duas copias tenha um papel importante para a biossintese
de isoprendides na via MVA. Porém € valido ressaltar que niamero de copias de alguns
genes das vias MVA e MEP podem variar de espécie pra espécie (PICHERSKY;
RAGUSO, 2018).

Como por exemplo, em estudos anteriores observaram uma copia do gene
HMGR para a codificacdo desta proteina em C. arabica (TISKI et al., 2011; PEREIRA;
IVAMOTO, 2015). Porém, os nosso estudos mostraram que existem trés copias que
codificam HMGR para C. arabica.
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Tabela 1. Genes codificadores das enzimas da via MVA em C. canephora, C.

eugenioides e C. arabica

Via MVA C. canephora C. eugenioides C. arabica
AACT Cc05_g01610 XM_027314663 XM_027208355
XM_027314664
XM_027314665
XM_027314666
HMGS Cc08_g13850 XM_027325230 XM_027225456
XM_027229425
HMGR Cc10_g00230 XM_027293193 XM_027218637
Cc07_g12220 XM_027322981 XM_027222532
XM_027235546
MVK Cc00_g15600 XM_027304863 XM_027251860
XM_027258791
PMK Cc08_g03790 XM_027327059 XM_027212763
XM_027327060 XM_027226201
XM_027327061 XM_027226202
XM_027327062
MVD Cc02_g09750 XM_027306037 XM_027248959

XM_027306039

XM_027248960

XM_027255523
XM_027255524

Assim como na via MVA, a via MEP também apresentou diferencas no niumero
de coOpias génicas para as trés espécies de Coffea spp analisadas. C. canephora
apresentou o menor numero de copias para quase todas as enzimas da via MEP. Seis
genes foram de cépia unica (CcDXR, CcMCT, CcCMK, CcMDS, CcHDS, CcHDR) e
um gene com trés copias (CcDXS) (Tabela 2). Em C. eugenioides, cinco genes
apresentam copia unica (CeDXR, CeMCT, CeCMK, CeMDS, CeHDS), um gene com
duas cépias (CeHDR) e um gene com quatro cépias (CeDXS). Novamente, C. arabica
apresentou um namero maior de cOpias para a maioria dos genes, no qual dois genes
sdo de copia unica (CaMCT, CaCMK), quatro genes com duas copias (CaDXR,
CaMDS, CaHDS, CaHDR) e um gene com seis cépias (CaDXS) (Tabela 2).

DXS foi 0 gene que apresentou o maior numero de copias na via MEP, nas trés
espécies de Coffea spp. O nimero de cépias génicas de DXS em C. arabica (6) foi
diferente do somatério das espécies C. canephora (3) e C. eugeniodes (4). Um estudo
anterior identificou quatro copias de DXS em C. arabica utilizando dados de RNA-seq
(PEREIRA; IVAMOTO, 2015), porém estes dados néo englobaram todos os 6rgaos
da planta, apenas folhas, flores e frutos.
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Tabela 2. Genes codificadores das enzimas da via MEP em C. canephora, C.
eugenioides e C. arabica

Via MEP C. canephora C. eugenioides C. arabica
DXS Cc06_g13680 XM_027309974 XM_027211297
Cc07_g13880 XM_027318006 XM_027215027
Cc03_g02540 XM_027318004 XM_027260306
XM_027322583 XM_027265354
XM_027222632
XM_027220323
DXR Cc04_g14010 XM_027311920 XM_027267332
XM_027270403
MCT Cc02_g23630 XM_027305187 XM_027257511
CMK Cc01_g07140 XM_027305705 XM_027226336
XM_027247923
MDS Cc08_g15230 XM_027324840 XM_027229283
XM_027224378
HDS Cc01_g11160 XM_027324546 XM_027230473
XM_027252084
HDR Cc02_g17960 XM_027303576 XM_027256537

XM_027303260

XM_027250035

3.3.2 Perfis transcricionais dos genes das vias MVA e MEP

Foi realizada uma andlise do perfil transcricional in silico dos genes das vias
MVA e MEP, em folhas e raizes de cafeeiros arabica das variedades Catuai Vermelho
(CaCV; Figuras 1A e 2A) e Obata (CaOB; Figuras 1B e 2B), observando-se o efeito
da aplicacao de Hx.

Dentre os 15 genes da via MVA analisados em CaCV, 13 deles apresentaram
inducdo em sua atividade transcricional em folhas quando expostas ao elicitor Hx:
AACT (XM_027208355), HMGS (XM_027225456), HMGR (XM_027218637,
XM_027222532), MVK (XM_027251860, XM_027258791), PMK (XM_027212763,
XM_027226201, XM_027226202) e MVD (XM_027248959, XM_027255523,
XM_027255524, XM_027248960). E sete genes de CaCV apresentaram uma reducéo
em seus niveis de expressao:. AACT (XM_027208355), HGMS (XM_027229425),
HMGR (XM_027218637, XM_027222532), MVK (XM_027251860), PMK
(XM_027226201, XM_027226202) em raizes tratadas com Hx em comparacdo as
plantas controle.

Os dados sugerem que o Hx tem potencial de aumentar a expressao da maioria

dos genes na via MVA e em folhas. Em estudos da espécie Citrus sinensis foram
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vistos maior expressao dos genes HMGR e MVD da via MVA em folhas tratadas com
Hx (LLORENS et al., 2016).

Em folhas de CaOB, apenas os dois genes MVK (XM_027251860,
XM_027258791) da via MVA apresentaram diferencas significativas na expressao e
foram induzidos na presenca de Hx (Figura 1B). Nas raizes de CaOB, os genes AACT
(XM_027208355), HMGS (XM_027229425), HMGR (XM_027218637), MVK
(XM_027251860) e MVD (XM_027248959, XM_027255523) da via MVA foram
reprimidos na presencga de Hx (Figura 1B).

A expressédo dos genes envolvidos na via MEP também foram modulados por
Hx, isto ocorreu de maneira oposta em folhas e raizes, onde foi observada uma
predominancia de inducédo e repressao, respectivamente. Em folhas de CaCV, sete
genes dos 17 genes analisados foram estatisticamente mais expressos na presenca
de Hx (Figura 2A): DXS (XM_027211297, XM_027215027, XM_027260306), DXR
(XM_027267332), CMK (XM_027247923, XM_027226336) e MDS (XM_027224378).
Nas raizes, o Hx reduziu significativamente a expressdo dos genes DXS
(XM_027222632, XM_027220323) e DXR (XM_02726732, XM_027270403).

Com relacdo os niveis transcricionais dos genes da via MEP em CaOB, o Hx
aumentou significativamente a expressdo de 11 genes em folhas : DXS
(XM_027211297, XM_027215027, XM_027222632, XM_027220323), DXR
(XM_027267332, XM_027270403), CMK (XM_027247923, XM_027226336), MDS
(XM_027229283) e HDS (XM_027230473, XM_027252084). Nas raizes dessa
cultivar, o Hx reprimiu significativamente a expressdo dos genes DXS
(XM_027215027, XM_027222632) e DXR (XM_027267332, XM_027270403) (Figura
2B). A analise geral dos genes da via MEP também mostrou que uma das coépias
génicas de HDR (XM_027256537) foi bastante expresso nos dois tecidos analisados
e pouco alterado por Hx nas duas variedades (Figura 2).

Assim, observou-se que o padréo geral de resposta ao tratamento com Hx para
0s hiveis de expressdo das duas vias foi inducéo nas folhas e repressao nas raizes,
tanto em CaCV quanto em CaOB. Provavelmente, o Hx atua mais, quanto aos meiores

niveis de expressao dos genes, nos tecidos de folha.



Figura 1.

Perfil transcricional dos genes da via MVA
Catuai Vermelho
MVA Genes Folha C Folha Hx Raiz C

AACT  XM_027208355
HMGS XM_027225456
XM_027229425
HMGR XM_027235546
XM_027218637
XM_027222532
MVK XM 027251860
XM_027258791
PMK  XM_027212763
XM_027226201
XM_027226202
MVD  XM_027248959
XM_027255523
XM_027255524
XM_027248960

Obata
MVA Genes Folha C Folha Hx Raiz C Raiz Hx
AACT XM_027208355 .
HMGS XM _027225456
XM_027229425 "
HMGR XM_027235546
XM_027218637 o
XM_027222532
MVK  XM_027251860 ¥ s
XM _027258791 7
PMK XM 027212763
XM_027226201 0.2 0,1 0.2 0.1
XM_027226202
MVD  XM_027248959

XM_027255523
XM_027255524

XM_027248960 _

C. arabica cv. Catuai Vermelho (A) e C. arabica cv. Obatéa (B), expresséo dos
genes em FPKM em folha e raiz controle (C) e tratamento com acido hexanoico
(Hx). Os valores de FPKM estéo representados em escala de Logio. Foram
realizados Testes t de Student (p <0,05) para os valores amostrais e 0s
asteriscos (*) indicam diferencas significativas entre os tratamentos (controle e
Hx) e tecidos (folhas e raizes), separadamente. Fonte: préprio autor.
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Figura 2. Perfil transcricional dos genes da via MEP

