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RESUMO 

Pitanga (Eugenia uniflora L.) é uma árvore arbustiva com frutas 

semelhantes à cereja, que cresce em diferentes tipos de vegetação e 

ecossistemas como consequência da sua alta capacidade de adaptação a 

diferentes condições de solo e clima. Esta espécie é de particular interesse 

econômico devido às suas propriedades medicinais, que são atribuídas aos 

metabólitos especializados presentes em suas folhas e frutos. Entre os 

metabólitos, os terpenóides são os mais abundantes dos óleos essenciais que 

são encontrados nas folhas. A diversidade de terpenos observada em 

Myrtaceae é determinada pela atividade de diferentes membros das famílias 

das terpeno sintases e oxidosqualeno ciclases. Por outro lado, os miRNAs são 

pequenos RNAs endógenos que desempenham papéis regulatórios essenciais 

no crescimento das plantas, desenvolvimento e resposta ao estresse. Por esta 

razão, estudos extensivos de miRNAs foram realizados em plantas modelos e 

outras plantas de importância econômica nos últimos anos. Portanto, o objetivo 

deste estudo é gerar recursos genômicos para E. uniflora utilizando 

sequenciamento de nova geração e ferramentas de bioinformática para a 

identificação de miRNAs conservados e novos, bem como os genes envolvidos 

na sínteses dos terpenóides. 

No capítulo 3, bibliotecas de pequenos RNA e RNA-seq foram 

construídas a partir de folhas de pitanga para identificar miRNAs maduros e 

pre-miRNAs, respectivamente. De 14.489.131 leituras limpas de pequenos 

RNA, foram obtidos 1.852.722 sequências de miRNAs maduros que 

representam 45 famílias conservadas e que foram identificadas em outras 

espécies de plantas. Análises posteriores, usando contigs montados a partir do 

RNA-seq, permitiu a predição das estruturas secundárias de 42 pre-miRNAs: 

25 conservados e 17 novos. Alvos potenciais foram previstos para os miRNAs 

maduros mais abundantes nos pre-miRNAs, identificados com base na 

homologia de sequências. Além disso, a expressão de 27 pre-miRNAs foi 

validada utilizando ensaios de RT-PCR em diferentes indivíduos de pitanga. 

Este estudo é o primeiro de identificação em grande escala de miRNAs e seus 

alvos potenciais de uma espécie da família Myrtaceae, e proporciona mais 
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informação sobre a conservação evolutiva dos vias regulatórias dos miRNAs 

em plantas com destaques para os miRNAs específicos da pitanga.  

No capítulo 4, a biblioteca de RNA-seq sequenciada anteriormente foi 

utilizada para identificar os genes potencialmente envolvidos na via da 

biossíntese dos terpenos e diversidade dos terpenóides a partir da montagem 

de novo e a anotação do transcriptoma de E. uniflora. No total, foram 

identificados 72.742 unigenes com um comprimento médio de 1.048 pb. 

Destes, 43.631 e 36.289 unigenes foram anotadas com as bases de dados das 

proteínas não redundantes do NCBI e Swiss-Prot, respectivamente. A ontologia 

gênica categorizou as sequências em 53 grupos funcionais. A análise das vias 

metabólicas com KEGG revelou 8.625 unigenes designados a 141 vias 

metabólicas e 40 unigenes preditos como associados com a biossíntese de 

terpenóides. Por outro lado, foram identificados quatro genes putativos de 

terpeno sintases (TPS), de comprimento completo, envolvidos na biossíntese 

de monoterpenos e sesquiterpenos, e três genes putativos de oxidosqualeno 

ciclases (OSC), de comprimente completo, envolvidos na biossíntese de 

triterpenos. Além disso, a expressão destes genes foi validada em diferentes 

tecidos de E. uniflora. A futura caracterização bioquímica dos diferentes TPS e 

OSC descritos aqui determinará especificamente o tipo de terpenóide 

sintetizado em condições ambientais específicas.  

Os dados produzidos neste estudo servirão como referência para 

estudos genéticos sobre os mecanismos moleculares que são responsáveis 

pela composição química dos óleos essenciais em E. uniflora e os aspectos 

fisiológicos da capacidade de adaptação desta espécie a diferentes habitats.  
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ABSTRACT 

Pitanga (Eugenia uniflora L.) is a shrubby tree with edible cherry-like 

fruits that grows in different vegetation types and ecosystems as a 

consequence of its high adaptability to different soils and climate conditions. 

This species is of particular interest due to its medicinal properties that are 

attributed to specialized metabolites present in their leaves and fruits with 

potential pharmacological benefits. Among these metabolites, the terpenoids 

are the most abundant in the essential oils found in the leaves. The terpene 

diversity observed in Myrtaceae is determined by the activity of different 

members of the terpene synthase and oxidosqualene cyclase families. 

Furthermore, miRNAs are endogenous small RNAs that play essential 

regulatory roles in plant growth, development and stress response. For this 

reason, extensive studies of miRNAs have been performed in model plants and 

other plants of economic importance in the last years. Therefore, the aim of this 

study is to generate genomic resources for E. uniflora using next generation 

sequencing and bioinformatics tools to identify conserved and new miRNAs, 

and to identify the genes involved in the synthesis of terpenoids. 

In chapter 3, small RNA and RNA-seq libraries were constructed from 

leaves to identify mature miRNAs and pre-miRNAs, respectively. From 

14.489.131 small RNA clean reads we obtained 1.852.722 mature miRNA 

sequences, representing 45 conserved families that have been identified in 

other plant species. Further analysis using assembled contigs from RNA-seq 

allowed the prediction of secondary structures of 42 pre-miRNAs: 25 conserved 

and 17 novel. Potential targets were predicted for the most abundant mature 

miRNAs, which were identified in pre-miRNAs based on sequence homology. In 

addition, the expression of 27 identified pre-miRNAs was validated using RT-

PCR assays in different individuals of pitanga. This study is the first large scale 

identification of miRNAs and their potential targets from a species of the 

Myrtaceae family. It provides information about the evolutionary conservation of 

the regulatory network of miRNAs in plants and highlights miRNA specific to 

pitanga. 

In chapter 4, the previously sequenced RNA-seq library was de novo 

assembled followed by annotation of the E. uniflora transcriptome and used to 
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identify the genes potentially involved in the terpene biosynthesis pathway and 

terpenoid diversity. In total, we identified 72.742 unigenes with a mean length of 

1.048 bp. Of these, 43.631 and 36.289 unigenes were annotated with the NCBI 

non-redundant protein and Swiss-Prot databases, respectively. The gene 

ontology categorized the sequences into 53 functional groups. A metabolic 

pathway analysis with KEGG revealed 8.625 unigenes assigned to 141 

metabolic pathways and 40 unigenes predicted to be associated with the 

biosynthesis of terpenoids. Furthermore, we identified four putative full-length 

terpene synthase (TPS) genes involved in sesquiterpenes and monoterpenes 

biosynthesis, and three putative full-length oxidosqualene cyclase (OSC) genes 

involved in the triterpenes biosynthesis. In addition, expression of these genes 

was validated in different E. uniflora tissues. Future biochemical 

characterization of the different TPS and OSC described here will determine the 

type of terpenoid specifically synthesized in specific environmental conditions.  

The data produced in this study will serve as a reference for genetic 

studies about the molecular mechanisms behind the chemical composition of 

the essential oils in E. uniflora and about the physiologic aspects of the capacity 

of adaptation of this specie to different habitats. 
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1. Introdução 

 

1.1 A família Myrtaceae 

A família Myrtaceae compreende gêneros de importância econômica e 

ecológica com uma distribuição concentrada nas regiões neotropical e 

australiana, com um total de 5.671 espécies agrupados em 132 gêneros no 

nível mundial (Govaerts et al., 2008). No Brasil, representa uma das principais 

famílias da flora, com 26 gêneros e aproximadamente 1.000 espécies (Souza e 

Lorenzi, 2005). A família está dividida em duas subfamílias: Myrtoideae, que 

apresenta frequentemente frutos em bagas, é de ampla ocorrência na América 

tropical e inclui os gêneros Eugenia, Psidium e Syzygium; e Leptospermoideae, 

com frutos secos e folhas alternas, ocorre na Australia e ilhas do Oceano Índico 

e inclui os gêneros Eucalyptus, Melaleuca e Leptospermum (Atchison, 1947).  

Alguns gêneros desta família tem um alto número de espécies: 

Syzygium, Eugenia e Eucalyptus contém aproximadamente 1.500, 1.050 e 700 

espécies, respectivamente (Brooker, 2000; Craven e Biffin, 2010). As espécies 

desta família se caracterizam pela sínteses de óleos essenciais, que destacam-

se por ter múltiplas atividades biológicas com potencial farmacológico 

(Stefanello et al., 2011). Estudos prévios determinaram que esta composição é 

afetada por diferentes fatores ambientais, como temperatura, disponibilidade 

hídrica, altitude, nutrientes, entre outros (Burt, 2004).  

 

1.2 Eugenia uniflora 

O gênero Eugenia é membro da subfamília Myrtoideae e contém cerca 

de 400 espécies no Brasil (Henriques et al., 1993). No nível morfológico, as 

espécies caracterizam-se por serem árvores ou arbustos, apresentarem flores 

tetrâmeras e pentâmeras, solitárias ou em racemos, cálice aberto ou fechado, 

ovário bilocular com uma ou duas sementes e embriões com cotilédones 

(Braga, 1985). A maioria destas espécies são ricas em óleos essenciais e 

taninos, pelo que são frequentemente utilizadas na medicina popular (Adebajo 

et al., 1989). As espécies deste gênero também se caracterizam pela produção 
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de frutos comestíveis, como no caso de E. uniflora, E. involucrata, E. pyriformis 

e E. neosilvestres, que são consumidas tanto pelo homem como outros animais 

(Romagnolo e De Souza, 2006).  

E. uniflora, pitanga, nangapiri ou pitangueira é uma espécie nativa da 

Mata Atlântica e cresce em regiões de clima tropical e subtropical, ocorrendo 

naturalmente no Brasil (do Rio Grande do Sul ao estado de Pernanbuco), 

assim como na Argentina, Uruguai e Paraguai (Consolini et al., 2002; Bicas et 

al., 2011). Em consequência da sua adaptabilidade aos diferentes tipos de 

ambientes, foi disseminada amplamente e atualmente pode ser encontrada em 

diversas partes do mundo como arbusto ou árvore de pequeno porte na 

restinga, ou como árvore na vegetação ribeirinha (Salgueiro et al., 2004). Por 

este motivo, é considerada como um potencial modelo no aspecto ecológico e 

genético para a compreensão da adaptabilidade ao meio ambiente e inter-

relações entre as plantas e os fatores abióticos.  

A pitanga produz frutos com formato semelhante ao de pequenas 

abóboras de cor laranja ou vermelho obscuro, com aproximadamente 3 cm de 

diâmetro e oito ranhuras longitudinais, que são consumidos in natura ou 

utilizados na fabricação de sucos, sorvetes e licores (Lim, 2012). A polpa é a 

principal forma de comercialização, correspondendo aproximadamente a 77% 

de toda a fruta (Bicas et al., 2011). Diferentes estudos prévios reportaram que 

os frutos tem uma alta concentração de vitamina C, cálcio, fósforo, ferro, 

vitamina A, riboflavina e niacina (Lorenzi et al., 2006). No nível de compostos 

fitoquímicos, Oliveira et al. (2006) identificaram 54 componentes voláteis nos 

frutos da pitanga. Destes componentes, 29 foram identificados, sendo a maioria 

monoterpenos (75,3% em massa), incluindo trans-β-ocimene (36,2%), cis-

ocimeno (13,4%), β-ocimeno (15,4%) e β pineno (10,3%). No aspecto 

econômico, a maior região produtora de frutos de pitanga no Brasil é o estado 

de Pernambuco, com uma produção anual de 1700 toneladas (Bezerra et al., 

2000). 

As sementes de pitanga, que estão geralmente presentes em uma ou 

duas por fruto, são um recurso de componentes ativos, agentes 

antibacterianos, compostos fenólicos e fibras dietéticas (Bagetti et al., 2009, 

Luzia et al., 2010). Além disso, as sementes de pitanga tem uma alta proporção 
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de ácidos graxos insaturados (60-70%), sendo 13 a 16% ácidos graxos 

monoinsaturados e 45-47% de ácidos graxos poliinsaturados (Bageti et al., 

2009). Devido ao seu efeito na redução da incidência de doenças 

cardiovasculares, os ácidos graxos poliinsaturados são compostos 

considerados desejáveis na dieta humana (Lim, 2012).  

As folhas de E. uniflora são também fontes de compostos ativos e tem 

sido usadas na medicina popular para o tratamento de diferentes doenças 

(Consolini et al., 1999). Por este motivo, os extratos das folhas da pitanga tem 

sido foco de vários estudos fitoquímicos, que revelaram a existência de 

importantes compostos farmacológicos com atividades antioxidantes, 

antimicrobianas, antihiperglicêmicos, antihipertriglicerimedicos, hipotensores, 

vasorelaxantes, antivirais, antinociceptivos, hipotérmicos, diuréticos, 

relacionadas ao sistema nervoso central, anti-inflamatórios, antidiarreicos, 

contráteis do músculo, tripanocidas, potenciadores de antibióticos e de 

toxicidade (Lim, 2012).  

A maioria dos estudos sobre os compostos voláteis de E. uniflora são 

focados nas folhas (Amorim et al., 2009). Os estudos mostram que os óleos 

essenciais da pitanga diferem na sua composição dependendo da origem 

geográfica das plantas (Thambi et al., 2013). As pitangas obtidas na Nigéria 

contém uma maior proporção de sesquiterpenos como furanodieno, 

furanoelemeno, selina-1,3,7(11)-triene-8-one e oxidoselina-1,3,7(11)-triene-8-

one (Oguntimein et al., 1991), enquanto aquelas obtidas na Argentina tem uma 

maior proporção de monoterpenos como limoneno, pulogeno, carvono e 

nerolidol (Lee et al., 1997). No caso do Brasil, os principais componentes dos 

óleos essenciais das pitangas do Rio Grande do Sul são o β-selineno, α-

selineno e nerolidol, enquanto as pitangas de Ceará contem selina-1,3,7(11)-

triene-8-one e oxidoselina-1,3,7(11)-triene-8-one (Henriques et al., 1993). Esta 

variação observada nestes estudos poderia ser consequência da variação no 

clima, composição do solo, altitude, temporada de coleta e método usado na 

extração dos compostos (Costa et al., 2009).  

No nível genético, Da Costa et al. (2008) determinou que a pitanga é 

uma espécie diploide, com um 2n = 22 cromossomos e com um tamanho de 

genoma de aproximadamente 245 Mpb. Ao nível molecular poucos estudos 



16 
 

foram realizados por consequência da presença de polifenóis nas folhas das 

pitangas, que dificultam a extração de DNA (De Almeida et al., 2012). Nesse 

sentido, os trabalhos realizados até o momento são focados no estudo da 

diversidade genética desta espécie utilizando marcadores RAPDs (Aguiar et 

al., 2013), AFLPs (Margis et al., 2002; Salgueiro et al., 2004; Nogueira et al., 

2007; Franzon et al., 2010), DNA cloroplástico (Da Cruz et al., 2013) e 

microssatélites (Ferreira-Ramos et al., 2008, Ferreira-Ramos et al., 2014).  

No nível de recursos genômicos, a disponibilidade de sequências de E. 

uniflora é escassa. Até o presente, apenas 36 sequências foram depositadas 

no banco de dados do National Center for Biotechnology Information (NCBI): 

nove sequências de marcadores microssatélites (Ferreira-Ramos et al., 2008) e 

27 sequências de genes obtidos de estudos filogenéticos (Biffin et al., 2006; 

Clausing e Renner, 2001; Da Cruz et al., 2013; Kitson et al., 2013; Luca et al., 

2007; Rutschmann et al., 2007; Soh e Parnell, 2011; Van der Merwe et al., 

2005; Wilson et al., 2001). O número de sequências disponíveis da pitanga é 

muito pequeno em comparação do número de sequências disponíveis de 

Eucalyptus grandis, espécie com genoma sequenciado recentemente (Myburg 

et al., 2014).  

 

1.3 Sínteses de terpenóides em plantas 

Os óleos essenciais são compostos que, por suas características 

químicas, podem ser classificados como terpenóides e não terpenóides. Estes 

compostos são substâncias voláteis, obtidas mediante processos físicos a 

partir de espécies vegetais aromáticas. Correspondem a misturas complexas 

de mais de 100 componentes que geralmente são compostos alifáticos de 

baixo peso molecular, monoterpenos, sesquiterpenos e fenilpropanos (Villar del 

Fresno, 1999). Estas substâncias aromáticas voláteis são sintetizadas em 

diferentes órgãos das plantas e armazenadas nos canais secretores das 

mesmas (Hoffmann et al., 2003). Os óleos essenciais são comumente 

encontrados em espécies das famílias Apiaceae, Asteraceae, Lamiaceae, 

Lauraceae, Umbelíferaceae e Myrtaceae (Bruneton, 2001).  



17 
 

Os terpenóides, também conhecidos como terpenos ou isoprenóides, 

constituem uma grande classe de produtos naturais vegetais com uma alta 

diversidade funcional e mais de 20.000 membros (Schwab, 2003). Os 

terpenóides servem como precursores da biossíntese de metabólitos 

essenciais para as plantas, incluindo aqueles envolvidos na regulação do 

crescimento (giberelinas, ácido abscísico, e strigolactonas), estabilização da 

membrana (esteróis), fotossíntese (carotenóides e cadeia lateral fitol da 

clorofila) e coenzimas do transporte de elétrons (ubiquinona e plastoquinona) 

(Croteau et al., 2000). Todos os terpenóides são baseados em unidades de 5 

carbonos (C5), como o isopentenil pirofosfato (IPP) ou difosfato de dimetilalilo 

(DMAPP), e seus esqueletos carbonados são construídos a partir da união de 

dois ou mais destas unidades (Liu et al., 2014). Os terpenóides estão divididos 

nos voláteis monoterpenos (C10) e sesquiterpenos (C15), nos menos voláteis 

diterpenos (C20), e nos não voláteis triterpenos e esteróis (C30), pigmentos 

carotenoides (C40) e poliisopropenos (Cn) (Harborne, 1984). A maioria dos 

terpenóides naturais tem estruturas cíclicas com um ou mais grupos funcionais, 

por consequência de que as últimas etapas de síntese envolvem ciclização, 

oxidação ou outra modificação estrutural (Villar del Fresno, 1999). 

Em plantas, o IPP e DMAPP são sintetizados por meio de duas vias 

compartimentalizadas: a via do mevalonato e a via do metileritritolo fosfato 

(MEP). A via do mevalonato opera no retículo endoplasmático e peroxisomas 

(Lange e Ahkami, 2013). A condensação de 3 unidades de acetil CoA conduz à 

síntese de 3-hidroxi-3-metilglutaril CoA, que produz ácido mevalônico em outra 

etapa mais adiante. O ácido mevalônico é convertido em isopentenilo difosfato 

através de um processo de fosforilação e descarboxilação. O 3-hidroxi-3-

metilglutaril CoA redutase catalisa a redução da 3-hidroxi-3-metilglutaril CoA a 

mevalonato ácido (Rodwell et al., 2000). Em Arabidopsis thaliana, o 

mevalonato-5-difosfato é produzido pela fosforilação do ácido mevalônico, 

realizada pelas enzimas mevalonato cinase e fosfomevalonato cinase (Lluch et 

al., 2000). Mais tarde, a mevalonato-5-difosfato descarboxilase catalisa a 

conversão do mevalonato-5-difosfato em isopentenilo difosfato, o qual é o 

produto final da via do mevalonato (Dhe-Paganon et al., 1994). 
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A via do metileritritolo fosfato começa nos plastídios através da 

condensação do ácido pirúvico e gliceraldeído-3-fosfato, que conduz à síntese 

de 1-desoxi-D-xilulose 5-fosfato. Esta reação é catalisada pela enzima 1-

desoxi-D-xilulose 5-fosfato sintase (Rodrıǵuez-Concepción e Boronat, 2002). 

Posteriormente, o 1-desoxi-D-xilulose 5-fosfato é reduzido em 2-C-metil-D-

eritritol 4-fosfato pela 1-desoxi-D-xilulose redutoisomerase (Takahashi et al., 

1998). A conjugação de 2-C-metil-D-eritritol 4-fosfato e 4-citidina 5-fosfato leva 

à formação da 4-citidina 5-fosfo-2-C-metil eritritol e a reação é catalisada pela 

enzima 2-C-metil-D-eritritol 4-fosfato citidililtransferase. O 4-citidina 5-fosfo-2-C-

metil eritritol é convertida em 2-C-metil eritritol 2,4-ciclodifosfato pela enzima 2-

C-metil eritritol 2,4-ciclodifosfato sintase (Calisto et al., 2007). Todas as 

enzimas da via 2C-metil-D-eritritol-4-fosfato estão localizadas nos plastídios 

(Hsieh et al., 2008). Na via do 1-desoxi-D-xilulose 5-fosfato, a síntese do 

hidroximetilbutanal 4-difosfato é realizada a partir do 2-C-metil eritritol 2,4-

ciclodifosfato e a reação é catalisada pela hidroximetilbutanal 4-difosfato 

sintase. Posteriormente, o hidroximetilbutanal 4-difosfato é diretamente 

convertido em IPP e DMAPP pelas enzimas isopentinilo difosfatase e difosfato 

de dimetilalilo sintase, respetivamente (Cunningham et al., 2000).  

A condensação do IPP e DMAPP é catalisada pelas preniltransferases 

(PTs) e tem como resultado três principais intermediários da via dos 

terpenóides: geranil pirofosfato (GPP), farnesil difosfato (FDP) e geranilgeranil 

pirofosfato (GGPP) (Koyama e Ogura, 1999). As centenas de esqueletos 

básicos típicos dos terpenóides das plantas são formados a partir de DMAPP, 

GPP, FDP ou GGPP pelas terpeno sintases (TPS) (Davis e Croteau, 2000). As 

TPS formam o hemiterpeno isopreno (C5) a partir do DMAPP (Miller et al., 

2001), monoterpenos (C10) a partir do GPP (Wise e Croteau, 1999), 

sesquiterpenos (C15) a partir do FDP (Cane, 1999), e diterpenos (C20) a partir 

de GGPP (MacMillan e Beale, 1999). Estas sintases, com a exceção de copalyl 

difosfato (CPP) sintase, funcionam através da geração de intermediários de 

carbocátion a partir dos respectivos substratos de 5C por uma reação 

dependente de íon metálico divalente (Davis e Croteau, 2000). 

Níveis comparativos de identidade entre terpeno sintases de plantas já 

conhecidas levou à designação de subgrupos de terpeno sintases 
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diferenciados por um mínimo de 40 % de identidade dos aminoácidos entre os 

membros e valores menores entre os subgrupos (Bohlmann et al., 1998a). 

Inicialmente as terpeno sintases foram divididas em seis subgrupos designados 

de TPS-a até TPS-f. O subgrupo TPS-a compreende principalmente 

sesquiterpenos sintases das angiospermas enquanto o subgrupo TPS-b é 

dominado pelas monoterpeno sintases das angiospermas. Os subgrupos TPS-

c e TPS-e agrupam diterpenos sintases envolvidas na biossíntese de 

giberelina, e incluem a (-)-copalyl difosfato sintase (Ait‐Ali et al., 1997) e 

kaurene sintase (Yamaguchi et al., 1996). O subgrupo TPS-d está inteiramente 

composto por terpeno sintases de gimnospermas que produzem principalmente 

monoterpenos. O subgrupo TPS-f compreende as monoterpeno sintases de 

angiospermas que possuem um domínio conservado N-terminal de 200 

aminoácidos de função desconhecida (Bohlmann et al., 1998b). Mais 

recentemente, um trabalho feito em flores de Antirrhinum majus levou à 

descoberta de duas mirceno sintases e uma (E)-β-ocimeno sintase que, junto 

com a enzima AtTPS14 de Arabidopsis, formam o novo subgrupo TPS-g 

(Dudareva et al., 2003). 

A ampla gama de atividades das TPS em plantas foram reveladas pela 

primeira vez em estudos com extratos vegetais brutos e enzimas nativas 

purificadas (Wise e Croteau, 1999). Na atualidade, o isolamento dos genes das 

TPS e sua expressão heteróloga fornecem a melhor evidência para a 

caracterização da função e processo catalítico destas enzimas. Como resultado 

deste tipo de estudos, observou-se que as TPS podem formar produtos 

multiméricos a partir do mesmo substrato (Degenhardt et al., 2009). 

Recentemente, estudos no nível genômico permitiram a identificação dos 

genes das TPS em plantas com genomas sequenciados. Por exemplo, 32, 69 e 

120 potenciais genes de TPS foram relatados em A. thaliana, Vitis vinifera e E. 

grandis, respetivamente (Aubourg et al., 2002; Grattapaglia et al., 2012).  

No caso da síntese dos triterpenos, a cadeia linear do esqualeno é 

derivada do acoplamento redutivo de duas moléculas de farnesil pirofosfato 

(FPP) pela esqualeno sintase (Singh e Sharma, 2014). O esqualeno 

posteriormente é oxidado pela enzima esqualeno epoxidase para gerar o 2,3-

oxidoesqualeno. Finalmente, o 2,3-oxidoesqualeno é convertido em triterpenos 
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pelos membros da família das triterpenos sintases ou oxidoesqualeno ciclases 

(OSC) (Phillips et al., 2006; Jenner et al., 2005). Diferentes tipos de 

oxidoesqualeno sintases foram isolados em várias espécies de plantas 

incluindo: lanosterol sintase (Baker et al., 1995), cicloartenol sintase (Kawano 

et al., 2002), lupeol sintase (Hayashi et al., 2004) e b-amirina sintase (Iturbe-

Ormaetxe et al., 2003). Além destas sintases, algumas outras triterpenos 

sintases foram também caracterizadas em outras diferentes espécies de 

plantas (Basyuni et al., 2006; Shibuya et al., 2007).  

Ao nível genômico, 13 genes da família OSC foram descritos em A. 

thaliana (Singh e Sharma, 2014). O primeiro gene OSC de A. thaliana a ser 

clonado foi a cicloartenol sintase (CAS1), usando uma estratégia de 

complementação funcional (Corey et al., 1993). Posteriormente foi identificado 

outro gene que codifica uma lanosterol sintase, que está envolvida na 

biossíntese de fitoesteróis (Ohyama et al., 2009). Os outros 11 membros da 

família OSC em A. thaliana produzem uma ampla diversidade de esqueletos de 

triterpenos (mais de 40 no total), confirmando a notável diversidade química 

derivada a partir de um único substrato (Phillips et al., 2006; Abe, 2007; 

Morlacchi et al., 2009). Um estudo prévio realizado no genoma de Oryza sativa 

L. ssp. Japonica cv Nipponbare identificou 12 genes OSC (Inagaki et al., 2011). 

Além disso, a anotação automatizada dos genomas de Sorghum bicolor e 

Brachypodium distachyon reporta a presença de diferentes genes OSC de 

função desconhecida (Paterson et al., 2009). No entanto, os genomas de 

plantas inferiores, como Chlamydomonas reinhardtii e Physcomitrella patens, 

apresentam apenas um gene, provavelmente necessário para a biossíntese de 

esteróis (Merchant et al., 2007; Desmond e Gribaldo, 2009). 

 

1.4 Os miRNAs e sua importância na regulação gênica   

 Os miRNAs são uma classe de pequenos RNAs de 19 a 24 nucleotídeos 

que desempenham uma importante função na regulação postranscricional da 

expressão gênica por ligação ao mRNA alvo com alta complementariedade 

(Bartel, 2004). O impacto mais importante das atividades dos miRNAs incluem: 

embriogênese, desenvolvimento floral, morfogênese da folha, padronização, 
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transição de fase, desenvolvimento das anteras e reprodução (Ramesh et al., 

2014). Os miRNAs também estão relacionados com as respostas das plantas 

aos estresses bióticos e abióticos (Sunkar e Zhu, 2004; Navarro et al., 2006; 

Sunkar et al., 2012). Inicialmente os miRNAs eram identificados usando 

métodos de clonagem direta (Wang et al., 2007). Nos últimos anos, o número 

de miRNAs identificados em plantas foi aumentado pelo uso do 

sequenciamento de nova geração (NGS) e análises bioinformáticas (Liang et 

al., 2010; Xin et al., 2010).  

 A biogênese dos miRNAs ocorre dentro do núcleo, em regiões 

chamadas de corpos D (Fang e Spector, 2007). O processo é iniciado a partir 

RNAs de fita simples longas, chamadas de transcritos de miRNA primário (pri-

miRNAs). Os pri-miRNAs são caracterizados como estruturas em grampo 

(stem-loop) imperfeitas, que são geradas a partir da atividade da RNA 

polimerase II (Lee et al., 2004). A conversão dos pri-miRNAs, através de um 

precursor de miRNAs (pre-miRNAs), para um duplex miRNA:miRNA* é 

coordenada pela atividade de diferentes famílias de proteínas, incluindo a 

RNAse III e Dicer like 1 (DCL-1) (Xie et al., 2005). Os pre-miRNAs de plantas, 

os quais são relativamente longos comparados aos pre-miRNAs de origem 

animal, são cortadas no pequeno RNA maduro de fita dupla (miRNA:miRNA*) e 

transportados ao citoplasma pela EXPORTIN-5 (Kurihara e Watanabe, 2004). 

Neste processo, a enzima DCL-1 atua em conjunto com as proteínas de união 

ao RNA de fita dupla, como o HYL1 e SERRATE dentro do núcleo para 

produzir miRNAs maduros (Han et al., 2004). O miRNA é metilado e 

poliuridinilado pela enzima HEN I que permite uma proteção contra degradação 

por exonucleases (Kurihara et al., 2006). No citoplasma, os miRNAs maduros 

de 21 nt de comprimento são recrutados pelo complexo de silenciamento 

induzido pelo RNA (RISC), promovendo a clivagem da sequência de mRNAs 

alvos (Bartel, 2004) ou a repressão da tradução (Brodersen et al., 2008).  

Atualmente, um total de 8.496 miRNAs maduros já foram descritos para 

73 espécies de Viridiplantae e depositados no banco de dados miRBase em 

sua versão 21.0 (http://www.mirbase.org/). Os miRNAs maduros de plantas são 

designados com as letras iniciais miR, seguidos por um número (Reinhart et al., 

2002). O banco de dados do miRBase usa abreviadamente três letras para 
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designar as espécies, como por exemplo Ath-miR172 no caso do A. thaliana e 

Osa-miR160 no caso de O. sativa. Seus genes correspondentes estão em 

maiúsculas e itálico: miR156a refere-se ao miRNA maduro e MIR156a refere-

se ao gene que codifica esse miRNA (Reinhart et al., 2002; Griffiths‐Jones, 

2004). No caso da existência de mais de um locus para o mesmo miRNA, os 

nomes são numericamente sufixados com letras, como no caso do miR156a, 

miR156b e miR156c (Griffiths-Jones et al., 2006). 

Diferentes estudos mostram que muitos miRNAs são altamente 

conservados ao longo da evolução e podem ser encontrados de musgos até 

plantas superiores, enquanto um número significativo de miRNAs não 

conservados também têm sido identificados como espécies-específicos (Jones-

Rhoades et al., 2006). No caso dos miRNAs não conservados, a maioria deles 

são expressos especificamente em um determinado tecido ou em um estádio 

específico de desenvolvimento (Allen et al., 2004). Igualmente, um estudo 

desenvolvido por Cuperus et al. (2011) sugere que os miRNAs não 

conservados tem um passado evolutivo recente e foram integrados em redes 

regulatórias específicas de plantas. Consequência da sua influência vantajosa 

na regulação de funções e vias específicas de tecidos.   

 

1.5 Obtenção de transcritomas de novo através de RNA-seq   

O RNA-seq é um método de sequenciamento de alto rendimento 

desenvolvido recentemente, que produz milhões de sequências curtas de RNA 

que são posteriormente montados em transcritos, usando ou não um genoma 

de referência (Kumar et al., 2014). Em plantas, esta metodologia acelerou a 

compreensão dos complexos padrões de transcrição e propiciou a 

quantificação da expressão gênica em diferentes tecidos ou estágios de 

desenvolvimento (Zenoni et al., 2010). Além disso, o método do RNA-seq 

permite a identificação de novas regiões transcritas e isoformas resultantes do 

splicing e de polimorfismos de nucleotídeo único (SNP) (Cloonan et al., 2008; 

Wilhelm et al., 2010). Além disso, na ausência de um genoma de referência, o 

sequenciamento do transcritomas não é apenas usado na identificação de 

transcritos envolvidos em um processo biológico específico, mas pode ser 
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usado também como uma alternativa na obtenção de um número grande de 

marcadores moleculares como microssatélites a partir das sequências não 

redundantes dos transcritos (Parida et al., 2006).  

Nas duas décadas passadas, o método automatizado de Sanger foi 

denominado como a tecnologia de primeira geração e as novas tecnologias da 

atualidade são consideradas como as tecnologias de próxima geração (NGS) 

(Metzker, 2009). As NGS mais amplamente utilizadas são o Roche 454 Life 

Sciences, Applied Biosystems SOLiD e Illumina Genome Analyzer, sendo esta 

última a tecnologia mais amplamente usada pela alta cobertura de leituras 

geradas por corrida. Por causa da geração de milhões de leituras, as 

ferramentas bioinformáticas disponíveis na atualidade para realizar uma 

montagem de novo precisam presentam duas dificuldades técnicas (Clarke et 

al., 2013). Primeiro, precisa-se de altos requerimentos em velocidades 

computacionais e de alta capacidade de memória, uma vez que os 

alinhamentos emparelhados feitos entre as leituras requer o uso de muitos 

gigabytes para os dados de entrada e intermediários. Segundo, os genes de 

células eucarióticas codificam diferentes transcritos que compartilham exons 

entre elas, o que resulta em alguns fragmentos de RNA com uma incorreta 

concatenação de leituras. 

Atualmente existem dois tipos principais de algoritmos de montagem 

para leituras obtidas com NGS: gráficos de sobreposição e gráficos de Bruijn 

(Li et al., 2012). O gráfico de sobreposição está baseado no alinhamento 

pareado das leituras (Myers, 1995). Neste tipo de gráfico, cada node 

representa uma leitura e a borda entre dois nodes indica que duas leituras tem 

sequências que sobrepõem-se. Depois de algumas etapas de simplificação do 

gráfico, que consistem na remoção dos nodes e bordas transitivas, uma cadeia 

de nodes representa a sequência de um contig ou transcrito. No entanto, a 

etapa de alinhamentos pareados de leituras obtidas por NGS fazem o uso 

deste tipo de gráficos, que é muito exigente ao nível computacional. As 

ferramentas de bioinformática baseadas no gráfico de sobreposição mais 

usadas são Mira (Chevreux et al., 2004) e Newbler (Margulies et al., 2005). 

Pela necessidade de contar com um algoritmo gráfico muito mais rápido, 

foi desenvolvido o gráfico de Bruijn (Idury e Waterman, 1995). Neste tipo de 
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gráfico, as leituras são quebradas em subsequências de tamanho k, chamadas 

k-mer, as quais são usadas para a construção do gráfico de forma linear. As 

três ferramentas de bioinformática baseadas neste tipo de gráfico são ABySS 

(Simpson et al., 2009), Trinity (Grabherr et al., 2011) e Velvet (Zerbino e Birney, 

2008). A ferramenta Oases (Schulz et al., 2012), desenvolvida especialmente 

para a montagem de transcritomas, é como uma extensão do Velvet e trabalha 

considerando o splicing alternativo. A principal desvantagem dos gráficos de 

Bruijn é a perda da informação das leituras quando são quebradas em k-mer 

(Clarke et al., 2013). Desta maneira, quando dois genes têm uma sequência 

compartilhada de um comprimento maior que k, o gráfico de Bruijn pode 

conectar incorretamente as leituras destes dois genes. 

A montagem de um transcritoma pode gerar muitas sequências de 

transcritos não identificados. Por esse motivo, com a finalidade de interpretar 

biologicamente estes dados, os transcritos necessitam ser associados com 

termos e nomes que fornecem informações sobre suas funções. A anotação 

destas sequências pode incluir busca por similaridade contra outros genes e 

proteínas com funções conhecidas. Esta busca de similaridade é feita dentro 

de bancos de dados de sequências como Genbank do NCBI (Benson et al., 

2012) ou UniProt (Consortium UniProt, 2013), e são escolhidas como 

referências as sequências com a mais alta similaridade. Alternativamente, os 

transcritos podem ser anotados funcionalmente através da procura nas suas 

sequências de domínios e motivos conservados dentro de bases de dados, 

como do InterPro do EBI (Hunter et al., 2011). Outras alternativas de anotação 

funcional incluem o Gene Ontology (GO) (Ashburner et al., 2000), números da 

Comissão de enzimas (EC) (Schomburg et al., 2004) e vias da KEGG 

(Kanehisa et al., 2014).  

No caso da família Myrtaceae, os únicos estudos de sequenciamento de 

transcritomas usando tecnologias de sequenciamento de nova geração foram 

feitos em espécies do gênero Eucalyptus (Grattapaglia et al., 2012).  
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2. Objetivos 

 

2.1 Objetivo geral 

 Gerar recursos genômicos de Eugenia uniflora usando tecnologias de 

sequenciamento de nova geração para a identificação de genes e miRNAs 

envolvidos em diferentes processos fisiológicos e metabólicos característicos 

da pitanga. Os dados obtidos neste estudo deverão servir como uma referência 

de base e de alta qualidade para futuros estudos de genômica funcional na 

pitanga e outras diversas espécies de interesse da família Myrtaceae. 

 

2.2 Objetivos específicos  

1. Construir e sequenciar bibliotecas de mRNA e pequenos RNAs a partir de 

folhas de E. uniflora. 

2. Identificar e verificar os miRNAs maduros e precursores de miRNAs 

expressos nas folhas de E. uniflora.  

3. Montar de novo e anotar o transcriptoma de E. uniflora. 

4. Identificar e verificar a expressão das terpeno sintases e oxidoesqualeno 

ciclases expressas nas folhas de E. uniflora.  
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Abstract

Background: microRNAs or miRNAs are small non-coding regulatory RNAs that play important functions in the regulation of
gene expression at the post-transcriptional level by targeting mRNAs for degradation or inhibiting protein translation.
Eugenia uniflora is a plant native to tropical America with pharmacological and ecological importance, and there have been
no previous studies concerning its gene expression and regulation. To date, no miRNAs have been reported in Myrtaceae
species.

Results: Small RNA and RNA-seq libraries were constructed to identify miRNAs and pre-miRNAs in Eugenia uniflora. Solexa
technology was used to perform high throughput sequencing of the library, and the data obtained were analyzed using
bioinformatics tools. From 14,489,131 small RNA clean reads, we obtained 1,852,722 mature miRNA sequences representing
45 conserved families that have been identified in other plant species. Further analysis using contigs assembled from RNA-
seq allowed the prediction of secondary structures of 25 known and 17 novel pre-miRNAs. The expression of twenty-seven
identified miRNAs was also validated using RT-PCR assays. Potential targets were predicted for the most abundant mature
miRNAs in the identified pre-miRNAs based on sequence homology.

Conclusions: This study is the first large scale identification of miRNAs and their potential targets from a species of the
Myrtaceae family without genomic sequence resources. Our study provides more information about the evolutionary
conservation of the regulatory network of miRNAs in plants and highlights species-specific miRNAs.
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Introduction

Eugenia uniflora is a tropical fruit tree native to South America.

The shrubby tree produces edible cherry-like fruits, which are

locally known as pitanga or the Brazilian cherry. This species

belongs to the Myrtaceae family, which is characterized by the

presence of tannins, flavonoids, monoterpenes and sesquiterpenes

whose presence and concentration varies between specimens from

different geographical locations [1–3]. Extracts from pitanga

leaves contain interesting biological properties that have been

reported in several studies, and pitanga juice is used in folk

medicine as a diuretic, antirheumatic, antipyretic, antidiarrhetic

and antidiabetic [4–9]. E. uniflora is also an important ecological

model to study because it grows in areas of medium and large

levels of rainfall and can also be found in different vegetation types

and ecosystems [10]. The variation in the metabolite concentra-

tion and the adaptability to different environments observed in E.

uniflora indicating that these are the result of the transcriptional

regulation of many genes involved in metabolic and signaling

pathways.