Catual Vermelho
MEP Genes Folha C Folha Hx Raiz C Ra_nz HX

DXS  XM_027211297 04
XM _027215027

XM_027260306
XM_027265354

XM_027222632
XM_027220323
DXR  XM_027267332
XM_027270403
MCT  XM_027257511
CMK  XM_027247923
XM 027226336

MDS XM 027224378
XM_027229283
HDS  XM_027230473
XM_027252084
HDR XM 027256537
XM_027250035
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Obata
MEP Genes  FohaC Folha Hx RaizC  Raiz Hx
DXS XM 027211297 06
XM_027215027
XM_027260306
XM_027265354
XM_027222632
XM_027220323
DXR XM 027267332
XM_027270403
MCT  XM_027257511
CMK  XM_027247923
XM_027226336

|

XM_027250035 0,0 0,0

0 »2 B

C. arabica cv. Catuai Vermelho (A) e C. arabica cv. Obata (B), em folha e raiz
controle (C) e tratamento com acido hexanoico (Hx). Os valores de FPKM estéo
representados em escala de Logio. Foram realizados Testes t de Student (p
<0,05) para os valores amostrais e os asteriscos (*) indicam diferencas
significativas entre os tratamentos (controle e Hx) e tecidos (folhas e raizes),
separadamente. Fonte: proprio autor.
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3.3.3 Numero de copias e analise filogenética dos genes HMGR e DXS

Foram identificados os numeros de copias dos genes de HMGR e DXS em
espécies monocotileddneas e eudicotileddéneas selecionadas (Tabela 3). Duas copias
de HMGR foram identificados em C. canephora, C. eugenioides, A. thaliana, V. vinifera
e O. sativa. C. arabica, C. papaya e S. bicolor apresentaram trés copias de HMGR e
Z. mays foi a espécie com maior numero de genes HMGR, com cinco coépias (Tabela
3).

DXS apresentou trés copias para as espécies C. canephora, A. thaliana, S.
bicolor e Z. mays, enquanto que em C. eugenioides foi observado quatro copias.
C.arabica e V. vinifera foram as espécies com o maior numero de DXS (6). O. sativa
apresentou dois genes DXS e a espécie com o menor namero foi C. papaya com
apenas um gene (Tabela 3).



Tabela 3. Identificacdo dos genes HMGR e DXS em angiospermas

Linhagem

Espécie

Gene ID

HMGR

DXS

Eudicotileddneas

Monocotiledbneas

Coffea canephora

Coffea eugenioides

Coffea arabica

Arabidopsis thaliana

Carica papaya

Vitis vinifera

Sorghum bicolor

Oryza sativa

Zea mays

Cc10_g00230
Cc07_g12220

XM_027293193
XM_027322981

XP_027091347
XP_027074438
XP_027078333

AT1G76490
AT2G17370

Cpa.g.sc232.9
Cpa.g.sc6.348
Cpa.g.sc26.7

GSVIVG01026444001
GSVIVG01013435001

Sobic.002G250400
Sobic.004G262100
Sobic.007G207600
0s09g31970
0s08g40180
Zm00001d006040
Zm00001d017826
Zm00001d030595
Zm00001d051626
Zm00001d020963

Cc06_g13680
Cc07_g13880
Cc03_g02540
XM_027309974
XM_027318006
XM_027318004
XM_027322583
XP_027121155
XP_027116107
XP_027067098
XP_027070828
XP_027078433
XP_027076124
AT4G15560
AT3G21500
AT5G11380
Cpa.g.sc16.90

GSVIVG01029109001
GSVIVG01017832001
GSVIVG01029112001
GSVIVG01003955001
GSVIVG01029169001
GSVIVG01035799001
Sobic.002G064500
Sobic.009G 135500
Sobic.010G032900
0s05g33840
0s07g09190
Zm00001d045383
Zm00001d038170
Zm00001d019060

38




39

A analise filogenética de HMGR resultou na formacé&o de quatro grupos génicos
(Figura 3). O grupo | e Il s&o compostos pelas espécies monocotileddneas e 0s grupos
Il e IV pelas espécies eudicotileddneas (Figura 3). As espécies C. canephora e C.
eugenioides apresentaram um gene no grupo Il e um gene no grupo IV,
respectivamente. Em C. arabica observou-se um gene no grupo lll e dois no grupo IV
(Figura 3).

Duas coépias de HMGR de S. bicolor foram alocadas no grupo |
(Sobic002G250400, Sobic007G207600) e uma copia no grupo Il (Sobic004G262100).
Trés copias de HMGR de Z. mays no grupo | (Zm00001d006040, Zm00001d020963,
Zm00001d030595) e duas das copias no grupo Il (Zm00001d017826,
Zm00001d051626). A espécie A. thaliana apresentou um gene no grupo Il
(AT1G76490) e um gene no grupo IV (AT2G17370). O padréo filogenético dos quatro
grupos de HMGR e a divisdo dos genes de A. thaliana, S. bicolor e Z. mays corroboram
com os observados no trabalho de Li et al. (2014).

A arvore filogenética de DXS dividiu-se em trés tipos (Figura 4), 0 mesmo
padrao foi observado em um estudo anterior com espécies da familia Solanaceae
(PAN et al., 2019) e O. sativa (YOU et al., 2020). Os trés grupos filogenéticos (Type I,
Il e 11l) formados ndo separaram as espécies eudicotiledéneas das monocotileddneas.

Os genes de Coffea spp apresentaram distribuicdo nos tipos | e Il. C. canephora
apresentou um gene no tipo | (Cc03g02540) e dois genes no tipo Il (Cc07g13880,
Cc06g13680). C. eugenioides apresentou um gene no tipo | (XM_027309974) e trés
genes no tipo Il (XM_027322583, XM_027318004, XM_027318006). C. arabica
apresentou dois genes no tipo | (XP_027121155, XP_027116107) e quatro genes no
tipo Il (XP_027078433, XP_027076124, XP_027067098, XP_027070828). A. thaliana
apresentou dois genes no tipo | (AT4G15560, AT3G21500) e um gene no tipo i
(AT5G11380). Observou-se ainda que os genes de milho (Z. mays) estavam
presentes nos tipos | (Zm00001d038170), I (Zm00001d019060) e lli
(Zm00001d045383). Essa distribuigdo é similar ao observado nos estudos de You et
al. (2020) e Pan et al. (2019).
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Figura 3. Arvore filogenética de proteinas HMGR de nove espécies angiospermas
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Os genes das espécies C. canephora, C. eugenioides e C. arabica estédo representados dentro de
guadros verdes, vermelhos e azuis, respectivamente. A historia evolutiva foi inferida usando 23
sequéncias de aminoacidos HMGR. A arvore foi feita usando o método de Neighbor-Joining, com 1000
bootstraps (mostradas como porcentagens). A analise evolutiva e o desenho da arvore foram realizados
no software MEGAX. Fonte: préprio autor. Zea mays (Zm), Oryza sativa (Os), Sorghum bicolor (Sobic),
Vitis vinifera (GS), Carica papaya (Cpa), Arabidopsis thaliana (AT).
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Figura 4. Arvore filogenética de proteinas DXS de nove espécies de angiospermas
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Os genes das espécies C. canephora, C. eugenioides e C. arabica estédo representados dentro de
guadros verdes, vermelhos e azuis, respectivamente. A historia evolutiva foi inferida usando 29
sequéncias de aminoacidos DXS. A &rvore foi realizada usando o método de Neighbor-Joining, com
1000 bootstraps (mostradas como porcentagens). A analise evolutiva e o desenho da arvore foram
realizados no software MEGAX. Fonte: proprio autor. Zea mays (Zm), Oryza sativa (Os), Sorghum
bicolor (Sobic), Vitis vinifera (GS), Carica papaya (Cpa), Arabidopsis thaliana (AT).
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3.3.4. Estrutura éxon-intron dos genes HMGR e DXS

As estruturas éxon-intron foram analisadas para aprimorar nossa compreensao
sobre a diversidade estrutural dos genes HMGR (Figura 5) e DXS (Figura 6) em
espécies de angiospermas. A andlise da estrutura e organizacdo dos genes revelou
gue o0 numero de éxons e introns nos genes que codificam HMGR e DXS séao distintos
entre as espécies estudadas.

O numero de éxons de HMGR variou entre quatro e sete (Figura 5). Os genes
da espécie Z. mays possuem quatro éxons em sua composi¢cao (Zm00001d006040,
Zm00001d017826, Zm00001d051626, Zm00001d020963) e um gene possui sete
éxons (Zm00001d030595). As espécie S. bicolor, O. sativa, C. papaya e A. thaliana
apresentaram quatro éxons na estrutura de todos os genes codificadores de HMGR
(Figura 5). V. vinifera apresentou cinco e sete éxons para 0S genes
GSVIVG01026444001 e GSVIVG01013435001, respectivamente. Esses mesmos
padrbes, de quatro a sete de éxons na estrutura de HMGR, foram visto anteriormente
nas mesmas especies Z. mays, S. bicolor, O. sativa, C. papaya, A. thaliana e V.
vinifera (LI et al, 2014; LENG et al, 2017). C. arabica (XP_027091347, XP_027074438,
XP_027078333) C. eugeniodes (XM_027293193, XM_027322981) e C. canephora
(Cc07_g12220) apresentaram quatro éxons na estrutura dos genes de HMGR, exceto
em um gene de C. canephora que apresentou cinco éxons (Cc10g00230) (Figura 5).

O gene DXS também apresentou niumeros variaveis de éxons (trés a dez) entre
as espécies analisadas (Figura 6). A espécie Z. mays apresentou dez éxons no gene
Zm00001d045383, nove em Zm00001d038170, trés em Zm00001d019060. O. sativa
apresentou nove e quatro éxons nos genes 0s05933840 e 0s07g09190,
respetivamente. Em S. bicolor observou-se que o0s genes Sobic.002G064500,
Sobic.009G135500 e Sobic.010G032900 apresentaram trés, sete e dez éxons,
respectivamente. A. thaliana e V. vinifera apresentaram uma menor variagdo em
namero de éxons na estrutura da maioria dos seus genes DXS, onde foi observado
sete (GSVIVG01035799001), nove (AT4G15560, AT3G21500,GSVIVG01029109001,
GSVIVG01029169001) e 10 (AT5G11380, GSVIVG01017832001,
GSVIVG01029112001 e GSVIVG01003955001) éxons.

Os genes das trés espécies de Coffea spp. (Cc06_g13680, Cc07_g13880,
Cc03_g02540, XM_027309974, XM_027318006, XM_027318004, XM_027322583,
XP_027121155, XP_027116107, XP_027067098, XP_027070828, XP_027078433,
XP_027076124) e C. papaya (Cpa.g.sc16.90) possuem dez éxons que compdem
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todos os seus genes que codificam DXS (Figura 6). O padrdao de nove ou dez éxons
na estrutura de DXS corroboram com estudos anteriores das espécies V. vinifera
(LENG et al. 2017) e Solanum lycopersicum (PAETZOLD et al. 2010).

Figura 5. Estrutura éxon-intron dos genes HMGR
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Os genes das espécies C. canephora, C. eugenioides e C. arabica estdo representados dentro
de quadros verdes, vermelhos e azuis, respectivamente. Fonte: préprio autor.

Figura 5. Estrutura éxon-intron dos genes DXS
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Os genes das espécies C. canephora, C. eugenioides e C. arabica estao representados dentro
de quadros verdes, vermelhos e azuis, respectivamente. Fonte: proprio autor.
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3.4. Conclusao

Genes codificantes das enzimas dos passos iniciais da via MVA e MEP foram
identificadas no alotetraploide C. arabica e comparadas com as possiveis espécies
diploides parentais. A maioria dos passos metabdlicos é codificado por mais de um
gene. Em termos evolutivos, os genes-chave deste processo HMGR e DXS séo
duplicados na maioria das espécies analisadas, reforcando a importancia da
redundancia génica para manutencao destas funcdes enzimaticas. O Hx modulou o
padrao transcricional dos genes das vias MVA e MEP. Os transcritos das vias foram
mais expressos em folha tratada com Hx. Potencialmente, o Hx pode ser utilizado

como elicitor para induzir genes das vias terpenicas em folhas.
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Abstract: Terpenoids are a diverse class of metabolites that impact plant metabolism in response to
environmental cues. They are synthesized either via a predominantly cytosolic (MVA) pathway or a
plastidic pathway (MEP). In Arabidopsis, several enzymes from the MVA and MEP pathways are
encoded by gene families, excluding MVK and DXR, which are single-copy genes. In this study, we
assess the diversity, evolution and expression of DXR and MVK genes in selected angiosperms and
Coffea arabica in particular. Evolutionary analysis revealed that DXR and MVK underwent purifying
selection, but the selection effect for DXR was stronger than it was for MVK. Digital gene expression
(DGE) profile analysis of six species revealed that expression levels of MVK in flowers and roots were
high, whereas for DXR peak values were observed in leaves. In C. arabica, both genes were highly
expressed in flowers, and CaDXR was upregulated in response to methyl jasmonate. C. arabica DGE
data were validated by assessing gene expression in selected organs, and by plants treated with
hexanoic acid (Hx) using RT-qPCR. MVK expression was upregulated in roots treated with Hx. CaDXR
was downregulated in leaves by Hx treatment in a genotype-specific manner, indicating a differential
response to priming.

Keywords: Coffea; MVA and MEP pathways; purifying selection; RT-qPCR.

4.1. Introduction

Terpenoids are a large and diverse class of metabolites that include compounds essential for
cellular functions and environment interactions [1]. They are the largest and most diverse class of
metabolites, containing over 40,000 substances. The molecules are industrially relevant and are used as
flavors, pigments, polymers and drugs [1,2].

Terpenoids are produced in all living organisms, but they are most abundant and possess a greater
degree of diversity in the plant kingdom [1]. Their biological functions affect plant membrane structure
(sterols), respiration (ubiquinone), photosynthesis (chlorophylls, carotenoids, prenylquinones) and the
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regulation of plant development (cytokines, brassinosteroids, gibberellins, abscisic acid, strigolactones)
[3].

They are derived from two precursor molecules: isopentenyl diphosphate (IPP) and its isomer,
dimethylalyl diphosphate (DMAPP) [4]. There are two pathways used to produce IPP and DMAPP in
higher plants: the mevalonate pathway (MVA) and methylerythritol phosphate (MEP) pathways. The
MVA pathway is predominantly in the cytosol but is also distributed between the endoplasmic
reticulum and peroxisomes [5,6], and the MEP pathway is located in plastids [7]. The key rate-limiting
enzymes of the MEP pathway and the MV A pathway are, respectively, the extensively studied 1-deoxy-
D-xylulose-5-phosphate synthase (DXS) and hydroxymethylglutaryl-CoA reductase (HMGR) [7-10].
However, there are enzymes in the MVA and MEP pathways that are still poorly addressed.

The mevalonate kinase (MVK) gene encodes one important biosynthetic enzyme in the MVA
pathway [3]. It catalyzes the phosphorylation of mevalonate to produce 5-phosphate mevalonate [3].
MVK activity is involved in plant regeneration and growth, and it is also related to the frequency of
shoot and root formation in white pine (reviewed in [7]).

1-deoxy-d-xylulose 5-phosphate reductoisomerase (DXR) is also an important enzyme involved in
terpenoid biosynthesis via the MEP plastid pathway, and is responsible for catalyzing the second step
of terpenoid biosynthesis in the chloroplast [1]. Inactivation of the I-deoxy-D-xylulose-5-phosphate
reductoisomerase (DXR) gene results in strong developmental arrest and albino plants in Arabidopsis [11].

Only plants are capable of simultaneously synthesizing terpenoids via MEP and MVA pathways
in parallel, suggesting that genes involved in terpenoid biosynthesis in plants have adapted
evolutionarily in basal to terrestrial plant lineages [12,13]. In this sense, it is important to understand
the evolutionary relationships and duplication events that have occurred within these gene families [3].
Gene duplication, mutation and natural selection are essential processes that expand plant genetic
diversity and facilitate biological adaptation [14,15]. Phylogenetic studies can provide important
information needed to enhance our knowledge regarding the mechanism by which MVK and DXR
genes influence terpenoid biosynthesis in higher plants. These genes are both single copy genes in the
model plant Arabidopsis thaliana. Although previous studies report the phylogenetic analyses of MVK
and DXR [16-18], these studies were focused in species-specific gene characterization and did not seek
to further investigate the evolutionary aspects of MVK and DXR in plants.

The Coffea genus (Rubiaceae) is comprised of 124 species [19]. Coffea arabica and C. canephora are of
the species of greatest economic importance and have garnered worldwide interest [20]. Few molecular
studies have addressed the terpenoid biosynthesis pathways in coffee plants. Previously, researchers
investigated the roles of the 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR) gene, which is responsible
for the third step of the MVA pathway, and their respective expression profiles in several organs [21].
Another study validated the function of three C. arabica monoterpene synthases (limonene, linalool and
[B-myrcene synthases), and studied the evolution of the genes, which affect the composition of coffee
aroma [22]. Thus far, there have been no studies addressing the molecular responses of hub genes of
these pathways.

Resistance inducers are known to modulate the expression pattern of genes involved in terpenoid
synthesis [23]. Hexanoic acid (Hx) is a short, naturally occurring monocarboxylic acid that induces
resistance to pathogens in several plant systems [24]. In Citrus plants, Hx has been shown to induce
genes involved in the MVA pathway [25]. This prompted us to hypothesize that terpenoid pathway
genes can be modulated by the application of Hx in coffee plants.