MicroRNAs (miRNAs) are small non-coding regulatory RNAs

widely found in unicellular and multicellular organisms that act as

regulators of gene expression at the post-transcriptional level on

genes containing miRNA target sites [11]. Mature miRNAs are

single-stranded RNA molecules of approximately 21 nucleotides

(nt) in length processed from a precursor molecule (pre-miRNA)

[12]. To regulate protein-coding genes, the mature miRNA binds

with perfect or imperfect complementarity to sites in the 59 or 39

untranslated regions (UTR) or coding sequences (CDS) of genes,

which leads to mRNA degradation or translation inhibition [13–

14]. In plants, miRNAs have diverse biological functions and are

involved in the regulation of optimal growth and development as

well as other physiological processes, including abiotic and biotic

stress responses [15]. Several studies showed that many miRNAs

are conserved across different plant families [16–17]. However,

family- and species-specific miRNAs that are expressed in lower
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levels and probably have evolved more recently have been

reported [18].

In the present study, in order to evaluate the importance of

miRNAs in the regulation of gene expression and metabolic

pathways in E. uniflora, we constructed small RNA (sRNA) and

polyA RNA-seq libraries from leaves and sequenced the libraries

with high throughput Solexa technology. The sequencing data

were analyzed to identify conserved and novel miRNAs and their

respective targets. This work represents the first report of miRNAs

identified in Myrtaceae.

Methods

Plant Material and RNA Isolation
Total RNA was isolated from E. uniflora leaves using the CTAB

method [19]. RNA quality was evaluated by electrophoresis on a

1% agarose gel, and quantification was determined using a

NanoDrop spectrophotometer (NanoDrop Technologies, Wil-

mington, DE, USA).

Deep Sequencing
Total RNA (.10 mg) was sent to Fasteris SA (Plan-les-Ouates,

Switzerland) for processing. One sRNA library was constructed

and sequenced using the Illumina HiSeq2000 platform. Briefly,

the construction of the sRNA library consisted of the following

successive steps: acrylamide gel purification of the RNA bands

corresponding to a size range of 20–30 nt; ligation of the 3p and

5p adapters to the RNA in two separate subsequent steps, each

followed by acrylamide gel purification; cDNA synthesis followed

by acrylamide gel purification; and a final step of PCR

amplification to generate a cDNA colony template library for

Illumina sequencing.

The polyadenylated transcript sequencing (RNA-seq) was

performed using the following successive steps: poly-A purification;

cDNA synthesis using a poly-T primer shotgun method to

generate inserts of 500 nt, 3p and 5p adapter ligations; pre-

amplification; colony generation; and sequencing. The Illumina

output data included sequence tags of 100 bases.

Accession Numbers
Sequencing data are available at the NCBI Gene Expression

Omnibus (GEO) ([http://www.ncbi.nlm.nih.gov/geo]). The ac-

cession number GSE38212 contains the sequence data from the

RNA-seq and sRNA libraries derived from E. uniflora leaves.

Data Analysis
The overall procedure for analyzing Illumina small libraries is

shown in Figure S1. All low quality reads with FASTq values

below 13 were removed, and 59 and 39 adapter sequences were

trimmed using the Genome Analyzer Pipeline (Illumina) at

Fasteris SA. The remaining low quality reads with ‘n’ were

removed with PrinSeq script [20]. Sequences shorter than 18 nt

and larger than 25 nt were excluded from further analysis. Small

RNAs derived from Viridiplantae rRNAs, tRNAs, snRNAs and

snoRNAs deposited at the tRNAdb [21], SILVA rRNA [22], and

NONCODE v3.0 [23] databases and from Rosales mtDNA and

cpDNA sequences deposited at the NCBI GenBank database

[(http://ftp.ncbi.nlm.nih.gov)] were identified by mapping with

Bowtie [24].

After cleaning the data (low quality reads, adapter sequences),

the RNA-seq data were assembled into contigs using the CLC

Genome Workbench version 4.0.2 (CLCbio, Aarhus, Denmark)

algorithm for de novo sequence assembly using the default

parameters (similarity = 0.8, length fraction = 0.5, insertion/dele-

tion cost = 3, mismatch cost = 3). In total, 170,568 contigs were

assembled and used as a reference for the discovery of pre-miRNA

and target sequences.

Identification of Conserved and Novel miRNAs
In order to determine conserved plant miRNAs, small RNA

sequences were aligned with known non-redundant Magnolio-

phyta miRNAs deposited at miRBase (Release 18, November

2011) using Bowtie. Complete alignment of the sequences was

required, and no mismatches were allowed. To search for novel

miRNAs, small RNA sequences were matched against contigs

obtained through de novo assembly of transcripts from mRNA

sequences of E. uniflora leaves using SOAP2 [25]. The SOAP2

output was filtered with an in-house filter tool (FilterPrecursor) to

identify candidate sequences as miRNA precursors using an

anchoring pattern of one or two blocks of aligned small RNAs with

perfect matches. The selected candidate precursors were manually

inspected using the software Tablet [26] to visualize the presence

of the anchoring pattern. As miRNA precursors have a

characteristic hairpin structure, the next step to select candidate

sequences included secondary structure analysis by RNAfold with

the annotation algorithm from the UEA sRNA toolkit [27]. In

addition, perfect stem-loop structures should have the miRNA

sequence at one arm of the stem and a respective anti-sense

sequence at the opposite arm. In the present study miRNAs were

named in two different ways: (i) miR000, when corresponding to a

family with two or more miRNA loci and (ii) MIR000, to design a

single locus. Finally, precursor candidate sequences were checked

using the BLAST algorithm from miRBase (www.mirbase.org).

Validation of miRNA by RT-PCR
In order to validate predicted miRNAs, a series of RT-PCR

were performed in RNA isolated from leaves of three individuals

of E. uniflora occurring in the Grumari native protected area in Rio

de Janeiro, Brazil. Among the analyzed miRNAs seventeen

corresponded to conserved miRNAs (eun-MIR156, eun-

MIR159, eun-MIR160, eun-MIR166, eun-MIR167-1, eun-

MIR167-2, eun-MIR167-3, eun-MIR167-4, eun-MIR395, eun-

MIR396-1, eun-MIR396-2, eun-MIR397-1, eun-MIR397-2, eun-

MIR482-1, eun-MIR482-2, eun-MIR530, eun-MIR827) and ten

were novel miRNAs (eun-MIR001-1, eun-MIR001-2, eun-

MIR004-2, eun-MIR005, eun-MIR006, eun-MIR008, eun-

MIR009, eun-MIR012, eun-MIR013, eun-MIR014). The stem-

loop primer, used for miRNA cDNA synthesis, was designed

according to Cheng et al. [28]. The forward miRNAs primers were

designed based on the full mature miRNA sequences and the

reverse primer was the universal reverse primer for miRNA. The

RT-PCR was performed according the conditions used by

Kulcheski et al. [29]. Briefly, reactions were completed in a

volume of 20 mL containing 10 mL of diluted cDNA (1:100),

0.025 mM dNTP, 1X PCR Buffer, 3 mM MgCl2, 0.25 U Hot

Start Taq DNA Polymerase (Promega) and 200 nM of each

reverse and forward primer. Samples were analyzed in biological

triplicate in a 96-well plate, and a no-template control was

included. The PCR conditions were performed in an ABI 7500

Real-Time PCR System (Applied Biosystems). The PCR products

were resolved on a 2% agarose gel and analyzed using Quantity

One software (Bio-Rad).

Prediction of miRNA Targets
Previously assembled mRNA contigs were clustered using the

Gene Indices Clustering Tools (http://compbio.dfci.harvard.edu/

tgi/software/) [30] to reduce any sequence redundancy. The

clustering output was passed to the CAP3 assembler [31] for

MicroRNAs in a Myrtaceae Species

PLOS ONE | www.plosone.org 2 November 2012 | Volume 7 | Issue 11 | e49811



multiple alignment and consensus building. Contigs that did not

reach the set threshold and fell into any assembly remained as a list

of singletons.

The prediction of target genes for the most abundant mature

miRNAs from the conserved and novel pre-miRNAs was

performed by psRNAtarget [32]. The program uses a 0–5 scale

to indicate the complementarity between miRNA and their target,

with the smaller numbers representing higher complementary and

zero corresponding to a perfect complementation. Default

parameters with an expectation value of 4 and E. uniflora

assembled unigenes longer than 600 bp were used. Candidate

RNA sequences were then annotated by assignment of putative

gene descriptions based on sequence similarity with previously

identified genes annotated with details deposited in the protein

database of NR and the Swiss-Prot/Uniprot protein database

using BLASTx implemented in blast2GO v2.3.5 software [33].

The annotation was improved by the analysis of conserved

domains/families using the InterProScan tool and Gene Ontology

terms as determined by the GOslim tool from blast2GO software.

At the same time, the orientations of the transcripts were obtained

from BLAST annotations.

Finally, to verify if the genes targeted by the identified miRNAs

regulate any metabolic pathways involved in the secondary

metabolites synthesis, we obtained the enzyme EC numbers for

each target gene from the blast2GO annotation. These codes were

uploaded to iPATH2 server [34] to generate metabolic pathway

maps.

Results

E. uniflora RNA Library Sequencing
To identify conserved and novel miRNAs in E. uniflora, sRNA

library was constructed from leaves and sequenced using Solexa

high-throughput technology. After removing low quality sequenc-

es, those without inserts, or those with adapter contaminants or

lengths outside of the 18–25 nt range, a total of 14,849,131 reads

were obtained (Table 1). The number of reads with different

lengths in the redundant and non-redundant sRNA datasets is

shown in Figure 1 and Table S1. The most abundant sRNA

species contained 21 nt, whereas the highest sequence diversity

was observed in the 24-nt fraction. Approximately 6.55% of the

reads matched other types of non-coding sRNAs, such as rRNAs,

tRNAs, snRNAs or snoRNAs, and 9.45% matched organellar

DNA (Table 2).

As there is no genome sequence available for E. uniflora, we

sequenced the mRNA transcriptome of the E. uniflora leaf for use

as a reference sequence in further analyses. The pooled mRNA-

seq yielded 16,759,528 reads, which were imported into the CLC

Genomics Workbench and de novo assembled into 170,568 contigs

with an average length of 306 bp. Contigs and non-assembled

reads with minimum lengths of 100 bp were further considered.

The contigs ranged in size between the minimum set threshold of

100 bp and 7,808 bp (N50 = 447 bp), with 22,308 contigs more

than 500 bp in length.

Identification of Conserved miRNAs in E. uniflora
There are 4,677 miRNAs from 47 Magnoliophyta species

deposited in miRBase. To identify conserved miRNAs in E.

uniflora, the small RNA library was matched against a set of 2,585

unique, mature plant miRNA sequences from the database. In

total, 1,852,722 reads perfectly matched 204 known miRNAs

(Figure 2 and Table S2). All identified sequences are distributed in

45 miRNA families, with an average of approximately 4 miRNA

members per family. The largest family was miR166 with 21

members, which include isoforms found in several plant species.

The miR156 (19 members), miR396 (15 members) and miR395

(14 members) families were the second, third and fourth largest

miRNA families, respectively. Of the remaining miRNA families,

23 contained 2 to 10 members, and 18 were represented by a

single member (Figure 2).

Figure 1. Length distribution and diversity of small RNA reads
in the E. uniflora leaf library.
doi:10.1371/journal.pone.0049811.g001

Table 1. Summary of data from sequencing of E. uniflora
small RNA library.

Type Number of reads Percentage (%)

Total reads* 14,849,131 100

18–25 nt 12,759,506 86

,18 nt 1,554,975 10

.25 nt 534,650 4

*Reads with high quality with lenghts of 1 to 44 nt.
doi:10.1371/journal.pone.0049811.t001

Table 2. Categorization of E. uniflora noncoding and
organellar small RNAs*.

Small RNA type Number of reads Percentage (%)

miRNA 1,852,722 14.52%

rRNA 765,989 6.00%

tRNA 67,491 0.53%

snRNA 1,555 0.01%

snoRNA 859 0.01%

mtRNA 159,106 1.25%

cpRNA 1,046,305 8.20%

Other sRNA 8,865,479 69.48%

*18–25 nt reads considered.
doi:10.1371/journal.pone.0049811.t002
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With respect to the abundance of each miRNA family, the

frequencies varied from 1 read (7 families) to 656,093 reads

(miR167), indicating that expression varies significantly among

different miRNA families. This relative abundance is also observed

in certain members from the same family. For example, the

abundance of miR167 varied from 98 to 616,862 reads, as was the

case for some other families, such as miR166 (1 to 381,733 reads),

miR159 (2 to 235,279 reads) and miR396 (2 to 217,485 reads).

These results indicate that different members have variable

expression levels within one miRNA family.

Since the genome of E. uniflora is not publically available, the

small RNA library was matched against a set of de novo assembled

contigs from the E. uniflora leaf RNA-seq to identify putative

miRNA precursor sequences. Candidate sequences with hairpin-

like structures and mature miRNAs anchored in either or both of

the 5p or 3p arms were further considered (Figure S2). Initial

analysis allowed for the identification of 25 precursor sequences

grouped into 15 conserved families (Table 3). The average value of

MFE was -66.51 in these precursors and included two precursors

(MIR167-2 and MIR169) with extreme values due to their long

sizes. With respect to the % GC and MFEI, the average values

were 47.63 and 20.94, respectively.

Within the identified families, MIR167 was the most abundant,

with 676,895 reads, and contained 4 members (MIR167-1,

MIR167-2, MIR167-3 and MIR167-4). In addition, several

miRNA isoforms were detected in the libraries, and several of

these were more abundant than the known miRNAs reported in

miRBase for other plants (Figure 3). Furthermore, in the family

MIR397, one precursor was identified with a typical structure and

mature reads in the sense and antisense orientations. Both

orientations were considered two independent precursors from

the same family for the following analysis.

Identification of Novel miRNAs in E. uniflora
Using the previously described criteria in the identification of

conserved pre-miRNAs, we obtained another 17 potential miRNA

candidates grouped into 15 families (Table 4). In addition to the

hairpin structure, the detection of miRNA* in 14 precursors is a

strong indication to consider these miRNAs as true candidates.

Comparisons among the mature sequences of candidate miRNAs

and those miRNAs deposited in miRBase suggest that these

candidates are novel miRNAs that have not been identified in

others species and are possibly specific to the Myrtaceae family.

These novel miRNAs displayed an average negative folding value

of 2137.89, which included 4 miRNAs with long sizes similarly

observed in some previously identified conserved pre-miRNAs.

With respect to the % GC and MFEI, the average values were

42.86 and 21.05, respectively. In addition, one novel pre-miRNA

was found with mature sequences in the sense and antisense

orientations and was considered to represent 2 members of the

same family (nMIR001-1 and 22).

Biological Confirmation of Identified miRNAs in E. uniflora
The stem-loop RT-PCR method was used to validate the

expression of seventeen conserved miRNAs (eun-MIR156, eun-

MIR159, eun-MIR160, eun-MIR166, eun-MIR167-1, eun-

MIR167-2, eun-MIR167-3, eun-MIR167-4, eun-MIR395, eun-

MIR396-1, eun-MIR396-2, eun-MIR397-1, eun-MIR397-2, eun-

MIR482-1, eun-MIR482-2, eun-MIR530, eun-MIR827) and ten

novel miRNAs (eun-MIR001-1, eun-MIR001-2, eun-MIR004-2,

eun-MIR005, eun-MIR006, eun-MIR008, eun-MIR009, eun-

MIR012, eun-MIR013, eun-MIR014). We confirmed that these

miRNAs were expressed in three different individuals collected in

situ (Figure S3).

Identification and Classification of miRNA Targets
To understand the biological function of miRNAs in E. uniflora,

the putative mRNA target sites of miRNA candidates were

identified by aligning the most abundant mature miRNAs of each

conserved and novel precursor to a set of E. uniflora assembled

unigenes using psRNA target with default parameters and a

maximum expectation value of 4. We found 87 potential targets in

total, where 52 were targets of conserved miRNAs and 35 were

targets of novel miRNAs, with an approximate average of 3 targets

per miRNA. Detailed annotation results are given in Table 5 and

S3.

Among the most important miRNA targets, also previously

identified in other plants, we found the squamosa promoter

binding protein (SBP)-like (SPL) genes, which are targets of the

miR156 family and have functions that are conserved across plant

species [17], affecting diverse developmental processes, such as leaf

development, shoot maturation, phase change and flowering in

plants [35-40]. We also identified the auxin response factor (ARF),

a plant-specific family of DNA binding proteins involved in

Figure 2. Number of identified miRNAs in each conserved miRNA family in plants. The values above the bars indicate the number of
members identified in each conserved miRNA family.
doi:10.1371/journal.pone.0049811.g002

MicroRNAs in a Myrtaceae Species

PLOS ONE | www.plosone.org 4 November 2012 | Volume 7 | Issue 11 | e49811



T
a

b
le

3
.

P
re

-m
iR

N
A

s
id

e
n

ti
fi

e
d

in
E.

u
n

if
lo

ra
w

it
h

se
q

u
e

n
ce

si
m

ila
ri

ti
e

s
to

p
la

n
t

co
n

se
rv

e
d

m
iR

N
A

fa
m

ili
e

s.

m
iR

N
A

P
re

cu
rs

o
r

m
iR

N
A

M
a

tu
re

m
iR

N
A

C
o

n
ti

g
co

d
e

L
e

n
g

th
G

C
%

M
F

E
A

M
F

E
M

F
E

I
5

p
se

q
u

e
n

ce
m

o
re

a
b

u
n

d
a

n
t

R
e

a
d

co
u

n
t

3
p

m
o

re
a

b
u

n
d

a
n

t
se

q
u

e
n

ce
R

e
a

d
co

u
n

t
T

o
ta

l
re

a
d

s

e
u

n
-M

IR
1

5
6

C
o

n
ti

g
9

2
8

8
9

9
7

5
4

.6
4

2
5

5
.2

0
2

5
6

.9
1

2
1

.0
4

T
T

G
A

C
A

G
A

A
G

A
T

A
G

A
G

A
G

C
A

C
8

3
9

3
3

G
C

T
C

T
C

C
C

T
C

T
C

C
T

G
T

C
A

A
C

A
1

8
5

3
9

6

e
u

n
-M

IR
1

5
9

C
o

n
ti

g
9

3
2

4
5

1
6

3
4

5
.4

0
2

5
5

.8
6

2
3

4
.2

7
2

0
.7

5
A

G
C

T
G

C
T

G
G

T
C

T
A

T
G

G
A

T
C

C
C

3
7

6
C

T
T

G
C

A
T

A
T

G
C

C
A

G
G

A
G

C
T

T
C

4
9

3
1

3
0

2

e
u

n
-M

IR
1

6
0

C
o

n
ti

g
8

1
8

1
6

1
1

6
5

3
.4

5
2

5
4

.3
0

2
4

6
.8

1
2

0
.8

8
T

G
C

C
T

G
G

C
T

C
C

C
T

G
T

A
T

G
C

C
A

2
9

3
G

C
G

T
A

T
G

A
G

G
A

G
C

C
A

A
G

C
A

T
A

2
2

3
2

3

e
u

n
-M

IR
1

6
2

C
o

n
ti

g
1

6
5

4
0

0
1

0
8

4
8

.1
5

2
3

5
.8

0
2

3
3

.1
5

2
0

.6
9

G
G

A
G

G
C

A
G

C
G

G
T

T
C

A
T

C
G

A
T

C
2

4
T

C
G

A
T

A
A

A
C

C
T

C
T

G
C

A
T

C
C

A
G

1
0

7
1

3
1

0
8

8
4

e
u

n
-M

IR
1

6
6

C
o

n
ti

g
9

4
2

2
3

2
2

8
4

3
.4

2
2

7
2

.4
0

2
3

1
.7

5
2

0
.7

3
G

G
A

A
T

G
T

T
G

T
C

T
G

G
C

T
C

G
A

G
G

1
1

0
1

6
T

C
G

G
A

C
C

A
G

G
C

T
T

C
A

T
T

C
C

C
C

3
8

1
7

3
3

4
0

9
5

4
6

e
u

n
-M

IR
1

6
7

-1
C

o
n

ti
g

1
2

6
3

5
0

9
0

4
5

.5
6

2
5

0
.0

0
2

5
5

.5
6

2
1

.2
2

T
G

A
A

G
C

T
G

C
C

A
G

C
A

T
G

A
T

C
T

G
A

6
1

6
8

6
2

A
G

A
T

C
A

T
C

T
G

G
C

A
G

T
T

T
C

A
A

C
2

6
2

6
2

0
3

0
6

e
u

n
-M

IR
1

6
7

-2
C

o
n

ti
g

1
6

3
4

8
7

6
1

5
3

7
.4

0
2

1
6

3
.6

0
2

2
6

.6
0

2
0

.7
1

T
G

A
A

G
C

T
G

C
C

A
G

C
A

T
G

A
T

C
T

G
G

3
2

1
8

8
T

C
A

G
G

T
C

A
T

C
T

T
G

C
A

G
C

T
T

C
A

9
3

9
3

4
4

6
1

e
u

n
-M

IR
1

6
7

-3
C

o
n

ti
g

7
8

4
s

8
1

4
8

.1
5

2
3

8
.6

0
2

4
7

.6
5

2
0

.9
9

T
G

A
A

G
C

T
G

C
C

A
G

C
G

T
G

A
T

C
T

C
A

1
6

3
0

5
A

T
C

A
G

A
T

C
A

T
G

T
G

G
C

A
G

C
T

T
C

A
C

C
7

3
2

2
0

5
6

e
u

n
-M

IR
1

6
7

4
C

o
n

ti
g

7
8

4
a

8
1

4
8

.1
5

2
3

8
.7

0
2

4
7

.7
8

2
0

.9
9

T
G

A
A

G
C

T
G

C
C

A
C

A
T

G
A

T
C

T
G

A
7

1
N

D
2

7
2

e
u

n
-M

IR
1

6
9

C
o

n
ti

g
1

4
2

0
8

8
7

3
0

3
9

.1
8

2
1

6
0

.8
0

2
2

2
.0

3
2

0
.5

6
T

T
A

T
A

G
G

C
G

A
T

T
G

G
A

G
G

T
A

T
G

8
7

6
T

T
A

G
C

T
A

A
A

G
T

C
G

T
C

T
T

G
C

C
C

A
6

8
1

8
8

9
6

1

e
u

n
-M

IR
1

7
2

-1
C

o
n

ti
g

8
3

8
0

2
1

2
2

4
7

.5
4

2
5

5
.1

0
2

4
5

.1
6

2
0

.9
5

C
A

G
G

T
G

T
A

G
C

A
T

C
A

T
C

A
A

G
A

T
3

6
A

G
A

A
T

C
T

T
G

A
T

G
A

T
G

C
T

G
C

A
T

4
9

5
1

0
7

6

e
u

n
-M

IR
1

7
2

-2
C

o
n

ti
g

1
1

3
5

6
7

9
2

4
2

.3
9

2
3

9
.7

0
2

4
3

.1
5

2
1

.0
2

G
C

A
G

C
A

T
C

A
T

C
A

A
G

A
T

T
C

A
C

A
1

2
A

G
A

A
T

C
T

T
G

A
T

G
A

T
G

C
T

G
C

A
T

4
9

5
5

2
3

e
u

n
-M

IR
1

7
2

-3
C

o
n

ti
g

8
5

9
2

8
1

6
5

4
3

.6
4

2
7

1
.2

0
2

4
3

.1
5

2
0

.9
9

G
T

A
G

C
A

T
C

A
T

C
A

A
G

A
T

T
C

A
C

A
3

3
A

G
A

A
T

C
T

T
G

A
T

G
A

T
G

C
T

G
C

A
T

4
9

5
1

0
4

8

e
u

n
-M

IR
3

9
5

C
o

n
ti

g
1

1
4

7
1

7
8

8
5

1
.1

4
2

4
7

.5
0

2
5

3
.9

8
2

1
.0

6
T

C
C

C
C

T
A

G
A

G
T

T
C

T
C

C
T

G
A

A
C

A
1

0
7

A
T

G
A

A
G

T
G

T
T

T
G

G
G

G
G

A
A

C
T

C
1

3
5

6
1

6
5

9

e
u

n
-M

IR
3

9
6

-1
C

o
n

ti
g

9
4

3
8

8
1

6
0

4
2

.5
0

2
6

8
.6

0
2

4
2

.8
8

2
1

.0
1

T
T

C
C

A
C

G
G

C
T

T
T

C
T

T
G

A
A

C
T

G
2

1
7

4
8

5
G

T
T

C
A

A
T

A
A

A
G

C
T

G
T

G
G

G
A

A
G

2
0

2
8

2
2

3
8

2
8

e
u

n
-M

IR
3

9
6

-2
C

o
n

ti
g

1
5

3
3

0
8

1
2

8
4

2
.1

9
2

4
9

.1
0

2
3

8
.3

6
2

0
.9

1
T

T
C

C
A

C
A

G
C

T
T

T
C

T
T

G
A

A
C

T
G

2
3

0
6

1
G

T
T

C
A

A
G

C
T

A
G

C
T

G
T

G
G

G
A

A
G

1
2

9
8

1
6

4
4

3
9

e
u

n
-M

IR
3

9
7

-1
C

o
n

ti
g

8
7

3
4

5
s

1
2

6
5

1
.5

9
2

6
8

.8
0

2
5

4
.6

0
2

1
.0

6
T

C
A

T
T

G
A

G
T

G
C

A
G

C
G

T
T

G
A

T
6

2
6

C
G

G
T

T
T

C
G

A
C

A
G

C
G

C
T

G
C

A
C

T
5

9
1

0
5

2

e
u

n
-M

IR
3

9
7

-2
C

o
n

ti
g

8
7

3
4

5
a

1
2

6
5

1
.5

9
2

6
3

.2
0

2
5

0
.1

6
2

0
.9

7
T

G
C

A
G

C
G

C
T

G
T

C
G

A
A

A
C

C
G

A
T

2
0

T
C

A
A

C
G

C
T

G
C

A
C

T
C

A
A

T
G

A
T

G
2

7
3

3
2

2

e
u

n
-M

IR
4

8
2

-1
C

o
n

ti
g

8
8

4
4

5
1

5
3

5
3

.9
0

2
9

4
.6

0
2

6
1

.4
3

2
1

.1
4

C
A

T
G

G
G

T
T

G
T

T
T

G
G

T
G

A
G

A
G

G
2

4
2

0
2

T
C

T
T

G
C

C
A

A
T

A
C

C
A

C
C

C
A

T
G

C
C

7
0

8
3

3
1

0
0

2
3

5

e
u

n
-M

IR
4

8
2

-2
C

o
n

ti
g

8
8

4
4

5
1

3
9

5
3

.9
6

2
7

1
.0

0
2

5
1

.0
8

2
0

.9
5

G
A

A
A

T
G

G
G

A
G

G
G

T
G

G
G

A
A

A
G

A
9

8
2

T
T

T
C

C
T

A
T

T
C

C
T

C
C

C
A

T
T

C
C

A
T

3
3

7
1

5
5

7
4

e
u

n
-M

IR
4

8
2

-3
C

o
n

ti
g

8
5

0
6

5
1

6
9

5
0

.8
9

2
9

2
.4

0
2

5
4

.6
7

2
1

.0
7

G
A

G
A

T
T

C
G

A
G

C
T

A
C

C
G

G
A

A
G

T
T

G
T

G
3

2
9

T
T

C
C

C
A

A
G

G
C

C
G

C
C

C
A

T
T

C
C

G
A

1
4

9
1

5
1

7
0

3
9

e
u

n
-M

IR
5

3
0

C
o

n
ti

g
1

8
7

5
0

1
8

3
5

1
.3

7
2

8
2

.3
0

2
4

4
.9

7
2

0
.8

8
T

C
T

G
C

A
T

T
T

G
C

A
C

C
T

G
C

A
C

C
T

1
8

5
A

G
G

T
G

C
G

G
G

T
G

C
A

G
G

T
G

C
A

G
A

1
2

2
8

0

e
u

n
-M

IR
5

3
5

-1
C

o
n

ti
g

6
8

0
9

4
1

0
2

5
0

.0
0

2
4

2
.6

0
2

4
1

.7
6

2
0

.8
4

T
G

A
C

A
A

C
G

A
G

A
G

A
G

A
G

C
A

C
G

C
6

2
5

6
2

G
T

G
C

T
C

T
C

T
A

T
C

G
C

T
G

T
C

A
T

A
4

1
9

9
7

6
3

3
4

e
u

n
-M

IR
5

3
5

-2
C

o
n

ti
g

7
1

8
0

3
1

0
0

4
9

.0
0

2
4

7
.0

0
2

4
7

.0
0

2
0

.9
6

T
G

A
C

A
A

C
G

A
G

A
G

A
G

A
G

C
A

C
G

C
6

2
5

6
2

T
G

C
T

C
T

C
T

A
C

C
G

T
T

G
T

C
A

T
G

1
1

6
7

2
2

6
3

e
u

n
-M

IR
8

2
7

C
o

n
ti

g
9

3
9

2
8

8
1

4
5

.6
8

2
4

4
.3

0
2

5
4

.6
9

2
1

.2
0

C
T

T
T

G
T

T
G

A
T

G
G

C
C

A
T

C
T

A
A

T
C

2
7

T
T

A
G

A
T

G
A

C
C

A
T

C
A

G
C

G
A

A
C

A
2

6
6

3
0

4

M
FE

:
m

in
im

al
fo

ld
in

g
fr

e
e

e
n

e
rg

y
(k

ca
l/

m
o

l)
;

A
M

FE
:

A
d

ju
st

e
d

M
FE

;
M

FE
I:

m
in

im
al

fo
ld

in
g

fr
e

e
e

n
e

rg
y

in
d

e
x;

N
D

:
n

o
d

e
te

ct
e

d
.

d
o

i:1
0

.1
3

7
1

/j
o

u
rn

al
.p

o
n

e
.0

0
4

9
8

1
1

.t
0

0
3

MicroRNAs in a Myrtaceae Species

PLOS ONE | www.plosone.org 5 November 2012 | Volume 7 | Issue 11 | e49811



hormone signal transduction that are targets for the miRNA

families miR167 and miR160 [15,41,42]. Another important gene

identified and targeted by miR162, with a significant role in the

regulation of gene expression, is the pentatricopeptide repeat gene

(PPR). This gene belongs to a large family implicated in post-

transcriptional processes, such as splicing, editing, processing and

translation specifically in organelles like mitochondria and

chloroplasts [43]. These results substantiate the in silico identifi-

cation of conserved and novel targets from E. uniflora.

All targets regulated by the conserved and novel miRNAs

identified in this study were subjected to GO analysis to evaluate

their potential functions. The categorization of these genes,

according to biological processes, cellular components and

molecular functions, is summarized in Figure 4. Based on

biological processes, these targets were classified into 13 categories,

and the three most overrepresented GO terms, either for

conserved or novel miRNAs, were cellular processes, metabolic

processes and responses to stimulus, suggesting that Eugenia

miRNAs are involved in a broad range of physiological functions.

Categories based on molecular function revealed that the target

genes were related to 7 functions, and the four most frequent terms

were protein binding, nucleotide binding, hydrolase activity and

nucleic acid binding. In the category of cellular components, the

analysis revealed that the protein products from the genes targeted

by conserved and novel miRNAs are expressed mainly in the

plastid and nucleus.

The iPATH2 server was used to produce an overview of the

metabolic pathways involved in the secondary metabolites

synthesis and potentially regulated by miRNAs in E. uniflora.

Our results showed that three enzymes involved in several types of

metabolism and secondary metabolites are regulated by identified

miRNAs (Figure S4). The phosphoglycerate mutase is a potential

target of eun-MIR396-2 and is involved in the pathway of

gluconeogenesis while the hydroxyphenylpyruvate reductase is

Figure 3. Predicted secondary structures of conserved and novel miRNAs of E. uniflora. Secondary structures of the precursors eun-
MIR535-1 and eun-nMIR012, their locations and the expression of small RNAs mapped onto these precursors. Sequences of the most abundant
mature miRNAs in the 5p and 3p arms are labeled in purple and red, respectively. Values on the left side of the miRNA sequence represent read
counts in the leaf library.
doi:10.1371/journal.pone.0049811.g003
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targeted by eun-MIR162 and is involved in terpenoid-quinone,

tropane, pireridine and pyridine biosynthesis. In a similar way,

eun-nMIR007 regulates primary-amine oxidase, an enzyme

involved in the tropane, pireridine, pyridine and isoquinoline

alkaloid biosynthesis.

Discussion

Though several miRNAs have been identified via computa-

tional or experimental approaches in different plant families, there

is no sequence or functional information available about miRNAs

in any Myrtaceae species, which are economically important in the

spice, fruit, timber and pharmacology industries [44].

We used Solexa technology for deep sequencing of a small RNA

library to identify miRNAs in E. uniflora. The length distribution

pattern obtained indicates that the majority of the redundant small

RNAs from the library were 21 nt in length, which is atypical

because 24 nt is the most abundant size produced by DCL3 in

other plants [45]. This distribution pattern is similar to those

observed in previous reports of plant small RNA sequencing using

Solexa technology, such as wheat [46], grapevine [47], melon [48]

and trifoliate orange [49], suggesting that the composition of the

small RNA population varies among species. Additionally, other

important causes for this variation include the developmental stage

and environmental conditions in which the sample was collected.

Contrary to the results observed with the redundant sequences, the

analysis of the unique sequences showed that 24 nt was the

Table 5. Predicted targets of novel miRNAs in E. uniflora.

miRNA Inhibition Score* Putative Function

eun-nMIR001 Cleavage 1.5 Atp-dependent helicase rhp16-like

Cleavage 3 Cytochrome p450

Cleavage 3.5 Long chain acyl- synthetase 9

Cleavage 3.5 Kinesin-related protein

Translation 3 Transcription initiation factor iib

Translation 3 Brassinazole-resistant 1

Translation 3.5 Myosin family protein with dil domain

eun-nMIR002 Cleavage 3 Serine threonine-protein phosphatase 2a regulatory subunit b subunit alpha-like

Cleavage 3.5 Probable receptor-like protein kinase at1g67000-like

eun-nMIR003 Cleavage 4 Udp-glycosyltransferase 74b1

eun-nMIR004 Cleavage 2.5 Auxin efflux carrier protein

Cleavage 3.5 Sucrose nonfermenting 4-like

Translation 3.5 Type i inositol- -trisphosphate 5-phosphatase 2-like

eun-nMIR005 Translation 3 Pentatricopeptide repeat-containing protein

Cleavage 3.5 Protein reticulata-related 1

Cleavage 3.5 Agenet domain-containing protein

eun-nMIR006 Translation 3.5 Outward rectifying potassium channel

eun-nMIR007 Cleavage 3.5 Aspartate semialdehyde

Cleavage 3 Primary-amine oxidase

eun-nMIR008 Translation 3.5 Adenosine deaminase

eun-nMIR009 Cleavage 3 Cc-nbs-lrr resistance protein

eun-nMIR010 Translation 4 P8mtcp1

Cleavage 4 Nbs-lrr resistance protein

Translation 4 Cullin-1-like isoform 1

eun-nMIR011 Translation 3 E3 ubiquitin-protein ligase upl7

Cleavage 3.5 Eukaryotic peptide chain release factor subunit 1-1

eun-nMIR012 Translation 3.5 Tho complex subunit 2

eun-nMIR013 Translation 3.5 Beta-amylase

Translation 3.5 Integral membrane single c2 domain protein

eun-nMIR014 Cleavage 0 Ycf68 protein

eun-nMIR015 Cleavage 3.5 Rna-binding motif x-linked 2

Cleavage 3.5 Transducin wd-40 repeat-containing protein

Cleavage 3.5 Clip-associating protein

Cleavage 3.5 Probable exocyst complex component 4-like

Cleavage 3.5 Photosystem i p700 apoprotein a1

*psRNATarget value.
doi:10.1371/journal.pone.0049811.t005

MicroRNAs in a Myrtaceae Species

PLOS ONE | www.plosone.org 8 November 2012 | Volume 7 | Issue 11 | e49811



dominant read length in comparison to all other sequence lengths,

and similar results have been observed in other studies [50-53].

Small RNAs of 24 nt in length are known to be involved in

heterochromatin transcriptional silencing in genomes with a high

content of repetitive sequences [54], indicating the possible

genome complexity of E. uniflora.

In this study, we compared our small RNA library from E.

uniflora against known plant miRNAs from the miRBase database

and identified 204 conserved miRNAs from different species

grouped into 45 families. High throughput sequencing, which has

the ability to generate millions of small RNA sequences, is a

powerful tool to estimate expression profiles of miRNA. This

technology provides the resources to determine the abundance of

various miRNA families and even distinguish among different

members of a given family. In our case, we found significant

differences among the number and abundance of the members

identified in each family, which is in agreement with previous

studies [48,55,56] and suggests that this wide variation is due to a

functional divergence in the conserved miRNA families.

Although conserved miRNAs have been identified by sequenc-

ing and comparison against miRNAs from other species, most

plant species-specific miRNAs remain unidentified due to their

lower levels of expression, which result in a small number of

sequenced reads in comparison to the conserved miRNAs [57].

For this reason, we used a new approach to identify novel miRNAs

in species where genomic data and resources were not available.

We made use of simultaneous sequence comparison of small RNA

and RNAseq libraries. Using this methodology, we identified 17

potential miRNA candidates specific for E. uniflora. From these, 14

contained complementary antisense miRNA, which provided

Figure 4. Gene categories and the distribution of target genes of the most abundant mature miRNAs in the conserved and novel
pre-miRNA identified in E. uniflora.
doi:10.1371/journal.pone.0049811.g004
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more evidence for their existence as novel miRNAs, as observed in

cucumber [51] and grapevine [53]. The other miRNAs that do

not satisfy this last criterion require further investigation for their

confirmation as miRNAs.

To understand the function of the identified miRNAs, their

putative targets were predicted using a bioinformatics approach.

Several identified targets of conserved miRNAs of E. uniflora are

transcriptional factors, similar to the results reported in other

studies [47,48,58,59]. In the case of the novel miRNA targets, we

found that the transcription initiation factor iib and the

pentatricopeptide repeat-containing proteins are targeted by

eun-nMIR001 and eun-nMIR005, respectively.

It has been reported in Arabidopsis that regulation of ARF17 by

miR160 is important for growth and development [60], regulation

of ARF6 and 8 by miR167 is important for development of anthers

and ovules [61] and regulation of ARF10 and 16 by miR160 plays

a role in root cap formation [62]. In the present study, we found

that ARF17 is regulated by eun-MIR160 while other members of

ARF family were not targeted by eun-MIR167. This discrepancy

agrees with the previously reported in Arabidopsis because we used

a leaf transcriptome as reference for the target identification. We

confirm this observation not found homologs for AtARF6, 8, 10

and 16 by BLASTx in E. uniflora transcriptome.

In addition, with the analysis of GO terms, we identified 3

candidate targets likely involved in the response to abiotic stress:

ATP-dependent helicase rhp16-like (eun-nMIR002), sucrose

nonfermenting 4-like (eun-nMIR004) and serine threonine-protein

phosphatase 2a regulatory subunit b’’ subunit alpha-like (eun-

nMIR002). The sucrose nonfermenting 4-like (SNF4) protein is a

subunit of the probable trimeric SNF1-related protein kinase

(SnRK) complex, which may play a role in a signal transduction

cascade regulating gene expression and carbohydrate metabolism

in higher plants [63]. Otherwise, the serine threonine-protein

phosphatase 2A regulatory subunit b ’’subunit alpha-like PP2Ab99

is a structural subunit of the Ser/Thr phosphatases holoenzyme

(PP2A) and recent studies suggesting the possible physiological role

of PP2A in the drought stress response [64]. These results

indicated that the targets from novel miRNAs identified here are

possibly related to the adaptation of E. uniflora to different types of

stress and environmental conditions observed in natura. Future

experimental validation will determine how many of these

predicted targets are genuinely targeted by miRNAs in specific

environmental and physiological conditions.