The main goal of this study was to enhance our understanding of the evolution of both DXR and
MVK genes in angiosperm species, and to characterize the transcriptional profiles of these genes in C.
arabica plants. Our results provide important knowledge regarding the evolutionary dynamics of the
DXR and MVK gene families, and evaluate differences in expression via assessment of gene
transcription. In addition, these genes can be further analyzed to verify whether they are involved in
plant defense mechanisms aimed at enhancing the biosynthesis of terpenoids.
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4.2. Results

4.2.1. Copy Number of MVK and DXR Genes in Plants

We used a diverse array of angiosperm species to perform genome-wide analysis of MVK and DXR
genes and three species as outgroups: one basal angiosperm, one basal Viridiplantae and one
Chlorophyta (Figure 1). Thirty-one MVK and 31 DXR sequences were identified in 24 species. We
identified 22 MVK and 21 DXR genes in 16 eudicotyledonous species, while in monocotyledons we
identified 7 MVK and 6 DXR sequences in five species. In the three outgroup species assessed, we
identified 2 MVK and 4 DXR genes, except in the unicellular green algae, Chlamydomonas reinhardtii,
which does not have a gene encoding MVK (Table 1). Chenopodium quinoa, Glycine max, Gossypium
raimondii, Marchantia polymorpha, Populus trichocarpa, Ricinus communis, Musa acuminata and Setaria italica
had between two and three genes encoding MVK and DXR (Table 1). As expected, predictions of the
subcellular localization of MVK and DXR proteins for all 24 species revealed that MVK is likely located
in the cytosol and DXR is likely located in chloroplasts.

Chlamydomonas reinhardtili*
Marchantia polymorpha
Amborella trichopoda
Musa ac
Oryza sativa
Brachypodium distachyon
Setaria italica
_: Sorghum bicolor
Chenopodium quinoa
Utricularia gibba
— Coffea canephora
— Coffea arabica
Capsicum annuum

_: Solanum lycopersicum
Eucalyptus grandis

Arabidopsis thaliana
—: Capsella rubella

Gossyplum raimondil
—{: Theobroma cacao
Prunus persica
Cucumis sativus
Glycine max
Populus trichocarpa
Ricinus communis

Figure 1. Phylogenetic tree of the analyzed species based on NCBI species taxonomy. This tree was
constructed with PhyloT [26] and edited using iTOL [27]. An asterisk (¥) indicates that the species lacks an
MVK gene.



Table 1. Identification of MVK and DXR genes in 24 plant species.

o1

. . Gene ID
Lineage Species
MVK DXR
Outgroups Amborella trichopoda ATR0561G047 ATR0730G147
Chlamydomonas Cre12.9546050
reinhardtii
Marchantia polymorpha Mapoly0214s0007 Mapoly0064s0074
Mapoly003450078
Eudicotyledons Arabidopsis thaliana AT5G27450 AT5G62790
Capsella rubella Carubv10001182m.g Carubv10026322m.g
Capsicum annuum CAN.G1077.21 CAN.G781.11
Chenopodium quinoa AUR62005132 AUR62030965
AUR62000841 AUR62008212
Coffea arabica CaMVK_comp31934 CaDXR_comp33448
Coffea canephora Cc00_g15600 Cc04_g14010
Cucumis sativus Cucsa.091600 Cucsa.196910
Eucalyptus grandis Eucgr.B01993 Eucgr.B00316
Glycine max Glyma.03G239000 Glyma.16G08900
Glyma.19G236200 Glyma.17G089600
Glyma.05G037500
Gossypium raimondii Gorai.007G296000 Gorai.007G001700
Gorai.007G342800 Gorai.006G189200
Populus trichocarpa Potri.013G024000 Potri.012G080900
Potri.005G034600 Potri.015G076200
Potri.005G035300
Prunus persica Prupe.6G327600 Prupe.5G174000
Ricinus communis RCO.4.30128.000221 RCO.4.30147.000220
RCO.4.29656.000023
Solanum lycopersicum Solyc01g098840.2 Solyc03g114340.2
Theobroma cacao TCA.TCM_026574 TCA.TCM_01200
Utricularia gibba UGI.S¢f00073.6483 UGI.5c¢f00226.11960
Monocotyledons  Brachypodium distachyon Bradi2g13360 Bradi2g00650
Musa acuminata MAC03G2585 MAC12G2064
MAC04G2409 MAC07G0719
Oryza sativa 0510918220 050101710
Setaria italica Seita.3G273700 Seita.5G071800
Seita.2G354500
Sorghum bicolor Sobic.004G012400 Sobic.003G103300

4.2.2. Phylogenetic Analyses

We focused our phylogenetic analysis on plant species whose complete genomes were available
within the PLAZA 4.0 database (Figures 2 and 3). The MVK gene family was divided into three groups
(Figure 2). The first group was composed of outgroup species (red). The second group (blue) contained
monocotyledon species and the last group (black) contained eudicotyledon species (Figure 2). The
phylogenetic tree of DXR revealed a more complex division than MVK (Figure 3). We observed one
group containing the outgroup species C. reinhardtii and M. polymorpha (red), while the monocotyledon
genes were grouped into one major group (blue) and dicotyledons were divided into two groups
(black), one of which was near the outgroup species A. trichopoda. In C. arabica, MVK (comp31934) and
DXR (comp33448) sequences were retrieved from a transcriptome set previously developed by our
group [28]. In this case, we demonstrate that these sequences are closely related to C. canephora genes

(Figure 4).
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Figure 2. Phylogenetic tree of MVK genes from 23 plant species analyzed in this study. Outgroup species genes
are indicated in red, while monocotyledon and eudicotyledon genes are indicated in blue and black,
respectively. Evolutionary history was inferred using 30 MVK amino acid sequences. The tree was made using
the maximum likelihood method, based on the LG model, with 1000 bootstraps (shown as percentages). All
positions containing missing data and gaps were deleted using Gblocks. There were a total of 360 positions in
the final dataset. The evolutionary analysis and tree design were performed using MEGAX software.
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Figure 3. Phylogenetic tree of DXR genes from 24 plant species considered in this study. Outgroup species
genes, monocotyledon genes and eudicotyledon genes are indicated using red, blue and black boxes,
respectively. Evolutionary history was inferred using 30 DXR amino acid sequences. The tree was drawn using
the maximum likelihood method, based on the LG model, with 1000 bootstraps (shown as a percentage). All
positions containing missing data and gaps were deleted using Gblocks. There were a total of 374 positions in
the final dataset. The evolutionary analysis and tree design were performed using MEGAX software.
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Figure 4. Phylogenetic analysis of MVK and DXR C. arabica transcripts using five selected species (A. thaliana, C.
arabica, C. canephora, R. communis and S. lycopersicum). The tree was drawn using the maximum likelihood method,
which was based on the LG model.
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4.2.3. Exon—Intron Structure of MVK and DXR Genes

Exon-intron structures were analyzed to enhance our understanding of the structural diversity of
the MVK and DXR genes of angiosperm species. To perform the analyses, publicly available genomic
sequences from the PLAZA database (Figure 5A,B) were used. According to these analyses, the MVK
gene from all species have five exons, except the LOC_0Os10g18220 gene from O. sativa, which has four
(Figure 5A). Further, most DXR genes have between 11 and 13 exons, but for the CAN.G1077.21 gene of
C. annuum we observed only four exons (Figure 5B).
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Figure 5. Exon-intron structure of MVK (A) and DXR (B) genes.
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The shortest MVK and DXR full length gene occur in U. gibba (= 2Kb), while the longest ~12 kb
MVK full length gene is from S. italica (Seita.3G273700) and the longest DXR full length gene (~10 kb) is
in C. quinoa (AUR62008212) (Figures 5A,B).

4.2.4. Nucleotide Substitution and Selection in MVK and DXR Genes

To verify the possibility of distinct evolutionary pressures, we analyzed the individual selection
profile of each amino acid, as well as the non-synonymous (dN) and synonymous (dS) substitutions in
eudicotyledonous and monocotyledonous MVK and DXR genes. Our results showed that the dN/dS
ratios of sequences among the MVK and DXR genes were distinct (Table 2). In addition, all estimated
dN/dS values were substantially less than 1, suggesting that all MVK and DXR sequences within each
group assessed are under strong purifying selection pressure. We observed lower dN/dS ratios in DXR
than MVK (Table 2). Both genes had lower dN/dS ratios in eudicotyledons than in monocotyledons,
except for DXR in model M5 (Table 2).

Table 2. Average non-synonymous (dN) and synonymous (dS) substitution ratios for MVK and DXR
genes in eudicotyledonous and monocotyledonous plants.

Gene dN/dS Positive sites* Selection
MVK Models Eudycots Monocots Eudycots Monocots Eudycots Monocots
MS8(betatw>=1) 0.19831 0.29343 112, 206, 213 0 Purifying Purifying
M7(beta) 0.22751 0.35528 0 0 Purifying Purifying
M5(gamma) 0.18986  0.26649 0 0 Purifying Purifying
DXR MS8(beta+w>=1) 0.11136  0.14043 0 0 Purifying Purifying
M7(beta) 0.11877  0.14589 0 0 Purifying Purifying
M5(gamma) 0.16233 0.13052 0 0 Purifying Purifying

*Calculations were performed using a Bayesian inference approach in Selecton Server (p < 0.05) using
three distinct selection models.