Interestingly, we found three miRNAs involved in the

regulation of enzymes that play critical roles in secondary

metabolites synthesis. These findings suggest that variation in the

levels of expression of these miRNAs could alter the levels of

production of certain types of secondary metabolites. It is

consistent with the previous reports that the concentration of

these metabolites varies between specimens of E. uniflora from

different geographical locations [2,3]. More studies are necessary

to confirm these preliminary findings and evaluate the correlation

between the miRNA expression and secondary metabolite

production.

Conclusions
In summary, this study provides the first view of the diversity of

miRNAs and their abundance in Myrtaceae and strongly supports

the idea that miRNAs play an important conserved role in several

physiological processes, as previously proposed for other plants.

Our bioinformatics analysis indicates that miRNAs might

contribute to different processes by affecting multiple target genes

and different signaling pathways. Although the exact function of

these miRNA target genes remains to be confirmed, we believe the

present study provides novel insights into the molecular processes

involved in conserved miRNA function.
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a  b  s  t  r  a  c  t

Pitanga  (Eugenia  uniflora  L.)  is a  member  of  the  Myrtaceae  family  and  is  of particular  interest  due  to
its  medicinal  properties  that  are  attributed  to specialized  metabolites  with known  biological  activities.
Among  these  molecules,  terpenoids  are  the  most  abundant  in  essential  oils  that  are  found  in  the  leaves
and  represent  compounds  with  potential  pharmacological  benefits.  The  terpene  diversity  observed  in
Myrtaceae  is determined  by the activity  of  different  members  of the  terpene  synthase  and  oxidosqualene
cyclase  families.  Therefore,  the  aim of  this  study  was  to  perform  a de  novo  assembly  of transcripts  from  E.
uniflora  leaves  and  to annotation  to  identify  the  genes  potentially  involved  in the terpenoid  biosynthesis
pathway  and  terpene  diversity.  In  total,  72,742  unigenes  with  a mean  length  of  1048  bp  were  identified.  Of
these,  43,631  and  36,289  were  annotated  with the  NCBI  non-redundant  protein  and  Swiss-Prot  databases,
respectively.  The  gene  ontology  categorized  the  sequences  into  53  functional  groups.  A  metabolic  path-
way  analysis  with  KEGG  revealed  8,625  unigenes  assigned  to 141  metabolic  pathways  and  40  unigenes
predicted  to be associated  with  the  biosynthesis  of terpenoids.  Furthermore,  we identified  four  putative
full-length  terpene  synthase  genes  involved  in sesquiterpenes  and  monoterpenes  biosynthesis,  and  three
putative  full-length  oxidosqualene  cyclase  genes  involved  in  the  triterpenes  biosynthesis.  The  expression
of  these  genes  was  validated  in different  E. uniflora  tissues.

©  2014 Elsevier  Ireland  Ltd.  All  rights  reserved.

1. Introduction

Eugenia uniflora L., commonly known as Brazilian cherry, pitanga
or nangapiri, belongs to the Myrtaceae family [1]. E. uniflora L. is a
shrubby tree with edible cherry-like fruits, is native to South Amer-
ica and occurs in different vegetation types and ecosystems, with
high adaptability to different soil and climate conditions [2]. Its
leaves have been used in folk medicine for the treatment of different
diseases due to the presence of different compounds in its essen-
tial oils [3]. For this reason, E. uniflora has been the focus of several

Abbreviations: EC, enzyme commission number; GO, gene ontology; MCMC,
Markov  chain Monte Carlo; ORF, open reading frame; TPS, terpene synthase; OSC,
oxidosqualene cyclase; wAIC, Akaike’s information criterion.
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phytochemical studies in recent years. These studies reported
some pharmacological properties that were reviewed by Lim [4]
and that encompass antioxidant, antimicrobial, antihyperglycemic,
antihypertriglycerimedic, hypotensive, vasorelaxant, antiviral,
antinociceptive, hypothermic, central nervous system-related,
diuretic, anti-inflammatory, antidiarrheal, muscle contractile, try-
panocidal, antibiotic potentiating and toxicity activities.

Among the main compounds identified in the essential oils of E.
uniflora leaves, terpenes are the most abundant. These compounds
are one of the most important in the plant kingdom because they
form such a large class of plant specialized metabolites and play
a number of roles in the interaction between a plant and its envi-
ronment [5]. The more abundant terpenes identified in E. uniflora
correspond to different types of sesquiterpenes (C15) and monoter-
penes (C10) [6–10]. The amount of terpene found in the essential
oils of E. uniflora specimens from different regions varies depend-
ing on soil composition, sample collection season, altitude and the
method used to extract the essential oils [11].

The terpene diversity reported in plant species is a conse-
quence of the enzymatic activity of terpene synthases (TPS) and

http://dx.doi.org/10.1016/j.plantsci.2014.10.003
0168-9452/© 2014 Elsevier Ireland Ltd. All rights reserved.
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oxidosqualene cyclases (OSC), which catalyze the conversion of
a few common substrates into thousands of terpene structures
[12]. More specifically, the members of the TPS family are involved
in the biosynthesis of monoterpenes, diterpenes and sesquiter-
penes [13]. Several studies have identified TPS genes in plants
with available complete genomic sequences. For example, 32, 69
and 120 putative TPS genes were reported in Arabidosis thaliana,
Vitis vinifera and Eucalyptus grandis, respectively [14–16]. Genes
from the monoterpene pathway were also identified in Melaleuca
alternifolia [17]. In the other way, triterpenes are biosynthesized
from 2,3-oxidosqualene by the OSC genes and so far known as
triterpenes synthases [18,19]. It has been reported that 13 and 12
OSC genes are present in A. thaliana and Oryza sativa L. ssp. japon-
ica cv Nipponbare genomes, respectively [20]. Thus, genomic and
transcriptomic studies in different species are very important to
provide a better understanding of the transcriptional regulation
of many genes involved in metabolic and signaling pathways that
cause variation in the presence and abundance of the terpenes in
plants grown under different conditions and different geographical
locations.

RNAseq, or mRNA deep sequencing, emerged as a powerful tool
to identify whole transcripts and to help in transcriptome analy-
ses due its high-throughput, accuracy and reproducibility [21]. In
plants, this approach has accelerated the understanding of com-
plex transcriptional patterns and has provided measurements of
gene expression in different tissues or at different stages of devel-
opment [22]. In the present work, we provide the first reference
transcriptome for E. uniflora, the type species of the genera [23].
We provide a general annotation that will be helpful for further
studies, but we focused our analyses on the genes involved in the
terpenoid synthesis pathway.

2. Materials and methods

2.1.  Plant material and RNA extraction

Total RNA for the library construction was isolated from mature
leaves of an E. uniflora tree grown in an orchard at the Federal Uni-
versity of Rio Grande do Sul (Porto Alegre, Brazil). Mature leaves,
young leaves and petal tissues were collected as biological tripli-
cates for the RT-qPCR analysis. All tissues were immediately frozen
in liquid nitrogen and stored at −80 ◦C until RNA extraction. For
total RNA extraction, a CTAB-based method was  employed [24].
Briefly, 900 �L of extraction buffer (2% CTAB, 2.0% PVP-40, 2 M
NaCl, 100 mM Tris–HCl pH 8.0, 25 mM EDTA pH 8.0 and 2% of
�-mercaptoethanol added just before use) were heated at 65 ◦C
in a microcentrifuge tube. Each sample, approximately 150 mg,
was ground in liquid nitrogen, mixed with the extraction buffer
and incubated at 65 ◦C for 10 min. An equal volume of chloro-
form:isoamyl alcohol (24:1, v/v) was added, and the tube was
centrifuged at 7000 × g for 20 min  at 4 ◦C. The supernatant was
recovered, and a second extraction with chloroform:isoamyl alco-
hol was performed. The supernatant was transferred to a new
microcentrifuge tube, and one half of the volume of 4 M LiCl was
added. The mixture was  incubated at −20 ◦C for 30 min, and RNA
was selectively pelleted by centrifugation at 16,000 × g for 30 min  at
4 ◦C. The pellet was washed with 75% ethanol, dried and solubilized
in DEPC–water. RNA integrity was evaluated by electrophoresis on
a 1% agarose gel.

2.2.  Library construction and deep sequencing

Total RNA (>10 �g) was sent to Fasteris SA (Plan-les-Ouates,
Switzerland) for processing. One RNAseq library was constructed
using the following successive steps: poly-A purification, cDNA
synthesis using a poly-T primer shotgun method to generate inserts

of  500 nt, 3P and 5P adapter ligations, pre-amplification and colony
generation. Finally, the library was sequenced using the Illumina
HiSeq2000 platform. The output data obtained after single-end
sequencing included sequence tags of 100 bases and are available at
NCBI Gene Expression Omnibus (GEO) with the accession number
GSE38212.

2.3. De novo assembly of the E. uniflora transcriptome

All low quality reads with FASTQ values below 13 were removed,
and 5′ and 3′ adapter sequences were trimmed using the Genome
Analyzer Pipeline (Illumina) at Fasteris SA. Error correction of reads
containing ‘n’ was  performed with ALLPATHS-LG [25]. High quality
and corrected reads were assembled using Velvet/Oases software
[26] with multiple k-mers (21, 31, 41, 51 and 61). The total con-
tigs obtained in each different assembly were merged to produce a
combined assembly using the USEARCH algorithm [27]. After this
step, we  obtained unified contigs or unigenes with a minimum
length of 200 nt. To compare the performance and quality of the
unigenes obtained with different k-mers using Velvet/Oases, we
also performed other de novo transcriptome assemblies using Trin-
ity [28] and CLC Genome Workbench version 4.0.2 (CLCbio, Aarhus,
Denmark) software. After assembly, the USEARCH algorithm was
used to eliminate redundant contigs in each transcriptome and to
obtain unigenes. Various parameters, including the overall num-
ber of contigs, the average length of contigs and the N50 value
(the median contig length), were used to compare the different
assemblies obtained.

2.4.  Annotation of gene families, protein domains and functional
classification

The  unigenes obtained with Velvet/Oases were compared
with non-redundant sequences from NCBI (http://www.ncbi.
nlm.nih.gov/) and the Swiss-Prot (http://www.expasy.ch/sprot)
databases using BLASTX [29] with an E-value cutoff of 10−6. The
best hits of each unigene with the highest sequence similarity were
chosen, and the annotations were obtained using the Perl script
developed by Sloan et al. [30]. To determine unigene abundances,
high quality reads were mapped to the annotated unigenes using
Bowtie software [31]. A functional category assignment for each
unigene was  conducted using the GOslim tool from the Blast2GO
suite [32], and classification was performed according to GO terms
within molecular functions, biological processes and cellular com-
ponents. The identification of gene families and protein domains
was performed using the InterProScan tool from the Blast2GO
suite from multiple databases, including Gene3D, PANTHER,
Pfam, PIR, PRINTS, ProDom, ProSITE, SMART, SUPERFAMILY and
TIGERFAM.

2.5. Pathway assignment with KEGG

Pathway mapping of the unigenes using the Kyoto Encyclope-
dia of Genes and Genomes (KEGG) database (http://www.genome.
jp/kegg/) was performed with the Blast2GO suite. The unigenes
were annotated to the KEGG database to obtain their enzyme
commission (EC) number. This code was further used to map the
unigenes to the KEGG biochemical pathways. We  focused on uni-
genes whose function was  assigned to the terpenoid backbone
biosynthesis pathway. These unigenes were manually curated by
translating their nucleotide sequences into peptides after query-
ing the longest predicted open reading frame (ORF) using the
ORF Finder server (http://www.ncbi.nlm.nih.gov/gorf/gorf.html)
and comparing their sequence length to other similar peptide
sequences identified in other plants using BLASTP.
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2.6. Identification of terpene synthases and oxidosqualene
cyclases

The TPS and OSC genes from E. uniflora were identified using the
domain/family annotation previously obtained with InterProScan.
Because we are interested in the identification of full-length
sequences, only those unigenes containing the Pfam families
PF01397 (terpene synthase N terminal domain) and PF03936 (ter-
pene synthase C terminal domain) were considered as TPS genes. In
the case of the OSC genes, we only considered the unigenes contain-
ing the InterPro family/domains IPR018333 (squalene cyclase) and
IPR008930 (terpenoid cyclases/protein prenyltransferase alpha-
alpha toroid). These identified unigenes were manually curated
as previously described. As several groups of homologous TPS and
OSC were identified in other plants, we used these sequences as
references to performed a phylogenetic analysis with the iden-
tified genes to infer, by analogy, the potential type of terpene
synthetized by the genes identified in this study [33]. A phylo-
genetic analysis was performed separately for TPS and OSC genes
after protein and nucleotide sequence alignment using a Bayesian
method. For this analysis, sequence of TPS and OSC genes previ-
ously identified and characterized in 35 plants (Table S1) were
used as references the, with additional TPS and OSC identified in
the first annotation of the E. grandis genome [16]. The E. grandis
sequences were included in the phylogenetic analysis because it
is a member of Myrtaceae family. TPS and OSC genes with par-
tial sequences, identified in the E. uniflora transcriptome, were also
included in the analysis. All alignments were performed using MUS-
CLE [34] implemented in MEGA 5.1 [35] with default parameters.
The Bayesian analyses were performed using BEAST1.7 software
[36] with both protein and nucleotide sequence alignment. The
model of protein evolution used in this analysis was the Dayhoff
model, which was selected using ProtTest3 [37]. For nucleotide
sequences, the substitution model was selected using Akaike’s
information criterion (wAIC) in the software jModelTest 2 [38],
which is a GTR + I + G model. The Yule process was selected as a
tree prior to Bayesian analysis, and 10,000,000 generations were
performed using Markov chain Monte Carlo (MCMC) algorithms.
Tracer 1.5 (http://beast.bio.ed. ac.uk/Tracer) was used to check for
convergence of the Markov chains and adequate effective sample
sizes (>200). The trees were visualized and edited using FIGTREE
version 1.3.1 software (http://tree.bio.ed.ac.uk/software/figtree/).

2.7. Expression analysis of terpene synthases and oxidosqualene
cyclases

The  cDNA synthesis was performed from approximately 1 �g
of total RNA. Each reaction was primed with 1 �M dT36V oligonu-
cleotide (Invitrogen, Carlsbad, CA, USA). Before transcription, RNA
and the dT26V primer oligo were mixed with RNase-free water
to a total volume of 10 �L and incubated at 70 ◦C for 5 min  fol-
lowed by cooling on ice. Then, 6 �L of 5× RT buffer, 1 �L of 5 mM
dNTP (Ludwig, Porto Alegre, RS, Brazil) and 1 �L MML-V RT Enzyme
200 U (Promega, Madison, WI,  USA) were added for a final volume
of 30 �L. The synthesis was  performed at 40 ◦C for 60 min. All cDNA
samples were diluted 100-fold with RNase-free water before use as
a  template in RT-PCR analysis.

Reverse  transcription quantitative polymerase chain reaction
(RT-qPCR) amplification was performed to validate and investigate
the expression of three different classes of terpenoid genes in E.
uniflora, the monoterpenes synthase (C10) (Eun-06523), sesquiter-
penes synthase (C15) (Eun-12647) and oxidosqualene cyclase (C30)
(Eun-03099) groups, across different tissues. The primers were
designed based on transcriptome assembly and are presented in
table S2. All RT-qPCR reactions were performed in a Bio-Rad CFX384
real-time PCR detection system (Bio-Rad, Hercules, CA, USA) for

mature/young  leaves and petal tissues using SYBR Green I (Invitro-
gen, Carlsbad, CA, USA) to detect double-stranded cDNA synthesis.
Reactions were conducted in a volume of 10 �L containing 5 �L of
diluted cDNA (1:100), 1X SYBR Green I, 0.025 mM dNTP, 1X PCR
buffer, 3 mM MgCl2, 0.25 U Platinum Taq DNA Polymerase (Invitro-
gen, Carlsbad, CA, USA) and 200 nM of each reverse and forward
primer. Samples were analyzed in biological triplicates and techni-
cal quadruplicates in a 384-well plate, and a no-template control
was also included. The PCR reactions were run as follows: an initial
polymerase hot start step for 5 min  at 94 ◦C and 40 cycles of 15 s at
94 ◦C, 15 s at 60 ◦C and 10 s at 72 ◦C. A melting curve analysis was
programmed at the end of the PCR run over the range of 65–99 ◦C,
and the temperature increased stepwise by 0.5 ◦C. The threshold
and baselines were manually determined using the Bio-Rad CFX
manager software. To calculate the relative expression of the TPS
and OSC genes, we used the 2−��Ct method [39]. A Kruskal–Wallis
statistical test was performed to compare the differences in expres-
sion among the different samples. The means were considered
significantly different when P < 0.01. The products of RT-qPCR were
also analyzed by electrophoresis on a 2% agarose gel stained with
SYBR Gold (Applied Biosystems, Foster City, CA, USA) and visualized
using UV light.

3.  Results

3.1. Outputs of E. uniflora transcriptome de novo assembly

To  obtain the E. uniflora transcriptome, an RNAseq library
was constructed from leaves and sequenced using Illumina. A
total of 1,676,576,700 bases from 16,765,767 sequence reads
were obtained (Table 1). These raw data were assembled into
304,425 contigs using multiple k-mers with Velvet/Oases. There-
fore, 74,231, 65,955, 59,704, 55,479, and 49,056 contigs were
obtained using 21, 31, 41, 51 or 61 k-mers, respectively, in each
de novo assembly (Table S3). These multiple k-mer assemblies
were further merged with USEARCH into 72,742 unigenes. The
mean unigene size was 1048 bp with lengths ranging from 200
to 10,204 bp, and the mean N50 was 1640 bp. The unigene length
distribution showed that approximately 39% of the unigenes con-
tained more than 1000 bp (Fig. 1). A statistical comparison of
the unigenes obtained with Velvet/Oases and other transcriptome
assembly tools showed that the use of different k-mers improved
the mean unigene length, N50 and the number of unigenes with
more than 1000 bp (Table S4).

3.2. Transcriptome annotation

For  unigene annotation, sequence similarity searches were con-
ducted against the NCBI non-redundant protein (Nr) and Swiss-Prot
protein databases using the BLASTX algorithm with an e-value
threshold of 10−5. The results showed that 43,631 (59.98%) out of
72,742 unigenes showed significant similarities to known proteins
in the Nr database, and 36,289 (49.89%) unigenes had BLAST hits in
the Swiss-Prot database (Table 2). Detailed descriptions of the uni-
gene annotations for the Nr and Swiss-Prot databases are provided
in Table S5. The species distribution of the top hits against the Nr
database showed that 18,443 (42.27%) of the annotated unigenes

Table 1
Summary of RNA-Seq and de novo assembly of Eugenia uniflora transcriptome using
Velvet/Oases with multiple k-mers.

Sequence Number Mean size N50 size Total nucleotides

Read 16,765,767 100 100 1,676,576,700
Contig 304,425 702 1700 306,038,388
Unigene 72,742 1048 1640 76,285,081
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Fig. 1. Length distribution of the assembled unigenes of E. uniflora.

had first hits with sequences from Vitis vinifera, followed by Glycine
max (13.75%), Medicago truncatula (8.67%) and Arabidopsis thaliana
(8.60%) (Figure S1). On the other hand, we only found only 185
(0.42%) unigenes that matched sequences from other Myrtaceae
species deposited in the Nr database. Among these sequences, 120
unigenes had first hits with sequences from Eucalyptus grandis, and
65 unigenes had hits with sequences from Eucalyptus globulus.

The  top 50 annotated unigenes with the highest total reads
accounted for 7.04% of the total mapped reads, and they were fol-
lowed by approximately 5810 unigenes that accounted for 59.59%
of the total mapped reads. The remaining 37,771 unigenes with a
length lower than 1000 bp represented 33.37% of the total mapped
reads. Among the most abundant and expressed genes in the
E. uniflora transcriptome, it is possible to identify the homologs
encoding cell wall-associated hydrolase, Cu/Zn-superoxide dismu-
tase, sedoheptulose-1,7-bisphosphatase, glycine decarboxylase,
Ycf68, 20S proteasome subunit alpha-1, Hop-interacting protein
THI141, catalase, cytochrome P450, proteins from photosystem I
and II and ribulose bisphosphate carboxylase (Table S6).

We  identified several conserved protein domains/families in
the E. uniflora unigenes using the InterPro database as a refer-
ence. The 60,952 top hits obtained were categorized into 5338
domains/families. Most categories contain from 1 to 4 unigenes
that appear most frequently. The protein domains and gene families
were ranked according to the number of unigenes and the fifty most
abundant are provided in Table S7. The top conserved domains
were categories related with different types of protein kinase
domains involved in the regulation of the majority of cellular path-
ways. Other highly represented categories were pentatricopeptide
repeat, NAD(P)-binding domain, leucine-rich repeat, zinc finger
(RING/FYVE/PHD-type), tetratricopeptide-like helical, NB-ARC and
WD40-repeat-containing domain.

3.3. Gene ontology classification

To  functionally categorize the E. uniflora transcriptome, GO
terms were assigned to each unigene based on their sequence
matches to known protein sequences in the Nr database. Out of
72,742 unigenes, 38,314 (52.67%) were assigned at least one GO

Table 2
Summary of annotations of assembled E. uniflora unigenes.

Category Number of unigenes Percentage (%)

NCBI non-redundant annotated 43,631 59.98
Swissprot annotated 36,289 49.89
GO classified 38,314 52.67
KEGG classified 8625 11.86

term (Table 2). Among these unigenes, 29,291 (40.26%) were in the
molecular function category, 30,323 (41.68%) were in the cellular
component category and 35,706 (49.08%) were in the biological
process category. Based on GO annotation, E. uniflora unigenes
were categorized into 53 functional groups. Protein binding (8832
unigenes), intracellular membrane-bounded organelle (19,724 uni-
genes) and primary metabolic process (15,347 unigenes) were the
most abundant GO slims in each of the molecular function, cel-
lular component and biological process categories, respectively
(Fig. 2). We  also noticed a high percentage of unigenes from
functional groups of cellular metabolic process (11,539 unigenes),
plastid (9539 unigenes), macromolecule metabolic process (9167
unigenes), biosynthetic process (8685 unigenes), transferase activ-
ity (8159 unigenes), hydrolase activity (7382 unigenes), nucleic
acid binding (6589 unigenes) and mitochondrion (5197 unigenes).
Additionally, we  found 1302 unigenes in the functional group of
secondary metabolic process.

3.4. Terpene backbone biosynthesis pathway mapping by KEGG

To  identify active metabolic pathways in the leaves of E.
uniflora, we  mapped the unigenes to the KEGG reference path-
ways using Blast2GO. Out of the 72,742 assembled unigenes,
8625 (11.86%) were mapped to unique Enzyme Commission
(EC) numbers (Table 2). These unigenes were assigned to 141
metabolic pathways (Table S8). Of these identified KEGG path-
ways, purine metabolism was  the largest and contained 975
unigenes. Other pathways included starch and sucrose metabolism
(829 unigenes), glycolysis/gluconeogenesis (505 unigenes), pyrim-
idine metabolism (430 unigenes), glyoxylate and dicarboxylate
metabolism (411 unigenes), carbon fixation in photosynthetic
organisms (406 unigenes), pyruvate metabolism (398 unigenes)
and glycerolipid metabolism (394 unigenes).

A set of 40 unigenes codifying 16 key enzymes that control the
terpene backbone biosynthesis pathway was  also identified (Table
S9). These unigenes are distributed in the mevalonate pathway (15
unigenes, 6 enzymes) and the MEP/DOXP pathway (14 unigenes,
7 enzymes), which are responsible for the synthesis of the ter-
penoid building block isopentenyl diphosphate (Fig. 3). We  found
only one unigene codifying the isopentenyl diphosphate delta-
isomerase that catalyzes the conversion of isopentenyl diphosphate
to dimethylallyl diphosphate. Additionally, we identified prenyl-
transferases that generate higher-order building blocks: geranyl
diphosphate synthase (9 unigenes) and farsenyl diphosphate syn-
thase (1 unigene), which are the precursors of monoterpenes,
sesquiterpenes and triterpenes.

3.5.  Putative terpene synthases and oxidosqualene cyclases from
E.  uniflora

Using the InterProScan search, four TPS and three OSC  full-
length genes were identified in the leaf transcriptome of E. uniflora.
After comparing these unigenes to the non-redundant sequence
database from NCBI using BLASTP, we found that these sequences
are homologs of other plant TPS and OSC involved in monoterpene,
sesquiterpenes and triterpenes biosynthesis. More specifically,
we identified 1 putative monoterpene synthase (Eun-06523), 3
putative sesquiterpene synthases (Eun-11169, Eun-11883 and
Eun-12647) and 3 putative oxidosqualene cyclases (Eun-04525,
Eun-03099 and Eun-04273) and in the E. uniflora transcriptome
(Table 3). In addition, we identified 7 TPS and 2 OSC genes with par-
tial sequences (Table S10) that were also used for the phylogenetic
analysis to determinate their possible function and better describe
the number of genes present in the E. uniflora transcriptome.

A  phylogenetic analysis performed with the putative TPS
and OSC protein sequences from E. uniflora and their homologs
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Fig. 2. Histogram of the GO classifications of annotated unigenes from the E. uniflora transcriptome.

identified in other plants, including E. grandis species, revealed a
well-supported tree for each family (Fig. 4). The trees constructed
with nucleotide sequences presented the same topology (data
not shown). This analysis allows us to infer possible functions
for the putative TPS and OSC genes that were identified in the
E. uniflora transcriptome. The phylogenetic tree showed the
formation of three main groups of homologous TPS that were
grouped with relation to the type of terpene backbone produced
(monoterpene synthases group, diterpene synthases group and
sesquiterpene synthases group). In this manner, unigene Eun-
06523 was grouped with other monoterpene synthases, and
unigenes Eun-11169, Eun-11883 and Eun-12647 were grouped
with sesquiterpene synthases. Two diterpenes synthases with
partial sequences (Eun-45582 and Eun-24593) were also identified
among the terpene synthases from the E. uniflora transcrip-
tome. Similar to the TPS and OSC sequences from E. uniflora, the
TPS and OSC genes from the first annotation of the E. grandis
genome were also distributed in both threes. The sequences of the
seven putative genes involved in the biosynthesis of terpenoids
from E. uniflora identified in this study were submitted to the
GenBank database, and the accession numbers are available in
Table 3.

3.6. Putative terpene synthases and oxidosqualene cyclases
expression profile by RT-qPCR

The  expression of TPS and OSC genes from E. uniflora, includ-
ing monoterpenes synthase (Eun-06523), sesquiterpenes synthase
(Eun-12647) and oxidosqualene cyclase (Eun-03099), were vali-
dated and measured by RT-qPCR. The expression of these genes was
analyzed in young and mature leaves and petal tissues collected
from E. uniflora trees. We  used E3 ubiquitin ligase (E3), histone
H2A (H2A) and glycerol-3-phosphate dehydrogenase (GPDH) as
reference genes, which we observed to be optimal normalizers for
different tissues in E. uniflora by geNorm analysis (Figure S2) [40].
A different expression pattern was  identified for the three genes
(Fig. 5). We  observed that the sesquiterpene synthase gene was
equally expressed in young and mature leaves, with only traces of
its transcripts being detected in petal tissues. A different behavior
was observed for monoterpene synthase expression, where a pro-
nounced increase in its transcripts was observed in mature leaves,
and lower levels were detected in young leaves and petal samples.
The oxidosqualene cyclase was the only gene to be differentially
expressed across the three tissues. For this class, the highest tran-
script accumulation was  in mature leaves, a moderate level was

Table 3
Putative terpene synthases and oxidosqualene cyclases from E. uniflora involved in monoterpenes, sesquiterpenes and triterpenes biosynthesis.

Enzyme type Unigene ORF size (aa) Putative annotation Reads number

Monoterpene synthase Eun-06523 581 aa (E)-beta-ocimene synthase [Malus domestica] 7475
Eun-11169  579 aa (−)-Germacrene D synthase [Vitis vinifera] 115

Sesquiterpene synthase Eun-11883 582 aa (E)-beta-caryophyllene synthase [Vitis vinifera] 125
Eun-12647  593 aa (−)-Germacrene D synthase [Vitis vinifera] 234
Eun-04525  761 aa Beta-amyrin synthase [Betula platyphylla] 994

Oxidosqualene cyclase Eun-03099 757 aa Cycloartenol synthase protein [Azadirachta indica] 651
Eun-04273  758 aa Beta-amyrin synthase [Betula platyphylla] 1235
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Fig. 3. Metabolic pathways showing E. uniflora unigenes involved in terpene backbone biosynthesis.

observed in petals, and the lowest accumulation was  observed in
young leaves.

To  further validate the TPS and OSC transcripts, we ran the qPCR
products on an agarose gel. This procedure was employed to verify
the predicted amplicon size (Table S2), which was predicted after
the transcript assembly of the three TPS. The expected sizes, which
were 121 nt, 145 nt and 132 nt for the sesquiterpenes synthase,
monoterpenes synthase and oxidosqualene cyclase, respectively,
were visualized and confirmed by agarose gel analysis (Figure S3).

4. Discussion

RNA deep sequencing is a useful approach for obtaining a
complete set of transcripts in a tissue from an organism at a

specific  developmental stage and under different physiological
conditions [41]. For this reason, numerous transcriptomes from
non-model plants have recently been sequenced using different
next-generation sequencing (NGS) technologies in combination
with multiple bioinformatics approaches [42,43].

Prior to this study, only 36 sequences from E. uniflora had
been reported in the NCBI nucleotide database: 9 sequences of
microsatellite markers [44] and 27 sequences of genes used in
phylogenetic studies [45–53]. Recently, our group identified a set
of 42 pre-miRNA sequences and their targets in E. uniflora [54]. This
number is very small in comparison with the number of nucleotide
sequences from Eucalyptus species. In this study, 16.76 million
high quality reads were obtained using the HiSeq2000 platform
and were assembled into 72,742 unigenes with multiple k-mers
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Fig. 4. Phylogenetic relationship among (A) terpene synthase and (B) oxidosqualene
cyclase  protein sequences reconstructed by the Bayesian method. The well-
characterized  TPS and OSC sequences from different plant species were used in
this analysis to identify the position of E. uniflora and E. grandis among the different
classes  of TPS and OSC. The species used for this analysis are demonstrated in Table
S1. In green: TPS and OSC full-length genes of E. uniflora. In orange: TPS and OSC
of E. uniflora with partial sequences. In brown: TPS and OSC full-length genes of E.
grandis. The posteriori probabilities are labeled above the branches.

to improve the sensitivity, especially against low expressed genes
[55]. This type of approach was successfully used to de novo assem-
ble the transcriptomes of black pepper [56] and cabbage [57]. For
the species distribution of annotated unigenes, 42.27% had first hits
with sequences from V. vinifera, which is a species with deposited
and freely available genomic resources in the Nr database. Similar

Fig. 5. Relative expression of terpene synthase and oxidosqualene cyclase genes
by RT-qPCR in E. uniflora. Comparative analysis of sesquiterpenes synthase (TPS-
C15 Eun-12647), monoterpene synthase (TPS-C10 Eun-06523) and oxidosqualene
cyclase  (OSC-C30 Eun-03099) transcripts across young leaves (YL), mature leaves
(ML) and petal (PET) tissues. The same letters “a” or “b” indicate no significant
differences  among the different tissues for each TPS (Kruskal–Wallis test, P < 0.01).

results were also obtained in Paeonia suffruticosa [58], Corylus
mandshurica [59] and Salvia splendens [60]. These results demon-
strate the need to generate sequences from E. uniflora and other
Myrtaceae species and make these sequences freely available.

Functional annotation is a process of association between a
group of unigenes with a network of interacting molecules in the
cell to provide predicted information about the molecular func-
tions, cellular components, biological processes and biosynthesis
pathways [61]. In this study, a large number of unigenes were
assigned to a wide range of GO categories, suggesting that the uni-
genes represent a wide diversity of transcripts from the E. uniflora
genome. Most of the unigenes assigned with a cellular component
were localized in organelles, such as the intracellular membrane-
bounded organelle, plastids and mitochondrion. In the molecular
function category, the annotated unigenes were mainly mapped
to protein binding, transferase activity, nucleic acid binding and
hydrolase activity. The biological processes are represented pri-
marily by the metabolic processes that occur in the cell, such as
primary metabolic, cellular metabolic, macromolecular metabolic
and biosynthetic processes. Additionally, the annotated unigenes
were used to identify the metabolic pathways present in E. uniflora.
A graphical examination of mapped EC numbers from KEGG indi-
cates that we have represented the majority of metabolic pathways
in the transcriptome obtained in the present study. Although func-
tional annotation provides predicted functions for these unigenes,
future studies are still required for functional validation.

As  E. uniflora is a species that produces different types of ter-
penes in its essential oils with important biological activities [4],
we investigated in more detail the terpene backbone biosynthesis
pathway. The terpene biosynthetic pathway has been well studied,
and the genes that participate in this pathway have been identi-
fied in other plants [17,62]. In this study, we found all essential
structural genes for the mevalonate and MEP/DOXP pathways. The
assembled sequences of these unigenes were full-length cDNAs,
and the predicted protein sequences were complete. Additionally,
the genes of these pathways in E. uniflora were highly similar to
those from other dicots and to those identified in another Myr-
taceae [17]. A comparison among the number of identified unigenes
from the two  pathways in E. uniflora with the number of transcripts
from the homologs genes in A. thaliana (www.arabidopsis.org)
showed  that probably some genes have other loci or express more
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alternative transcripts. Similar results were found in the unigenes
from the mevalonate and MEP/DOXP pathways in Litsea cubeba
[63].

Though several TPS and OSC have been found in different plants
with available genomic sequences, a small number of these genes
have been identified in plants without genomic sequences. Using
Illumina sequencing and de novo assembly, 14 TPS have been iden-
tified in Litsea cubeba [63] and another 17 in Thapsia laciniata [64]. In
this study using bioinformatics approaches and phylogenetic anal-
ysis, we were able to identify full lrnght sequences corresponding
to 4 putative TPS (3 sesquiterpene synthases and 1 monoterpene
synthase) and 3 putative OSC in E. uniflora. An analysis of expres-
sion by RT-qPCR confirmed that one member of the three identified
groups was expressed in different tissues. Interestingly, the puta-
tive sesquiterpene synthase Eun-12647 was more highly expressed
in young leaves, and the putative monoterpene synthase Eun-
06523 was more highly expressed in mature leaves, suggesting that
the developmental stages of leaves might contribute to the differ-
ential abundance of terpenes in E. uniflora that was observed in
previous studies where the leaf age was not considered [6,10,11].
Future biochemical characterization of the different TPS and OSC
described here will determine specifically the type of terpene syn-
thesized in certain conditions. The information obtained in this
study will serve as a reference for genomic and genetic studies
about the molecular mechanisms behind the chemical composi-
tion of the essential oils from the leaves and fruits of E. uniflora
individuals and other Myrtaceae species.
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5. Discussão e considerações finais 

 Por serem diplóides e possuírem um genoma pequeno, as espécies da 

família Myrtaceae são fortes candidatas como modelos no estudo e 

compreensão de diferentes processos biológicos que acontecem nas plantas 

(Da Costa et al., 2008). Estas características, junto com a disponibilidade das 

novas tecnologias de sequenciamento e ferramentas de bioinformática, podem 

contribuir na obtenção de um catálogo completo de genes dessas espécies, os 

elementos regulatórios que controlam a expressão gênica e um marco 

referencial para compreender a variação genômica ao nível populacional 

(Feuillet et al., 2011). Dentro desse contexto, E. uniflora se apresenta como um 

excelente modelo no aspecto ecológico para a compreensão ao nível genético 

da respostas das plantas ao meio ambiente e inter-relações das mesmas com 

os fatores abióticos, consequência da sua adaptabilidade aos diferentes tipos 

de ambientes (Salgueiro et al., 2004). Ao mesmo tempo, a pitanga é uma 

espécie com um alto potencial econômico pelo consumo in natura de seu fruto 

ou por sua utilização na fabricação de sucos, sorvetes e licores, bem como 

pela presença de compostos fitoquímicos com diferentes tipos de propriedades 

farmacológicas em seus óleos essenciais (Lim, 2012).  

Neste contexto, o presente estudo visou gerar recursos genômicos 

associados à E. uniflora, com a finalidade de contribuir para um melhor 

conhecimento da fisiologia desta espécie ao nível gênico e para disponibilizar 

um banco de dados dos genes e miRNAs expressos nas folhas desta espécie. 

O trabalho foi dividido em dois artigos: o primeiro focado na identificação dos 

miRNAs em E. uniflora envolvidos na regulação da expressão genica de alvos 

que são expressos nas folhas (Capítulo 3), e o segundo relacionado com o 

montagem de novo e anotação do transcriptoma da pitanga, com ênfases na 

identificação dos genes envolvidos na síntese dos terpenóides (Capitulo 4). Em 

ambos casos, para a obtenção das sequências, foram sequenciados uma 

biblioteca de mRNA e outra de pequenos RNAs utilizando a tecnologia Illumina, 

o que gerou aproximadamente 14.8 e 16.8 milhões de leituras, respetivamente.  

No primeiro artigo, as análises de bioinformática dos dados gerados pelo 

sequenciamento dos pequenos RNAs da folha da pitanga permitiu a 

identificação de 204 miRNAs maduros conservados em diferentes espécies de 
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plantas e distribuídos em 45 famílias de miRNAs. O número e abundância dos 

membros desta família coincidem com o descrito em outras espécies (Zhao et 

al., 2010; Gonzalez-Ibeas et al., 2011; Puzey et al., 2012) e sugere que a 

ampla variação descrita é consequência da divergência funcional dos miRNAs 

conservados. Igualmente, o uso conjunto das duas bibliotecas sequenciadas 

permitiu a identificação de 25 pre-miRNAs conservados e 17 pre-miRNAs 

novos, que posteriormente foram validados por RT-PCR em folhas de 

diferentes indivíduos de pitanga. Igualmente, para conhecer a possível função 

dos 42 pre-miRNAs identificados, se procedeu com a identificação dos genes 

alvos dos miRNAs maduros mais expressos destes precursores. Os resultados 

obtidos foram similares ao obtidos em outras espécies de plantas (Pantaleo et 

al 2010; Colaiacovo et al., 2010; Gonzalez-Ibeas et al., 2011; Lv et al., 2012) e 

indicam que vários pre-miRNAs conservados tem como alvos fatores de 

transcrição envolvidos em diferentes processos biológicos de E. uniflora. Por 

outro lado, no caso dos pre-miRNAs novos ou específicos da pitanga, se 

observou que existem miRNAs reguladores dos genes envolvidos na resposta 

ao estresse abiótico e de enzimas envolvidas na síntese de metabólitos 

secundários. O estudo realizado representou a primeira identificação em larga 

escala dos miRNAs e de seus respectivos alvos em uma espécie da família 

Myrtaceae sem disponibilidade prévia de sequências genômicas.      

No segundo artigo, a montagem de novo das leituras foi realizada com 

três ferramentas de bioinformática de uso muito comum nestes tipo de estudos: 

Velvet/Oases, Trinity e CLC Genomics WorkBench. A montagem feita pelo 

Velvet/Oases gerou um menor número de unigenes comparados àqueles 

obtidos com o Trinity, mas foi melhor na obtenção de unigenes de maior 

comprimento e com melhor valor de N50. Estes resultados são similares 

àqueles obtidos em outros estudos (Gordo et al., 2012; Kim et al., 2014) e 

confirmam que a estratégia de usar vários k-mer em uma montagem de novo 

melhora a sensibilidade na obtenção dos unigenes. A anotação funcional dos 

72.742 unigenes obtidos foram associados com uma ampla variedade de 

categorias funcionais de GO, sugerindo que os unigenes obtidos representam 

uma ampla variedade de transcritos expressos em folhas da pitanga. De igual 

maneira, as análises feitas com o banco de dados do KEGG mostraram que 
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nos unigenes obtidos estão representados uma ampla variedade de enzimas 

da maioria das vias metabólicas que ocorrem na pitanga, em especial daquelas 

que fazem parte das vias do mevalonato e MEP. O estudo descreve a 

identificação de 4 TPS putativas com sequências completas (3 sesquiterpeno 

sintases e 1 monoterpeno sintase) e 3 OSC putativas com sequências 

completas. Estudos similares usando o sequenciamento Illumina também foram 

feitas em outras espécies, como no caso de Litsea cubeba e Thapsia laciniata, 

onde foram identificadas 14 e 17 TPS, respetivamente (Han et al., 2013; Drew 

et al., 2013). Análises de expressão por RT-qPCR confirmou que as TPS e 

OSC identificadas estão sendo expressas diferencialmente em folha jovem e 

madura. Estes resultados sugerem que o estádio de desenvolvimento das 

folhas também pode contribuir para a abundância dos terpenóides em pitanga 

e que não foi considerado em estudos fitoquímicos (Henriques et al., 1993; 

Thambi et al., 2013; Costa et al., 2009). Uma futura caracterização bioquímica 

das TPS e OSC identificadas permitirá determinar especificamente o tipo de 

terpenóides que são sintetizadas por elas em determinadas condições. 

Além da importância destes dados na compreensão de diferentes 

aspectos fisiológicos e metabólicos da pitanga, os dados também serão de 

muita utilidade como uma referência em estudos relacionados com a 

estruturação das populações de pitanga e em futuros programas de 

melhoramento de E. uniflora e outras espécies de Myrtaceae. 
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a  b  s  t  r  a  c  t

The  miRNAs  play  important  roles  in  regulation  of gene  expression  at the post-transcriptional  level. A small
RNA  and RNA-seq  of libraries  were  constructed  to identify  miRNAs  in Vriesea  carinata,  a  native  bromeliad
species  from  Brazilian  Atlantic  Rainforest.  Illumina  technology  was used  to  perform  high  throughput
sequencing  and data  was  analyzed  using  bioinformatics  tools.  We  obtained  2,191,509  mature  miRNAs
sequences  representing  54  conserved  families  in  plant  species.  Further  analysis  allowed  the  prediction
of  secondary  structures  for 19  conserved  and  16  novel  miRNAs.  Potential  targets  were predicted  from
pre-miRNAs  by  sequence  homology  and  validated  using  RTqPCR  approach.  This  study  provides  the  first
identification  of miRNAs  and  their  potential  targets  of  a bromeliad  species.

© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

MicroRNAs (miRNAs) are small non-coding regulatory RNAs
widely found in unicellular and multicellular organisms that act
as regulators of gene expression at the post-transcriptional level
on genes containing miRNA binding sites [1]. Mature miRNAs are
single-stranded RNA molecules of approximately 21 nucleotides
(nt) in length processed from a precursor molecule (pre-miRNA)
[2]. To regulate protein-coding genes the mature miRNA binds in
the mRNA target site leading to mRNA degradation or translation
repression [3]. In plants, miRNAs have diverse biological functions
and are involved in the regulation of optimal growth and devel-
opment, as well as other physiological processes, including abiotic
and biotic stress responses [4]. Several studies showed that many
miRNAs are conserved across different plant families [5]. However,
it was also reported species and family specific miRNAs that are
expressed in low levels and probably have evolved recently [6].

Bromeliaceae family, with 3248 species distributed in 58 genera
[7], is an example of a large and well described adaptive radiation

Abbreviations: miRNA, microRNA; sRNA, small RNA; pre-miRNA, microRNA pre-
cursor; MFEI, minimal folding energy index; nt, nucleotides; vca, Vriesea carinata.
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Sul – UFRGS, P.O. Box 15005, CEP 91501-970, Porto Alegre, RS, Brazil.
Tel.: +55 51 33087766; fax: +55 51 33087309.

E-mail addresses: rogerio.margis@ufrgs.br, rogerio.margis@gmail.com
(R. Margis).

of plant families in the Neotropics. The family is composed of ter-
restrial xerophytes and both facultative and obligatory epiphytes
species which acquired, throughout their evolution, interesting and
different adaptive mechanisms such as central tanks, CAM photo-
synthetic pathway, and bear absorptive trichomes, characteristics
that allowed them to occupy a wide range of habitats [8,9]. Con-
sequently, Bromeliaceae constitutes one of the most ecologically
diverse and species-rich clades of flowering plants native to the
New World [10]. In Brazil, the Atlantic Rainforest is considered one
of the main centers of diversity and endemism of Bromeliaceae,
showing 31 genera and 803 species of which 10 genera and 653
species are endemic [11]. Vriesea carinata is an epiphytic or ter-
restrial species distributed along the Brazilian Atlantic Rainforest.
As a typical species of this biome [12], V. carinata is an interest-
ing model for studying the expression of miRNAs in Bromeliaceae.
The first step to study the expression of miRNAs is to identify miR-
NAs and its targets in different natural conditions. For this purpose,
we performed a high-throughput sequencing analysis (Solexa tech-
nology) of small RNAs (sRNAs) from the endemic Brazilian Atlantic
Rainforest species V. carinata.

2.  Materials and methods

2.1.  Plant material and RNA isolation

Total RNA was isolated from V. carinata leaves using Trizol
reagent (Invitrogen, CA, USA), according to manufacturer’s pro-
tocol. The RNA quality was evaluated by electrophoresis on a 1%

0168-9452/$ – see front matter ©  2013 Elsevier Ireland Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.plantsci.2013.05.013
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agarose gel and quantification was determined using a Nanodrop
(Nanodrop Technologies, Wilmington, DE, USA).

2.2. Deep sequencing

Total  RNA (>10 �g) from leaves was sent to Fasteris SA (Plan-les-
Ouates, Switzerland) for processing. One small RNA (sRNA) library
was constructed and sequenced the Illumina HiSeq2000 platform.
Briefly, the construction of the small RNA libraries consisted of the
following successive steps: acrylamide gel purification of the RNA
fraction corresponding to the size range 20–30 nt, ligation of the 3p
and 5p adapters to the RNA in two separate subsequent steps, each
followed by acrylamide gel purification, cDNA synthesis followed
by acrylamide gel purification, and a final step of PCR amplification
to generate a cDNA colony template library for Illumina sequencing.

A polyadenylated transcript sequencing (mRNA-seq) was  per-
formed using the following successive steps: poly-A purification,
cDNA synthesis using poly-T primer shotgun to generate inserts of
500 nt, 3p and 5p adapters ligations, pre-amplification, colony gen-
eration and sequencing. The Illumina output data correspondes to
sequence tags of 100 bases.

2.3.  Accession numbers

Sequencing  data is available in Gene Expression Omnibus (GEO)
under the series accession GSE38250 (http://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE38250).  This accession contains the
RNA-seq and sRNA libraries derived from V. carinata leaves.

2.4.  Analysis of small RNA library

The overall procedure for analyzing Illumina small RNA library
is shown in Fig. S1. All low quality reads (with FASTq value bel-
low 13) were removed and 5′ and 3′ adapter sequences were
trimmed using Genome Analyzer Pipeline (Illumina) by Fasteris.
The remaining low quality reads with ‘n’ were removed with Prin-
Seq script [13]. Sequences shorter than 18 nt and larger than 25 nt
were excluded from further analysis. Small RNAs derived from
Viridiplantae rRNAs, tRNAs, snRNAs and snoRNAs deposited at the
tRNAdb [14], SILVA rRNA [15], and NONCODE v3.0 [16] databases
and from Poales mtRNA and cpRNA deposited at NCBI GenBank
database (http://ftp.ncbi.nlm.nih.gov) were identified by mapping
with  Bowtie [17]. After data cleaning (low quality reads, adapter
sequences), mRNA-seq data was assembled de novo in contigs using
CLC Genome Workbench version 4.0.2 (CLCbio, Aarhus, Denmark)
with default parameters. In total, 41,171 contigs were assembled
and used as reference for pre-miRNA and target sequence identifi-
cation.

2.5. Identification of conserved and novel miRNAs

In order to determine plant conserved miRNAs, sRNA sequences
were aligned with conserved non-redundant Viridiplantae miRNAs
deposited at miRBase (Release 18, November 2011) using Bowtie.
Complete alignment of the sequences was required and no mis-
matches allowed. To search for novel miRNAs, sRNA sequences
were matched against a set of proprietary V. carinata mRNA
transcript database using SOAP2 [18]. The SOAP2 output was  fil-
tered with an in house filter precursor tool to separate candidate
sequences as miRNA precursors with an anchoring pattern of a
block of aligned small RNAs with perfect matches. The candidate
precursors obtained were confirmed manually using Tablet soft-
ware [19] to visualize the anchoring pattern. As miRNAs precursors
have a characteristic hairpin structure, the next step to select pre-
cursor candidates was the secondary structure analysis by RNAfold

with  RNAfold webserver and using annotation algorithm from the
UEA sRNA toolkit [20].

We  used the mfold web server (http://mfold.rna.albany.
edu/?q=mfold/RNA-Folding-Form)  to identify the minimal folding
free energy (MFE, �G kcal/mol) of each miRNA precursor. This value
estimates the stability of the miRNA candidate-target duplex. Then,
the adjust minimal folding free energy (AMFE) and the minimal
folding free energy index (MFEI) were calculated according to the
previous report [21]. AMFE means the MFE  of a RNA sequence
with 100 nt in length, which is equal to MFE/(length of a poten-
tial pre-miRNA) × 100. MFEI is equal to MFE/(length of a potential
pre-miRNA)/(The percentage of nucleotides G and C). In addition,
perfect stem-loop structures should have the sRNA sequence at one
arm of the stem and a respective anti-sense sequence at the oppo-
site arm. Finally, precursor candidate sequences were confirmed as
novel by BLASTn algorithm from the miRBase (www.mirbase.org)
and NCBI databases.

2.6.  Prediction of miRNA targets

The mRNA contigs previously assembled were clustered using
the Gene Indices Clustering Tools (http://compbio.dfci.harvard.
edu/tgi/software/)  [22] to reduce any sequence redundancy. The
clustering output was passed to CAP3 assembler [23] for multi-
ple alignment and consensus building. Contigs that cannot reach
the threshold set and fall into any assembly should remain as a
list of singletons. The prediction of target genes of the most abun-
dant mature miRNAs from the conserved and novel pre-miRNAs
was performed by psRNAtarget [24] using V. carinata assembled
unigenes longer than 600 bp (default parameters and expectation
value of 3.5). Candidate RNA sequences were then annotated by
assignment of putative gene descriptions based on sequence simi-
larity with previously identified genes. These genes were annotated
with those details deposited in the protein database of NR and
Swiss Prot/Uniprot protein database using BLASTx implemented
in blast2GO v2.3.5 software [25]. The annotation was  improved
by analysis of conserved domains/families using InterProScan tool
and Gene Ontology terms were determined by GOslim tool from
blast2GO software. At the same time the orientation of the trans-
cripts were obtained from BLAST annotations.

2.7. miRNAs and target confirmation by RT-qPCR

In order to validate the in silico predicted V. carinata miRNAs and
some of their mRNAs targets, RT-qPCR reactions were performed as
described in previous works [26,27]. RNA samples were extracted
from two different tissues, leaf and ovary in six biological repli-
cates, with the Trizol reagent (Invitrogen, CA, USA). The RNA quality
was accessed by electrophoresis on a 1% agarose gel. Thereafter the
cDNA were obtained for 17 miRNAs based on the stem-loop method
[28]. Also the cDNA for mRNA targets validation were obtained
based on the poli-T amplification by reverse transcription of an
M-MLV  RNA Polymerase (Invitrogen, CA, USA), accordingly with
the manufacturer instructions. Primers used for Stem loop cDNA
synthesis, mature miRNA expression and mRNA target amplifica-
tion were described in Supplementary Tables S1–S3, respectively.
The RT-qPCR amplifications were performed in a CFX 384 Real-
Time PCR System (Bio Rad), using SYBR Green (Invitrogen). PCR
reactions were carried out in a final volume of 10 �L, containing
5 �L of diluted cDNA (1:100) and 5 �L of reagents mix: 1X SYBR
Green, 0.025 mM  dNTP, 1X PCR buffer, 3 mM MgCl2, 0.25 U Plati-
nun Taq DNA Polimerase (Invitrogen) and 200 nM of each reverse
and forward primer. The RT-qPCR conditions were set as follow:
94 ◦C for 5 min, 40 cycles of 94 ◦C for 15 s, 60 ◦C for 10 s and 25 s
at 72 ◦C. In the end of the PCR run, a melting curve were evalu-
ated. Samples were analyzed in four technical replicates, and a no
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Table 1
Summary of data from sequencing of V. carinata small RNA libraries.

Type Number of reads Percentage (%)

Total readsa 15,986,233 100
18–25 nt 13,834,378 86
<18 nt 752,929 5
>25 nt 1,398,926 9

a Reads with high quality.

template negative control was included. RNA input normalizations
for miRNA were performed with the miR011 and miR397, selected
by geNorm [29] as the best combination of normalizers. For target
mRNAs the combination of the genes vca-miR011-5p-2-t (his-
tone acetyl tranferase mbd9) and vca-miR396-5p-2-t (nuclear pore
complex protein nup98-nup96) were set as the best combination
for RNA input normalization by geNorm. To calculate the relative
expression of miRNAs and mRNA targets the 2−��ct method were
used [30]. To compare pairwise differences in expression, Student’s
t-test was performed considering p < 0.05.

3. Results

3.1. V. carinata RNA library sequencing

To identify miRNAs, a sRNA library was constructed from leaves
of V. carinata. After library sequencing, removal of adapter, insert,
and short RNAs smaller than 18 nt long and longer than 25 nt long,
a total of 15,986,233 reads were obtained (Table 1). The length dis-
tribution pattern and the number of reads between 18 and 25 nt
(13,834,378) in the redundant and non-redundant sRNAs datasets
are shown in Fig. 1 and Table S4, respectively. The highest abun-
dance was found for sequences in the range of 21–24 nt, whereas
the highest reads redundancy was observed in the 24 nt length.
Around 15.84% of reads matched miRNAs, 7% matched noncoding
sRNAs, (rRNA, tRNA, snRNA, snoRNA), 6% matched organellar sRNAs
(mtRNA, cpRNA) and 70.96% matched other sRNAs (Table 2).

Because  the genome of V. carinata is not publically available,
we sequenced the mRNA transcriptome of V. carinata leaves for
use as a reference sequence in further analysis. The pooled mRNA-
seq yielded 21,424,214 reads, which were imported into the CLC
Genomics Workbench and de novo assembled into 41,171 contigs
with an average length of 695 bp.
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Fig. 1. Length distribution of unique and redundant V. carinata small RNAs.

Table 2
Categorization of V. carinata noncoding and organellar small RNAs.a

Class of small RNA Number of reads Percentage (%)

miRNAs 2,191,509 15.84
rRNA 840,795 6.07
tRNA 131,927 0.95
snRNA 7108 0.05
snoRNA 734 0.01
mtRNA 344,331 2.48
cpRNA 500,623 3.61
Other sRNAs 9,817,351 70.96

a 18–25 nt reads considered.

3.2. Identification of conserved miRNAs in V. carinata

There were 4.677 miRNAs from 47 Magnoliophyta species
deposited in the microRNA database (miRBase, Release 18.0,
November 2011). To identify conserved mature miRNAs in V. cari-
nata, sRNA library was matched against a set of 2.585 plant unique
mature miRNAs from miRBase. We  identified 1.101.505 reads rep-
resented by 182 conserved plant miRNAs, which were distributed
in 54 conserved miRNAs families with an average of about 4
miRNA members per family (Fig. 2 and Table S5). The most abun-
dant families were MIR166 (20 members), MIR156 (19 members),
MIR396 (15 members), MIR169 (11 members), MIR167 (10 mem-
bers) and MIR159 (7 members). Some of these families are often
among most represented miRNA families in other plant species
[31–35]. Thirty-one families were represented by only one member
(Table S5).

Globally, the relative representation of each miRNA family in
terms of number of reads was variable. For example, the most rep-
resented families were MIR167, MIR159 and MIR166 with ∼39%
(433.596 reads), ∼29% (320.878 reads) and ∼14% (154.768 reads)
of total reads (Table S2). The frequencies of reads ranged from 1
(14 families) to 433.596 reads (MIR167), indicating that expression
varied significantly among different miRNA families. In some cases,
variation of number of reads was very impressive (1–433.596 reads,
MIR167; 1–136.889 reads, MIR166 and 2–319.041 reads, MIR159).
These results indicated that different members have clearly dif-
ferent expression levels in each miRNA family. Also, the high
abundance could reflect the role of these miRNA families in fun-
damental biological process.

Since the genome of V. carinata is not publically available, the
sRNA library was matched against a set of de novo assembled
contigs from V. carinata mRNA-seq of leaves to identify puta-
tive pre-miRNA sequences. Candidate sequences with hairpin-like
structure and mature miRNAs anchored in the 5p or 3p or in
both arms were further considered. Our analysis allowed the iden-
tification of 19 pre-miRNA sequences grouped in 13 conserved
miRNA families (Table 3). The pre-miRNA length ranged from 78
to 209 pb and the lower minimal folding free energy (MFE) ranged
from −36.90 to −83.60 (an average −49.84) and minimal folding
free energy index (MFEI) ranged from −0.66 to −1.24 (an aver-
age of −1.00). MFEI is a criterion for distinguishing miRNAs from
other RNAs and previous studies have shown that it is more likely
to be a potential miRNA if a sequence has a MFEI value ≤ −0.85
[21]. For conserved miRNA in V. carinata, we  detected only one
exception in which conserved pre-miRNA showed MFEI under the
expected value (−0.66; vca-MIR168-2) and according to Zhang
et al. [41], this value is expected for mRNA. Even though MFEI
is an excellent parameter to identify pre-miRNA, some studies
showed considerable deviation of the expected value (≥−0.85)
for conserved pre-miRNA in other plant species [32,33]. All pre-
miRNA predicted by RNAfold had regular stem-loop structures
(Fig. S2).
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3.3. Identification of novel miRNAs in V. carinata

Following the criteria in the identification of conserved pre-
miRNAs, we  obtained 17 potential novel miRNAs grouped in 16
miRNA families (Table 4). In addition to the hairpin structure, the
detection of complementary antisense miRNA (miRNA*) in all pre-
miRNA was a strong indication to consider these sequences as true
candidates. Comparison between the mature sequences of candi-
date miRNAs and sequences deposited in miRBase suggest that
these candidates are novel miRNAs not identified in others species
and probably specific to Bromeliacea. These sequences (miRNA*)
are rarely found by cloning because of their quick degradation in
cells and its detection represented further evidence for the exist-
ence of mature miRNAs [36].

The novel pre-miRNA sequences in V. carinata ranged from 79
to 235 nt and the lower minimal folding free energy (MFE) ranged
from −26.20 to −109.50 and minimal folding free energy index
(MFEI) ranged from −0.87 to −1.48 (Table 4). All novel pre-miRNA
identified were in accordance with the expected value (≥−0.85)
[21]. Likewise to conserved pre-miRNA, all novel pre-miRNA pre-
dicted by RNAfold had regular stem-loop structures (Fig. S2).

3.4.  IsomiRs sequences

We  detected multiple mature miRNAs variants named isoforms
or isomiRs in both arms (5p and 3p) of identified conserved and
novel pre-miRNAs (Tables 3 and 4). Because they vary widely in
abundance, we considered all isomiRs in each pre-miRNA even if
they showed only one read. For example, vca-nMIR016 showed
six isomiRs in 3p arm varying from 2 to 13 reads and six isomiRs
in 5p arm with reads ranging from 1 to 17 (Fig. 3). The exist-
ence of these multiple variants reflects the variability in miRNA
biogenesis, specifically in DCL cleavage sites or subsequent pro-
cessing/degradation or later processing steps [37]. Although the
biological functions of isomiRs remain to be determined, isomiRs
from a single pre-miRNA could be a way  of broadening the regula-
tory network [38,39].

3.5.  Identification and classification of targets for pre-miRNAs
identified

To  understand the biological function of miRNAs in V. carinata,
the putative targets sites of the miRNA candidates were identified
by aligning the most abundant mature miRNAs of each conserved
and novel pre-miRNA identified to a set of V. carinata assembled
unigenes using psRNAtarget. Despite the use of 4 as cut-off in pre-
vious works to infer miRNA targets [40,41], we adopted the stricter
cut-off threshold of 3.5. Based on this criterion, we  found 145 poten-
tial targets in total (for 27 miRNA families), of which 79 were
targets of conserved miRNAs (13 miRNA families) and 66 were tar-
gets of novel miRNAs (14 miRNA families). Only for three novel
miRNAs families (vca-nMIR002, vca-nMIR003 and vca-nMIR016)
targets were not detected. Detailed annotation results are given in
Tables 5and S6.

All  targets regulated by the identified conserved and novel miR-
NAs in this study were subjected to GO analysis to evaluate their
potential functions. The categorization of these genes according to
biological process, cellular component and molecular function are
summarized in Fig. 4. Based on biological process, these genes were
classified into 12 categories and the four most overrepresented
GO terms were response to metabolic, cellular, developmental and
multicellular processes, suggesting that V. carinata miRNAs are
involved in a broad range of physiological functions. Interestingly,
we found 8 and 6 candidate genes in the category of response
to abiotic stimulus in conserved and novel miRNAs, respectively
(Tables 5 and S6). Categories based on molecular function revealed
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that the target genes were related to eight functions and the
four most frequent terms were hydrolase activity, protein binding,
small molecule binding and nucleic acid binding. In the category
of cellular component, the analysis revealed that the target genes
are expressed on a high percentage in intracellular membrane-
bounded organelle and plastid.

3.6. Biological confirmation of identified miRNAs and targets

The  RT-qPCR method was used to validate the expression of the
most abundant mature sequences from seventeen miRNAs (vca-
miR156-1, vca-miR156-2, vca-miR159, vca-miR166, vca-miR168,
vca-miR393, vca-miR396, vca-miR397, vca-miR528, vca-miR535,
vca-miR009, vca-miR010, vca-miR011, vca-miR012, vca-miR013,
vca-miR014 and vca-miR015) and some of their targets. We  con-
firmed that these miRNAs were expressed in leaf and ovary tissues
(results not shown). For the miRNAs vca-miR166 and vca-miR393
we found that their expressions were inversely correlated with the
expression of some of its targets (Fig. S3).

4. Discussion

Several miRNAs have been identified via computational or
experimental approaches in different plant families, but there is no
sequence or functional information available about miRNAs in any
Bromeliaceae species. V. carinata is a typical representative of the
Bromeliaceae in the Brazilian Atlantic Rainforest biome and there-
fore emerges as interesting model for this botanical family. We  used
Illumina technology for deep sequencing of sRNA library to identify
miRNAs in this species and results are discussed.

Size profile is an important feature to distinguish miRNA from
other sRNAs and most of the mature miRNAs are of 21–25 nt. The
length distribution pattern indicated that the majority of the sRNA
was 24 nt, accounting for ∼51% of the total reads, followed by 21 nt
(∼19%), 22 nt (∼9%) and 23 nt (∼6%). This distribution pattern is
highly consistent with previous studies in other plants [42,43] and
differences in distribution pattern (e.g., for some species 21 nt was
the most abundant) may  reflect the composition of the sRNAs of
a given plant species according to tissue (or cell) and physiologi-
cal conditions [44]. Another explanation is that molecules of 24 nt
are the typical size of Dicer-digestion product and are often the
most abundant endogenous plant sRNAs [45,46]. sRNAs of 24 nt are
known to be involved in heterochromatin modification, especially
in a genome with a high content of repetitive sequences [47,48]. The
high percentage of 24 nt sRNAs found in V. carinata could reflect the
complexity of the genome of bromeliads [49].

Computational methods have been successfully used to predict
hundreds of miRNAs in a wide variety of plant species. Illumina
sequencing is a powerful tool to estimate expression profiles of
miRNA. This technology provides the resources to know the abun-
dance of various miRNA families and even distinguish between
different members of a given family. In our case, we  found sig-
nificant differences among the number and abundance of the
members identified in each family, similarity observed in other
studies [50,51], suggesting that this wide variation is due to a func-
tional divergence in the conserved miRNA families. In this study, we
identified 182 conserved plant miRNAs distributed in 54 miRNAs
families, very similar to found for barley, using the same approach
(126 miRNA distributed in 58 miRNA families) [52].

Although conserved miRNAs have been identified by sequencing
and by comparison again miRNAs identified in other species, most
of plant species-specific miRNAs remain unidentified due to the lev-
els of expression of these are very low producing a small number
of reads sequenced in comparison to the conserved miRNAs [53].
For this reason, we used a new approach to identify novel miRNAs
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Fig. 2. Number of identified miRNAs in each conserved miRNA family in plants. The values above the bars indicate the number of members identified fot each conserved
miRNA family.

in species without availability of genomic resources using simul-
taneously sequences from sRNA and RNAseq libraries. Using this
methodology, we identified 16 potential miRNAs candidates spe-
cific for V. carinata. In all cases, complementary antisense miRNA

(miRNA*)  was identified providing more evidence for their exist-
ence as novel miRNAs [54,55].

To understand the function of the identified miRNAs, their
putative targets were predicted using a bioinformatics approach.

Fig. 3. Predicted secondary structures of conserved and novel miRNAs of V. carinata. Secondary structures of vca-nMIR013 and vca-nMIR016 precursors, their locations and
the  expression of small RNAs mapped onto these precursors. The sequences corresponding to the most abundant mature miRNAs in the 5p and 3p arms are labeled in red
and  purple, respectively. Values on the left side of the miRNA sequence represent read counts in the leaf library.
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Table 5
Predicted putative targets of novel miRNAs in V. carinata.

Mature miRNA Contig Scoreb Inhibition Putative function

vca-miR001-3p contig 98870 2 Cleavage Rna binding protein
vca-miR004-5p  contig 69835 rc 2.5 Cleavage Kinesin family member 6
vca-miR005-3p contig 119481a 2 Cleavage Tetratricopeptide repeat-containing protein

contig  75544a 2.5 Cleavage Two-component response regulator arr3
contig  66635 rca 3 Cleavage Heat shock 70 kda mitocondrial
contig 67788a 3 Cleavage Pyruvate kinase isozyme chloroplastic
contig 67948 rc 3.5 Cleavage E3 ubiquitin ligase big brother
contig 69145 3.5 Cleavage Fertility restorer
contig  95670 3.5 Cleavage Probable lrr receptor-like serine threonine-protein kinase
contig  143421 3.5 Cleavage R3h domain-containing protein
contig 70604 rc 3.5 Cleavage Reticulon-like protein b17
contig 67529 3.5 Cleavage Tho complex subunit 1

vca-miR006-5p contig 139947 rc 3 Cleavage Lysosomal alpha-mannosidase
contig  75839 3 Translation Probable beta- -galactosyltransferase 2
contig  140146 3.5 Translation Chloroplastic group iia intron splicing facilitator chloroplastic
contig  81980 rc 3.5 Cleavage Omega-amidase nit2

vca-miR007-3p contig  140165 rc 0.5 Cleavage Calmodulin-like protein
contig 72901 rc 3 Cleavage Chlorophyllase- chloroplastic
contig 68350 3 Cleavage Soluble starch synthase chloroplastic amyloplastic
contig  140661 rc 3.5 Translation Tubulin-specific chaperone d

vca-miR008-5p contig 69155 rc 2 Translation Probable protein phosphatase 2c 18
contig 140200 rc 3 Cleavage Abc transporter f family member 3
contig  71460 rc 3 Translation Membrane protein
contig 79377 rc 3.5 Cleavage 1-phosphatidylinositol 3-phosphate 5-kinase fab1
contig  67906 rc 3.5 Cleavage Aminopeptidase c

vca-miR009-5p contig  140774 rca 3 Cleavage Mitochondrial substrate carrier family protein
contig  118843 rc 3.5 Cleavage Cellulose synthase

vca-miR010-5p  contig 71336a 1 Cleavage Abc transporter i family member 1
vca-miR011-5p contig  89802a 3 Cleavage Dna binding protein

contig 140009a 3 Cleavage Methyl- -binding domain-containing protein 9
contig  67880 rc 3.5 Cleavage Phenylalanyl-trna synthetase beta subunit
contig  122123 3.5 Cleavage Serine threonine-protein kinase nek1

vca-miR012-3p contig  71550 rca 3 Translation Ribonucleoside-diphosphate reductase small chain
contig  69862a 3 Cleavage Wrky transcription factor 11
contig 34475 rc 3.5 Cleavage Oligopeptidase b
contig 140456 rca 3.5 Translation Protein resurrection 1

vca-miR013-5p contig 139979a 2.5 Cleavage Calcium-transporting atpase plasma membrane-type
contig  66522a 3 Cleavage Glucan -beta-glucosidase
contig  66366a 3 Cleavage Glutamyl-trna amidotransferase subunit a
contig  68601a 3 Cleavage Probable protein phosphatase 2c 38
contig 118464 rc 3.5 Cleavage Casein kinase ii subunit beta
contig 705 3.5 Cleavage Retrotransposon ty3-gypsy subclass
contig 66929 rc 3.5 Translation Transcription factor gte4
contig 141231 rc 3.5 Translation U3 small nucleolar ribonucleoprotein protein imp4

vca-miR014-3p contig  83228 rca 0 Cleavage Nucleoid dna-binding protein cnd41
contig 66712a 3 Cleavage Uncharacterized protein ycf36
contig 140254 rc 3.5 Cleavage Pumilio homolog 1

vca-miR015-5p contig 140456 rca 3 Translation Protein resurrection1
contig  72376 rc 3.5 Translation Ethylene-responsive transcription factor 1
contig  140188 rc 3.5 Cleavage Protein root hair defective 3
contig 66270 rc 3.5 Cleavage Ubiquitin carboxyl-terminal hydrolase 7

In bold: putative targets with response to abiotic stimulus.
a Targets evaluated in RTqPCR experiments.
b psRNATarget value.

As expected, many putative targets of conserved miRNAs were
transcriptions factors, similar reported in other studies [56–58].
Among the most important transcription factors identified, we
found squamosa promoter binding protein (SBP)-like (SPL) genes,
which are targets of MIR156 and MIR535 families, affecting diverse
developmental processes such as leaf development, shoot mat-
uration, phase change and flowering in plants [59,60]. We  also
identified the auxin response factor (ARF), a plant-specific family of
DNA binding proteins involved in hormone signal transduction that
are targets of MIR160 and MIR167 families [61,62]. Other important
genes identified and targeted by MIR156 and MIR396 were penta-
tricopeptide repeat genes (PPR) which show high importance in
the regulation of gene expression. This gene family is implicated in
post-transcriptional processes such as splicing, editing, processing
and translation specifically in organelles such as mitochondria and
chloroplasts [63].

In the case of the novel miRNAs, we  also identified other
transcription factors as targets. WRKY is the putative target of
vca-nMIR012 and belongs to a large family of transcription factors
that regulate various physiological processes, including pathogen
defense, senescence, trichome development and signal transduc-
tion [64]. The ethylene-responsive transcription factor 1 (ESR1)
was targeted by vca-nMIR015 and is involved in regulating gene
expression patterns in meristems, modulating organ development
and promoting shoot regeneration through the cytokinin signaling
pathway [65,66]. Other important putative target identified for vca-
nMIR013 was the transcription factor GTE4. It is involved in the
activation and maintenance of cell division in the meristems and
by this controls cell numbers in differentiated organs [67].

Based  in the GO analysis, we  found 14 candidate genes with
response to abiotic stimulus. These results indicate that the puta-
tive targets from identified miRNAs are involved in a large number
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Fig. 4. Gene categories and the distribution of target genes of the most abundant mature miRNAs in the conserved and novel pre-miRNA identified in V. carinata. (A) Molecular
function, (B) biological process and (C) cellular component.

of primary physiological and metabolic processes and are likely
involved in the adaptation of V. carinata to different types of stress
and environmental conditions observed in natura. Similar results
in other plants confirmed the miRNA molecular regulation in dif-
ferent plant abiotic stresses [68]. Future experimental validation
will determine how many of these predicted targets are genuinely
targeted by miRNAs in V. carinata in specific environmental and
physiological conditions.

This  work provides a comprehensive investigation of the miRNA
population in leaves of the bromeliad species V. carinata. The results
support the currently idea that miRNAs are conserved in plants
and play an important role in several physiological processes as
shown by bioinformatics analysis of miRNA putative target genes.
Although the exact function of these putative target genes remains
to be confirmed, the present study provides novel insights for the
comprehension of the molecular processes involved in the con-
served miRNA function.
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Genome sequence and analysis of the
tuber crop potato
The Potato Genome Sequencing Consortium*

Potato (Solanum tuberosum L.) is the world’s most important non-grain food crop and is central to global food security. It
is clonally propagated, highly heterozygous, autotetraploid, and suffers acute inbreeding depression. Here we use a
homozygous doubled-monoploid potato clone to sequence and assemble 86% of the 844-megabase genome. We predict
39,031 protein-coding genes and present evidence for at least two genome duplication events indicative of a
palaeopolyploid origin. As the first genome sequence of an asterid, the potato genome reveals 2,642 genes specific to
this large angiosperm clade. We also sequenced a heterozygous diploid clone and show that gene presence/absence
variants and other potentially deleterious mutations occur frequently and are a likely cause of inbreeding depression.
Gene family expansion, tissue-specific expression and recruitment of genes to new pathways contributed to the
evolution of tuber development. The potato genome sequence provides a platform for genetic improvement of this
vital crop.

Potato (Solanum tuberosum L.) is a member of the Solanaceae, an
economically important family that includes tomato, pepper, aubergine
(eggplant), petunia and tobacco. Potato belongs to the asterid clade of
eudicot plants that represents ,25% of flowering plant species and
from which a complete genome sequence has not yet, to our knowledge,
been published. Potato occupies a wide eco-geographical range1 and is
unique among the major world food crops in producing stolons (under-
ground stems) that under suitable environmental conditions swell to
form tubers. Its worldwide importance, especially within the developing
world, is growing rapidly, with production in 2009 reaching 330 million
tons (http://www.fao.org). The tubers are a globally important dietary
source of starch, protein, antioxidants and vitamins2, serving the plant
as both a storage organ and a vegetative propagation system. Despite the
importance of tubers, the evolutionary and developmental mechanisms
of their initiation and growth remain elusive.

Outside of its natural range in South America, the cultivated potato
is considered to have a narrow genetic base resulting originally from
limited germplasm introductions to Europe. Most potato cultivars are
autotetraploid (2n 5 4x 5 48), highly heterozygous, suffer acute
inbreeding depression, and are susceptible to many devastating pests
and pathogens, as exemplified by the Irish potato famine in the mid-
nineteenth century. Together, these attributes present a significant
barrier to potato improvement using classical breeding approaches.
A challenge to the scientific community is to obtain a genome
sequence that will ultimately facilitate advances in breeding.

To overcome the key issue of heterozygosity and allow us to gen-
erate a high-quality draft potato genome sequence, we used a unique
homozygous form of potato called a doubled monoploid, derived
using classical tissue culture techniques3. The draft genome sequence
from this genotype, S. tuberosum group Phureja DM1-3 516 R44
(hereafter referred to as DM), was used to integrate sequence data
from a heterozygous diploid breeding line, S. tuberosum group
Tuberosum RH89-039-16 (hereafter referred to as RH). These two
genotypes represent a sample of potato genomic diversity; DM with
its fingerling (elongated) tubers was derived from a primitive South
American cultivar whereas RH more closely resembles commercially
cultivated tetraploid potato. The combined data resources, allied to

deep transcriptome sequence from both genotypes, allowed us to
explore potato genome structure and organization, as well as key
aspects of the biology and evolution of this important crop.

Genome assembly and annotation
We sequenced the nuclear and organellar genomes of DM using a
whole-genome shotgun sequencing (WGS) approach. We generated
96.6 Gb of raw sequence from two next-generation sequencing (NGS)
platforms, Illumina Genome Analyser and Roche Pyrosequencing, as
well as conventional Sanger sequencing technologies. The genome
was assembled using SOAPdenovo4, resulting in a final assembly of
727 Mb, of which 93.9% is non-gapped sequence. Ninety per cent of
the assembly falls into 443 superscaffolds larger than 349 kb. The 17-
nucleotide depth distribution (Supplementary Fig. 1) suggests a gen-
ome size of 844 Mb, consistent with estimates from flow cytometry5.
Our assembly of 727 Mb is 117 Mb less than the estimated genome
size. Analysis of the DM scaffolds indicates 62.2% repetitive content in
the assembled section of the DM genome, less than the 74.8% esti-
mated from bacterial artificial chromosome (BAC) and fosmid end
sequences (Supplementary Table 1), indicating that much of the unas-
sembled genome is composed of repetitive sequences.

We assessed the quality of the WGS assembly through alignment to
Sanger-derived phase 2 BAC sequences. In an alignment length of
,1 Mb (99.4% coverage), no gross assembly errors were detected
(Supplementary Table 2 and Supplementary Fig. 2). Alignment of
fosmid and BAC paired-end sequences to the WGS scaffolds revealed
limited (#0.12%) potential misassemblies (Supplementary Table 3).
Extensive coverage of the potato genome in this assembly was con-
firmed using available expressed sequence tag (EST) data; 97.1% of
181,558 available Sanger-sequenced S. tuberosum ESTs (.200 bp)
were detected. Repetitive sequences account for at least 62.2% of the
assembled genome (452.5 Mb) (Supplementary Table 1) with long
terminal repeat retrotransposons comprising the majority of the
transposable element classes, representing 29.4% of the genome. In
addition, subtelomeric repeats were identified at or near chromo-
somal ends (Fig. 1). Using a newly constructed genetic map based
on 2,603 polymorphic markers in conjunction with other available

*Lists of authors and their affiliations appear at the end of the paper.
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genetic and physical maps, we genetically anchored 623 Mb (86%) of
the assembled genome (Supplementary Fig. 3), and constructed pseu-
domolecules for each of the 12 chromosomes (Fig. 1), which harbour
90.3% of the predicted genes.

To aid annotation and address a series of biological questions, we
generated 31.5 Gb of RNA-Seq data from 32 DM and 16 RH libraries
representing all major tissue types, developmental stages and res-
ponses to abiotic and biotic stresses (Supplementary Table 4). For
annotation, reads were mapped against the DM genome sequence
(90.2% of 824,621,408 DM reads and 88.6% of 140,375,647 RH reads)
and in combination with ab initio gene prediction, protein and EST
alignments, we annotated 39,031 protein-coding genes. RNA-Seq
data revealed alternative splicing; 9,875 genes (25.3%) encoded two
or more isoforms, indicative of more functional variation than re-
presented by the gene set alone. Overall, 87.9% of the gene models
were supported by transcript and/or protein similarity with only
12.1% derived solely from ab initio gene predictions (Supplemen-
tary Table 5).

Karyotypes of RH and DM suggested similar heterochromatin
content6 (Supplementary Table 6 and Supplementary Fig. 4) with
large blocks of heterochromatin located at the pericentromeric
regions (Fig. 1). As observed in other plant genomes, there was an
inverse relationship between gene density and repetitive sequences
(Fig. 1). However, many predicted genes in heterochromatic regions
are expressed, consistent with observations in tomato7 that genic
‘islands’ are present in the heterochromatic ‘ocean’.

Genome evolution
Potato is the first sequenced genome of an asterid, a clade within
eudicots that encompasses nearly 70,000 species characterized by
unique morphological, developmental and compositional features8.
Orthologous clustering of the predicted potato proteome with 11 other
green plant genomes revealed 4,479 potato genes in 3,181 families in
common (Fig. 2a); 24,051 potato genes clustered with at least one of
the 11 genomes. Filtering against transposable elements and 153
nonasterid and 57 asterid publicly available transcript-sequence data
sets yielded 2,642 high-confidence asterid-specific and 3,372 potato-
lineage-specific genes (Supplementary Fig. 5); both sets were enriched
for genes of unknown function that had less expression support than
the core Viridiplantae genes. Genes encoding transcription factors,
self-incompatibility, and defence-related proteins were evident in the
asterid-specific gene set (Supplementary Table 7) and presumably con-
tribute to the unique characteristics of asterids.