We found three positively selected sites in eudicots within the MVK gene using a Bayesian
inference approach to calculate site-specific positive and purifying selection. We also evaluated the
identification of sites of positive selection using three methods: SLAC (single likelihood ancestor
counting), FEL (fixed-effects likelihood) and MEME (Mixed Effects Model of Evolution). FEL and SLAC
software did not detect any positively selected codon sites. MEME analyses, however, did positively
identify the selected sites (Table 3). In MVK, the MEME model detected three positively selected sites in
eudicotyledons and four sites in monocotyledons. Site 42 was identified as a positively selected site in
both angiosperm groups. With regard to the analysis of DXR using MEME, five positively selected sites
in eudicotyledons and two in monocotyledons were identified.

Table 3. Predicted number and location of codons under positive selection in MVK and DXR.

Gene Positive selection sites* Selection
MVK  Methods Eudicot. Monocot. Eudycot. Monocot.
FEL 0 0 Purifying  Purifying
SLAC 0 0 Purifying  Purifying
MEME 42,129, 330 42,115,122,317  Purifying Purifying
DXR FEL 0 0 Purifying  Purifying
SLAC 0 0 Purifying  Purifying
MEME 12, 48, 52, 332, 409 142, 145 Purifying  Purifying

*Calculations were performed using the Datamonkey platform (p <0.05).

4.2.5. Estimated Time of Duplication of MVK and DXR Genes

The duplication rates of the MVK and DXR genes were estimated for species with more than one
gene copy (M. polymorpha, G. raimondii, P. trichocarpa, R. communis, M. acuminata, S. italica, C. quinoa and



56

G. max). We used substitution data and inferred nucleotide substitution rates (Tables 4 and 5). In order
to clarify cases of tandem duplication, segmental duplication and whole-genome duplication, we also
retrieved a synteny analysis from Plaza database 4.0 (Figure S1).

The MVK gene has been duplicated in seven angiosperm species (Table 4). Five species are
eudicotyledons (C. quinoa, G. max, G. raimondii, P. trichocarpa and R. communis) and two species are
monocotyledons (M. acuminata and S. italica). In MVK, the lowest dN/dS ratio and the most recent
duplication event was identified in P. trichocarpa (Table 4), which corresponds to a tandem duplication
(Figure S1) between two copies of MVK— Potri.005G034600 and Potri.005G035300 —which occurred less
than 1 million years ago (Figure S1 and Table 5). The oldest event was determined to occur in M.
acuminata (Table 4). Among the species considered, only R. communis and S. italica had more than one
copy of MVK and no recent genomic duplication events were identified [14], suggesting that a species-
specific event generated these gene duplications. We identified that G. raimondii and P. trichocarpa that
had undergone a recent whole-genome duplication also have duplicated MVK coding genes (Figure S1
and Table 4).

Table 4. Duplication time estimated by dN/dS analysis in MVK genes of seven plant species.

Species Duplicated MVK genes dN dS dN/dS Time (mya)
Populus trichocarpa Potri.005G034600 Potri.005G035300 0.02 0.02 1.00 0.67
Potri.005G034600 Potri.013G024000 0.05 020 0.25 6.67
Potri.005G035300 Potri.013G024000 0.04 019 021 6.33
Gossypium raimondii ~ Gorai.007G296000 Gorai.007G342800 011 046 0.24 15.33
Ricinus communis ~ RCO.g.30128.000221  RCO.g.29656.000023 0.06 027 022 9.00
Musa acuminata MAC03G2585 MAC04G2409 0.10 046 0.22 35.38
Setaria italica Seita.3G273700 Seita.2G354500 0.02 0.06 0.33 4.62
Chenopodium quinoa AUR62005132 AUR62000841 0.02 0.08 0.25 2.67
Glycine max Glyma.03G239000 Glyma.19G236200 0.03 0.17 0.18 5.67

Abbreviation: mya, million years ago.

Table 5. Duplication time estimated by dN/dS analysis for DXR genes in six plant species.

Species Duplicated DXR genes dN dS dN/dS Time (mya)

Gossypium raimondii Gorai.007G001700  Gorai.006G189200 0.06 0.34  0.18 11.33
Marcanthia polymorpha ~ Mapoly0064s0074 ~ Mapoly0034s0078  0.15 n/c - -

Populus trichocarpa Potri.012G080900 Potri.015G076200  0.02 0.16  0.13 533
Musa acuminata MAC12G2064 MAC07G0719 0.05 046 0.11 15.33
Chenopodium quinoa AUR62030965 AUR62008212 0.04 0.09 044 3.00
Glycine max Glyma.16G08900 Glyma.17G089600  0.14 0.6 0.23 20.00
Glyma.16G08900 Glyma.05G037500  0.15 0.58  0.26 19.33
Glyma.17G089600  Glyma.05G037500  0.02 0.07  0.29 2.33

Abbreviations: mya, million years ago; n/c, not calculated.

All species with duplicated MVK genes also have duplicated DXR, except for S. italica and R.
comunnis. Thus, DXR duplication appears to be more genome duplication-dependent than MVK
duplication. P. trichocarpha and G. max have an unusual profile of the genes in which each have three
DXR genes and three MVK genes, respectively (Table 5).

The synteny analysis (Figure S1) corroborate that most observed duplications correspond to WGD
with two cases of local gene duplication. It was not possible to calculate distance for DXR in M.
polymorpha (Table 5).

4.2.6. Recombination Events of MVK and DXR Genes

We identified intragenic recombination events in MVK and DXR using Geneconv, RDP and
MaxChi methods. Five MVK genes—in two eudicot species, two monocot species and one outgroup —
experienced recombination events (Table 6). A total of eight DXR genes—in five eudicot species, two
monocots and one outgroup —also had recombination events (Table 7). In the analysis of the MVK genes,
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Seita.3G273700 from S. italica had the highest number of recombinations (5). The lowest number (1) was
observed in M. acuminta, in the gene MAC04G2409 (Table 7). For DXR, the highest number of
recombinations (6) was observed in M. polymorpha, in the Mapoly0064s0074 gene, and the lowest
number of recombination events (1) in T. cacao, in the TCA.TCM_01200 gene (Table 7).

Table 6. Recombination events predicted for the MVK gene family using the RDP, GENECONV and
MAXCHI recombination methods.

Species RDP GENECONV MAXCHI Gene ID

E. grandis 1 0 4 Eucgr.B01993

C. rubella 0 0 2 Carubv10001182m.g
M. polymorpha 0 0 3 Mapoly0214s0007
M. acuminata 0 0 1 MAC04G2409

S. italica 0 0 5 Seita.3G273700

Table 7. Recombination events predicted for the DXR gene family using the RDP, GENECONYV and
MAXCHI recombination methods.

Species RDP GENECONV  MAXCHI Gene ID
C. sativus 2 0 0 Cucsa. 196910
T. cacao 0 1 1 TCA.TCM_01200
G. raimondii 0 3 0 Gorai.007G001700
R. communis 0 0 2 RC30147G06220
C. annuum 0 0 5 CANG781.11
S. bicolor 0 0 3 Sobic.003G103300
M. acuminata 0 0 4 MAC07G0719
M. polymorpha 0 0 6 Mapoly0064s0074

4.2.7. RNA-seq-Based Expression Profiles

To determine the MVK and DXR gene expression profiles among angiosperms, we used public
RNA-seq data from seven plant species (A. thaliana, C. canephora, P. trichocarpa, O. sativa, S. bicolor, B.
distachyon and S. italica) and four tissues (leaves, roots, flowers and fruits) (Figure 6). MVK transcripts
were expressed most highly in A. thaliana roots with 56 RPKM (At5¢27450), P. trichocarpa roots with 60
RPKM (Potri.0133024000), C. canephora flowers (Cc00_g15600) with 70 RPKM and S. bicolor flowers with
42 RPKM (Sobic.004g012400) (Figure 6). DXR, on the other hand, was most highly expressed in A.
thaliana leaves (At562790) with 181 RPKM C. canephora roots with 88 RPKM (Cc04_g14010), O. sativa
leaves with 308 RPKM (0Os01g01710), S. bicolor leaves with 215 RPKM (Sobic.003g103300) and S.
lycopersicum flowers with 608 RPKM (Solyc033114340.2). For both genes, the lowest levels of expression
were observed in P. trichocarpa in most organs analyzed (Figure 6). Our results indicated that MVK is
mostly expressed in roots and flowers, and DXR in leaves.
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Species DXR Leaf Root Flower Fruit
Arabidopsis thaliana ATS5G62790
Coffea canephora Cc04_q14010
Populus trichocarpa Potri.012G080900
Potri.015G076200
Oryza sativa LOC_0Os01g01710 A
Sorghum bicolor Sobic.003G103300
Brachypodium distachyon Bradi2g00650
Setaria italica Seita.5G071800
0 >3
B
Species MVK Leaf Root Flower Fruit
Arabidopsis thaliana AT5G27450
Coffea canephora Cc00_g15600
Populus trichocarpa Potri.013G024000

Potri.005G034600
Potri.005G035300
Oryza sativa LOC_0Os10g18220

B
Sorghum bicolor Sobic.004G012400
Brachypodium distachyon Bradi2g13360
Setaria italica Seita.3G273700
0 : 3

Figure 6. Digital expression profile of MVK (A) and DXR (B) genes in organs of A. thaliana (AT5G27450 and
AT5G62790), C. canephora (Cc00_gl5600 and Cc04_gl14010), P. trichocarpa (Potri.013g024000,
Potri.005g034600, Potri.005g035300, Potri.012g080900 and Potri.015g076200), O. sativa (Os10g18220 and
Os01g01710), S. bicolor (Sobic.004G012400 and Sobic.003G103300) and S. italica (Seita.3G273700 and
Seita.5G071800). The black color indicates that there were no transcripts detected, and the gray color
indicates that no data were available. The intensity of the green color is proportional to the number of
transcripts observed in reads per kilo base per million mapped reads (RPKM) values.