Structurally, we identified 1,811 syntenic gene blocks involving
10,046 genes in the potato genome (Supplementary Table 8). On
the basis of these pairwise paralogous segments, we calculated an
age distribution based on the number of transversions at fourfold
degenerate sites (4DTv) for all duplicate pairs. In general, two signifi-
cant groups of blocks are seen in the potato genome (4DTv ,0.36 and
,1.0; Fig. 2b), suggesting two whole-genome duplication (WGD)
events. We also identified collinear blocks between potato and three
rosid genomes (Vitis vinifera, Arabidopsis thaliana and Populus
trichocarpa) that also suggest both events (Fig. 2c and Supplemen-
tary Fig. 6). The ancient WGD corresponds to the ancestral hexaploi-
dization (c) event in grape (Fig. 2b), consistent with a previous report
based on EST analysis that the two main branches of eudicots, the
asterids and rosids, may share the same palaeo-hexaploid duplication
event9. The c event probably occurred after the divergence between
dicots and monocots about 185 6 55 million years ago10. The recent
duplication can therefore be placed at ,67 million years ago, consist-
ent with the WGD that occurred near the Cretaceous–Tertiary
boundary (,65 million years ago)11. The divergence of potato and
grape occurred at ,89 million years ago (4DTv ,0.48), which is likely
to represent the split between the rosids and asterids.

Haplotype diversity
High heterozygosity and inbreeding depression are inherent to
potato, a species that predominantly outcrosses and propagates by
means of vegetative organs. Indeed, the phenotypes of DM and RH
differ, with RH more vigorous than DM (Fig. 3a). To explore the
extent of haplotype diversity and possible causes of inbreeding
depression, we sequenced and assembled 1,644 RH BAC clones gen-
erating 178 Mb of non-redundant sequence from both haplotypes
(,10% of the RH genome with uneven coverage) (Supplementary
Tables 9–11). After filtering to remove repetitive sequences, we
aligned 99 Mb of RH sequence (55%) to the DM genome. These
regions were largely collinear with an overall sequence identity of
97.5%, corresponding to one single-nucleotide polymorphism
(SNP) every 40 bp and one insertion/deletion (indel) every 394 bp
(average length 12.8 bp). Between the two RH haplotypes, 6.6 Mb of
sequence could be aligned with 96.5% identity, corresponding to 1
SNP per 29 bp and 1 indel per 253 bp (average length 10.4 bp).

Current algorithms are of limited use in de novo whole-genome
assembly or haplotype reconstruction of highly heterozygous genomes
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such as RH, as shown by K-mer frequency count histograms (Fig. 3b
and Supplementary Table 12). To complement the BAC-level compar-
ative analysis and provide a genome-wide perspective of heterozygosity
in RH, we mapped 1,118 million whole-genome NGS reads from RH
(843 coverage) onto the DM assembly. A total of 457.3 million reads
uniquely aligned providing 90.6% (659.1 Mb) coverage. We identified
3.67 million SNPs between DM and one or both haplotypes of RH, with
an error rate of 0.91% based on evaluation of RH BAC sequences. We
used this data set to explore the possible causes of inbreeding depression
by quantifying the occurrence of premature stop, frameshift and pres-
ence/absence variants12, as these disable gene function and contribute to
genetic load (Supplementary Tables 13–16). We identified 3,018 SNPs
predicted to induce premature stop codons in RH, with 606 homo-
zygous (in both haplotypes) and 2,412 heterozygous. In DM, 940 pre-
mature stop codons were identified. In the 2,412 heterozygous RH
premature stop codons, 652 were shared with DM and the remaining
1,760 were found in RH only (Fig. 3c and Supplementary Table 13).
Frameshift mutations were identified in 80 loci within RH, 49 homo-
zygous and 31 heterozygous, concentrated in seven genomic regions
(Fig. 3c and Supplementary Table 14). Finally, we identified presence/
absence variations for 275 genes; 246 were RH specific (absent in DM)
and 29 were DM specific, with 125 and 9 supported by RNA-Seq and/or
Gene Ontology13 annotation for RH and DM, respectively (Supplemen-
tary Tables 15 and 16). Collectively, these data indicate that the
complement of homozygous deleterious alleles in DM may be respons-
ible for its reduced level of vigour (Fig. 3a).

The divergence between potato haplotypes is similar to that
reported between out-crossing maize accessions14 and, coupled with
our inability to successfully align 45% of the BAC sequences, intra-
and inter-genome diversity seem to be a significant feature of the
potato genome. A detailed comparison of the three haplotypes (DM
and the two haplotypes of RH) at two genomic regions (334 kb in
length) using the RH BAC sequence (Fig. 3d and Supplementary
Tables 17 and 18) revealed considerable sequence and structural vari-
ation. In one region (‘euchromatic’; Fig. 3d) we observed one instance
of copy number variation, five genes with premature stop codons, and
seven RH-specific genes. These observations indicate that the plas-
ticity of the potato genome is greater than revealed from the unas-
sembled RH NGS. Improved assembly algorithms, increased read
lengths, and de novo sequences of additional haplotypes will reveal
the full catalogue of genes critical to inbreeding depression.

Tuber biology
In developing DM and RH tubers, 15,235 genes were expressed in the
transition from stolons to tubers, with 1,217 transcripts exhibiting
.5-fold expression in stolons versus five RH tuber tissues (young tuber,
mature tuber, tuber peel, cortex and pith; Supplementary Table 19). Of
these, 333 transcripts were upregulated during the transition from
stolon to tuber, with the most highly upregulated transcripts encoding
storage proteins. Foremost among these were the genes encoding
proteinase inhibitors and patatin (15 genes), in which the phospholi-
pase A function has been largely replaced by a protein storage function
in the tuber15. In particular, a large family of 28 Kunitz protease inhib-
itor genes (KTIs) was identified with twice the number of genes in
potato compared to tomato. The KTI genes are distributed across the
genome with individual members exhibiting specific expression pat-
terns (Fig. 4a, b). KTIs are frequently induced after pest and pathogen
attack and act primarily as inhibitors of exogenous proteinases16; there-
fore the expansion of the KTI family may provide resistance to biotic
stress for the newly evolved vulnerable underground organ.

The stolon to tuber transition also coincides with strong upregula-
tion of genes associated with starch biosynthesis (Fig. 4c). We
observed several starch biosynthetic genes that were 3–8-fold more
highly expressed in tuber tissues of RH compared to DM (Fig. 4c).
Together this suggests a stronger shift from the relatively low sink
strength of the ATP-generating general carbon metabolism reactions

towards the plastidic starch synthesis pathway in tubers of RH,
thereby causing a flux of carbon into the amyloplast. This contrasts
with the cereal endosperm where carbon is transported into the amy-
loplast in the form of ADP-glucose via a specific transporter (brittle 1
protein17). Carbon transport into the amyloplasts of potato tubers is
primarily in the form of glucose-6-phosphate18, although recent evid-
ence indicates that glucose-1-phosphate is quantitatively important
under certain conditions19. The transport mechanism for glucose-1-
phosphate is unknown and the genome sequence contains six genes
for hexose-phosphate transporters with two highly and specifically
expressed in stolons and tubers. Furthermore, an additional 23 genes
encode proteins homologous to other carbohydrate derivative trans-
porters, such as triose phosphate, phosphoenolpyruvate, or UDP-
glucuronic acid transporters and two loci with homologues for the
brittle 1 protein. By contrast, in leaves, carbon-fixation-specific genes
such as plastidic aldolase, fructose-1,6-biphosphatase and distinct leaf
isoforms of starch synthase, starch branching enzyme, starch phos-
phorylase and ADP-glucose pyrophosphorylase were upregulated. Of
particular interest is the difference in tuber expression of enzymes
involved in the hydrolytic and phosphorolytic starch degradation
pathways. Considerably greater levels of a-amylase (10–25-fold)
and b-amylase (5–10-fold) mRNAs were found in DM tubers com-
pared to RH, whereas a-1,4 glucan phosphorylase mRNA was equi-
valent in DM and RH tubers. These gene expression differences
between the breeding line RH and the more primitive DM are con-
sistent with the concept that increasing tuber yield may be partially
attained by selection for decreased activity of the hydrolytic starch
degradation pathway.

Recent studies using a potato genotype strictly dependent on short
days for tuber induction (S. tuberosum group Andigena) identified a
potato homologue (SP6A) of A. thaliana FLOWERING LOCUS T
(FT) as the long-distance tuberization inductive signal. SP6A is pro-
duced in the leaves, consistent with its role as the mobile signal (S.
Prat, personal communication). SP/FT is a multi-gene family
(Supplementary Text and Supplementary Fig. 7) and expression of
a second FT homologue, SP5G, in mature tubers suggests a possible
function in the control of tuber sprouting, a photoperiod-dependent
phenomenon20. Likewise, expression of a homologue of the A. thaliana
flowering time MADS box gene SOC1, acting downstream of FT21, is
restricted to tuber sprouts (Supplementary Fig. 8). Expression of a third
FT homologue, SP3D, does not correlate with tuberization induction
but instead with transition to flowering, which is regulated indepen-
dently of day length (S. Prat, personal communication). These data
indicate that neofunctionalization of the day-length-dependent
flowering control pathway has occurred in potato to control formation
and possibly sprouting of a novel storage organ, the tuber (Supplemen-
tary Fig. 9).

Disease resistance
Potato is susceptible to a wide range of pests and pathogens and the
identification of genes conferring disease resistance has been a major
focus of the research community. Most cloned disease resistance
genes in the Solanaceae encode nucleotide-binding site (NBS) and
leucine-rich-repeat (LRR) domains. The DM assembly contains 408
NBS-LRR-encoding genes, 57 Toll/interleukin-1 receptor/plant R
gene homology (TIR) domains and 351 non-TIR types (Supplemen-
tary Table 20), similar to the 402 resistance (R) gene candidates in
Populus22. Highly related homologues of the cloned potato late blight
resistance genes R1, RB, R2, R3a, Rpi-blb2 and Rpi-vnt1.1 were present
in the assembly. In RH, the chromosome 5 R1 cluster contains two
distinct haplotypes; one is collinear with the R1 region in DM
(Supplementary Fig. 10), yet neither the DM nor the RH R1 regions
are collinear with other potato R1 regions23,24. Comparison of the DM
potato R gene sequences with well-established gene models (func-
tional R genes) indicates that many NBS-LRR genes (39.4%) are pseu-
dogenes owing to indels, frameshift mutations, or premature stop

RESEARCH ARTICLE

1 9 2 | N A T U R E | V O L 4 7 5 | 1 4 J U L Y 2 0 1 1

Macmillan Publishers Limited. All rights reserved©2011



codons including the R1, R3a and Rpi-vnt1.1 clusters that contain
extensive chimaeras and exhibit evolutionary patterns of type I R
genes25. This high rate of pseudogenization parallels the rapid
evolution of effector genes observed in the potato late blight patho-
gen, Phytophthora infestans26. Coupled with abundant haplotype
diversity, tetraploid potato may therefore contain thousands of R-
gene analogues.

Conclusions and future directions
We sequenced a unique doubled-monoploid potato clone to overcome
the problems associated with genome assembly due to high levels of

heterozygosity and were able to generate a high-quality draft potato
genome sequence that provides new insights into eudicot genome
evolution. Using a combination of data from the vigorous, heterozyg-
ous diploid RH and relatively weak, doubled-monoploid DM, we could
directly address the form and extent of heterozygosity in potato and
provide the first view into the complexities that underlie inbreeding
depression. Combined with other recent studies, the potato genome
sequence may elucidate the evolution of tuberization. This evolutionary
innovation evolved exclusively in the Solanum section Petota that
encompasses ,200 species distributed from the southwestern United
States to central Argentina and Chile. Neighbouring Solanum species,
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Figure 4 | Gene expression of selected tissues and
genes. a, KTI gene organization across the potato
genome. Black arrows indicate the location of
individual genes on six scaffolds located on four
chromosomes. b, Phylogenetic tree and KTI gene
expression heat map. The KTI genes were clustered
using all potato and tomato genes available with the
Populus KTI gene as an out-group. The tissue
specificity of individual members of the highly
expanded potato gene family is shown in the heat
map. Expression levels are indicated by shades of
red, where white indicates no expression or lack of
data for tomato and poplar. c, A model of starch
synthesis showing enzyme activities is shown on
the left. AGPase, ADP-glucose pyrophosphorylase;
F16BP, fructose-1,6-biphosphatase; HexK,
hexokinase; INV, invertase; PFK,
phosphofructokinase; PFPP, pyrophosphate-
fructose-6-phosphate-1-phosphotransferase; PGI,
phosphoglucose isomerase; PGM,
phosphoglucomutase; SBE, starch branching
enzyme; SP, starch phosphorylase; SPP, sucrose
phosphate phosphatase; SS, starch synthase; SuSy,
sucrose synthase; SUPS, sucrose phosphate
synthase; UDP-GPP, UDP-glucose
pyrophosphorylase. The grey background denotes
substrate (sucrose) and product (starch) and the
red background indicates genes that are specifically
upregulated in RH versus DM. On the right, a heat
map of the genes involved in carbohydrate
metabolism is shown. ADP-glucose
pyrophosphorylase large subunit, AGPase (l);
ADP-glucose pyrophosphorylase small
subunit, AGPase (s); ADP-glucose
pyrophosphorylase small subunit 3, AGPase 3 (s);
cytosolic fructose-1,6-biphosphatase, F16BP (c);
granule bound starch synthase, GBSS; leaf type L
starch phosphorylase, Leaf type SP; plastidic
phosphoglucomutase, pPGM; starch branching
enzyme II, SBE II; soluble starch synthase, SSS;
starch synthase V, SSV; three variants of plastidic
aldolase, PA.

ARTICLE RESEARCH

1 4 J U L Y 2 0 1 1 | V O L 4 7 5 | N A T U R E | 1 9 3

Macmillan Publishers Limited. All rights reserved©2011



including the Lycopersicon section, which comprises wild and culti-
vated tomatoes, did not acquire this trait. Both gene family expansion
and recruitment of existing genes for new pathways contributed to the
evolution of tuber development in potato.

Given the pivotal role of potato in world food production and
security, the potato genome provides a new resource for use in breed-
ing. Many traits of interest to plant breeders are quantitative in nature
and the genome sequence will simplify both their characterization and
deployment in cultivars. Whereas much genetic research is conducted
at the diploid level in potato, almost all potato cultivars are tetraploid
and most breeding is conducted in tetraploid material. Hence, the
development of experimental and computational methods for routine
and informative high-resolution genetic characterization of poly-
ploids remains an important goal for the realization of many of the
potential benefits of the potato genome sequence.

METHODS SUMMARY
DM1-3 516 R44 (DM) resulted from chromosome doubling of a monoploid
(1n 5 1x 5 12) derived by anther culture of a heterozygous diploid (2n 5 2x 5 24)
S. tuberosum group Phureja clone (PI 225669)27. RH89-039-16 (RH) is a diploid clone
derived from a cross between a S. tuberosum ‘dihaploid’ (SUH2293) and a diploid
clone (BC1034) generated from a cross between two S. tuberosum3 S. tuberosum
group Phureja hybrids28 (Supplementary Fig. 11). Sequence data from three plat-
forms, Sanger, Roche 454 Pyrosequencing, and Illumina Sequencing-by-Synthesis,
were used to assemble the DM genome using the SOAPdenovo assembly algorithm4.
The RH genotype was sequenced using shotgun sequencing of BACs and WGS in
which reads were mapped to the DM reference assembly. Superscaffolds were
anchored to the 12 linkage groups using a combination of in silico and genetic
mapping data. Repeat sequences were identified through sequence similarity at the
nucleotide and protein level29. Genes were annotated using a combined approach30 on
the repeat masked genome with ab initio gene predictions, protein similarity and
transcripts to build optimal gene models. Illumina RNA-Seq reads were mapped to
the DM draft sequence using Tophat31 and expression levels from the representative
transcript were determined using Cufflinks32.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
DM whole-genome shotgun sequencing and assembly. Libraries were con-
structed from DM genomic DNA and sequenced on the Sanger, Illumina
Genome Analyser 2 (GA2) and Roche 454 platforms using standard protocols
(see Supplementary Text). A BAC library and three fosmid libraries were end
sequenced using the Sanger platform. For the Illumina GA2 platform, we generated
70.6 Gb of 37–73 bp paired-end reads from 16 libraries with insert lengths of 200–
811 bp (Supplementary Tables 21 and 22). We also generated 18.7 Gb of Illumina
mate-pair libraries (2, 5 and 10 kb insert size). In total, 7.2 Gb of 454 single-end data
were generated and applied for gap filling to improve the assembly, of which 4.7 Gb
(12,594,513 reads) were incorporated into the final assembly. For the 8 and 20 kb
454 paired-end reads, representing 0.7 and 1.0 Gb of raw data respectively, 90.7 Mb
(511,254 reads) and 211 Mb (1,525,992 reads), respectively, were incorporated into
the final assembly.

We generated a high-quality potato genome using the short read assembly
software SOAPdenovo4 (Version 1014). We first assembled 69.4 Gb of GA2
paired-end short reads into contigs, which are sequence assemblies without gaps
composed of overlapping reads. To increase the assembly accuracy, only 78.3% of
the reads with high quality were considered. Then contigs were further linked into
scaffolds by paired-end relationships (,300 to ,550 bp insert size), mate-pair
reads (2 to approximately 10 kb), fosmid ends (,40 kb, 90,407 pairs of end
sequences) and BAC ends (,100 kb, 71,375 pairs of end sequences). We then
filled gaps with the entire short-read data generated using Illumina GA2 reads.
The primary contig N50 size (the contig length such that using equal or longer
contigs produces half of the bases of the assembled genome) was 697 bp and
increased to 1,318 kb after gap-filling (Supplementary Tables 23 and 24). When
only the paired-end relationships were used in the assembly process, the N50

scaffold size was 22.4 kb. Adding mate-pair reads with 2, 5 and 10 kb insert sizes,
the N50 scaffold size increased to 67, 173 and 389 kb, respectively. When inte-
grated with additional libraries of larger insert size, such as fosmid and BAC end
sequences, the N50 reached 1,318 kb. The final assembly size was 727 Mb, 93.87%
of which is non-gapped sequence. We further filled the gaps with 6.74 fold
coverage of 454 data, which increased the N50 contig size to 31,429 bp with
15.4% of the gaps filled.

The single-base accuracy of the assembly was estimated by the depth and
proportion of disconcordant reads. For the DM v3.0 assembly, 95.45% of 880
million usable reads could be mapped back to the assembled genome by SOAP
2.20 (ref. 34) using optimal parameters. The read depth was calculated for each
genomic location and peak depth for whole genome and the CDS regions are 100
and 105, respectively. Approximately 96% of the assembled sequences had more
than 20-fold coverage (Supplementary Fig. 1). The overall GC content of the
potato genome is about 34.8% with a positive correlation between GC content
and sequencing depth (data not shown). The DM potato should have few het-
erozygous sites and 93.04% of the sites can be supported by at least 90% reads,
suggesting high base quality and accuracy.
RH genome sequencing. Whole-genome sequencing of genotype RH was per-
formed on the Illumina GA2 platform using a variety of fragment sizes and reads
lengths resulting in a total of 144 Gb of raw data (Supplementary Table 25). These
data were filtered using a custom C program and assembled using SOAPdenovo
1.03 (ref. 4). Additionally, four 20-kb mate-pair libraries were sequenced on a
Roche 454 Titanium sequencer, amounting to 581 Mb of raw data (Supplemen-
tary Table 26). The resulting sequences were filtered for duplicates using custom
Python scripts.

The RH BACs were sequenced using a combination of Sanger and 454 sequen-
cing at various levels of coverage (Supplementary Tables 9–11). Consensus base
calling errors in the BAC sequences were corrected using custom Python and C
scripts using a similar approach to that described previously35 (Supplementary
Text). Sequence overlaps between BACs within the same physical tiling path were
identified using megablast from BLAST 2.2.21 (ref. 36) and merged with mega-
merger from the EMBOSS 6.1.0 package37. Using the same pipeline, several
kilobase-sized gaps were closed through alignment of a preliminary RH whole-
genome assembly. The resulting non-redundant contigs were scaffolded by map-
ping the RH whole-genome Illumina and 454 mated sequences against these
contigs using SOAPalign 2.20 (ref. 34) and subsequently processing these map-
ping results with a custom Python script. The scaffolds were then ordered into
superscaffolds based on the BAC order in the tiling paths of the FPC map. This
procedure removed 25 Mb of redundant sequence, reduced the number of
sequence fragments from 17,228 to 3,768, and increased the N50 sequence length
from 24 to 144 kb (Supplementary Tables 9 and 10).
Construction of the DM genetic map and anchoring of the genome. To anchor
and fully orientate physical contigs along the chromosome, a genetic map was
developed de novo using sequence-tagged-site (STS) markers comprising simple
sequence repeats (SSR), SNPs, and diversity array technology (DArT). SSR and

SNP markers were designed directly from assembled sequence scaffolds, whereas
polymorphic DArT marker sequences were searched against the scaffolds for
high-quality unique matches. A total of 4,836 STS markers including 2,174
DArTs, 2,304 SNPs and 358 SSRs were analysed on 180 progeny clones from a
backcross population ((DM 3 DI) 3 DI) developed at CIP between DM and DI
(CIP no. 703825), a heterozygous diploid S. tuberosum group Stenotomum
(formerly S. stenotomum ssp. goniocalyx) landrace clone. The data from 2,603
polymorphic STS markers comprising 1,881 DArTs, 393 SNPs and 329 SSR
alleles were analysed using JoinMap 4 (ref. 38) and yielded the expected 12 potato
linkage groups. Supplementary Fig. 3 represents the mapping and anchoring of
the potato genome, using chromosome 7 as an example.

Anchoring the DM genome was accomplished using direct and indirect
approaches. The direct approach employed the ((DM 3 DI) 3 DI) linkage map
whereby 2,037 of the 2,603 STS markers comprised of 1,402 DArTs, 376 SNPs and
259 SSRs could be uniquely anchored on the DM superscaffolds. This approach
anchored ,52% (394 Mb) of the assembly arranged into 334 superscaffolds
(Supplementary Table 27 and Supplementary Fig. 3).

RH is the male parent of the mapping population of the ultra-high-density
(UHD) linkage map28 used for construction and genetic anchoring of the physical
map using the RHPOTKEY BAC library39. The indirect mapping approach
exploited in silico anchoring using the RH genetic and physical map28,40, as well
as tomato genetic map data from SGN (http://solgenomics.net/). Amplified frag-
ment length polymorphism markers from the RH genetic map were linked to DM
sequence scaffolds via BLAST alignment36 of whole-genome-profiling sequence
tags41 obtained from anchored seed BACs in the RH physical map, or by direct
alignment of fully sequenced RH seed BACs to the DM sequence. The combined
marker alignments were processed into robust anchor points. The tomato
sequence markers from the genetic maps were aligned to the DM assembly using
SSAHA2 (ref. 42). Positions of ambiguously anchored superscaffolds were manu-
ally checked and corrected. This approach anchored an additional ,32% of the
assembly (229 Mb). In 294 cases, the two independent approaches provided direct
support for each other, anchoring the same scaffold to the same position on the
two maps.

Overall, the two strategies anchored 649 superscaffolds to approximate posi-
tions on the genetic map of potato covering a length of 623 Mb. The 623 Mb
(,86%) anchored genome includes ,90% of the 39,031 predicted genes. Of the
unanchored superscaffolds, 84 were found in the N90 (622 scaffolds greater than
0.25 Mb), constituting 17 Mb of the overall assembly or 2% of the assembled
genome. The longest anchored superscaffold is 7 Mb (from chromosome 1)
and the longest unanchored superscaffold is 2.5 Mb.
Identification of repetitive sequences. Transposable elements (TEs) in the
potato genome assembly were identified at the DNA and protein level.
RepeatMasker29 was applied using Repbase43 for TE identification at the DNA
level. At the protein level, RepeatProteinMask29,44 was used in a WuBlastX36

search against the TE protein database to further identify TEs. Overlapping
TEs belonging to the same repeat class were collated, and sequences were
removed if they overlapped .80% and belonged to different repeat classes.
Gene prediction. To predict genes, we performed ab initio predictions on the
repeat-masked genome and then integrated the results with spliced alignments of
proteins and transcripts to genome sequences using GLEAN30. The potato genome
was masked by identified repeat sequences longer than 500 bp, except for mini-
ature inverted repeat transposable elements which are usually found near genes or
inside introns45. The software Augustus46 and Genscan47 was used for ab initio
predictions with parameters trained for A. thaliana. For similarity-based gene
prediction, we aligned the protein sequences of four sequenced plants (A. thaliana,
Carica papaya, V. vinifera and Oryza sativa) onto the potato genome using
TBLASTN with an E-value cut-off of 1 3 1025, and then similar genome sequences
were aligned against the matching proteins using Genewise48 for accurately spliced
alignments. In EST-based predictions, EST sequences of 11 Solanum species were
aligned against the potato genome using BLAT (identity $0.95, coverage $0.90)
to generate spliced alignments. All these resources and prediction approaches were
combined by GLEAN30 to build the consensus gene set. To finalize the gene set, we
aligned the RNA-Seq from 32 libraries, of which eight were sequenced with both
single- and paired-end reads, to the genome using Tophat31 and the alignments
were then used as input for Cufflinks32 using the default parameters. Gene, tran-
script and peptide sets were filtered to remove small genes, genes modelled across
sequencing gaps, TE-encoding genes, and other incorrect annotations. The final
gene set contains 39,031 genes with 56,218 protein-coding transcripts, of which
52,925 nonidentical proteins were retained for analysis.
Transcriptome sequencing. RNA was isolated from many tissues of DM and RH
that represent developmental, abiotic stress and biotic stress conditions (Sup-
plementary Table 4 and Supplementary Text). cDNA libraries were constructed
(Illumina) and sequenced on an Illumina GA2 in the single- and/or paired-end
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mode. To represent the expression of each gene, we selected a representative
transcript from each gene model by selecting the longest CDS from each gene.
The aligned read data were generated by Tophat31 and the selected transcripts
used as input into Cufflinks32, a short-read transcript assembler that calculates the
fragments per kb per million mapped reads (FPKM) as expression values for each
transcript. Cufflinks was run with default settings, with a maximum intron length
of 15,000. FPKM values were reported and tabulated for each transcript (Sup-
plementary Table 19).
Comparative genome analyses. Paralogous and orthologous clusters were iden-
tified using OrthoMCL49 using the predicted proteomes of 11 plant species
(Supplementary Table 28). After removing 1,602 TE-related genes that were
not filtered in earlier annotation steps, asterid-specific and potato-lineage-
specific genes were identified using the initial OrthoMCL clustering followed
by BLAST searches (E-value cut-off of 1 3 1025) against assemblies of ESTs
available from the PlantGDB project (http://plantgdb.org; 153 nonasterid species
and 57 asterid species; Supplementary Fig. 5 and Supplementary Table 29).
Analysis of protein domains was performed using the Pfam hmm models iden-
tified by InterProScan searches against InterPro (http://www.ebi.ac.uk/interpro).
We compared the Pfam domains of the asterid-specific and potato-lineage-
specific sets with those that are shared with at least one other nonasterid genome
or transcriptome. A Fisher’s exact test was used to detect significant differences in
Pfam representation between protein sets.

After removing the self and multiple matches, the syntenic blocks ($5 genes
per block) were identified using MCscan9 and i-adhore 3.0 (ref. 50) based on the
aligned protein gene pairs (Supplementary Table 8). For the self-aligned results,
each aligned block represents the paralogous segments pair that arose from the
genome duplication whereas, for the inter-species alignment results, each aligned
block represents the orthologous pair derived from the shared ancestor. We
calculated the 4DTv (fourfold degenerate synonymous sites of the third codons)
for each gene pair from the aligned block and give a distribution for the 4DTv
value to estimate the speciation or WGD event that occurred in evolutionary
history.
Identification of disease resistance genes. Predicted open reading frames
(ORFs) from the annotation of S. tuberosum group Phureja assembly V3 were
screened using HMMER V.3 (http://hmmer.janelia.org/software) against the raw
hidden Markov model (HMM) corresponding to the Pfam NBS (NB-ARC)
family (PF00931). The HMM was downloaded from the Pfam home page
(http://pfam.sanger.ac.uk/). The analysis using the raw HMM of the NBS domain
resulted in 351 candidates. From these, a high quality protein set (,1 3 10260)
was aligned and used to construct a potato-specific NBS HMM using the module
‘hmmbuild’. Using this new potato-specific model, we identified 500 NBS-
candidate proteins that were individually analysed. To detect TIR and LRR
domains, Pfam HMM searches were used. The raw TIR HMM (PF01582) and
LRR 1 HMM (PF00560) were downloaded and compared against the two sets of
NBS-encoding amino acid sequences using HMMER V3. Both TIR and LRR
domains were validated using NCBI conserved domains and multiple expectation
maximization for motif elicitation (MEME)51. In the case of LRRs, MEME was
also useful to detect the number of repeats of this particular domain in the protein.
As previously reported52, Pfam analysis could not identify the CC motif in the
N-terminal region. CC domains were thus analysed using the MARCOIL53 pro-
gram with a threshold probability of 90 (ref. 52) and double-checked using
paircoil2 (ref. 54) with a P-score cut-off of 0.025 (ref. 55). Selected genes
(61.5 kb) were searched using BLASTX against a reference R-gene set56 to find
a well-characterized homologue. The reference set was used to select and annotate
as pseudogenes those peptides that had large deletions, insertions, frameshift
mutations, or premature stop codons. DNA and protein comparisons were used.
Haplotype diversity analysis. RH reads generated by the Illumina GA2 were
mapped onto the DM genome assembly using SOAP2.20 (ref. 34) allowing at
most four mismatches and SNPs were called using SOAPsnp. Q20 was used to
filter the SNPs owing to sequencing errors. To exclude SNP calling errors caused
by incorrect alignments, we excluded adjacent SNPs separated by ,5 bp.
SOAPindel was used to detect the indels between DM and RH. Only indels
supported by more than three uniquely mapped reads were retained. Owing to
the heterozygosity of RH, the SNPs and indels were classified into heterozygous
and homozygous SNPs or indels.

On the basis of the annotated genes in the DM genome assembly, we extracted
the SNPs located at coding regions and stop codons. If a homozygous SNP in RH
within a coding region induced a premature stop codon, we defined the gene
harbouring this SNP as a homozygous premature stop gene in RH. If the SNP
inducing a premature stop codon was heterozygous, the gene harbouring this

SNP was considered a heterozygous premature stop codon gene in RH. In addi-
tion, both categories can be further divided into premature stop codons shared
with DM or not shared with DM. As a result, the numbers of premature stop
codons are 606 homozygous PS genes in RH, 1,760 heterozygous PS genes in RH
but not shared with DM, 288 PS in DM only, and 652 heterozygous premature
stop codons in RH and shared by DM.

To identify genes with frameshift mutations in RH, we identified all the genes
containing indels of which the length could not be divided by 3. We found 80
genes with frameshift mutations, of which 31 were heterozygous and 49 were
homozygous.

To identify DM-specific genes, we mapped all the RH Illumina GA2 reads to
the DM genome assembly. If the gene was not mapped to any RH read, it was
considered a DM-specific gene. We identified 35 DM-specific genes, 11 of which
are supported by similarity to entries in the KEGG database57. To identify RH-
specific genes, we assembled the RH Illumina GA2 reads that did not map to the
DM genome into RH-specific scaffolds. Then, these scaffolds were annotated
using the same strategy as for DM. To exclude contamination, we aligned the
CDS sequences against the protein set of bacteria with the E-value cut-off of
1 3 1025 using Blastx. CDS sequences with .90% identity and .90% coverage
were considered contaminants and were excluded. In addition, all DM RNA-seq
reads were mapped onto the CDS sequences, and CDS sequences with homolog-
ous reads were excluded because these genes may be due to incorrect assembly. In
total, we predicted 246 RH specific genes, 34 of which are supported by Gene
Ontology annotation17.
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Abstract

MicroRNAs (miRNAs) are important post-transcriptional regulators of plant development and seed formation. In Brassica
napus, an important edible oil crop, valuable lipids are synthesized and stored in specific seed tissues during
embryogenesis. The miRNA transcriptome of B. napus is currently poorly characterized, especially at different seed
developmental stages. This work aims to describe the miRNAome of developing seeds of B. napus by identifying plant-
conserved and novel miRNAs and comparing miRNA abundance in mature versus developing seeds. Members of 59 miRNA
families were detected through a computational analysis of a large number of reads obtained from deep sequencing two
small RNA and two RNA-seq libraries of (i) pooled immature developing stages and (ii) mature B. napus seeds. Among these
miRNA families, 17 families are currently known to exist in B. napus; additionally 29 families not reported in B. napus but
conserved in other plant species were identified by alignment with known plant mature miRNAs. Assembled mRNA-seq
contigs allowed for a search of putative new precursors and led to the identification of 13 novel miRNA families. Analysis of
miRNA population between libraries reveals that several miRNAs and isomiRNAs have different abundance in developing
stages compared to mature seeds. The predicted miRNA target genes encode a broad range of proteins related to seed
development and energy storage. This work presents a comparative study of the miRNA transcriptome of mature and
developing B. napus seeds and provides a basis for future research on individual miRNAs and their functions in
embryogenesis, seed maturation and lipid accumulation in B. napus.
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Introduction

Eukaryotic gene expression is regulated at the transcriptional

and post-transcriptional levels. An important post-transcriptional

mechanism that has recently been discovered is controlled by

endogenous, noncoding small RNAs (sRNAs), primarily small

interfering RNAs (siRNAs) and microRNAs (miRNAs) [1–4]. In

plants, miRNA genes, called primary miRNAs (pri-miRNAs), are

typically encoded in intergenic regions and are transcribed by

RNA Polymerase II as long polyadenylated transcripts, similar to

protein-coding genes [5]. These primary sequences contain an

imperfect stem-loop structure that is recognized by DICER-Like1

(DCL1) for sequential cleavage, which converts the pri-miRNAs

into the precursor sequences (pre-miRNAs) that are further

processed to generate 18–24 nucleotide (nt)-long sequences called

mature miRNAs [6]. The imperfect complementary strand to the

most abundant miRNA is often called miRNA*, and both strands

are originated from the 5p and 3p arms of the pre-miRNA hairpin

structure. These sRNAs play critical roles during plant develop-

ment, regulating a variety of processes, such as embryogenesis,

seed germination, organ formation, and developmental timing and

patterning [7–13]. The binding of the miRNA to mRNA targets

leads to gene silencing by endonucleolytic cleavage or translational

inhibition, depending on the degree of complementarity between

the miRNA and its target transcript [14–18].

Brassica napus, known as Oilseed Rape, is the third most

important edible oil crop worldwide (www.faostat.fao.org). During

embryogenesis, B. napus seeds build up storage reserves in specific

tissues. The vast majority of these reserves are made up of lipids

(40–45%) and proteins (17–26%) that are almost exclusively stored

in the cotyledons of the maturing embryo [19]. Biogenesis of oil

bodies (lipid-containing structures) begins as early as the heart

stage in embryogenesis and lipid accumulation rapidly increases

during weeks 4–8 after anthesis [20,21]. These developmental

stages are correlated with high synthetic lipid activity and a decline

in the expression of genes coding for oil biosynthetic and glycolytic

enzymes but not of the genes involved in the later steps of oil

accumulation [22].
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The number of miRNAs in the miRNA registry database

(miRBase release 18) [23] that are known in B. napus (48 miRNAs)

is considerably small when compared to the model plant Arabidopsis

(328 miRNAs) or to the crop species soybean (395 miRNAs) and

rice (661 miRNAs). B. napus (Bna) miRNAs were identified in a few

previous studies, primarily through either a computational analysis

of known plant miRNAs against the Bna Expressed Sequence Tag

(EST) and Genome Survey (GSS) sequences [24] or cloning

strategies from whole seedlings or vascular exudates of nutrient-

stressed plants [25–29]. These strategies allowed for the identifi-

cation of Bna-miRNAs that are conserved and highly abundant in

many plant species [30,31]. The application of high-throughput

sequencing technology in functional studies of small RNAs has

been useful in accelerating the discovery of low abundance and

species-specific miRNAs in plants under several different growing

conditions [32–40]. Recently, [41] nine new Bna-miRNAs were

reported using deep sequencing to investigate the Bna-miRNA

profiles of seeds from high and low oil-content cultivars in very

early embryonic development stages. However, the expression

patterns and functions of B. napus miRNAs from seed development

stages to maturation remain largely unknown.

In the present work, we identified miRNAs that may be

involved in stages of the B. napus seed development process and in

the accumulation of storage reserves. Illumina sequencing of two

small RNA libraries of immature and mature stages of B. napus

seeds were used to characterize the miRNAs. In addition,

polyadenylated transcript sequencing (mRNA-seq) libraries were

used to identify the pre-miRNAs expressed in the seeds that were

unknown to science. A total of 251 mature miRNAs from 59

distinct miRNA families were identified in the computational

analysis, from which, 29 families were previously unidentified in

B. napus but conserved in other plants and 13 families were

reported for the first time in plants. Several miRNAs were more

abundant in seed development stages than in mature seeds, and

putative targets were predicted to encode a broad range of

proteins related to seed development and energy storage.

Materials and Methods

Plant Material and Growth Conditions
B. napus (cultivar PFB-2, Embrapa) plants were grown in an

open environment (30uS 51uW) from May to October 2010.

Flowers were tagged upon opening and developing siliques from

different plants were collected in the middle of a light cycle at 7,

14, 21, 28, 42 and 50 days after flower opening (DAF). The seeds

were dissected from the siliques, immediately frozen in liquid

nitrogen and stored at 280uC.

RNA Isolation and Deep Sequencing
Total RNA was isolated from the seed material using Trizol

(Invitrogen, CA, USA) according to the manufacturer’s protocol,

and the RNA quality was evaluated by electrophoresis on a 1%

agarose gel. Total RNA (.10 mg) was sent to Fasteris Life Sciences

SA (Plan-les-Ouates, Switzerland) for processing. Two sRNA

libraries were constructed; one from mature seeds (50 DAF) and

one from an equivalent mixture of RNA from immature seeds at

DAF stages 7–42. Briefly, the construction of the small RNA

libraries consisted of the following successive steps: acrylamide gel

purification of the RNA bands corresponding to the size range 20–

30 nt, ligation of the 3p and 5p adapters to the RNA in two

separate subsequent steps, each followed by acrylamide gel

purification, cDNA synthesis followed by acrylamide gel purifica-

tion, and a final step of PCR amplification to generate a cDNA

colony template library for Illumina sequencing. The polyadenyl-

ated transcript sequencing (mRNA-seq) was performed using the

following successive steps: Poly(A) purification, cDNA synthesis

using Poly(T) primer, shotgun to generate inserts of 500 nt, 3p and

5p adapter ligations, pre-amplification, colony generation and

Illumina single-end 100 bases sequencing. The libraries were

sequenced by Illumina HiSeq2000.

Data Analysis
The overall procedure for analyzing small libraries is shown in

Figure S1. All low quality reads (FASTq value ,13) were

removed, and 5p and 3p adapter sequences were trimmed using

Genome Analyzer Pipeline (Fasteris). The remaining low quality

reads with ‘n’ were removed using PrinSeq script [42]. Sequences

shorter than 18 nt and longer than 25 nt were excluded from

further analysis. Small RNAs derived from Viridiplantae rRNAs,

tRNAs, snRNAs and snoRNAs (from the tRNAdb [43], SILVA

rRNA [44], and NONCODE v3.0 [45] databases] and small

RNAs derived from Rosales mtRNA and cpRNA [from the NCBI

GenBank database (http://ftp.ncbi.nlm.nih.gov)] were identified

by mapping with Bowtie v 0.12.7 [46] and excluded from further

miRNA predictions and analyses.

After cleaning the data (low quality reads, adapter sequences),

the mRNA-seq data from the two libraries were pooled and

assembled in contigs using the CLC Genome Workbench version

4.0.2 (CLC bio, Aarhus, Denmark) algorithm for de novo sequence

assembly using the default parameters (similarity = 0.8, length

fraction = 0.5, insertion/deletion cost = 3, mismatch cost = 3). In

total, 237,993 contigs were assembled and used as reference for

the discovery of pre-miRNA and miRNA sequences.