Digital gene expression (DGE) profile analysis of CaMVK (Figure 7A,B) and CaDXR (Figure 7C,D)
from several organs of C. arabica was also analyzed. The CaDXR (Figure 7C) gene had higher transcript
levels than CaMVK (Figure 7A) in leaves, flowers and fruits (30 to 150 DAF). However, while CaMVK
steadily decreases its expression along fruit development, CaDXS is decreased only in the late stages of
fruit development. In addition, we observed that application of methyl jasmonate upregulated the
expression of CaMVK and CaDXR in fruits (Figure 7B,D).
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Figure 7. Digital expression profiles of CaMVK (blue) and CaDXR (red) genes in leaves, flowers and fruits (30
to 150 days after flowering, DAF) in C. arabica (A and C) and under the application of 2mM methyl jasmonate

(M]) (B and D). Transcript levels are expressed in reads per kilo base per million mapped reads (RPKM)
values.

In order to provide an overall picture of transcriptional responses of MVA and MEP pathways in
coffee, we provide DGE analysis of 23 genes of these pathways after MJ application (Figure S2) and in
several organs (Figure S3), including CaMVK and CaDXR. Eleven genes (52.3%) were upregulated
similarly to CaMVK and CaDXR (CaDXS2, CaDXS4, CaMCT, CaCMK, CaHDS1, CaHDS2, CalD],
CaGGPPS1, CaGGPPS2, CaAACT2, CaHMGS, CaMPDC and CalDI), while six were downregulated
(CaDXS1, CaDXS3, CaMECPS, CaGGPPS3, CaAACT1, CaPMK) and two genes (CaIDS and CaHMGR)
did not show significant differences under M] application (Figure S2). We observed in the fruit
development DGE analysis (Figure S3) that 18 genes showed similar expression pattern with CaMVK
and CaDXR—high transcript levels in flowers and low in leaves (CaDXS2, CaDX54, CaCMK, CaMECPS,
CaHDS1, CaHDS2, CalDI, CalDS, CaGGPPS1, CaAACCT1, CaAACCT2, CaHMGS, CaHMGR, CaPMK,
CaMPDC and CalDI).

4.2.8. RT-qPCR-Based Transcriptional Profile of MVK and DXR Genes in C. arabica

Levels of CaMVK and CaDXR gene expression in flowers, endosperm and the perisperm of fruits
120 days after flowering (DAF) were evaluated using RT-qPCR. Both genes were more active in flowers,
followed by perisperm and endosperm (Figure 8A,B).
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Figure 8. Transcriptional profile of CaMVK and CaDXR genes in C. arabica cv. lapar 59 (A and B), C.
arabica cv. Catuai Vermelho (C and E) and C. arabica cv. Obata (D and F). Experiments were performed
using three biological and technical replicates each. Bars indicate standard deviation, and significant
differences in which p < 0.05 (ANOVA followed by Tukey test) have been indicated with an asterisk (*).
Abbreviations: Hexanoic acid application (Hx). Controls represent samples without Hx application.

We also verified that exogenous application of hexanoic acid, a well-known natural priming
substance, was capable of modulating CaMVK and CaDXR transcriptional profiles in leaves and roots.
CaMVK was upregulated in the roots of Obata cultivar (Figure 8D) post-Hx treatment. CaDXR was
downregulated in leaves of Catuai Vermelho (Figure 8E) treated with Hx.
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4.3. Discussion

MVK and DXR are key genes involved in MVA and MEP terpenoid biosynthesis pathways. They
produce several terpenoid precursors, however, little is known about their molecular evolution [3].
These genes are present in several plant kingdom lineages, such as algae, mosses, monocotyledons and
eudicotyledons [9,10,29]. This study revealed that MVK and DXR are low copy number genes in all 24
species analyzed. In contrast to Arabidopsis, which only has one copy of each gene, several species have
more than one copy of MVK and DXR.

We observed that the outgroup species, C. reinhardtii, does not have the MVK gene. A previous
study has shown that another MVA pathway gene, HMGR, was also absent in the species [10]. These
data suggest that throughout evolution the MVA terpene pathway may have been lost in Chlorophyta.
Unusual patterns of MVA pathway has already been reported in a previous study in bacteria [29].

When analyzing the evolutionary relationships of MVK and DXR genes among angiosperm
species, we observed that the phylogenetic trees displayed distinct clades, which divided outgroup
species, monocotyledon and eudicotyledon lineages.

The MVK gene tree, clearly divided between monocots and eudicots, is highly similar to HMGR
[10], suggesting a similar pattern of gene evolution among the MVA pathway. However, DXR in
eudicotyledons have a reticulate pattern, which was not observed for MVK, suggesting differential
evolutionary forces acting on the two genes. A reticulated pattern of gene evolution was also observed
in DXS, the rate-limiting enzyme of the MEP pathway [9], suggesting that this pattern is common for
genes related to the MEP pathway.

Previous studies have shown that DXR has a greater impact on carotenoid and steroid synthesis
than MVK [30] and the drastic effect of DXR loss on plant development is well known [11]. In this sense,
we can also speculate that these observations might be associated with a greater impact of DXR on
terpenoid metabolism.

Most duplications of these genes were associated with recent WGD (whole-genome duplication)
events detected in plant species [15], or to polyploid characteristics of species analyzed. In C. quinoa,
duplication could be explained by the polyploid character of its genome [31]. In G. max, G. raimondii, P.
trichocarpa and M. acuminata the identification of more than one copy of MVK can be also associated to
recent genome duplication events [15]. Interestingly, R. communis (Table 4) and S. italica (Table 5)
possessed more than one copy of MVK and did not experience any recent genome duplication events,
but increased the number of genes nonetheless. They underwent a possible local gene species-specific
duplication of MVK, which occurred less than 10 and 5 million years ago, respectively —an unusual
occurrence in angiosperms.

Gene structure and organization analyses revealed that the number of introns and exons within
these genes are similar among species. However, the DXR gene has a more complex exon/intron
organization than MVK, which may also explain its distinct phylogenetic pattern. This observation is in
accordance with our findings, indicating that a greater number of recombination events occurred within
the DXR gene than the MVK gene (Tables 6 and 7). Gene structure and organization analyses revealed
that the number of introns and exons within these genes are similar among species.

We observed that the MVK and DXR gene families in angiosperms experienced a strong purifying
pressure (dN/dS < 1). This fact highlights the functional importance of these genes during their
evolutionary process [32]. Some positive sites indicate a possible diversification between strains of both
genes in plants [32]. Thus, in sites under positive selection, duplication accelerated, which facilitated
functional divergence and resulted in the formation of gene subgroups.

Throughout evolution, gene duplication events may be exposed to divergent selection pressure,
which leads to non-functionalization (loss of original functions), neofunctionalization (acquisition of
new functions) or sub-functionalization (partition of original functions) [9,10,14]. In this study, dN/dS
ratios for duplicated MVK and DXR genes were less than 1, suggesting that genes were predominantly
under strong purifying selection pressure.
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To better understand selective pressure, we estimated the age of MVK and DXR gene duplications
using dN/dS data. This confirmed the recent tandem duplication of MVK in P. trichocarpa and WGD
duplications in G. max.

We also observed a direct relation between copy number among MVK and DXR with the respective
rate-limiting genes from these pathways—HMGR and DXS. As examples of gene duplication in MVK,
we can highlight G. raimondii, G. max and P. trichocarpa. These species were also the ones with higher
number of copies of HMGR [10]. In DXR, Arabidopsis thaliana and Eucalyptus grandis are species with a
single copy of DXR; both species have three copies of DXS [9]. Conversely, G. max, the species with the
highest number of DXR copies, also harbored the highest number of DXS copies in a similar analysis
[9].