Identification and Analysis of Conserved and Novel
miRNAs

To identify plant-conserved miRNAs, small RNA sequences

were aligned with known non-redundant plant mature miRNAs

(Viridiplantae) and Brassicaceae precursors that were deposited in

the miRBase database (Release 18, November 2011) using Bowtie

v 0.12.7. Complete alignment of the sequences was required and

zero mismatches were allowed. To search for novel miRNAs,

small RNA sequences were matched against assembled mRNA-

seq contigs using SOAP2 [47]. The SOAP2 output was filtered

with an in-house filter tool to separate candidate sequences as

miRNA precursors using an anchoring pattern of one or two

blocks of aligned small RNAs with a perfect match. As miRNA

precursors have a characteristic hairpin structure, the next step to

select candidate sequences was secondary structure analysis by

RNAfold using an annotation algorithm from the UEA sRNA

toolkit [48]. In addition, perfect stem-loop structures should have

the miRNA sequence at one arm of the stem and a respective

antisense sequence at the opposite arm. Finally, precursor

candidate sequences were checked using the BLASTn algorithm

from the miRBase (www.miRBase.org) and NCBI databases.

For the frequency analysis of all identified miRNAs, sRNA

reads were aligned in Bowtie v 0.12.7 using the default parameters,

with the first seed alignment .28 nt in size and allowing zero

mismatches. As reference, we used both previously annotated pre-

miRNAs from miRBase and the putative pre-miRNAs identified

in this work. The SAM files from Bowtie were then processed

using Python scripts to assign the frequencies of each read and

map them onto references. For data normalization, we use the

scaling normalization method proposed by [49]. To assess whether

the microRNA was differentially expressed, we independently used

both the R package EdgeR [50] and the A–C test [51]. In brief,

EdgeR uses a negative binomial model to estimate overdispersion

from the miRNA count. The dispersion parameter of each

miRNAs in Developing Seeds of Brassica napus
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miRNA was estimated by the tagwise dispersion. Then, differential

expression is assessed for each miRNA using an adapted exact test

for overdispersed data. The A-C test computes the probability that

two independent counts of the same microRNA came from similar

samples. We considered miRNAs to be differentially expressed if

they had a p-value #0.001 in both statistical tests.

Prediction of miRNA Targets
The prediction of target genes of novel miRNAs was performed

against assembled RNA-seq contigs using psRNAtarget [52], with

the default parameters and a maximum expectation value of 4

(number of mismatches allowed). Candidate RNA sequences were

then annotated by assigning them putative gene descriptions based

on their sequence similarity with previously identified and

annotated genes that had been deposited in the NR and Swiss-

Prot/Uniprot protein databases using BLASTx; this analysis was

conducted using the blast2GO v2.3.5 software [53]. The

annotation was improved by analyzing conserved domains/

families using the InterProScan tool. Gene Ontology (GO) terms

for the cellular component, molecular function and biological

processes were determined using the GOslim tool in the blast2GO

software. The orientation of the transcripts was obtained from

BLAST annotations.

Results

Overview of B. napus RNAs Library Sequencing
To identify the miRNA transcriptome involved in B. napus seed

development, sRNA libraries constructed from mature seeds and

from an equivalent mix of immature seeds (a pool of DAF stages

7–42) were sequenced by using the Solexa/Illumina platform.

Deep sequencing yielded a total of almost 38 million sRNA reads.

After removing low-quality sequences, adapter contaminants and

inserts, approximately 17 million and 19 million reads, with

lengths ranging from 18 to 25 nt, were obtained from the mature

and developing seed libraries, respectively (Table 1); these reads

represented 8,632,807 and 5,665,721 of distinct sequences in each

library, respectively (Table S1). Consistent with the length

distribution pattern of sRNAs in other plant species, sequences

between 21 to 24 nt long were the most abundant, with 24 nt long

sRNAs as the main peak (Figure 1). A relatively large number of

22 and 23 nt long small RNAs were obtained in the developing

seed dataset. This was previously observed in developing B. napus

seed sRNA libraries [41]. The highest sequence redundancy was

observed in the 21 nt long fraction of mature seed library and the

24 nt long fraction of the developing seed library (Figure 1 and

Table S1). A small fraction from the total number of reads

sequenced in the mature and developing seed libraries (10.2% and

2.2%, respectively) matched to miRNAs (Table 2). Approximately

4.3% and 2.9% of the reads matched non-coding sRNAs other

than miRNAs (rRNA, tRNA, snRNA, snoRNA), respectively, and

3.7% and 0.5% matched organellar sRNAs (mtRNA, cpRNA),

respectively. The majority of the reads did not match known small

RNAs and possibly represent siRNAs.

Because the genome of B. napus is not publicly available, we

sequenced the mRNA transcriptome of B. napus seeds for use as a

reference sequence in further analysis. The pooled mRNA-seq

yielded 32,485,023 reads, which were imported into the CLC

Genomics Workbench and de novo assembled into 237,993 contigs

with an average length of 284 bp. Contigs and non-assembled

reads with a minimum length of 100 bp were further considered.

The contigs ranged in size between the minimum set threshold of

100 bp and 12,344 bp (average size = 285 bp; N50 = 361 bp),

with 29,157 contigs that were more than 500 bp in length.

Identification of Conserved miRNAs in B. napus Seeds
There were 4,680 mature miRNAs from 52 Viridiplantae

species deposited in the miRBase Release 18.0 from November

2011 [48]. Because miRNAs are highly conserved among plant

species, the first approach to characterize the miRNA libraries was

to precisely identify miRNAs by sequence homology. To identify

conserved miRNAs in B. napus (Bna), the libraries were matched

against the complete set of 2,585 unique plant mature miRNAs

sequences from miRBase with no mismatches allowed. In total,

1,949,940 reads perfectly matched 219 known mature miRNA

sequences, which corresponded to 45 plant miRNA families. On

average, four miRNA members were identified within each

miRNA family (Figure 2). Mature sequences matching MIR156

and MIR57, MIR165 and MIR166 or MIR170 and MIR171

were grouped as one single family due to their shared evolutionary

origin. Of these reads, a total of 196 miRNAs were identified in

the mature seed library, and 172 miRNAs were identified in the

developing seed library, while 149 miRNAs were shared by both

libraries (Table S2). From the total of 48 mature miRNAs

annotated in miRBase for B. napus (Bna-miRNA), 24 unique Bna-

miRNAs were detected in the libraries, representing all 17 known

Bna-miRNA families. The remaining 28 miRNA families com-

prised miRNAs that are newly identified in B. napus but conserved

in Brassicaceae species or among several plant species (Table 3

and Table S2). Overall, the largest family was MIR156/157, with

24 members representing MIR156/157 variants found in different

species. MIR165/166 (21 members), MIR169 (15 members) and

MIR319 (14 members) were the second, third and fourth largest

miRNA families, respectively. Of the remaining miRNA families,

19 contained between 2 to 6 members, while 17 were represented

by a single member.

Identification of Novel B. napus miRNAs
To distinguish miRNAs from other small RNAs, such as

siRNAs, some important features from miRNA biogenesis must be

considered: 1) mature miRNAs are derived from pre-miRNAs; 2)

all pre-miRNAs can form a secondary structure with a stem-

looped hairpin; 3) the secondary structure shows high negative

minimum folding free energy (MFE, 40–100 kcal/mol) and

minimum folding free energy index (MFEI, higher than 0,85)

[54]; 4) The stem-looped hairpin has the mature miRNA sitting on

one of the arms and an almost complementary miRNA (with few

mismatches) on their opposite site arm (5p and 3p positions). To

identify novel miRNAs in B. napus seeds, the sRNA libraries were

matched against assembled contigs of developing and mature

seeds, because Bna ESTs and GSS were previously explored

elsewhere [25,24,29,41]. Candidate mRNA sequences with

hairpin-like structures and with more than 10 miRNA reads that

were anchored in the same orientation in the 5p and/or 3p arm in

a two block-like pattern were considered putative pre-miRNAs.

The MFE and MFEI were determined for each candidate

sequence and the precursor identity was determined by BLAST

searches against mature miRNAs at miRBase. As a result, three

groups of pre-miRNAs were identified: (a) known in Bna, (b) new

in Bna but known in plants and (c) new in Bna and

uncharacterized in other plants.

The determined secondary structures of Bna pre-miRNAs

identified in the first group showed an average MFE value of

257.16 kcal/mol, an average MFEI of 20.99 and an average GC

content of 43.32% (Table S3). In addition, four mRNA sequences

presented anchored miRNAs in a block-like pattern (Bna-

MIR393-2; Bna-MIR393-2; Bna-MIR396; Bna-MIR1140) but

did not fold into a secondary structure because they had partial

mRNA sequences. However, these four sequences were considered
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an exception and were studied further because they showed high

similarity to known Bna pre-miRNAs. In total, 17 new full-length

and 4 partial pre-miRNA sequences were identified for 11 known

Bna-miRNA families, along with 16 new 5p:3p pairs of mature

Bna-miRNAs (Table 3 and Figure S2). It has been previously

shown that miRNA variants, referred to as isomiRNAs, are

detectable using high-throughput sequencing [36,38,55]. Known

Bna-miRNAs and several novel isomiRNAs were detected in the

predicted precursors (Table S3). The known Bna sequences

represented the most abundant miRNA in eight of the 21 new

precursors (Bna-MIR159, Bna-MIR166, Bna-MIR167, Bna-

MIR168, Bna-MIR171 and Bna-MIR824) and were not consid-

ered new miRNAs in Table 3. The second group of new pre-

miRNAs (Bna-nMIRx) comprised seven full-length and one partial

pre-miRNA. Mature miRNA sequences of seven miRNA families

(Bna-nMIR158, Bna-nMIR162, Bna-nMIR172, Bna-nMIR394,

Bna-nMIR400, Bna-nMIR408 and Bna-nMIR827) that were not

previously characterized in B. napus have been identified in these

new pre-miRNAs (Table 3 and Table S4). The miRNA families

MIR158 and MIR400 have been reported only in Brassicaceae

species, whereas the other families are conserved in several plants.

With the exception of one partial pre-miRNA (Bna-nMIR394), all

of the new pre-miRNAs had 5p:3p arm miRNA pairs that were

complementarily anchored (Figure S3). Several isomiRNAs were

detected and are shown in Figure S3. Bna-nMIR827 showed one

mismatch with other plant miRNAs and therefore it has not been

detected on initial analysis (Table S2). The third group of pre-

miRNAs comprised all sequences with characteristic hairpin-like

structures with no homology to previously known plant miRNAs;

these sequences were considered as novel pre-miRNAs in plants.

To increase the reliability of the predictions, one additional

criterion was considered: only candidate precursors with anchored

mature sequences that could be found in both libraries or for

which a complementary miRNA sequence could be identified in at

least one library were annotated. As a result, 15 novel miRNAs,

representing 13 novel Bna-miRNA families and distributed in 15

new precursors, were identified (Table 3). From these new

miRNAs, 11 pre-miRNAs exhibited the 5p:3p miRNA pair

(Figure S3). The average MFE value of the 23 newly predicted

pre-miRNAs (plant conserved and novel) was 246.67 kcal/mol

with a range of 28.7 to 2131.5 kcal/mol (Table S4). The average

length of the pre-miRNAs was 131 nt with a MFEI of 20.92 and a

GC content of 39%. In accordance with previous results [33], the

majority of the newly identified miRNA sequences had uracil (U)

as their first nucleotide (Table S4).

Expression Profile of B. napus miRNAs
The large number of sequences produced by high-throughput

sequencing enables the use of read counts in libraries as a reliable

source for estimating the abundance of miRNAs [56,57,58]. The

most abundant miRNAs identified by sequence homology in the

libraries were MIR156, MIR159, MIR166, MIR167 and

MIR824, each with more than 100,000 reads sequenced

(Figure 3a). The majority of the conserved miRNAs that were

Figure 1. Length distribution and diversity of total number of small RNA reads of B. napus seed libraries. (A) Small RNA reads
sequenced from the mature seed library. (B) Small RNA reads sequenced from the developing seed library.
doi:10.1371/journal.pone.0050663.g001

Table 1. Summary of sequencing data of B. napus small RNA libraries.

Mature seeds Developing seeds

Reads Number of reads Percentage (%) Number of reads Percentage (%)

Total reads* 17,878,538 100.0 19,954,089 100.0

18–25 nt 16,658,523 93.2 18,728,461 93.9

,18 nt 875,194 4.9 856,483 4.3

.25 nt 344,821 1.9 369,145 1.8

*High quality reads with lengths of 1 to 44 nt.
doi:10.1371/journal.pone.0050663.t001
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identified had been sequenced less than 1,000 times, and 11

miRNA families had been detected less than 10 times. Although

the total number of unique miRNAs detected in both libraries

were similar, the number of total reads was higher in the mature

seed library, where 1,581,402 reads (196 miRNAs) were identified,

compared to 368,538 reads (172 miRNAs) in the developing seed

library. A few poorly represented miRNA families, namely,

MIR828 and MIR2111, were predominantly detected in the

developing seed library (Figure 3a). Sharp differences in read

abundance were also observed within members of one family and

between miRNA libraries. For example, the abundance of

MIR156/157 members ranged from 2 to 155 844 reads in the

mature library and from 1 to 2 135 in the developing library.

Comparisons between the normalized data suggested that 79

conserved miRNAs were differentially represented between the

two libraries (Table S2). Differentially represented miRNAs in the

developing seed library that exhibited more than a 2-fold change

are shown in Figure 3b. Some members of MIR156/157,

MIR162, MIR164, MIR168, MIR169, MIR172, MIR393,

MIR395, MIR396, MIR398, MIR399, MIR828 and MIR1140

were more represented in developing seeds than in mature seeds

(Figure 3b). On the contrary, some members of MIR156/157,

MIR169, MIR319, MIR390, MIR391, MIR403, MIR824 and

MIR1885 were more represented in mature seeds than in

developing seeds (Figure 3b).

Target Prediction of B. napus miRNAs
To infer the biological functions of the 23 newly identified

miRNAs (plant conserved and novel), putative target genes were

searched. The most abundant mature miRNAs were aligned to

assembled B. napus contigs using the web-based computer server

psRNATarget. Default parameters and a maximum expectation

value of 4 (number of mismatches allowed) were used for higher

prediction coverage. A total of 105 contigs matched miRNAs of

the 14 novel and 8 known plant miRNA families identified in B.

napus, representing 89 unique potential targets with an average of

four targets per miRNA molecule. All of the identified targets were

analyzed using a BLASTX against protein databases, followed by

GO analysis to evaluate their putative functions. The detailed

results of the best BLASTX hits are shown in Table S5. According

to the categorization of GO annotation, 103 genes are involved in

cellular components, with the majority of them localized in the

nucleus and organelles. In the category of molecular functions, 103

genes participate in catalytic activities and binding activities with

proteins and nucleic acids. With respect to biological processes, 95

genes primarily took part in responses to stimulus and different

cellular and metabolic processes, suggesting that the novel Bna-

miRNAs are involved in a broad range of physiological functions

(Figure S4). We searched the putative target genes for differentially

represented miRNAs and isomiRNAs shown in Table S2 and S3

to investigate whether these miRNAs regulate target genes

Table 2. Categorization of B. napus sequecences matching noncoding and organellar small RNAs.

Mature seeds Developing seeds

sRNA* Number of reads Percentage (%) Number of reads Percentage (%)

miRNA 1,699,293 10.20 420,230 2.24

rRNA 675,151 4.05 524,132 2.80

tRNA 39,769 0.24 23,449 0.13

snRNA 2,688 0.02 1,830 0.01

snoRNA 1,911 0.01 1,567 0.01

mtRNA 298,127 1.79 44,370 0.24

cpRNA 316,543 1.90 51,188 0.27

other sRNA 13,625,041 81.79 17,661,695 94.30

Total 16,658,523 100 18,728,461 100

*Only 18–25 nt reads were considered. The small RNA were clustered according to their origin as follow: ribosome (rRNA); transporter (tRNA); small nuclear (snRNA);
small nucleolar (snoRNA); mitochondrial (mtRNA) and chloroplastic (cpRNA).
doi:10.1371/journal.pone.0050663.t002

Figure 2. Number of miRNAs identified in B. napus seed libraries in known miRNA family in plants. The numbers are the sum of different
miRNA containing the canonical sequences from the families of plant miRNAs deposited in miRBase.
doi:10.1371/journal.pone.0050663.g002
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involved in seed development and energy storage in B. napus. We

found that 313 contigs were potential targets of 44 overrepresented

miRNAs and 221 contigs were potential targets of 36 underrep-

resented miRNAs in the developing library (Table S6). In total, an

average of seven targets per miRNA molecule was identified.

According to the categorization of GO annotation, 436 genes are

involved in cellular components, and 489 genes have been

classified within categories of molecular function (Figure 4). With

respect to biological processes (424 genes), miRNAs that were

more abundant in mature than in developing seeds were found to

potentially target genes that took part in growth, developmental

processes, multicellular organismal process and biological regula-

tion, along with different cellular and metabolic processes and

responses to stimulus (Figure 4).

Table 3. Number of miRNAs identified by sequence homology or matching pre-miRNAs in B. napus seed libraries that belong to
novel and known plant miRNA families.

Size

Class 18 19 20 21 22 23 24 Total Precursors Families

New miRNAs known in other plants species (without precursor)a 0 7 40 122 17 0 2 188 0 28

Known miRNAs in B. napus (without precursor)a 0 0 0 21 3 0 0 24 0 17

New miRNAs in known B. napus families* (with precursor)b 0 1 7 7 1 0 0 16 21 0 (11)d

New miRNAs known in other plants species* (with precursor)c 0 0 1 6 1 0 0 8 8 1 (6)d

New miRNAs unknown in other plants species* (with precursor)c 1 0 0 12 2 0 0 15 15 13

Total 1 8 49 171 24 0 2 251 44 59

*most abundant;
aData from Table S2;
bData from Table S3;
cData from Table S4;
dNumber of identified families already considered in previous categories are in parenthesis.
doi:10.1371/journal.pone.0050663.t003

Figure 3. Sequencing profile of plant conserved miRNAs in B. napus seed libraries. (A) Number of total read counts of each miRNA in the
mature and developing seed libraries of B. napus. (B) Mature miRNAs differentially expressed in the developing seed library and with fold-change
higher than 2,0. Black bars represent miRNAs that were more abundant in mature seeds; blue bars represent miRNAs that were more abundant in
developing seeds.
doi:10.1371/journal.pone.0050663.g003
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Discussion

MiRNAs have been shown to play critical roles in the regulation

of gene expression during plant development and in species-

specific adaptation processes. In this study, we profiled by deep

sequencing the microRNAome of the mature and immature stages

of B. napus seeds. A total of 59 miRNA families were detected in

the sRNA libraries (Tables S2 and 3). The families detected here

increase the number of 17 miRNA families previously described in

B. napus in the miRBase registry. We describe 29 miRNA new

families in B. napus but conserved in other plants, and 13 families

that were reported for the first time in plants.

A large number of reads were sequenced from both miRNA

libraries of developing seeds and mature seeds of B. napus,

providing a good representation of the miRNA population in seeds

(Table 1). As expected, most of the highly conserved miRNAs in

diverse plant species were also the most abundant in B. napus seeds.

In addition, the conserved miRNA families of B. napus showed the

higher number of members per family [30,31]. miRNA families

described only in Brassicaceae species were identified (MIR158,

MIR161, MIR391, MIR400, MIR447, MIR771, MIR824,

MIR838, MIR858 and MIR866) along with two families

(MIR1885 and MIR1140) that could be specific to the genus

Brassica. MIR1885, which was previously only identified in B. rapa,

has been detected in the present B. napus libraries, and Bna

MIR1140 was recently detected in B. rapa [39]. These results

suggest that both the ancient regulatory pathways mediated by

evolutionarily conserved miRNAs as well as novel and specialized

pathways unique to Brassicaceae species, are present in B. napus

[30,31]. Nearly all of the unique Bna-miRNA sequences described

in miRBase were detected, and all of the Bna-miRNA families

were represented in at least one library. In addition, the

identification of Bna pre-miRNAs allowed for the identification

of several isomiRNAs that were identical to some conserved

miRNAs identified in Table S2 and often more abundant than the

known Bna sequences (Tables S2 and S3). Because the Bna-

miRNA sequences deposited in miRBase were mainly identified

by sequence homology and cloning of miRNAs isolated from

whole plant tissues, it is tempting to conclude that the most

abundant miRNA sequences detected in this study are seed

specific. Although similar conclusions were proposed in rice [34],

this observation is likely to reflect the increased detection power of

the deep sequencing strategy and the limited computational

analysis due to an incomplete genome.

To predict new miRNAs with confidence, we identified

precursor sequences according to the strict criteria of having

sharply defined distribution patterns of one or two block-like

anchored sRNAs and at least 11 reads in total. It was previously

Figure 4. Targets of differentially expressed miRNAs in developing seeds of B. napus. The total number of contigs for each Gene Ontology
(GO) term is relative to the total number of contigs in each gene category.
doi:10.1371/journal.pone.0050663.g004
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found that the read depth distribution along putative pre-miRNAs

can be used as a reliable guide for differentiating possible miRNAs

from contaminant sequences, such as degradation products of

mRNAs or transcripts that are simultaneously expressed in both

the sense and antisense orientations [59]. In addition, the average

MFE and MFEI of the predicted stem-loop structures of the pre-

miRNAs values were within the confidence values suggested by

[54] and are similar to the length average, MFE, MFEI and GC

content of pre-miRNAs from other plant species, such as

Arabidopsis [60]. For the majority of the new miRNAs, the

complementary miRNA species (5p:3p pairs) were detected in our

libraries, providing strong evidence that they derived from

precisely processed stem-loops during miRNA biogenesis [6].

During the preparation of this manuscript, [41] reported nine new

miRNA families in the very early stages of B. napus seed

development. Bna-nMIR03, which was detected in both the

developing and mature libraries in the present study, showed an

identical sequence to one of the miRNA families presented by

[41]. Taken together, these results strongly suggest that genuinely

new Bna-miRNAs have been predicted, and also demonstrate that

using a combination of sRNA and mRNA sequencing is a

powerful strategy to discover new miRNAs in plants without an

available genome.

In this study, 23 new miRNAs have been identified in B. napus

seed libraries (Table S4). Furthermore, several miRNAs and

isomiRNAs were more represented in developing seeds and may

regulate the expression of target genes involved in seed develop-

ment and energy storage in B. napus (Figure 3b, Tables S2 and S3).

To infer about the biological significance of the results, in silico

target predictions with the permissive expectation value of 4 were

chosen. This strategy, which can include false targets, were

previously used to successful predict true alternative targets that

can be species or tissue-specific [61,62]. GO annotation analyses

suggested that miRNAs more abundantly present in mature seeds

are probably involved in the down-regulation of genes that are

more important during seed development, namely genes related to

auxin signaling (ARFs, F-boxes, auxin efflux carrier component) or

essential transcription factors in the regulation of plant develop-

ment (NAC, SCL, TOE) [63–65]. Because the accumulation of

dry matter for seed germination is the main priority of developing

seeds, a large number of target genes may participate in these

processes. Interestingly, some of the targets from the differentially

abundant MIR156, MIR167, MIR169, MIR171, MIR319 and

MIR396 were related to lipid metabolism (Table S6). Defects in

ethanolamine-phosphate cytidylyltransferase, which is the target of

Bna-nMIR04 and is predicted to be involved in lipid metabolic

process, have been shown to affect embryonic and postembryonic

development in Arabidopsis [66]. In conclusion, some potentially

valuable targets emerge from the analysis that would be interesting

to validate. Further investigation in the role of seed-specific

miRNAs will contribute to the knowledge of the energy storage

process in seeds.

This work provides a comparative study of the miRNA content

of the transcriptome of mature and developing seeds of B. napus.

The results will support future research on deeper studies of

individual Bna-miRNAs and their function on embryogenesis and

seed maturation. It is clear that the identification of miRNAs is not

yet complete in B. napus and that the release of the genome

sequences will be essential to fully understand the complete

miRNA repertoire. One future endeavor is to look for more novel

miRNAs; however, expression analysis and target validation will

be critical for determining the biological functions of both the

conserved and novel miRNAs identified during each developing

seed stage of different B. napus cultivars.

Accession Numbers
Sequencing data is available at the NCBI Gene Expression

Omnibus (GEO) ([http://www.ncbi.nlm.nih.gov/geo]). The ac-

cession number GSE38020 contain the sequence data of mature

and developing seed libraries from mRNA-seq and sRNA-seq.

Supporting Information

Figure S1 Flow chart of the procedure for the identifi-
cation of miRNAs.

(TIF)

Figure S2 Predicted secondary structures of the new
pre-miRNAs of known B. napus miRNA families.
Secondary structures and the locations of the miRNAs mapped

onto these precursors. Mature miRNAs located in the 5p and 3p

arms are labeled in magenta and red, respectively.

(PDF)

Figure S3 Predicted secondary structures of new pre-
miRNAs in B. napus. Secondary structures of candidate

miRNA precursors of new B. napus miRNA families (Bna-nMIRx),

their locations and the abundance of small RNAs mapped onto

these precursors. Mature miRNAs located in the 5p and 3p arms

are labeled in magenta and red, respectively. Values on the left

side of the miRNA sequence represent read counts in the mature

and developing seed libraries, respectively.

(PDF)

Figure S4 Distribution of target genes of new Bna-
miRNAs in gene categories and Gene Ontology (GO)
terms.

(TIF)

Table S1 Length distribution of raw reads of B. napus
small RNAs libraries.

(XLS)

Table S2 New and Bna-known miRNAs identified in
small RNA libraries. B. napus miRNAs with perfect homology

to plant miRNAs deposited in the miRBase database (release 18,

November 2011).

(XLS)

Table S3 New and Bna-known putative miRNA precur-
sors identified in B. napus miRNA families.

(XLS)

Table S4 New miRNAs and pre-miRNAs identified in B.
napus libraries. Sequences were classified as known or as novel

plant miRNA families.

(XLS)

Table S5 Predicted targets of novel and plant conserved
miRNAs in B. napus.

(XLS)

Table S6 Predicted targets of differentially expressed
miRNAs in B. napus.

(XLS)
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ABSTRACT The genome of potato, a major global food crop, was recently sequenced. The work presented
here details the integration of the potato reference genome (DM) with a new sequence-tagged site
marker2based linkage map and other physical and genetic maps of potato and the closely related species
tomato. Primary anchoring of the DM genome assembly was accomplished by the use of a diploid segre-
gating population, which was genotyped with several types of molecular genetic markers to construct a new
~936 cM linkage map comprising 2469 marker loci. In silico anchoring approaches used genetic and
physical maps from the diploid potato genotype RH89-039-16 (RH) and tomato. This combined approach
has allowed 951 superscaffolds to be ordered into pseudomolecules corresponding to the 12 potato
chromosomes. These pseudomolecules represent 674 Mb (~93%) of the 723 Mb genome assembly and
37,482 (~96%) of the 39,031 predicted genes. The superscaffold order and orientation within the pseudo-
molecules are closely collinear with independently constructed high density linkage maps. Comparisons
between marker distribution and physical location reveal regions of greater and lesser recombination, as
well as regions exhibiting significant segregation distortion. The work presented here has led to a greatly
improved ordering of the potato reference genome superscaffolds into chromosomal “pseudomolecules”.
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Genome sequencing of crop plants has become increasingly routine,
primarily due to the reduction in cost and increase in throughput
brought about by continuing advances in sequencing technologies.
First reports on the whole-genome sequences of plants, such as Ara-
bidopsis thaliana (The Arabidopsis Genome Initiative 2000) and rice
(International Rice Genome Sequencing Project 2005), were mainly
accomplished with the use of clone-based (e.g., “BAC by BAC”) strat-
egies. In this approach, a library of bacterial artificial chromosome
(BAC) clones is mapped onto chromosomes by the use of molecular
markers, the aim being to generate a clone-based physical map with
a “minimum tiling path.” This assures good genome coverage while-
minimizing the sequencing effort. More recently, plant genome se-
quencing has been based on whole-genome shotgun approaches
involving conventional Sanger sequencing, next-generation sequence
technologies, or a combination of both (Hamilton and Buell 2012).
The whole-genome shotgun approach does not require a physical
map, and there is no preassumption of the position of the resulting
sequence assemblies. Several research groups have developed “scaf-
folding” algorithms to assemble these typically short sequence contigs
into larger constructs (Miller et al. 2010). However, because of the
genome size and complexity of most crop plants, scaffolds typically
remain unoriented and without chromosomal coordinates, despite
being well annotated for gene content. A reference genome sequence
requires that the products of the assembly process (contigs and scaf-
folds) be globally ordered and oriented to generate chromosomal
pseudomolecules (PMs). In the absence of a clone-based physical
map or genetic map of the reference sequenced genotype, this task
is a significant and challenging one. One widely adopted approach has
been to link the sequence assembly to a genetic map using the pres-
ence of mapped sequence-tagged site (STS) genetic markers (Green
and Green 1991) in the genome sequence. For example, a set of 409
molecular markers was used to order 69% of the assembled 487 Mb
grapevine genome along the 19 grape linkage groups (The French-
Italian Public Consortium for Grapevine Genome Characterization
2007). The link between the genome sequence and its genetic maps
is critical in moving between trait loci and candidate genes underlying
such loci. Successful genetic anchoring of a plant genome sequence
assembly with the use of maps developed in the reference-sequenced
genotype depends on marker density and distribution, as well as map
accuracy and resolution. Other approaches can also be implemented
to augment the anchoring process, including comparative analysis
with physical and genetic maps of closely related species.

The Potato Genome Sequencing Consortium (Potato Genome Se-
quencing Consortium 2011) has published the genome of the doubled

monoploid Solanum tuberosum group Phureja DM1-3 516 R44 (here-
after referred to as DM). At the time the genome sequencing was
initiated, DM did not have a physical map, nor was there any pre-
existing genetic map for this genotype. Therefore, a genome-anchoring
strategy was developed that included the generation of a segregating bi-
parentalmapping population involvingDMas a parent, and generation
of a dense STS-based genetic map. Other genetic mapping resources,
such as the ultra-high density (UHD) map of diploid potato genotype
RH89-039-16 (RH) (van Os et al. 2006), and the tomato-EXPEN 2000
genetic reference map (Fulton et al. 2002) were also used.

We describe for the first time in detail the generation of an
integrated de novo genetic/physical map of potato and significant
refinements to the previously published assembly. Our combined
map orders the genome sequence into 12 chromosomal PMs corre-
sponding to each of the 12 potato chromosomes and is linked to
previously existing potato and Solanaceae mapping resources. The
work represents the assimilation of various data types that required
complex interpretation for correct ordering and orientation of super-
scaffolds. This process involved considerable manual curation, driven
largely by a novel approach for visualization of mate-pair sequences
from large genomic clones (BAC and fosmid) and long insert 454
reads (20 kb and 8 kb). This allowed us to assign robust orientations
to many superscaffolds and also enabled the inclusion of many super-
scaffolds that remained unanchored when the reference genome se-
quence was published (Potato Genome Sequencing Consortium
2011). This resource will facilitate exploitation of the potato genome
sequence for genetic analysis and crop improvement, and our ap-
proach can serve as a guide for others wishing to engage in genome
sequencing of genotypes which lack physical or genetic maps.

MATERIALS AND METHODS

Genetic cross/population construction
A segregating diploid potato population (BC1) derived from the ref-
erence sequence clone DM 1-3 516 R44 (DM) was developed. The
homozygous DM clone (2n = 2x = 24) was generated by chromosome
doubling of a monoploid (2n = 1x = 12) derived from a heterozygous
accession of S. tuberosum Group Phureja (Paz and Veilleux 1999). A
heterozygous diploid clonal accession (CIP 703825, referred to as D)
belonging to the Solanum tuberosum diploid Andigenum Group
Goniocalyx cultivar group (Spooner et al. 2007; Ovchinnikova et al.
2011) was crossed to DM. The direction of the cross (DM · D) was
chosen because DM is male sterile. One of the resulting F1 hybrids
(DM/D, CIP 305156.17) was used as the stylar parent in a backcross
with D as pollen parent. The mapping population comprising 180
backcross progeny clones (hereafter referred to as DMDD) was raised
in the greenhouse for DNA extraction and pathogen testing and is also
maintained pathogen-free in vitro (https://research.cip.cgiar.org/
confluence/display/dm/Home) at the International Potato Center,
Peru.

Plant material and genomic DNA extraction
Genomic DNA from 180 progeny clones of the mapping population
and the pedigree parents was isolated by the use of standard protocols
(Herrera and Ghislain 2000). DNA concentration was estimated with
a TBS-380 Fluorometer (Turner BioSystems) with PicoGreen reagent
using salmon sperm DNA at 500 ng/mL as a reference. All DNA
samples were normalized to a final concentration of 250 ng/mL and
distributed among members of the Potato Genome Sequence Consor-
tium (PGSC) mapping group to perform multilocation genotyping by
using diversity arrays technology (DArT), simple sequence repeat
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(SSR), single-nucleotide polymorphism (SNP), and amplified frag-
ment-length polymorphism (AFLP) markers.

Marker identification, development, and analysis

SSR markers: SSR markers were designed from an early draft of the
assembled potato genome superscaffolds (DM assembly version 1).
Markers were selected from a masked copy of the genome to avoid
placement in repetitive DNA. In addition to these SSR markers
(labeled PM), previously reported sets of SSRs from Stwax (potato
waxy gene; Veilleux et al. 1995), STM (Milbourne et al. 1998), STI
(Feingold et al. 2005), st_ (Tang et al. 2008a), and STG (Ghislain
et al. 2009) were also used in linkage mapping. In total, 356 SSRs
(Supporting Information, Table S1A) were tested for polymorphism.
In brief, 5225 ng of template DNA was added to polymerase chain
reaction (PCR) mix containing 1.522.5 mM MgCl2, 0.1620.25 mM
dNTP, 0.2521.0 U Taq polymerase, with the following primer com-
binations; for acrylamide gel analysis, 0.220.25 mM forward primer,
0.220.25 mM reverse primer, plus 0.2 mM cresol red and 6% sucrose;
for ABI3130lx Genetic Analyzer (Applied Biosystems), 0.220.25 mM
reverse primer, 0.1520.25 mM forward primer, 0.0520.25 mM la-
beled (FAM (5-FAM (6-FAM) 5(6)-carboxyfluorescein), HEX
(6-carboxy-1,4-dichloro-29,49, 59, 79-tetrachlorofluorescein), NED, or PET)
forward primer; for 4300 LI-COR DNA Analyzer (LI-COR Bioscien-
ces), 0.2 mM or 22 pM forward primer, 0.2 mM or 15 pM reverse
primers, 25 pM 700 or 800 IRDye labeled M13 forward primer. PCRs
were conducted under optimized conditions: in brief, 4 min denature
at 94�, 35 cycles of 30 sec at 94�, 30 sec at Ta (annealing temperature
determined experimentally for each SSR primer combination), 30 sec
at 72�, 1 cycle of 4 min at 72�; or 3 min denature at 94�, 36 cycles of
15 sec at 94�, 30 sec at 58252� with touchdown of 20.5� for first 12
cycles, 30 sec at 72�, 1 cycle of 5 min at 72�; or 4 min denature at 94�,
30233 cycles of 1 min at 94�, 1 min at Ta, 1 min at 72�, 1 cycle of
4 min at 72�. SSRs were resolved either by denaturing acrylamide gel
electrophoresis and silver staining according to Creste et al. (2001),
capillary electrophoresis following standard procedures for the
ABI3130lx Genetic Analyzer using Genscan 400 ROX (6-carboxy-X-
rhodamine) or Genscan 500 LIZ size ladder, or by electrophoresis on
the 4300 LI-COR DNA Analyzer system (LI-COR Biosciences) using
the LI-COR IRDye 50–350 bp size standard. Polymorphic markers
were scored directly from silver stained gels; using GeneMarker 1.4
(SoftGenetics, State College, PA; www.softgenetics.com), GeneMapper
4.0 (Applied Biosystems) or Genographer (www.genographer.com)
for ABI3130 lx; or the SAGA Generation 2 software (LI-COR,
USA), and Cross Checker v.2.9.1 (Buntjer 1999) for LI-COR. SSRs
were scored, where possible, as codominant markers, and if this was
not possible, as dominant markers.

SNP markers: A custom filtering pipeline was developed to select
1920 SNPs from a set of 69,011 high-confidence SolCAP SNPs
(Hamilton et al. 2011) that were incorporated into five 384-plex (5 ·
384) Illumina GoldenGate oligonucleotide pool assays (OPAs; Fan
et al. 2003), hereafter referred to as POPA (potato OPAs). Hamilton
et al. (2011) identified these SNPs by comparing RNA-Seq and EST
sequences from six potato cultivars (Atlantic, Premier, Snowden,
Bintje, Kennebec, and Shepody) to the draft DM potato reference
genome. Our filtering pipeline involved finding nonrepetitive posi-
tions on the DM assembly, avoiding overlapping SNPs that may have
interfered with the Illumina SNP genotyping assay, and striving to
cover the genome as fully as possible. In addition, a POPA containing
SNPs derived from pre-existing potato ESTs in the public databases

was also designed and used. Table S1B shows details of 2304 SNPs,
derived from pre-existing potato ESTs (POPA1) and SolCAP markers
(POPA2-6) used in the study. Genotyping was performed using an
Illumina BeadXpress platform following the recommendations of the
manufacturer (GoldenGate Genotyping Assay, Illumina VeraCode
Manual, VC-901-1001). All reagents, unless stated otherwise in the
standard protocol, were provided by Illumina. The data files were
processed and genotypes called using Genome Studio software.

AFLP markers: AFLP analysis was performed according to the
procedures described by Vos et al. (1995) using the restriction enzyme
combination EcoRI and MseI. AFLP fragments were separated on
a LI-COR 4300 DNA Sequencer (LI-COR Biosciences) using 4.5%
polyacrylamide denaturing gels (acrylamide:bisacrylamide, 19:1) as
described in the user manual. The LI-COR size standard ladder was
loaded into each lane to facilitate the semiautomatic analysis of the gel
and the sizing of the fragments. The names of the markers indicate the
enzymes used, the selective nucleotides, and the size of the fragment;
for instance, EACTMAAC_205.0 is an AFLP marker derived from
a primer combination with the enzymes EcoRI and MseI, selective
nucleotides ACT and AAC, and a mobility that corresponds to a frag-
ment with an estimated size of 205 bp. Polymorphic bands were
manually scored following the intensity degree and the parent back-
cross pattern. The details of the enzyme combinations, selective
nucleotides, and adapter sequences are provided in Table S1C.

DArT markers: Representations from 180 DMDD progeny clones
and the pedigree parents (DM, DM/D, D) were obtained by subjecting
DNA from each clone to double restriction enzyme digestion (PstI/
TaqI) and ligation to PstI adaptors for reducing genome complexity
followed by PCR amplification for preparation of targets (Wenzl et al.
2004). Cy3-labeled representations (targets), mixed in an ExpressHyb
buffer containing cy5-labeled polylinker fragment of the plasmid used
for library preparation (as a reference), were denatured and hybridized
to a high-resolution potato genotyping array containing 7680 DArT
probes (Sliwka et al. 2012). After overnight hybridization at 62�, arrays
were washed and scanned with 20 mm resolution at 543 nm (cy3) and
488 nM (FAM) on a LS300 confocal laser scanner (Tecan, Grödig,
Austria) to detect fluorescent signals emitted from the hybridized
fragments. The data from the scanned images were extracted and
analyzed using the DArTsoft 7.4 software (Diversity Arrays Technol-
ogy P/L, Canberra, Australia). The logarithm of the ratio between
the two background-subtracted averages of feature pixels in the
cy3 and cy5 channels (log2[cy3/cy5]) was used as a measure of the
difference in abundance of the corresponding DNA fragment in
the two representations hybridized to the array. The log2[cy3/FAM]
and log2[cy5/FAM] values, which are approximate measures of the
amount of hybridization signal per amount of DNA spotted on the
array, were used for quality-control purposes. The unique signal pat-
tern obtained by hybridizing each sample pair (individual clone
and reference) to the genotyping array was recorded as “0” or “1.”
All DArTs were sequenced and are available from Spud DB site
(http://potato.plantbiology.msu.edu/); the detailed methodology is
published on the Diversity Arrays Technology website (http://www.
diversityarrays.com).