Using MEME analysis, we identified amino acid sites that experienced episodic positive selection.
We observed an opposite pattern of positively selected sites in MVK and DXR genes: while more
positively selected sites were identified in monocot MVK genes, for DXR most positively selected sites
were in dicot genes (Table 3). The amount of positively selected sites helped us to highlight natural
selection effects on individual sites that are usually hindered by the low averaged dN/dS values.The
analysis of dN/dS among individual amino acid residues in DXR (Figure 54 and S5) also indicated that
higher values were in the N-terminal, where the protein has its targeting signal to organelles [33].

The transcriptional profile of genes involved in the initial steps of terpenoid biosynthesis in the
Coffea genus has, thus far, been poorly investigated. However, the MVK and DXR transcriptional
profiles in model plants were already extensively studied [8,34]. MVK was highly expressed in roots
and flowers, while the transcript levels of DXR was more abundant in photosynthetic tissues [7,8,34].

We verified the expression levels of CaMVK and CaDXR genes in C. arabica organs using RNA-seq
data and RT-qPCR. We observed higher transcript levels of these genes in flowers for both analyses.
The high levels of expression observed in flowers can be explained by the fact that several terpenes are
produced in this organ [34,35], most of which are plant volatile compounds, such as limonene, one of
the main monoterpene compounds responsible for the aroma of coffee [22]. In addition, we observed in
the RNA-seq data that CaMVK and CaDXR are upregulated in coffee fruits under MJ treatment
compared to mock-control plants, including most of the genes involved in the MVA and MEP pathways.
Several studies already described methyl jasmonate function as a potent elicitor of secondary metabolite
production [36,37] and hexanoic acid as a plant resistance inductor by producing natural products
[24,25].

Our RT-qPCR results showed that hexanoic acid is able to upregulate expression of CaMVK in C.
arabica cv. Obata roots, a result that is in agreement with previous reports investigating gene expression
in Citrus plants [25]. In the same Hx experiment, the DXR gene was downregulated in the leaves of C.
arabica cv. Catuai Vermelho, suggesting that modulation of expression might be genotype-specific. The
upregulation of transcription of the MVK gene in Hx-treated roots was detected only in the Obata
cultivar. Upregulation of the terpenoid pathway can provide protection against stresses, as previously
observed in studies investigating tobacco [38], tomato [39] and maize [40]. In addition, it is important
to highlight that Obata and Catuai Vermelho cultivars have distinct breeding stories, and they are
classified in distinct genetic groups [41]. In this study, we provide insights to show that distinct genetic
groups generated by coffee breeding might result in dissimilar transcriptional responses.

4.4. Materials and Methods

4.4.1. Identification and Annotation of MVK and DXR Gene Families in Plants

The coding sequences (CDSs) of MVK and DXR were retrieved for 24 plant species with sequenced
genomes within the PLAZA 4.0 platform [42]. The coding sequences were translated into amino acids
using TranslatorX [43]. Gene characterizations were based on characteristics observed in A. thaliana
MVK and DXR genes (AT5G27450 and AT5G62790). Sequences on the PLAZA platform that contained
the InterPro domains IPR006205 (Mevalonate kinase) and IPR013750 (GHMP kinase, C-terminal
domain) were further selected as MVK genes. To identify DXR, we retrieved genes that simultaneously
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contained the InterPro domains IPR003821 (DXP_reductoisomerase), IPR013512
(DXP_reductoisomerase_N), and IPR026877 (DXP C-terminal domain reductoisomerase) for further
analysis.

4.4.2. Multiple Sequence Alignments and Phylogenetic Analysis

Coding nucleotide sequences were aligned with MUSCLE [44] and TranslatorX software [43]. In
TranslatorX, we were able to eliminate positions containing gaps and missing data with the Gblocks
tool [45]. The evolutionary history of genes was inferred using the maximum likelihood method based
on the LG model [46]. The consensus tree bootstrap inferred from 1000 replicates was used to represent
the evolutionary history of genes analyzed. The percentages of the replicated trees in which the
associated rates were grouped in the bootstrap test (1000 repetitions) were shown near the branches.
Evolutionary analysis and final trees were performed using MEGAX [47]. To predict the cellular
localization of proteins produced by MVK and DXR genes, we used the TargetP 1.1 Server [48], CELLO
v.2.5 [49] and Plant-mPLoc [50].

4.4.3. Determination of Gene Structures

To analyze the exon—intron structure of MVK and DXR genes, we used the Gene Structure Display
Server v2.0 program with its default parameters [51]. The genomic and CDS in FASTA format
corresponding to genes of 24 plant species were inserted to generate gene structures.

4.4.4. Selection Pressure and Evolutionary Analyses

Non-synonymous (dN) and synonymous (dS) nucleotide substitutions within DXR and MVK
genomic sequences were used to calculate dN/dS ratios. The indices dN/dS =1, dN/dS <1 and dN/dS >
1 represent neutral evolution, purifying selection or positive Darwininan selection, respectively.
Individual dN/dS indices for each amino acid of predicted proteins for each gene were also determined
using the statistical test suite available on the Selecton Server platform (http://selecton.tau.ac.il/) [52],
using the following models: M8 (ws = 1), M7 (beta) and M5 (gamma). In addition, FEL, SLAC and MEME
methods with default settings incorporated into the Datamonkey web interface [53] were also used to
identify selection type.

4.4.5. Gene Duplication Analysis

The alignment of duplicate gene pairs of MVK and DXR in P. trichocarpa, G. raimondii, R. communis,
M. acuminata, S. italica, C. quinoa and G. max species was performed using MUSCLE program
implemented in MEGAX [47]. Then, pairwise synonymous (dS) and non-synonymous (dN) numbers of
substitutions were calculated using MEGAX. Based on synonymous substitutions per year (A) equal to
6.5 x 10~ for monocotyledons [54] and 1.5 x 108 for dicotyledons [55], by substituting the calculated dS
values, the approximate age of the duplicated events of the duplicate DXR or MVK gene pairs was
estimated using the following equation (1):

T = Ks/2A x 106 mya. 1)

Synteny information was retrieved from the PLAZA 4.0 platform [42].

4.4.6. Gene Recombination Analysis

Recombination events between divergent nucleotide sequences were investigated to detect
recombination signals using RDP.v4 software with default parameters
(http://web.cbio.uct.ac.za/~darren/rdp.html). In this study, we used the following methods: RDP [56],
Geneconv [57] and MaxChi [58] and the p-value was set to 0.05.



64

4.4.7. RNA-seq-Based Expression Profile Analysis of MVK and DXR Genes

We analyzed the digital expression profile of A. thaliana, C. canephora, P. trichocarpa, O. stiva, S.
bicolor and S. lycopersicum genes in leaf, root, fruit and flower tissues from the Gene Expression Atlas
platform (http://www.ebi.ac.uk/gxa) [59]. C. arabica digital expression data from leaves, flowers, fruits
and fruits treated with methyl jasmonate (2 mM) were obtained from previously published work [28].
Figures depicting expression maps were developed using Genesis software [60].

4.4.8. Transcriptional Profiles of MVK and DXR Genes in C. arabica by RT-qPCR

4.4.8.1. Plant Material

Samples were obtained from 20-year-old individual C. arabica cv. IAPAR59 plants grown at the
Agronomic Institute of Parana (Londrina—Brazil) under full-sun field conditions with standard
irrigation and fertilization practices. We collected open flowers and fruits 120 DAF in January of 2013.
Fruit tissues were separated into pulp, perisperm and endosperm, and only perisperm and endosperm
tissues were selected for RT-qPCR analysis. All samples were collected between 9 and 11 am.,
transferred immediately to liquid nitrogen and stored at -80°C until RNA was extracted.

4.4.8.2. Hexanoic Acid Treatment: Experimental Procedures

Five-month-old plants of C. arabica cv. Catuai Vermelho IAC 144 and Obata IAC 1669-20 (4-5 leaf
pairs) were used to assess treatment with hexanoic acid. Plants were selected based on size uniformity,
and were transferred to dark pots containing 3 L of aerated nutrient solution (ANS), adapted from Clark
(1975) by de Carvalho et al. (2013) [61,62]. The nutrition solution was composed of K2SO4 (1068 mM),
MgS04.7H:20 (332.5 mM), KH2POs (266 mM), CaCl22H20 (66 mM) and NH4NOs (5333 mM). Iron and
micronutrients were supplied by using a commercial chelated salt mixture (ConMicros Standard,
Conplant) at the following concentrations (in pg.L): Fe (363), Cu (91), Zn (37), Mn (91), B (91), Mo (18)
and Ni (17). Experiments were carried out in a plant growth room, with the temperature set to 23 °C
(ranging between 21 °C and 25°C). Plants were maintained using a 12 h day/night cycle. LED panels
with a photosynthetically active photon flux density of approximately 400 umol.m2s' provided
artificial lighting. The pH of the nutrient solution was adjusted and maintained between 5.5 and 5.6
daily using chloridric acid or sodium hydroxide. Plants were acclimatized approximately 96 h. After
the acclimatization period, nutrient solutions were replaced. The following treatments were assessed:
a) ANS (control); b) ANS + hexanoic acid (Merck, final concentration 0.55 mM) for 48 h. Plants were
grown in 3 to 6 plastic pots in which three plants received each treatment. The potted plants were
grouped in “pools” (made of 9 to 18 plants), which were considered a replicate. The experiments were
repeated 3 times to obtain biological replicates. The mature leaves of the middle third and lateral roots
of the plants were collected within the 3rd hour of the light period, macerated in liquid nitrogen and
stored in a freezer at -80°C until RNA extraction was performed.