Linkage map construction
The SSR, SNP, AFLP, and DArT genotyping data for 180 DMDD
progeny clones were combined and screened for polymorphic
markers. JoinMap4 (Van Ooijen 2006) was used both to assign
markers to linkage groups and to order markers within linkage
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groups. The backcross parents and offspring were coded according
to the cross-pollinated (CP) population type (outbreeder full-sib
family after two independent meioses). A female-male combined
DMDD map was generated that included markers informative in
one or both parents. Linkage groups were formed using the Inde-
pendence LOD parameter under “population grouping” with a range
from 2 to 15. Before grouping and ordering markers within linkage
groups, loci or progeny clones with $20% missing values were re-
moved along with all identically segregating loci. The regression
mapping algorithm with modified settings (recombination frequency
threshold , 0.49, LOD threshold . 0.01) was used to order loci
within each linkage group. All linkage groups were subjected to three
rounds of mapping. Recombination frequencies were converted into
map distances using the “Kosambi” mapping function.

Locating STS markers on the DM assembly
STS markers were aligned to the reference genome assembly using
SSAHA2 (Ning et al. 2001) or BLAST. The total set of alignments was
processed as follows. First, alignments caused by short repetitive
sequences were removed using a custom depth/coverage filter. In de-
tail, any alignment covering a region of the query or target sequence
that overlapped with five or more other competing alignments in that
region was removed if this depth threshold was exceeded greater than
20% or more of the alignment length. In this way alignments spanning
short repeats were not penalized, but alignments largely composed of
likely repeats were removed. Second, short alignments were grouped
by sequence into “hits” that allowed for indels. Third, where applica-
ble, the relative distance and orientation of the forward and reverse
reads for the marker was taken into consideration. Pairs of forward
and reverse reads with an incorrect orientation or implausible sepa-
ration were removed. Finally, only markers with a unique, high-scoring
alignment position on the genome assembly were selected as anchor
points in the physical map. The final positions of all the STS markers
(SSRs, SNPs, and DArTs) are provided in Table S2.

Integration of additional sequence-based and
physical resources
DM BAC- and Fosmid-end sequences, RH BAC-end sequences, and
tomato BAC- and Fosmid-end sequences were aligned to the DM
superscaffolds using SSAHA2 (Ning et al. 2001). The resulting align-
ments were filtered as described previously. Roche 454 Paired-end
(PE) reads from 14- and 20-kb insert-size libraries from DM, repre-
senting 0.7 and 1.0 Gb of raw data, respectively, were aligned to the
superscaffold sequences using Newbler (Margulies et al. 2006) with all
the default settings. Unsequenced BAC clones from the RH physical
map (de Boer et al. 2012) were positioned on the superscaffolds using
BLAST alignment of their whole-genome profiling (WGP) sequence
tags. For each BAC, the alignment hits of the individual 25 nt tags
were processed to retain only unique hits. The aligned BAC clones
that carried AFLP markers provided the link between the DM super-
scaffolds and the RH UHD genetic map (van Os et al. 2006). In
addition, sequenced RH BAC clones and RH BAC-end sequences
were used for anchoring and scaffolding of the DM sequences. Finally,
sequences from the available tomato PMs (v2.40, The Tomato Ge-
nome Sequencing Consortium 2012) were aligned using ATAC (Istrail
et al. 2004).

Manual scaffolding using the “link-peak” strategy
All paired-end and mate-pair (PEMP) sequence data that could be
reliably mapped to the DM superscaffolds were combined to compute

a composite directional link-score across each superscaffold. In detail,
the link-score combined PEMPs that had unique, high-scoring
alignments for both ends of each mate pair sequence, but with the
two end sequences aligning to different non-adjoining superscaffolds.
A reciprocally high link-score between the ends of a pair of
superscaffolds indicated a probable scaffolding link between them.
The composite directional link-score is calculated in a sliding window
along the length of a superscaffold (the source) as follows:

1. All mate pairs with one end aligning in that window and the
other corresponding mate pair end reliably mapping to another
superscaffold (the target) are selected. These are designated as
unsatisfied mate pairs.

2. These mate pairs are grouped according to the target
superscaffold.

3. For each target superscaffold group, a score is calculated by sum-
ming the value for each mate pair in that group (see below for
details of how the value is determined).

4. The link-peak score is the greatest score of all the target groups.

Different link-score values were empirically assigned to the
different PEMP sequence libraries, with greater scores assigned to
DM based libraries over RH and tomato-based libraries and greater
values given to longer sequences that have more accurate alignments.
In addition to accumulating link-evidence from consistent unsatisfied
PEMPs, a noise-score was calculated for unsatisfied PEMPs that
suggested links to multiple different target superscaffolds. The noise
score allowed spurious, high-scoring links caused by repeats to be
identified. In this way the evidence for links between pairs of
superscaffolds could be conveniently described as a continuous value
in wiggle format (https://www.genome.ucsc.edu/goldenPath/help/wiggle.
html), which allows for visualization as tracks in GBrowse, alongside
genetic and physical evidence from other sources.

Visualization of integrated genetic and physical map
The integrated genetic and physical maps of the DM genome were
visualized with the software ‘DMAP’ (D. M. A. Martin, unpublished
data). The figures produced by the DMAP software take as input the
accessioned golden path (AGP) file describing the PM architecture,
a GFF file describing the sequence positions of the markers on the
superscaffolds, and the JoinMap output file from linkage mapping for
each linkage group. As there are many more markers than those that
can be coherently visualized on a printed figure, DMAP employs
a selection and layout algorithm where only a user determined max-
imum number of labels are displayed.

DM chromosome idiogram figures were reproduced from the
potato reference genome publication (Potato Genome Sequencing
Consortium 2011) and were aligned by orienting the short arms to-
ward the start of the PM sequence, except for chromosomes 5 and 11,
where the PM sequence begins in the long arm (Tang et al. 2009;
Potato Genome Sequencing Consortium 2011).

Identification of centromere positions and
pericentromeric regions
Centromere positions were determined with the sequence information
provided by Gong et al. (2012). For chromosomes 4, 6, 9, 10, 11, and
12, the DM superscaffolds covering the centromere locations were
identified from the major peaks in the CENH3 chromatin immuno-
precipitation sequence read plots on the DM V2.1.10 PM sequences.
Satellite repeat analysis was performed by searching for the repeats in
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the DM sequence at http://yh.genomics.org.cn/potato/search.jsp and
by evaluating the repeat coverage through dot plot alignment of can-
didate DM sequences with the repeat sequence. In addition, centro-
mere positions were also indirectly inferred from the marker density
in RH UHD genetic map (van Os et al. 2006).

The revised physical positions of all of the Illumina Potato 8303
Infinium array SNPs, reported by Felcher et al. (2012) using their
customized version (2.1.11) of potato reference PMs, were obtained
for the latest version (4.03) of PMs (Table S3). Graphs depicting the
progression of genetic distance and recombination rate vs. physical
distance were calculated for all of the SNPs included in the current
PMs and D84 and DRH genetic maps, using the MareyMap package
(Rezvoy et al. 2007). The pericentromeric heterochromatin regions of
the DM PMs were identified in these plots from the absence of genetic
recombination between the SNP markers in such regions. In addition,
AFLP markers from the marker-dense pericentromeric bins of the RH
genetic maps were used to define heterochromatin boundaries in the
PMs (Park et al. 2007), especially in cases where the genetic maps of
Felcher et al. (2012) offered limited resolution.

BAC assembly and comparison with PMs
A total of 96 DM BACs spanning scaffolding gaps on chromosome 4
were selected (using DM BAC-end hits; Potato Genome Sequencing
Consortium 2011). The BACs were picked from the library and end-
sequenced to verify correct selection. Eighty-two verified BACs were
further processed and grouped into six normalized pools as well as
a composite master pool containing all 82 BACs. Each of the six BAC
pools was subjected to Roche 454 single-end shotgun sequencing and
the master pool to 3-kb PE sequencing. Single-end data for each pool
were combined with the PE data and were assembled together using the
Newbler GSAssembler (Margulies et al. 2006). The sequences were de-
posited in the EBI Short ReadArchive (accession number: ERP000934).

Candidate BAC scaffolds containing BAC-end sequences were
identified with BLAST, filtering hits with a minimum match length of
400 bases and bit score exceeding 700 before manual curation. BAC
scaffolds were matched to DM genomic superscaffolds with MUMmer
(Kurtz et al. 2004). Matching regions were filtered to retain only
matches longer than 1000bp with.97% identity. Data were expressed
graphically with matches as edges and BAC end sequences, super-
scaffolds and BAC scaffolds as nodes using the graphical exchange
format. Code was written in Python with the pygexf library and
visualization performed with Gephi (http://www.gephi.org). In addi-
tion, BAC ends were linked by a BAC label as a node. Assemblies
which linked superscaffolds with sequence data could then be readily
observed as cycles containing a BAC label in the graph. BAC-oriented
GFF files were generated and visualized with R.

RESULTS AND DISCUSSION

DM genome assembly: a brief summary
The potato nuclear genome involved generation of ~96.6 Gb of raw
sequence, which assembled into 66,254 “superscaffolds” comprising
a net sequence assembly of 727 Mb, 117 Mb less than the estimated
genome size of 844 Mb. Superscaffold length is inversely proportional
to the numerical value in the name of each DM superscaffold (DMB),
where the largest DMB (7.1Mb) bears the ID “PGSC0003DMB000000001”
and the smallest (100 bp) “PGSC0003DMB000066254.” Approxi-
mately 94% of the assembled genome is nongapped sequence and
more than 90% of the genome (N90) is represented by 622 super-
scaffolds that are equal to or larger than 0.25 Mb. The anchoring
strategy preferentially targeted the larger superscaffolds. At the time

of publication 649 superscaffolds equaling 623 Mb (86%) of the
assembled genome and 90% of the 39,031 estimated genes were
anchored (Potato Genome Sequencing Consortium 2011). Draft
PMs for the 12 chromosomes had been constructed but superscaf-
folds were mostly un-oriented. Since the original publication, con-
tinuous efforts have been made to perform further anchoring and
orientation of the DM superscaffolds in order to generate the revised
and improved genome PMs presented here (version 4.03).

Genetic analysis of the mapping population
The DMDD mapping population was genotyped for AFLP, SSR, SNP,
and DArT markers. Twenty two AFLP primer pairs (EcoRI/MseI)
amplified 213 detectable fragments. A total of 356 SSR loci were
assayed. Of 2304 POPA SNPs and 7680 DArTs interrogated, 2160
and 2174 yielded genotype data, respectively. The compiled set of
4903 markers was screened for presence of polymorphism, data in-
tegrity, and concordance between parental and progeny genotypes, as
well as meeting the missing data threshold (,20%) and other stan-
dard quality control checks. These data filtering and quality measures
resulted in considerable reduction in the total number of markers used
for linkage mapping to 2597, which comprised 187 AFLPs, 234 SSRs,
367 SNPs, and 1809 DArTs. After excluding co-segregating markers,
we used a subset of 1864 uniquely segregating loci for linkage group-
ing; 1751 unique loci were incorporated into a combined parental
linkage map with the 12 expected linkage groups, whereas the remain-
ing 113 remained unmapped. The 12 chromosomal linkage groups
span 936.2 cM with an average marker spacing of 0.54 cM per in-
terval. The individual linkage groups ranged in size from 62.9 cM
(Chr11) to 101.8 cM (Chr03). A combination of the use of previously
mapped SSR markers (Veilleux et al. 1995; Milbourne et al. 1998;
Feingold et al. 2005; Tang et al. 2008a; Ghislain et al. 2009) and
other available resources such as the RH genetic map (Van Os
et al. 2006), the RH WGP map (de Boer et al. 2012) and the tomato-
EXPEN 2000 map (Fulton et al. 2002) allowed orientation and
assignment of all 12 linkage groups to their respective chromosomes.
Table 1 shows the summary statistics of linkage mapping in the DMDD
cross.

Departure from Mendelian segregation has been observed fre-
quently in potato crosses. Markers showing segregation distortion
were not excluded from the mapping process and most could be
mapped to their appropriate linkage groups. The frequency of
segregation distortion was highly variable among different chromo-
somes with the most significant distorted regions observed on
chromosomes 1 and 4. Previous potato mapping studies have also
shown varying levels of segregation distortion (Gebhardt et al. 1991,
Felcher et al. 2012). Figure S1 shows genome-wide distribution of
levels of segregation distortion for all STS markers used in DMDD.

Linkage map2based (direct) anchoring
The linkage map of DMDD is predominantly composed of STS
markers. The primary map-based anchoring strategy involved locating
these sequence-based markers in the DM superscaffolds. SNPs and
previously unpublished SSR markers (prefixed with “PM”) used in the
DMDD linkage map were designed a priori against genome super-
scaffolds so their unique positions in the relevant superscaffolds were
known. The positions of DArT and previously reported SSRs were
determined using the bioinformatics alignment and filtering pipeline
illustrated in Figure 1.

Co-segregating markers removed during linkage map construction
were included in the anchoring process as such genetically redundant
markers represent distinct, but physically linked sites in the genome.
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The complete set of STS markers was filtered for unique and
unambiguous marker-assembly sequence alignments as described.
The combined sequence and genetic map coordinates for these
unique STS markers were used to assign and order superscaffolds for
constructing a framework physical map. The integrated genetic and
physical anchoring strategy is shown in Figure 2. Using this strategy,
we anchored 1730 (1305 DArTs, 345 SNPs, and 80 SSRs) of the 2292
mapped, including co-segregating, STS markers to their unique posi-
tions on the DM superscaffolds. This approach anchored 54.2% (394
Mb) of the DM genome assembly arranged into 334 superscaffolds
(Table 2). The proportion of genetic markers anchored on the genome
sequence from each marker-category was 96% (SNPs), 28% (SSRs),
and 76% (DArTs). Mapped AFLP fragments were not used in the
anchoring process, due to a lack of sequence information. Table S2
contains genomic positions for all the STS markers used in the study.
Genetic and physical coordinates for the DMDD mapped markers,
including 718 co-segregating markers, are provided in Table S4.

In silico approach2based (indirect) anchoring
The DMDD-based framework physical map was extended by in-
tegrating two additional sources of syntenic map data, from potato
and tomato, respectively. First, superscaffolds anchored using the RH
UHD genetic and physical maps (van Os et al. 2006; de Boer et al.
2012) were added. Second, 2,604 sequence-based markers from the
tomato-EXPEN 2000 derived maps, which are closely collinear with
potato (Tanksley et al. 1992; Fulton et al. 2002; The Tomato Genome
Sequencing Consortium 2012), were used to add superscaffolds. In the
case of RH, sequence anchoring was derived from the AFLP- and
WGP-based hybrid RH physical map (de Boer et al. 2012) as well
as by direct alignment of RH BAC end sequences and fully sequenced
RH seed BACs to the DM sequence. In both cases, the (proxy) marker
sequences were aligned to the DM assembly using BLAST, adopting

stringent matching criteria. The results were processed into reliable
genetic anchor points as described previously for the DM markers.

The RH- and tomato-based in silico anchoring strategies indepen-
dently anchored 470 (527 Mb, 72.5%) and 402 (417 Mb, 57.4%)
superscaffolds, respectively (Table 2). Figure 3 shows the superscaffold
anchoring summary for both the linkage (DM map) and the two
in silico (RH and tomato maps) approaches. The total set of 649
superscaffolds anchored in at least one map was integrated hierarchi-
cally, starting with the DMDD-based framework map, placing addi-
tional superscaffolds using first the RH and then tomato assignment.
The hierarchical ‘alignment’ of the maps is described below.

Construction of chromosome-scale PMs
Following anchoring, the superscaffolds were ordered into chromo-
some-scale PMs in a hierarchical process using genetic, sequence and
physical map data. The process is broken into two stages.

Stage I: In the first stage the STS markers from the DMDD genetic
map were aligned to the DM superscaffolds and used to construct the
“backbone” PMs. Additional sequence-linked and sequence-based
markers from the RH and tomato genetic maps were subsequently
used to add superscaffolds into the DM backbone PMs (Figure 2).
Superscaffolds that were anchored in multiple maps were used as
reference points to align the genetic positions in the three different
maps. Superscaffolds were added into ‘gaps’ in the backbone PMs
where the positions indicated by the RH and tomato markers were
in agreement with the positions initially established by the DMDD
map data. The known set of chromosomal inversions on chromo-
somes 5, 6, 9, 10, 11, and 12 between potato and tomato (Tanksley

n Table 1 Distribution of 1751 markers comprising four different
classes across the 12 chromosomes in the DMDD population, with
the concomitant map and interval lengths (cM) for each
chromosome

Chra Mapped Markersb
Map Length,

cM
Interval Spacing,

cM/intervalc

01 201 93.0 0.46
02 221 77.4 0.35
03 134 101.8 0.77
04 143 99.7 0.70
05 107 64.1 0.61
06 134 70.5 0.53
07 108 67.1 0.63
08 176 67.8 0.39
09 152 87.9 0.58
10 144 68.9 0.48
11 108 62.9 0.59
12 123 75.2 0.62
All 1751 936.2 0.54

SSR, simple sequence repeat.
a

Based on the SSRs mapped in previous studies and further confirmed by using
in silico approaches.

b
Excluding 718 co-segregating markers; when the segregation pattern of two
or more markers was identical, only a single marker per set of identical
markers was retained to generate the maps; 128 ungrouped markers
(including 15 unassigned co-segregating markers) that did not fit any linkage
group were also excluded.

c
Calculated as the map length divided by the number of intervals (mapped
markers minus 1, for “total” it is mapped markers minus 12).

Figure 1 Pipeline for anchoring of markers to the potato genome
assembly.
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et al. 1992; Iovene et al. 2008; Tang et al. 2008b) were taken into
account when aligning the different genetic maps.

Generally the different anchoring approaches provided direct
support for each other with respect to the relative placement of
superscaffolds in the PM.With an optimal alignment/agreement for the
superscaffold order among the three different maps used for anchoring,
294 of 374 superscaffolds present in at least onemapwere found to be in
the same order as in the other twomaps. In some instances, we observed
that ordering of superscaffolds derived using RH and tomatomaps was
inconsistent with that obtained from the DMDD genetic map. The

observed differences could be due to many factors, including technical
issues such asmapping or assembly errors or biological properties, such
as previously unknown structural differences between the compared
genomes.However, given the size and complexity of the potato genome,
it is encouraging that the placement of 79% of the superscaffolds was
corroborated by the different methods employed.

Although superscaffolds were integrated into genomic blocks at
this stage, they were unoriented and, due to the difficulty of aligning
genetic maps, largely unordered at the chromosome level. To add,
orient and refine the order of superscaffolds into an AGP for

Figure 2 Step-wise linkage group
assignment and ordering of DM
superscaffolds using genetic-
anchoring information succes-
sively from the DM, RH, and
tomato genetic maps.
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constructing chromosome-scale PMs, a separate process was imple-
mented, as described below.

Stage II: To orient the DM superscaffolds, and to further refine the
DMDD linkage map-based PMs, sequence and physical data from
a variety of sources were combined as described in the Materials and
Methods section and visualized on a standard GBrowse installation
(Figure 4). Custom sequence features were created representing high
scoring intersuperscaffold links, allowing the user to “click-and-walk”
along the physical evidence from superscaffold to superscaffold in
GBrowse. To aid this visualization, the processed RH WGP and to-
mato alignments, including the aligned sequence markers from the
genetic maps used in stage I, were added to GBrowse as additional
sequence feature tracks.

Using this integrated visualization tool, we performed three
important types of manual improvements to the stage I PMs: (1)
scaffolding links were used to provide the relative orientation of
superscaffolds, (2) adjacent superscaffolds not previously included in
the integrated genetic/physical map were added, and (3) errors in the
assembly were identified. These manual improvements were mainly
carried out for the euchromatic (gene-rich) regions and for the
euchromatin/heterochromatin borders. In addition to orientating the
majority of the anchored superscaffolds, the “link-peak” walk strategy
combined with manual curation led to the incorporation of an addi-
tional 277 previously unanchored superscaffolds into the PMs.

During this process 67 chimeric superscaffolds were identified. Of
these, 62, 3, and 2 superscaffolds were revealed to have one, two, and

Figure 3 Summary of DM genome assembly anchoring using three
different map resources. The number of uniquely and jointly anchored
superscaffolds for each resource is given in the appropriate intersection.
Cumulative size (Mb) of superscaffolds anchored in each category is
shown in parenthesis. The total number of 649 anchored superscaffolds
represents 623 Mb of the assembled DM potato genome. Figure
updated from the Potato Genome Sequencing Consortium (2011).
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Figure 4 Depiction of “Link-peak” walk strategy taking superscaffold PGSC0003DMB000000159 as an example. (A) Custom GBrowse “Link-
peak” intensity track features (shown as red and blue arrows) provided ordered navigation through superscaffolds using the aggregated PEMP.
Link peaks to the right (red arrow) indicate “suggested path” downstream of the AGP, whereas those to the left (blue arrow) indicate converse.
Reversal of this trend indicates a negative strand for the superscaffold in question. Traversing from one superscaffold to another by taking leads
from these ‘Link-peak’ intensity tracks assisted in manually curating all 12 PMs. (B) Visualization of the underlying PEMP data.
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three misassembly locations, respectively, where false sequence joins
had occurred. Many of these errors explained incongruities initially
observed in the construction of the backbone PMs from the DMDD
map (stage I). Chimeric superscaffolds were manually split and
allocated to their respective positions in the PMs. For example, the
sequence coordinates 1 to 1117982 bp of PGSC0003DMB000000002
were allocated to chromosome 4, whereas those from 1117983 to
6562806 bp were allocated to chromosome 5. These results further
illustrate the utility of an integrated genetic and in silico anchoring
based approach for refining and correcting genome assembly errors.

Included in the refinement process were dot plot alignments of
DM chromosome PM sequences to pre-release and finished versions
of the tomato genome sequence (The Tomato Genome Sequencing
Consortium 2012). These alignments focused on the euchromatic
regions and the adjacent heterochromatin border regions, where po-
tato and tomato display homology in their sequences. The dot plot
alignments to tomato made useful suggestions on how to place as yet
unordered potato superscaffolds and superscaffold blocks, after
which nearly always BAC end sequence links were identified in
potato that confirmed the suggested orientation. Very occasionally,
the potato PM description relied on the tomato alignment for
placing potato sequence blocks in their presumed orientation,
e.g., from PGSC0003DMB000000729 to PGSC0003DMB000000835
at the top of chromosome 1 and from PGSC0003DMB000000692 to
PGSC0003DMB000001163 in the south heterochromatin border on
chromosome 8.

Inversions with tomato
The potato-tomato dot plot alignments explained the discrepancies
that were found between the potato and tomato genetic maps. In the
euchromatic regions and the adjacent heterochromatin border regions
we collected the sequence positions of the 19 largest paracentric
inversions (with a length of at least 0.3 Mb), which are listed in
Table S5 and also indicated in the DM PM figures. Newly identified
were, among others, a tandem inversion with minor additional rear-
rangements on potato chromosome arm 1L, a nested inversion on 2L,
and an arm inversion on 8S. Furthermore, the known arm inversions on
9S and 11L were found to be tandem inversions, with the second in-
version being located in the heterochromatin border. The chromosomal

rearrangements on 2L have also been described by Peters et al. (2012),
who presented a scenario involving four structural conversions between
potato and tomato. However, our dot plot sequence alignment for this
region is less complex and shows a single, smaller inversion inside a larger
inversion. This nested inversion model requires only two structural con-
version steps and remains compatible with the cytogenetic results of
Peters et al. (2012).

No paracentric inversions were identified on chromosome 3.
However, on the short arm, the tomato sequence differs from the
potato sequence by a 7.0-Mb insertion, which is located at position 2.4
Mb in the DM chromosome 3 PM, and which runs from 1.3 to 8.3 Mb
in the tomato SL2.40 assembly. In its center, this tomato insert has
4.2 Mb of sequence that is largely devoid of genes (http://potato.
plantbiology.msu.edu/), while the start and end regions align with
gene-containing potato sequence segments from region 42.0 to 50.4
Mb on the south arm of chromosome 3. Although these data suggest
a translocation of sequences across the centromere, further investiga-
tion is needed to exclude sequence assembly errors.

Validation of link peak-based orientation strategy for
chromosome 4
The strategy for PMconstruction and assembly correctionwas validated
on chromosome 4 by targeted sequencing of 82 DM BAC clones that
were selected to overlap candidate links as well as 10 of the 15 putative
chimeric superscaffolds mapped to this chromosome. Thirty-one BAC
clones could be assembled with contigs which spanned multiple
superscaffolds and provided full coverage between the BAC end
sequence matches to the superscaffolds, both validating the assembly
and providing direct evidence for all 10 chimeric breakpoints. Seven of
these sequenced BACs allow the inclusion of further superscaffolds that
had not previously been assigned to a PM, andone provides evidence for
a superscaffold that had been erroneously included.

In addition to the complete assemblies described previously, most
other clones could be assembled to a series of contigs which did not
span multiple superscaffolds and which have not been included in the
BAC pool assembly summary (Table S6). Details of the BAC analysis
are given in the Materials and Methods section and a representative
example validating a potential break-point in Chromosome 4 is illus-
trated in Figure 5. A list of putative erroneous superscaffold assembly

Figure 5 Assembled BAC se-
quence for LuSP197F07. Each
scaffold assembly is derived
from PE sequences of a com-
bined pool of 82 DM BACs
(spanning scaffolding gaps on
chromosome 4) and single end
sequence at greater read depth
fromone of the six subpools derived
from the same BACs. The assem-
blies showadirect sequence running
from PGSC0003DMB000000278
(2 orientation, full length, cyan) through
into PGSC0003DMB000000051
(+ orientation, blue) in accor-
dance with the AGP and fully
validating the decision to split
PGSC00003DMB0000000278 at

position 824768 and to split PGSC0003DMB000000051 at position 1859342 as indicated in the AGP file. Regions of good alignment (.98% identity,
.1000 bases) are indicated as thick lines. Thin lines indicate no good alignment between the superscaffold and BAC sequences. The BAC end
sequences are labeled with their Genbank IDs and are indicated at each end of the plot by black arrows. Breakpoints in the BAC sequences are
indicated by orange diagonal lines and annotated with the assigned breakpoints coordinate from the AGP.
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locations (breakpoints), and the BACs which provide validation for
them are given in Table S7.

Demarcating centromeres and pericentromeric
boundaries in the PMs
The putative centromere locations for 7 of the 12 potato chromo-
somes were identified in the PM sequences based on data published by
Gong et al. 2012 (Table S8). Six centromere locations were identified
from chromatin immunoprecipitated sequences. Of the seven pub-
lished centromeric satellite repeat sequences (Gong et al. 2012), only
the St24 repeat specific for the chromosome 1 centromere identified
DM sequences with a high repeat copy number characteristic of cen-
tromeric regions. With the other six centromeric repeat sequences, we
could not find reliable centromeric targets in the DM assembly be-
cause these sequences only identified locations with very few repeat
copies, which sometimes occurred on a chromosome other than that
expected from their designated centromeres.

Pericentromeric boundaries were deduced by comparing the SNP-
based D84 and DRH genetic maps of Felcher et al. (2012) to the
current version of PMs. For all chromosomes the typical pattern of
distinctly reduced recombination in pericentromeric regions and in-
creased varying recombination rates in euchromatic regions was
observed (Figure 6). These patterns were used as the primary in-
formation source to demarcate putative pericentromeric regions in
the PMs, and the boundaries of these regions were well supported,
and where needed refined, by the RH genetic maps (van Os et al. 2006).
Figure 7 and Figure S2 depict the centromere and pericentromeric
locations in the PMs. The pachytene chromosome idiograms in
these figures are adapted from Potato Genome Sequencing Consor-
tium (2011).

Current status of the reference PMs
The genome anchoring, ordering, and orienting process, as described
previously, led to the joining of 951 genome superscaffolds, or
nonchimeric segments thereof, into 144 larger, contiguous sequence
blocks, and enabled construction of an AGP assembly for the
reference DM potato genome. These chromosome-scale PMs, version
4.03, contain 93% (compared with 86%; Potato Genome Sequencing
Consortium 2011) of the assembled genome comprising 674 Mb in
951 superscaffolds and include 37,482 (~96%) of the 39,031 predicted
genes. A total of 938 superscaffolds (655 Mb or ~90% of the assembled
genome sequence) are assigned absolute or relative orientation within
the PMs, whereas the remaining 13 superscaffolds (19 Mb) are
assigned with a random orientation. For 279 Mb of superscaffold
sequence blocks from the heterochromatin, the exact chromosome
position and absolute orientation could not be determined. These
partially unordered regions are marked yellow in the PM figures
(Figure 7 and Figure S2). No attempts were made to estimate gap
sizes between the superscaffolds, and in the PM sequences all super-
scaffolds are separated from each other by a fixed gap sequence of
50,000 Ns. The N90 of the DM potato genome assembly is 0.25 Mb
and contains 622 superscaffolds, of which 28 (equalling 17 Mb, ~2% of
the assembled genome sequence) remain unanchored. The longest an-
chored superscaffold is 7.1 Mb (PGSC0003DMB000000001; chromosome
1) and the longest unanchored superscaffold (PGSC0003DMB000000064)
is 2.2 Mb. The increase in average N50 from 1.5 Mb to 4.1 Mb in DM
version 4.03 (Table 3) further supports the enhanced quality of the con-
structed PMs. The current version of the PMs/AGP is provided in Table
S9 and includes the list of unanchored (chromosome 0) and chimeric
superscaffolds.

For visualizing the differences and improvements in the con-
structed PMs, we compared dot plots of the current PMs (ver 4.03) to
the earlier version 2.1.11 (Figure 8). Superscaffold misplacements were
apparent as horizontal or vertical shifts in parts of the alignments in
all pairwise comparisons. The overall structural integrity of the con-
structed PMs is visible from the expected gradual transition from gene
rich to gene poor regions which in turn are well complemented by the
normal high repeat region density patterns in the pericentromeric
locations gradually declining toward the gene rich euchromatic
regions (Figure 6). The PMs along with integrated DMDD and RH
genetic maps were visualized using DMAP as described in theMaterials
and Methods section. Figure 7 shows a representative illustration for
chromosome 1 (chromosomes 2212 are shown in Figure S2). Good
correspondence between DMDD and RH genetic maps and the PMs
was observed.

Although the DMDD map-based strategy was critical in providing
the basic anchoring to the DM genome, it had its limitations. Certain
superscaffolds lacked sufficient polymorphic STS markers for genomic
anchoring and were possibly affected by homozygosity, segregation
distortion or other issues (Figure S1). This mainly occurred in peri-
centromeric/heterochromatin regions (marked by dashed lines, Figure
7 and Figure S2), which generally displayed a sparse coverage with
DMDD markers, possibly due to the customized marker design strat-
egy that precluded the design of markers in highly repetitive, relatively
gene poor regions. For example, SNPs were designed against coding
regions using RNA-Seq data (Hamilton et al. 2011) and, thus, were
mainly localized to gene-rich regions, which occupy a different “ge-
nomic space” to the gene-poor, high-repeat content regions (Figure 6).
The DM-based “PM series” SSRs were designed from repeat-masked
genome sequence to avoid placement in repetitive DNA. The DArT
methodology also uses genome complexity reduction and has been
shown to target the low copy fraction of a plant genome through
judicious selection of certain restriction enzymes (Jaccoud et al.
2001). Thus, the unavoidable bias toward nonrepetitive sequences in
the STS markers employed in the DMDD map resulted in many
unanchored superscaffolds. This issue was resolved by using addi-
tional resources that we refer to as the in silico anchoring approach.
For example, the large block of “orphaned” superscaffolds, not directly
connected to the DMDD map, stretching from DMB 394 to DMB 705
(with the exception of DMBs 193, 15, 59, 100, and 200) on chromo-
some 1 (see Figure 7) was anchored by the evidence derived from the
WGP/AFLP-based RH map and the tomato-EXPEN 2000 map and
further extended by the “link-peak walk” strategy, illustrating the
importance of the multi-layered anchoring approach adopted here.

Potato genomic resources are provided as tracks/features in the
GBrowse for the DM genome (hosted at Spud DB site “http://potato.
plantbiology.msu.edu/”). One such resource, widely adopted by the
potato community, is the Illumina Potato 8303 SNP Infinium array
(Felcher et al. 2012) released after our map was constructed. This SNP
array was used by Felcher et al. (2012) to construct two genetic maps,
both involving DM as the female parent. Although the homozygosity
of DM precluded segregation of DM loci in these populations, they
showed good congruence for most linkage groups to the prerelease
version (a modified ver 2.1.10 latterly referred to as ver 2.1.11) of the
DM PMs. Version 4.03 of the PMs provides an improved correspon-
dence with the genetic maps of Felcher et al. (2012) (Figure 6). An
updated annotation of the Illumina Potato 8303 SNP Infinium array is
provided in Table S3. The DMDD genetic map and associated data
files are available at http://solgenomics.net/, and include hyperlinks to
the MSU Genome Browser. All of the supplementary data, wherever
applicable, are available to download as GFF format files from Spud
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Figure 6 Enhanced accuracy of the current DM PMs. Panels A and E show anchoring of superscaffolds to the PM versions 4.03 and 2.1.11,
respectively. Superscaffolds with known and unknown orientations are depicted in alternating shades of blue and red, respectively. Gaps in
between the superscaffolds are marked in gray. Black areas in panel E represent unanchored superscaffolds (version 2.1.11) that were eventually
anchored and ordered in PM version 4.03. Panels B and C show gene and repeat region densities, respectively, in 1 MB bins of PM version 4.03.
Gene and repeat region densities ranges from 0 to .150 genes/MB and 0 to .900 repeats/MB, respectively. Panels D and F show the
correspondence of the genetic maps (D84, green; DRH, black), adapted from Felcher et al. (2012), to PM versions 4.03 and 2.1.11, respectively.
Graphs show the genetic (cM) positions plotted against the physical coordinates (Mb) for the SolCAP SNP markers; panels G (D84) and H (DRH)
show elaborated examples of good correspondence from chromosome 9.
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Figure 7 Illustration of the chromosome 1 PM integrated with the DM and RH genetic maps. STS and AFLP markers anchor sequence locations in
the chromosome 1 PM to the DMDD and RH genetic maps, respectively. The AFLP marker positions in the PM were identified through sequence
tag alignment of BAC clones from the RH WGP physical map. Superscaffolds comprising the PM are shown as alternating gray and white
rectangular blocks. The layout of the PM for each of the genetic maps is shown separately but is identical with superscaffold IDs depicted in the
middle. The pachytene idiogram is adapted from the potato reference genome publication (Potato Genome Sequencing Consortium 2011). The
putative centromere region and pericentromeric/heterochromatic boundaries are demarcated by asterisk and dashed lines, respectively. Each
DMDD marker type is color coded: blue = DArTs, yellow = SNPs, green = SSRs. Blue and magenta lines emerging from the RH genetic map
represent AFLP anchors and the intensity of green color corresponds to the AFLP marker density per bin as reported by Van Os et al. (2006).
Magenta lines represent AFLP markers with a relatively inaccurate mapping position on the RH genetic map, covering an interval of 5 or more
bins. Regions in the central heterochromatin where superscaffold order and orientation are not completely resolved are indicated in yellow.
Inversions with the tomato sequence are indicated with red interval bars.
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DB site “http://potato.plantbiology.msu.edu/”. The potato GBrowse
including all of the hosted genomic resources/tracks/features have also
been updated to the latest version (PM 4.03) of the DM PMs.

Conclusions
The integrated genetic and physical reference map presented here
comprising nearly 2500 markers, which are mostly STS, provides
a platform for exploiting the potato reference genome. The most
obvious and immediate application is the ability to position any
sequence-based marker locus to a precise location in the DM genome.
This will revolutionize trait analysis, although progress will be
dependent on the complexity of the trait concerned, population size,
replication and accuracy of phenotypic data and other factors that
impinge on map resolution. Once mapped, the genome sequence
around the locus can be used to design additional genetic markers for
fine-scale mapping, and to identify putative candidate genes using the
genome annotation. Such genes can be resequenced from informative
plants showing phenotypic variation for the target trait. This ability to
move directly from “map to genome to gene” will hasten the identi-
fication of genes responsible for traits. However, the automated an-
notation still includes many genes of “unknown function” and there
are likely to be as yet unannotated genes in the genome sequence.
Moreover, the DM genome represents only one haplotype in a species
known to exhibit abundant sequence diversity.

The conversion of ~93% of the assembled genome sequence to
well-structured, oriented and annotated PMs has made potato more
amenable to modern genomic/genotyping approaches, such as
genotyping-by-sequencing (Uitdewilligen et al. 2013). The clear and
irreversible shift toward sequence based polymorphism in place of
‘fragment based’markers will have the effect of augmenting centimor-
gan positions with genome sequence co-ordinates, providing a means
for verifying the accuracy of mapping studies. The integrated DMDD
map complements the published potato genome sequence and adds to
a growing number of resources for genetic and genomic analyses.

The integrated map presented here and associated resources will
help to alleviate many of the complicating aspects of potato as
a genetic system. Potato is the most economically important crop

where cultivars are highly heterozygous polyploids that suffer severe
inbreeding depression on self-pollination. Such breeding systems
make breeding and genetical studies difficult and cultivar development
generally requires simultaneous recurrent selection for several traits
over many years of evaluation. Introduction of traits that would make
such crops more sustainable, e.g., drought and salinity tolerance as
well as nutrient use efficiency, will be targeted as we confront global
climate change and dwindling natural resources (Levy et al. 2013).
Moreover, attempts to convert the cross-pollinated tetraploid breeding
system into an F1 hybrid diploid based scheme are also in progress
(Lindhout et al. 2011). The isolation of genes coding for key traits, and
characterization of their functional allelic diversity will be greatly
facilitated by the resources provided in this study. A recent example
is the identification of a gene largely responsible for the adaptation of
Andean-derived potato germplasm to the longer day-lengths of tem-
perate latitudes (Kloosterman et al. 2013).

The work presented here has generated a greatly improved
ordering of the potato reference genome superscaffolds into chromo-
somal PMs. The reconfigured PMs and their links with genetic maps
provide a major new resource for the research community. They form
the basis by which geneticists can identify genes underlying important
traits and through which comparative genomics can be further exploited
in diversity assessment, phylogenetic inference, and plant breeding.
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n Table 3 Improvements in DM PMs before and after execution of the link peak-based orientation strategy

Chr

Stage Ia Stage IIb

DMB Anchored DMB Anchored DMB Orientedc

No (Size in Mb) N50 No (Size in Mb) N50 No (Size in Mb) Percentage

01 83 (79.7) 1.7 123 (82.6) 2.6 121 (79.8) 96.6
02 51 (45.0) 1.3 68 (45.3) 2.2 68 (45.3) 100.0
03 53 (45.3) 1.6 103 (57.2) 4.3 103 (57.2) 100.0
04 73 (60.9) 1.2 120 (66.3) 2.9 119 (62.1) 93.7
05 41 (44.8) 1.7 52 (49.5) 2.9 47 (40.4) 81.6
06 63 (54.0) 1.4 90 (55.1) 2.7 90 (55.1) 100.0
07 52 (50.6) 1.8 78 (52.9) 7.2 78 (52.9) 100.0
08 51 (41.6) 1.2 91 (52.4) 4.9 91 (52.4) 100.0
09 61 (50.6) 1.2 86 (57.3) 8.3 85 (55.9) 97.7
10 50 (51.4) 1.5 77 (56.0) 4.1 74 (55.4) 99.0
11 35 (34.4) 1.4 60 (42.5) 5.7 60 (42.5) 100.0
12 61 (58.5) 1.5 77 (57.4) 1.9 76 (56.0) 97.7
Total 674 (616.8)d 1.5e 1025d,f (674.4)d 4.1e 1012d,f (655.1)d 97.2e

DM, doubled monoploid reference clone; PMs, pseudomolecules; DMB, DM superscaffold.
a

Refers to the status of PMs before execution of the “Link-peak” walk strategy.
b

Refers to the status of PMs after execution of the “Link-peak” walk strategy.
c

Only attempted at stage II.
d

Total.
e

Average.
f

Chimeric superscaffolds have been included more than once (net number of DMBs anchored = 951).
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Figure 8 NUCmer sequence alignment dot plots for the twelve potato chromosomes using current (ver4.03, plotted on x-axis) and previous
(ver2.1.11, plotted on y-axis) versions of DM PMs. Sequences aligned in forward and reverse orientations are represented by red and blue lines,
respectively. Scaffold misplacements are shown as horizontal or vertical shifts in parts of the aligned blocks.
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Abstract Tung oil, the major product of tung tree (Vernicia
fordii) seeds, is one of the highest quality oils for industrial
applications and has been considered for the production of
biodiesel. Considering the poor agronomical traits of this crop,
efforts have been made to breed tung trees for a higher fruit
yield and oil property modification for biodiesel use or to
engineer plants to produce a higher tung oil yield. However,
these efforts have been hampered by a lack of molecular
information, as there is no available genome and identified
and characterized transcripts of this tree are scarce. Further-
more, there are still many knowledge gaps regarding tung oil
biosynthesis. To provide a comprehensive and accurate foun-
dation for molecular studies of tung tree, we present here a
reference transcriptome dataset of mature tung seeds. A set of
43,081,927 reads were assembled into 47,585 unigenes. A
homology search using blastx against the GenBank nonredun-
dant protein database and the Swiss-Prot database resulted in
the annotation of 96 and 81 % of these unigenes, respectively.