4.4.8.3. Transcriptional Profiles of MVK and DXR Genes using RT-qPCR and Statistical Analyses

Total RNA from C. arabica mature leaves, roots, flowers and fruits were extracted using the RNeasy
Plant kit (Qiagen, Hilden, North Rhine-Westphalia, Germany). Total RNA samples were purified using
the Rneasy Minielute Cleanup kit (Qiagen, Hilden, North Rhine-Westphalia, Germany). RNA integrities
were verified via 1% agarose gel electrophoresis. The purity of RNA was determined using a NanoDrop
ND-100 spectrophotometer (Thermo Scientific, San Jose, USA) and concentrations were obtained using
Qubit fluorimeter (Thermo Fisher Scientific, Wilmington, DE, USA). Complementary DNAs (cDNAs)
were synthesized using the High Capacity cDNA Reverse Transcriptase kit (Thermo Fisher Scientific,
Wilmington, DE, USA) according to the manufacturer’s instructions. A final volume of 20 uL with 5 ug
of total RNA was used. Primers were designed with Primer 3 software to amplify products ranging
from 95 to 127 bp (Table S1). Primer efficiencies were calculated using LinRegPCR software v. 11.0 [63].
RT-qPCR reactions were performed using a QuantiStudio3 system (Applied Biosystems, Carlsbad, CA,
EUA) in accordance with basic procedures reported in a previous publication in coffee plants [28]. The
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reaction mixture contained 7.5 pL of GoTaq® Hot Start Polymerase (Promega, Madison, Wisconsin,

USA), 0.3 pL of each primer (3 uM), 1 uL of cDNA (10 ng/pL) and 5.5 pL of Milli-Q water in a final

volume of 15 pL. The RT-qPCR conditions began with an initiation step at 95 °C for 2 min; and were

followed by 40 cycles at 94 °C for 30 s and 60 °C for 60 s. Melting curves were assessed to verify the

presence of a single product and included a negative control. All reactions were performed with three

biological and technical replicates, and we followed the MIQE guidelines for RT-qPCR experiments [64].
Relative expression was calculated using the following formula (Equation (2)):

(1+E) -~ @

where E = primer efficiency, ACt = Ct target gene—Ct reference gene and AACt = ACt targe—ACt internal calibrator, as
previously described [62]. In all cases, GAPDH was the normalizer, as recommended for coffee plants
[62,65]. Internal calibrators were endosperm for IAPAR59 and control samples (without application of
hexanoic acid) for the hexanoic acid experiment. Data were analyzed via two-way ANOVA and the
post-hoc Tukey test (p <0.05) using XLSTAT.2014 software [66].

4.5. Conclusions

No MVK genes were identified in C. reinhardtii in the present study, suggesting a very specific
evolution pattern for terpenoid biosynthesis in Chlorophyta. Seven species have more than one copy of
the MVK gene, and six species had more than one copy of DXR. Most duplications are due to WGD and
also happened with other genes of the pathway, except for R. communis and S. italica. The DXR gene
was subjected to a stronger purifying selection pressure, producing lower dN/dS values compared to
MVK. Our analyses still raise the need for further studies characterizing the impact that MVK
knockdown could have on the phenotype and terpenoid production of model plants.

Furthermore, the DXR gene was shown to undergo a greater number of recombinations. We
observed that DXR is more transcriptionally active than MVK in leaves, while MVK transcripts are more
abundant in angiosperm roots and flowers. We finally observed that Hx is able to modulate the
expression of these genes in coffee leaves and roots in a genotype-specific manner.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1.

Figure S1 - MVK and DXR Synteny plot.

Figure S2 - RPKM values of C. arabica terpenoid pathway genes under methyl jasmonate application.

Figure S3 - RPKM values of C. arabica terpenoid pathway genes in flowers, leaves and along fruit development.
Figure S4 - Distribution of dN/dS over individual sites in MVK.

Figure S5 - Distribution of dN/dS over individual sites in DXR.

Table S1 - Primer sequences used for RT-qPCR analyses.
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Supplementary materials

Supplementary Table 1. Primer sequences used for RT-qPCR analyses
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Gene ID Primer sequence Size (bases) Tm (°C) Amplicon (bp)  Efficiency
F: ATGTTT T TT! 1

CaMVK GTTTCCCTCCGCTTCC 8 59,3 95 97%
R: TCCAACCGGCCAAGAAAAT 19 59,1
F: CCTGTTCT TACGACT 1

CaDXR CCTGTTCTCCCCTACGAC 9 59,3 197 9%
R: GCCTCCATTGTCCTTCCT 18 59,1

CaGAPDH F: AGGCTGTTGGGAAAGTTCTTC 21 59,5 70 98%
R: ACTGTTGGAACTCGGAATGC 20 58.4
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Supplementary Figure 1. Schematic representation of genomic regions containing MVK or DXR genes.
We highlighted in a rectangle DXR and MVK. The figure was based on the “Synteny plot” tool of Plaza
4.0. Genes with the same color have similar function. Eudicot MVK genes share similar genomic
neighborhood. We circled the MVK tandem duplication in P. trichocarpa. In monocots, genomic
neighborhood among MVK genes has less collinear genes. In DXR, we also observe high similar
genomic neighborhood, suggesting WGD events in soybean (Glyma) and P. trichocarpa (Potri). Only one
gene in soybean (Glyma.16G089000) and one in cotton (Gorai.006G189200) do not share a significative
genomic neighborhood, suggesting that these genes arose from segmental duplication.
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Supplementary Figure 2. RPKM values of C. arabica terpenoid pathway genes under methyl jasmonate
application. Legend: C — control; MJ — methyl jasmonate application.
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Supplementary Figure 3. RPKM values of C. arabica terpenoid pathway genes in flowers, leaves and

along fruit development. Legend: DAF — perisperm in days after flowering.



MVK - Eudicot species - M8 model

MVK - Monocot species - M8 model

12
1
08

2
g 06
04
02
= : 0
"§$289%88853k88§88£85
e NNNNO M R R 2
amono acid

MVK - Eudicot species - M7 model MVK - Monocot species - M7 model
07 0.9
08 0.8
05 0.7
& 0.6
° 04 % 0.5
Z03 Z 04
02 0.3
0.2
0.1 0.4

MVK - Eudicot species - M5 model

aminao acid

MVK - Monocot species - M5 model

08 1.2
07 4
0.6
) 05 %) 08
S 04 S 06
b o
0.1 0.2
0 0

Supplementary Figure 4. Distribution of dN/dS over individual sites in MVK, based on Selecton
statistics. The horizontal line represents the average dN/dS. Positively selected sites (*), based on
Bayesian analysis (p <0,05).
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Supplementary Figure 5. Distribution of dN/dS over individual sites in DXR, based on Selecton
statistics. The horizontal line represents the average dN/dS. Positively selected sites (*), based on
Bayesian analysis (p <0,05).
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5. CONSIDERACOES FINAIS

O atual estudo apresentou informacgdes e dados fundamentais para as futuras
pesquisas, que ainda sao incipientes em termos da gendémica evolutiva e a biologia
molecular das vias de isoprenoides em Coffea.

Ao identificar os genes e as copias codificantes das enzimas dos passos iniciais
da via MVA e MEP em C. arabica mostrou-se um maior embasamento sobre os genes
responsaveis pela producao e a diversidade de terpenoides. Os levatamentos genicos
poderdo ser utilizados como dados comparativos para futuras pesquisas sobre
terpenoides em angiospermas. Porém, nossas analises ainda levantam a necessidade
de mais estudos sobre silenciamento dos quatros genes caracterizando o impacto que
possivelmente poderia ter sobre o fenotipo e a producédo de terpendides em cafeeiro
ou em plantas modelos.

Os estudos evolutivos dos genes-chave das vias de isoprenoides HMGR, DXS,
MVK e DXR reforgcam que estes genes sao importantes na manutencdo das funcdes
enzimaticas de plantas.

O elicitor Hx podera ser utilizado em futuros trabalhos, pois apresenta um
potencial modulador do padréo transcricional dos genes iniciais das vias MVA e MEP,
principalmente em folhas e raizes.

Por fim, o estudo gendmico evolutivo e a biologia molecular de Coffea gera
maior compreensao sobre o metabolismo de isoprenoides e a relagdo que integra a

diversidade de terpenos e suas fun¢gées com o meio ambiente.