We also systematically arranged a series of unigenes poten-
tially associated with oil biosynthesis and degradation and
examined the expression profile of a subset of those genes in
samples from five different stages of seed development, pro-
viding a valuable source of genes and transcriptional informa-
tion related to these pathways. This study represents the first
large-scale transcriptome annotation of tung tree and will be
useful in tung breeding for oil properties and other
agronomical traits.

Keywords Vernicia fordii . RNA-Seq . Seed development .

Oil synthesis . Oil breakdown

Introduction

As a result of our growing population, diminishing petro-
chemical resources, and environmental consciousness, there
will be a worldwide increasing demand of any renewable
energy supply that does not cause adverse environmental
impacts and does not compete with the food supply. Crop
plants offer a substantial potential to provide renewable chem-
ical feedstock that could alleviate the use of petroleum-based
products in industrial applications (Dyer and Mullen 2005;
Vanhercke et al. 2013). Tung oil, the major product of tung
tree (Vernicia fordii) seeds, is considered one of the highest
quality oils. Tung seeds accumulate high levels of α-
eleostearic acid (approximately 80 %), a trienoic fatty acid
with conjugated double bonds (9cis, 11trans, and 13trans
octadecatrienoic acid), which is widely used in paints, high-
quality printing, plasticizers, medicine, and chemical reagents.
Moreover, because tung seeds accumulate a high content of
oil (approximately 50 %), this species has recently been
considered for use in biodiesel production. However, the
large-scale production of tung oil through traditional farming
is hampered because of the poor agronomic traits of this plant
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species (Park et al. 2008; Shang et al. 2010). Therefore,
increasing the yield and adjusting the characteristics of tung
oil are major challenges for industry. Several breeding ap-
proaches, from traditional breeding to DNA marker-assisted
selection and genetic engineering, are being deployed to meet
these objectives (Brown and Keeler 2005).

There is also interest in the manipulation of lipid metabo-
lism in conventional, easier-to-grow oilseed crops, such as
soybean (Glycine max) and palm (Butia capitata), to produce
a tung-specific drying oil. Unfortunately, the expression of
certain transgenes has shown limited success due to the low
accumulation of the desired fatty acids in the transgenic plants
(Jaworski and Cahoon 2003; Cahoon et al. 2006; Rupilinus
and Ahmad 2007; Vanhercke et al. 2013). It is clear from these
studies that significantly more knowledge of the synthesis,
accumulation, and storage of plant oils is needed to efficiently
synthesize and accumulate the unusual fatty acid from tung oil
in transgenic hosts.

Over the past several years, we have greatly improved our
understanding of a plethora of biological processes, including
lipid metabolism, through the sequencing of a large number of
genomes and transcriptomes from several plant species (Meier
et al. 2011; Natarajan and Parani 2011; Schmucki et al. 2013).
Currently, the lack of an available V. fordii genome prevents
the development of reliable genome-based tools to evaluate
gene expression dynamics bymicroarrays or qPCR panels and
the study of genes for metabolic engineering approaches.
Furthermore, only 2,851 sequences of V. fordii are available
in the National Center for Biotechnology Information (NCBI)
database (http://www.ncbi.nlm.nih.gov, accessed in January
2014). Therefore, efforts to identify novel genes in this plant
are of great interest. Transcriptome sequencing is an efficient
methodology for large-scale gene discovery, and next-
generation sequencing technologies, such as RNA-Seq, have
emerged as cost-effective and massive unbiased approaches to
sequencing complementary DNAs (cDNAs) without cloning.
Moreover, the large number of short reads and depth of
coverage generated by the RNA-Seq approach enables the
de novo assembly of sequences for the construction of the
transcriptome of nonmodel organisms without genome se-
quences. Such a transcriptome can be exploited for gene
annotation and discovery, molecular marker development,
genomic and transcriptomic assembly, and microarray devel-
opment; it also provides a global measurement of transcript
abundance (Crawford et al. 2010; Wang et al. 2010; Venturini
et al. 2013).

To provide a comprehensive and accurate foundation for
molecular studies of tung tree, we present here a reference
transcriptome dataset from mature seeds of V. fordii, assem-
bled and annotated from deep RNA-Seq data. This study
represents the first large-scale transcriptome annotation of
tung tree. We also systematically arranged a series of tran-
scripts potentially associated with lipid metabolism and

examined the expression profile of a subset of those genes in
samples from different stages of seed development. This
approach provided a valuable source of genes involved in
seed oil biosynthesis and other agronomic traits that will be
useful for engineering other plants to produce tung oil or for
breeding tung tree for a higher fruit yield and for modified oil
properties for use as biodiesel.

Methods

Plant material and RNA isolation

For the construction of the mRNA-Seq library, fruits from
V. fordii plants grown in an open environment at Embrapa
Clima Temperado (Pelotas, Brazil) were collected at mature
stage S6 (approximately 120 days after flower opening
(DAF)); fruits from the S1 (20 DAF), S2 (35 DAF), S3 (50
DAF), S4 (80 DAF), and S5 (100 DAF) stages were collected
to perform the expression analysis. Figure S1 provides a
visual representation of each of the six stages. Seeds were
dissected from all collected fruits, pooled, and immediately
frozen in liquid nitrogen and stored at −80 °C. Total RNAwas
isolated using Trizol reagent (Invitrogen, CA, USA) according
to the manufacturer’s protocol. The RNA quality was evalu-
ated by electrophoresis through a 1 % agarose gel, and the
RNA concentration was determined by absorbance at 260 nm
using a Nanodrop spectrophotometer (Nanodrop Technolo-
gies, USA).

RNA-Seq library construction using deep sequencing

Total RNA (>10 μg) isolated from mature seeds (120 DAF)
was sent to Fasteris SA (Plan-les-Ouates, Switzerland) for
processing and sequencing using an Illumina HiSeq2000. To
generate the RNA-Seq library, polyadenylated transcript se-
quencing was performed as follows: poly-A mRNAwas pu-
rified and cDNAwas synthesized using poly(T) primer and a
shotgun approach to generate inserts of approximately 500 nt.
The 3P and 5P adapters were bound, and a cDNA colony
template library was generated by PCR amplification and
single-end sequenced with Illumina.

Data filtering and de novo assembly

The overall chart flow for analyzing the Illumina RNA-Seq
library is shown in Fig. 1. The initial base setup and quality
filtering of the image data were performed using the default
parameters in the Illumina data processing pipeline. Thereaf-
ter, all low-quality reads (FASTq value of <13) were removed,
and the 5P and 3P adapter sequences were trimmed using
Genome Analyzer Pipeline (Fasteris SA). The remaining low-
quality reads with undetermined nucleotides (nt) were
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removed using PrinSeq script (Schmieder and Edwards 2011).
After data cleaning (low-quality reads, adapter sequences), the
RNA-Seq data were de novo assembled into contigs using the
Velvet/Oases package (Schulz et al. 2012). We used a minimum
contig length of 200, and a multi-k-mer (i.e., 21, 31, 41, 51, and
61 bp; substrings of length k)-based strategy to capture the most
diverse assembly with improved specificity and sensitivity, es-
pecially for low-expressed genes. We then used the USEARCH
algorithm (Edgar 2010) to obtain unigenes. The metrics used to
assess the transcriptome assembly quality included the overall
number (coverage) of contigs, the average length of contigs, and
the diversity of contigs (the estimated number of nonredundant
(NR) contigs). The result of this analysis corresponds to the final
number of unigenes or independent tung transcripts. To deter-
mine transcript abundances, high-quality reads were mapped to
the assembled transcriptome using Bowtie software (v0.12.7)
(Langmead et al. 2009). Reads mapping to each unigene were
counted using SAM tools (v0.1.16).

Gene annotation and analysis

All unigenes were utilized for homology searches against
protein databases such as NR sequences from NCBI (http://
www.ncbi.nlm.nih.gov/) and the Swiss-Prot database (http://
www.expasy.ch/sprot/) by applying the BLASTX program (e
value <1e−6); the best-aligning results were selected to anno-
tate the unigenes. If the aligning results from the databases
were in conflict with each other, the results from the Swiss-
Prot database were preferentially selected.

The Blast2GO program (Conesa and Götz 2008) was used
to assign putative functionalities, GO terms, and Kyoto Ency-
clopedia of Genes and Genomes (KEGG)-based metabolic
pathways. Final GO assignments were defined based on level
2. All other settings for the analysis were maintained as the
defaults. The WEGO software was then used to perform GO
functional classification of all unigenes to view the distribution
of gene functions within different pathways at the macro level
(Ye et al. 2006). This analysis mapped all of the annotated
unigenes to GO terms in the database and calculated the num-
ber of unigenes associated with every GO term. KEGG path-
way annotations were performed using Blastall software
against the KEGG databases (http://www.genome.jp/kegg/).
A graphic representation of assigned metabolic pathways was
obtained using the IPATH2 software (http://pathways.embl.de/
ipath2). The unigenes with a functional assignment as a fatty
acid desaturase were translated into peptides by querying the
longest predicted open reading frame (ORF) using the ORF
Finder tool (http://www.ncbi.nlm.nih.gov/gorf/gorf.html).

Expression profile of genes involved in lipid metabolism
during seed development

RT-qPCR was performed to evaluate the expression profile of
selected genes involved in lipid metabolism during tung seed
development. Three replicates of RNA samples from the seeds
of tung fruits at different developmental stages, corresponding
to 20 (S1), 35 (S2), 50 (S3), 80 (S4), and 100 (S5) DAF, as
presented in Fig. S1, were extracted using the Trizol reagent

Fig. 1 Bioinformatics pipeline
for the assembly of reads and
annotation of contigs. We
generated 43,081,927 sequences
of reads from tung mature seeds
(120 days after flower opening).
After quality filtering, the reads
were assembled into 47,585
contigs that were aligned against
the GenBank nonredundant
protein database (NR) and Swiss-
Prot database, resulting in 45,824
and 38,785 matches, respectively.
Gene ontology (GO) terms were
obtained from Blast2Go software,
and the KEGG pathway
annotations were performed using
Blastall software against the
KEGG database
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(Invitrogen, CA, USA). The RNA quality was assessed by
1 % agarose gel electrophoresis. Total RNA (1 μg) was
digested with 1 U DNAse I and DNAse 1× reaction buffer and
reverse transcribed using the M-MLV enzyme and oligo-24TV
primers according to themanufacturer’s instructions (Invitrogen).
Specific primers for amplification of the selected genes were
designed using Vector NTI10 software (Invitrogen, CA, USA)
(Table S1). A melting temperature of 58–62 °C, a GC content of
45–55%, and an amplicon size below 250 bp was defined for all
primer pairs. The specificity of the amplicons was verified by the
presence of a single peak for RT-qPCR melting curve products
and a single band of the expected size on a 3% agarose gel (data
not shown). The cDNAs were amplified by RT-qPCR in a final
volume of 20 μL containing 1 μL cDNA, 10 μL of Platinum
Sybr green UDG (Invitrogen), and 2–5 pmol of each primer. The
amplification was standardized using a 7500 Real time Fast
thermocycler (Applied Biosystems) with the following condi-
tions: 50 °C for 20 s, 95 °C for 10 min, followed by 45 cycles of
15 s at 95 °C and 60 s at 60 °C. The PCR products for each
primer set were subjected to amelting curve analysis to verify the
presence of primer dimers or nonspecific amplicons. Themelting
curve analysis ranged from 60 to 95 °C, increasing the temper-
ature stepwise by 1 %. No-template controls and a reverse
transcription negative control were included to ensure no reagent
or genomic DNA contamination. Genes coding for actin,
ubiquitin, and tubulinwere used as internal controls. The relative
expression data were calculated according to the 2−ΔΔCq method
and are presented as fold change (Livak and Schmittgen 2001).
Samples from the S1 stage were used as calibrator samples.
Statistical analyses were performed using the computer program
SAS System for Windows v9.1.3. The data were subjected to a
variance analysis (p≤0.05). In the case of statistical significance,
the relative expression among the stages of seed development
was compared by a Tukey test (p≤0.05) and denoted by the use
of different letters.

Results and discussion

Tung seed expression sequence database

We sequenced 43,081,927 reads frommature tung seeds using
Illumina sequencing. For analysis, the contigs were divided

into 21, 31, 41, 51, and 61k-mers to improve the specificity
and sensitivity of the assembly using Velvet. Therefore,
97,647, 82,023, 69,855, 62,041, and 51,157 transcripts were
obtained using 21, 31, 41, 51, and 61k-mers, respectively, for
assembly. The mean size of the transcripts was 1,108, 1,223,
1,276, 1,191, and 1,266 bp for the 21, 31, 41, 51, and 61k-
mers, respectively. The statistics of the V. fordii transcripts
obtained with the different k-mers using Velvet is shown in
Table 1. The use of multi k-mers for de novo assembly has
been successfully implemented by several authors (Surget-
Groba andMontoya-Burgos 2010; Garg et al. 2011; Gruenheit
et al. 2012; Yang et al. 2012). All contigs were further merged
by integrating sequence overlaps to determine the number of
unique sequences. Therefore, 47,585 unisequences (unigenes)
were obtained, creating an initial reference transcriptome. The
lengths of the unigenes ranged from 200 to 19,718 nt, with an
average size of 1,684 nt. From the unigenes obtained, 64 %
were more than 1,000 nt, confirming the quality of the tran-
scriptome assembled. The distribution of the unigenes accord-
ing to length is presented in Fig. 2, with most of the unigenes
being between 1,000 and 2,500 nt.

All unigenes were aligned against the NR protein database
of GenBank using BLASTX with an e value cut-off of 1e−6.
We found matches for 45,824 unigenes (96 %). The best hit
from each annotated sequence was calculated and is presented
in Table S2. Amajority of the best hits were fromVitis vinifera
(17,784 sequences, 38.8 %), most likely because there are a
large number of deposited ESTs of this species in the NR
database. The second most frequent species was G. max
(5,546 sequences, 12.1 %), followed by Populus trichocarpa
(4,665 sequences, 10.2 %) and Arabidopsis thaliana (4,398
sequences, 9.57 %), as shown in Fig. 3a. Only 213 sequences
(0.46%)matched the sequences fromV. fordii deposited in the
NR database, confirming the low number of publicly available
sequences for this plant. We also aligned the unigenes against
the Swiss-Prot (SW) database, which resulted in the annota-
tion of 38,785 unigenes (81 %). The best hit from each
annotated sequence was calculated and is presented in
Table S3. As shown in Fig. 3b, A. thaliana was the most
frequent species in this analysis (20,278 sequences, 52.3 %),
most likely because the SW database is enriched with se-
quences from this species as a plant model. Tables S2 and
S3 show the best hit for the alignment of unigenes against the

Table 1 Statistics of Vernicia
fordii transcripts obtained with
different k-mers using Velvet

Description k-mer 21 k-mer 31 k-mer 41 k-mer 51 k-mer 61 Total

Number of contigs 97,647 82,023 69,855 62,041 51,157 362,723

Median contig length 577 785 887 823 868 3,940

Mean contig length 1,108 1,223 1,276 1,191 1,266 6,064

Max contig length 17,304 19,718 16,856 16,123 16,607 86,608

Number of contigs >1 kbp 37,180 35,871 32,372 27,023 23,442 155,888

N50 2,170 2,187 2,146 1,931 2,092 10,526
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NR and SW databases, respectively, including the bit score
and e value of the alignment, information regarding the anno-
tated sequence such as nt and protein accession number, the
coding sequence (CDS) structure, and species with homolo-
gous sequences.

The KEGG pathway annotation for 40,392 of the unigenes
was obtained using Blastall software against the KEGG data-
base, as presented in Table S4. Additionally, a graphic repre-
sentation with the association of each unigene with metabolic
pathways was obtained using the IPHATH2 software
(Fig. S2). As observed in Table S4 and Fig. S3, the unigenes
are widely distributed in distinct metabolic pathways,
confirming the large coverage of the transcriptome obtained.

Of note is the presence of several unigenes related to lipid
metabolism, such as 126 unigenes classified as lipid
biosynthesis-related proteins, 84 belonging to linoleic acid
metabolism, 76 related to fatty acid biosynthesis (FAS), 73
related to the biosynthesis of unsaturated fatty acids, 8 from
fatty acid elongation in mitochondria, and 136 from fatty acid
metabolism. The annotated unigenes were also classified ac-
cording to Blast2GO categorization (Fig. 4). According to the
categorization “cellular component” GO annotation, the ma-
jority of the unigenes belong to the plastid, followed by the
mitochondria and plasma membrane (23, 17, and 11 %, re-
spectively). In the category “molecular functions,” 18% of the
unigenes encode for protein-binding proteins, 14 % encode
for proteins with hydrolase activity, and 12 % of the unigenes
have catalytic activity. Some of them (1 %) also participate in
lipid binding.With respect to biological processes, theV. fordii
unigenes are involved in a broad range of physiological func-
tions, especially transport (18 %), protein metabolic process
(12 %), and cellular protein modification process (10 %), and
almost 3 % of them are related to lipid metabolic processes.

Categories of the most abundant contigs in mature tung seeds

Through the alignment of the contigs against the unigenes, we
were able to estimate the abundance of each unigene in the
mature tung seeds. Among the top 50 most highly expressed
contigs in mature seeds were those coding for storage proteins
belonging to the glutelin and legumin families and late em-
bryogenesis abundant (LEA) proteins (Table S5). These

Fig. 2 Size distribution and abundance of contigs from the tung
transcriptome

Fig. 3 Blast top-hits resulting from annotation using the GenBank non-
redundant protein database (a) and Swiss-Prot database (b). Contigs of
the tung transcriptome were utilized for homology searches against
nonredundant protein sequences from NCBI (http://www.ncbi.nlm.nih.
gov/) and protein sequences from Swiss-Prot (http://www.expasy.ch/

sprot/) by applying the BLASTX program (e value <1e−6). The
frequency of homologous sequences from each species used to annotate
the tung sequences was calculated, and the most frequent species are
shown
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Fig. 4 Functional classification
of tung unigenes according to
gene ontology (GO) terms. The
Blast2GO program was used to
assign GO terms based on level 2.
The percentage of sequences from
each GO term was determined
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findings are consistent with the high levels of storage proteins
in the endosperm of oilseeds (Jolivet et al. 2011). The other
most abundant unigenes are related to vacuolar processing and
transcriptional regulation. It is interesting to note that among
the 100most abundant unigenes is diacylglycerolO-acyltrans-
ferase 1 (DGAT1), a well-characterized gene related to triac-
ylglycerol (TAG) biosynthesis (Shockey et al. 2006), as will
be discussed further. Additionally, it is important to note that
the only gene from lipid metabolism among the most abun-
dantly expressed unigenes was the DGAT1 gene, most likely
because we used mature seeds for RNA sequencing because
the genes from this pathway typically show a bell-shaped
expression pattern during seed development (Chen et al.
2007; Chandran et al. 2014).

Metabolic pathways related to oil accumulation in tung seeds

Tung has been highlighted as a promising target for the
production of biodiesel and other petroleum-based industrial
products. However, making it an ideal biodiesel crop requires

genetic manipulations for increased oil yield and modified oil
composition using the genes involved in oil biosynthesis
pathway. Therefore, the unigenes that were mapped to the
oil biosynthesis pathway based on annotation against the
Swiss-Prot and NR databases were analyzed in detail.

In this study, we found 523 NR sequences coding for 382
enzymes and 141 proteins that are involved in oil biosynthe-
sis, encompassing all steps of this pathway, as shown in Fig. 5.
The description of these unigenes can be found in Table S6,
including information regarding length, abundance, and the
species with the best-hit homologous sequence. The expres-
sion profile of a subset of these sequences was analyzed by
RT-qPCR using samples from five stages of tung seed devel-
opment (Fig. 6).

Fatty acid biosynthesis

The first committing step in FAS is the conversion of acetyl-
CoA to malonyl-CoA, which is catalyzed by acetyl-CoA
carboxylase (ACCase) (Fig. 5). There are two types of

Fig. 5 Schematic representation
of the oil biosynthetic pathway.
The enzymes for which genes
were identified in the tung
transcriptome are shown in light
blue. ACC acetyl-CoA
carboxylase, ACP acyl carrier
protein, MAT malonyl-CoA acyl
transferase, KAS 3-ketoacyl-ACP,
KAR 3-ketoacyl-ACP reductase,
HAD hydroxyacyl-ACP
dehydratase, EAR enoyl-ACP
reductase, LS lipoic acid synthase,
LT lipoyltransferase, FATA and
FATB acyl-ACP thioesterases,
SAD stearoyl ACP desaturase,
LACS long-chain acyl-CoA
synthetase, ACBP acyl-CoA-
binding protein, ER endoplasmic
reticulum, GPAT glycerol-3-
phosphate acyltransferase, DHAP
dihydroxyacetonephosphate,
GPDH glycerol-phosphate
dehydrogenase, G3P glycerol 3-
phosphate, LPA lysophosphatidic
acid, LPAAT lysophosphatidic
acid acyl transferase, PA
phosphatidic acid, PAP
phosphatidic acid phosphatase,
DAG diacylglycerol, DGAT
diacylglycerol acyltransferase,
TAG triacylglycerol, PDAT
phospholipid:diacylglycerol
acyltransferase, CPT choline
phosphotransferase, PC
phosphatidylcholine, FAD2 delta-
12-fatty acid desaturase, FAD3
omega-3-fatty acid desaturase
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ACCases in higher plants: homomeric and heteromeric
ACCase. The carboxylation reaction is catalyzed by
heteromeric ACCase, which consists of four subunits that
are thought to be coordinately expressed (Ke et al. 2000): a
plastid-encoded subunit, carboxyl transferase b-subunit (β-
CT), and three nuclear-encoded subunits named biotin car-
boxyl carrier protein (BCCP), biotin carboxylase (BC), and
carboxyl transferase α-subunit (α-CT) (Nakkaew et al. 2008;
Li-Beisson et al. 2013). We found 22 unigenes for BCCP
(Fig. 5; Table S6). The RT-qPCR analysis from the different
stages of tung seed development showed that homomeric
ACCase (HomoACC) is more expressed in stages S3 and
S4, whereas BCCP is more expressed in stages S4 and S5
(Fig. 6). A similar expression pattern was observed for
Jatropha curcas (Xu et al. 2011), oil palm (Nakkaew et al.

2008), and castor bean (Chen et al. 2007) seeds, suggesting
that both enzymes play an important role in oil accumulation
in these seeds. Considering that the expression of ACC genes
was also correlated with oil content in oil palm seeds
(Nakkaew et al. 2008), the step they catalyze is most likely a
rate-limiting step in FAS, and these genes may be useful as
molecular markers to assist the selection of high oil-producing
varieties or as targets in transgenic approaches aiming to
increase the overall oil content. However, Andre et al.
(2012) noted ACC as an enzymatic target of feedback inhibi-
tion in the FAS pathway, which should be considered during
transgenic efforts.

After the ACC step, malonyl-CoA acyl transferase (MAT)
catalyzes the condensation of the generated malonyl-CoA and
acyl carrier protein (ACP) to form malonyl-ACP. Then, seven

Fig. 6 Expression profile of genes related to lipid accumulation in tung
seeds. a Expression analyses were performed by RT-qPCR using the S1
stage as a reference sample. HomoACC homomeric acyl carboxylase,
BCCP biotin carboxyl carrier protein, SAD stearoyl acyl carrier protein
desaturase, FATA acyl-ACP thioesterase, FAD2 delta-12-fatty acid

desaturase, FAD3 omega-3-fatty acid desaturase, FAD9 delta-9 fatty acid
desaturase, FADX fatty acid conjugase, LPAAT lysophosphatidic acid acyl
transferase, DGAT diacylglycerol acyltransferase, PDAT phospholipid/
diacylglycerol acyltransferase, OleoI oleosin I. b Total RNAwas isolated
from five stages of seed development
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cycles of subsequent condensation, reduction, and dehydra-
tion reactions carried out by ketoacyl synthase III and I, 3-
ketoacyl-ACP reductase (KAR), hydroxyacyl-ACP
dehydratase (HAD), and enoyl-ACP reductase (EAR) (Li-
Beisson et al. 2013) are necessary to generate an 18-carbon
fatty acid. During this process, some of the octanoic acids
generated are converted by lipoic acid synthase (LS) to lipoic
acid, the lipoyl group of which is transferred by
lipoyltransferase (LT) to apoproteins, such as E2, a component
of the plastidial pyruvate dehydrogenase complex (PDHC)
that catalyzes the oxidative decarboxylation of pyruvate to
acetyl-CoA, thereby beginning a new FAS cycle (Wada et al.
2001). The final elongation of the 16-carbon palmitoyl-ACP
to the 18-carbon stearoyl-ACP is catalyzed by KASII (Fig. 5).
The ratio of 16-carbon and 18-carbon fatty acids in oil defines
its viscosity: the longer the chain length, the higher the vis-
cosity (Allen et al. 1999). As this property affects the atomi-
zation of biodiesel, efforts have been made to reduce the
viscosity of this oil by lowering the 18-carbon fatty acid
content by silencing the activity of KASII (Nguyen and
Shanklin 2009). Unigenes of V. fordii for all the enzymes
and proteins for the FAS step were found in the current study,
as shown in Fig. 5. However, the expression profile of these
genes in tung tissues remains to be elucidated.

Saturated fatty acids

The synthesis of fatty acids may be accomplished by produc-
ing 16:0-ACP fatty acids, which are hydrolyzed by acyl-ACP
thioesterases (FATA and FATB) that release fatty acids from
the ACP molecule to be transported to the endoplasmic retic-
ulum (ER) (Fig. 5). However, the 18:0-ACP generated by FAS
may be desaturated to produce unsaturated fatty acids before
being released from ACP and transported to the ER.
Desaturases play a pivotal role in fatty acid desaturation
during fatty acid and lipid biosynthesis. In plants, 18:0
stearoyl-ACP is desaturated to 18:1 oleoyl-ACP by stearoyl
ACP desaturase (SAD). The second and third desaturations,
producing 18:2 linoleoyl-ACP and 18:3 linolenyl-ACP, are
performed by delta-12-fatty acid desaturase (FAD2) and
omega-3-fatty acid desaturase (FAD3), respectively. In the
present study, we found unigenes corresponding to SAD,
FAD2, FAD3, FATA, and FATB (Fig. 5). The RT-qPCR
results (Fig. 6) showed that tung SAD has a bell-shaped
expression pattern, with the highest expression at the S2, S3,
and S4 stages of seed development (Fig. 6). A similar expres-
sion pattern was observed for other oilseed crops with a high
content of unsaturated and conjugated fatty acids, such as
physic nuts (Jiang et al. 2012) and castor bean (Chen et al.
2007). Considering that only one copy of SAD was found in
the tung transcriptome, it is most likely that this SAD copy is
responsible for the production of high levels of C18:1 fatty
acids at the late–middle stages of seed development,

components that will be used in the late stages as sources for
the production of α-eleostearic acids. In accordance, the ex-
pression of FAD2 and FAD3 was greatly increased at the end
of seed development (Fig. 6), concurrent with the high content
of polyunsaturated fatty acids in tung seeds produced from the
C18:1 fatty acids generated earlier by SAD. Therefore, the
transcriptional expression of these genes is closely correlated
with TAG accumulation within developing tung seeds. The
increased expression of FAD2 and FAD3 at the later stages of
seed development, corresponding to seed maturation stages
previously described in several oilseed crops such as flax
(Banik et al. 2011), linseed (Rajwade et al. 2014), and brassica
(Hu et al. 2009), confirm the importance of these enzymes in
oil desaturation.

FATA efficiently catalyzes the removal of ACP from 18:1-
ACP and has a lower activity toward 18:0- and 16:0-ACP,
whereas FATB is more specific for saturated fatty acyl chains
(Jiang et al. 2012). Therefore, we evaluated the expression of
tung FATA during seed development and found that this gene
is constantly expressed at all stages, with a sharply reduced
expression at stages S3 and S5 (Fig. 6). Although the number
of reads in the tung transcriptome anchored in the FATA
unigenes were higher than those anchoring the FATB
unigenes (Table S6), it is possible that FATB may assist FATA
in the release of ACP from 18:1-ACP, which shows a higher
content than 16:0-ACP and 18:0-ACP in tung seeds. It is also
possible that FATA has a housekeeping function, providing
the constant demand of fatty acids for membrane lipid bio-
synthesis, in addition to assembly into TAG. Overall, the fatty
acid composition of the oil in the developing tung seeds is
consistent with the relative expression levels of the SAD,
FATA, FAD2, and FAD3 genes, suggesting that these genes
have a great contribution to the high content of polyunsatu-
rated fatty acid in tung seeds (Shang et al. 2010).

In tung seeds, the most common fatty acids (more than
80 %) are conjugated fatty acids, such as α-eleostearic acid
(18:39cis,11trans,13trans). The typical mechanism for generating
conjugated fatty acids in plants involves fatty acid oxidation
and bond rearrangement. The enzymes capable of
synthesizing conjugated fatty acids are called conjugases and
are closely related in terms of their amino acid identity to the
FAD2 family. Dyer et al. (2002) showed that a single diver-
gent FAD2 enzyme isolated from tung, named FADX, can act
upon each of the common unsaturated fatty acids in plants
(oleic, linoleic, and linolenic acids) to produce three different
unusual fatty acids (18:2Δ9cis,12trans, α-eleostearic, and α-
parinaric acids, respectively). Furthermore, Dyer et al.
(2002) showed that, unlike FAD2, which is expressed in
leaves and seeds, FADX is only expressed in the seed of tung
plants. The full-length sequence of the plant common FAD2
(383 amino acids) and FAD3 (458 amino acids) desaturases
and the full-length sequence of FADX (386 amino acids) were
identified in the present study (Table 2). According to the RT-
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qPCR results, the expression of FADX increases more than
7,000-fold in mature seeds compared with seeds from stage 1
(Fig. 6), confirming its importance in tung seeds. As FADX is
the only enzyme currently described as possessing the capa-
bility of introducing a double bond at the Δ12 position in the
trans configuration, which is observed in α-eleostearic acid,
the sequence and expression profile information of FADXwill
be useful in further studies aiming at the production of trans-
genic plants containing this industrially important fatty acid.
In the present work, it was also possible to identify other fatty
acid desaturases genes in V. fordii seeds. These include the
full-length sequences of the FAD3 precursor (452 amino
acids) and delta-9 fatty acid desaturase (FAD9; 370 amino
acids), which were previously deposited as incomplete se-
quences in the GenBank database, as well as the homologous
J. curcas chloroplastid omega-6 fatty acid desaturase (FAD6;
417 amino acids) and an incomplete sequence of a Ricinus
communis FAD3 homolog from ER (300 amino acids) (Ta-
ble 2). In addition to analyzing the expression profile of
FAD2, FAD3, and FADX, we also investigated the expression
profile of V. fordii FAD9 and FAD3 precursors for the first
time (Fig. 6). The FAD3 precursor was constantly expressed
during seed development; in contrast, the expression of FAD9
increased almost 15-fold in the mature seed compared with
seeds from stage 1. The role of FAD9 as a key enzyme in the
synthesis of polyunsaturated fatty acids in diatoms was re-
cently described (Muto et al. 2013), and the expression of
Saccharomyces cerevisiae FAD9 in soybean seeds resulted in
the efficient conversion of 16:0 to 16:1Δ9 (Xue et al. 2013).
These results suggest that tung FAD9 may also play an im-
portant role in the accumulation of tung oil or in the introduc-
tion of specific double bounds in fatty acids in tung seeds;
therefore,V. fordii FAD9must be further investigated in detail.
A high content of unsaturated fatty acids in oil is undesirable
for biodiesel production because unsaturated fatty acids affect
the oxidative stability and ignition quality of biodiesel
(Knothe 2005). Therefore, the desaturases and conjugase
identified in the present study are potential candidates for
RNAi constructs for the efficient modification of the fatty acid
composition of tung seed oil to improve its fuel properties for
use as biodiesel.

Activation and transport of fatty acids

To enable the transport of free fatty acids to the ER, activation
to CoA esters by long-chain acyl-CoA synthetase (LACS) is
required. Acyl-CoA binding proteins (ACBPs) then bind to
the activated fatty acids to protect them from acyl-CoA hy-
drolases and to transport them to the ER. ACBP-bound fatty
acids may also be converted to phosphatidyl choline (PC) at
the plastid envelope by the action of lysophosphatidylcholine
acyltransferase (LPCAT) (Fig. 5). In this study, we identified

29 unigenes for LCAS and 19 for ACBPs, which should be
analyzed deeply.

Synthesis of triacylglycerol

The major component of plant seed oil is TAG, which acts as
an energy reserve. Twometabolic pathways for the production
of TAGs have been elucidated: an acyl-CoA-dependent path-
way and an acyl-CoA-independent pathway, both occurring in
the ER (Li-Beisson et al. 2013). In the acyl-CoA dependent
pathway, commonly known as the Kennedy pathway, acyl-
CoA is used as a substrate for the serial incorporation of three
acyl groups into the glycerol backbone. This pathway is
dependent on enzymes such as glycerol-3-phosphate acyl-
transferase (G3PAT), lysophosphatidic acid acyl transferase
(LPAT), and phosphatidic acid phosphatase (PAP), resulting
in the formation of diacylglycerol (DAG) (Fig. 5). Several
homologs of G3PATand LPAT have been identified (Xu et al.
2011; Gu et al. 2012). We found 19 unigenes coding for
G3PAT, 11 for LPAT, and 36 for PAP. This large number of
unigenes indicates that theremay bemultiple copies inV. fordii
seeds that are differentially regulated. The expression of tung
LPAT1 was evaluated during seed development (Fig. 6),
showing a constant expression level during all stages and
suggesting that other copies of LPAAT are of major impor-
tance for oil accumulation in tung seeds. The overexpression
of two rapeseed LPAAT isozymes in Arabidopsis increased
the seed lipid content (Maisonneuve et al. 2010), and the seed
oil content was increased by 21% in Arabidopsis and 3-7% in
canola by overexpressing GPAT (Jain et al. 2000) and DGAT
(Taylor et al. 2009), respectively, suggesting that increasing
the expression of glycerolipid acyltransferase in seeds leads to
a greater flux of intermediates through the Kennedy pathway
and enhanced TAG accumulation. These approaches could
also be used to further increase the content of TAGs in tung
seeds.

DAGs are converted to TAG by diacylglycerol
acyltransferases (DAGTs). Three orthologs of DGATs have
been found in tung tree. The DGAT1 and DGAT2 enzymes
are unrelated, differing not only in their sequence and mem-
brane topology but also in terms of their substrate discrimina-
tion. The expression of tung tree DGAT2 in yeast cells result-
ed in elevated accumulation of TAG compared with DGAT1
(Shockey et al. 2006). In addition, a third, soluble class of
DGAT enzyme has been reported in tung (Cao et al. 2013). In
the present study, we identified 30 unigenes for DGAT1 and
17 for DAGT2, and 3 unigenes were annotated as homolo-
gous of R. communis soluble DGAT. The RT-qPCR analysis
of tung DGAT1 and DGAT2 showed little difference in the
steady-state expression of DGAT1, with a small increase in
the expression at the S4 stage, whereas DGAT2 was found to
be highly expressed at the end of seed maturation (S4 and S5
stages, Fig. 6). These results confirmed those obtained by
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Shockey et al. (2006), reporting that DGAT2 is the major
DGAT mRNA in tung seeds and is correlated with oil accu-
mulation. The same result was obtained for the developing
seeds of Arabidopsis, soybean, Vernonia, Stokesia, Euphor-
bia, and castor bean (Kroon et al. 2006), indicating that
DGAT2 preferentially incorporates unusual FAs (such as
ricinoleate and α-eleostearic acid) into TAG, with DGAT1
being responsible for incorporating usual FAs (such as oleate
and palmitate) into TAG within oleaginous seeds. Therefore,
the availability of the full-length sequences of tung DGATs
will be useful for increasing the oil content in V. fordii by
genetic engineering.

The acyl-CoA-independent pathway for the synthesis of
TAGs involves phospholipid/diacylglycerol acyltransferase
(PDAT) to produce TAG. Choline phosphotransferase (CPT)
can also contribute to TAG biosynthesis by catalyzing the
reversible conversion of PC to DAG (Fig. 5). We identified
nine unigenes annotated as PDAT and 6 as CPT (Table S6).
PDAT genes are thought to play a role in the incorporation of
unusual fatty acids into TAGs in castor bean (ricinoleate),
Vernonia galamensis, Euphorbia lagascae, and Stokesia laevis
(vernolic acid) because they show increased expression along
seed development (Li et al. 2010). The expression profile of
tung PDAT indicates that the expression level is constant in all
seed developmental stages (Fig. 6). These results suggest that
the acyl-CoA-independent pathway may not be the most im-
portant pathway for the synthesis of TAGs in tung seeds.

Oil storage proteins in tung seeds

Once synthesized, pools of TAG can be stored in the mature
seed in the form of oil bodies or lipid droplets, which are

surrounded by a layer of phospholipids with a number of
proteins. The most abundant of these proteins are known as
oleosins (OLE), but caleosins and steroleosins also exist
(Fig. 5). The OLE are thought to stabilize the oil body during
desiccation of the seed and determine the size of the oil bodies
and therefore may regulate oil storage (Voelker and Kinney
2001). Considering that the suppression of OLE had a small
but statistically significant effect on fatty acid preferences for
TAG (Siloto et al. 2006), it is supposed that the introduction of
a foreign OLE may be an alternative way to select a particular
fatty acid and increase TAG accumulation throughmodulation
of the oil body size. Sequences of OLE in V. fordii were
previously identified by Chen et al. (2010). These authors
identified 118 ESTs, approximately 4.3 % of the total se-
quenced ESTs, corresponding to OLE genes. In our study,
we found 15 ESTs coding for OLE, 16 for calosins, and 10 for
steroleosins (Table S6), suggesting that these proteins play a
role in oil bodies. The expression profile of OLE1 was eval-
uated by RT-qPCR and showed that OLE1 increases its ex-
pression during seed development, positively correlating with
oil accumulation in the seed (Fig. 6). The expression of OLE
genes was strongly upregulated and tightly correlated with
TAG biosynthesis in the developing seeds of rapeseed (Jolivet
et al. 2011), castor (Chen et al. 2007), and Jatropha (Xu et al.
2011), suggesting that the two processes of OLE and TAG
accumulation are closely linked.

Metabolic pathways related to oil breakdown in tung seeds

TAGs must be hydrolyzed during germination to be used by
the embryo as an energy source. This process is mediated by
TAG lipases (TL), resulting in free fatty acids and the

Fig. 7 Oil breakdown pathway in tung seeds. The enzymes for which
genes were identified in the tung transcriptome are shown in light blue.
TAG triacylglycerol, TL triacylglycerol lipase,DAG diacylglycerol,MAG
monoacylglycerol, ML monoacylglyceride lipase, FFA free fatty acid,
CTS ABC transporter involved in the import of b-oxidation substrates

to the peroxisome, LACS long-chain acyl-CoA synthetase, ACTacyl-CoA
thioesterase, ACOX acyl-CoA oxidase, RED 2,4-dienoyl-CoA reductase,
ECH 2E-enoyl-CoA hydratase, MFP multifunctional protein, KAT 3-
ketothiolase
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intermediate products diacylglycerol or monoacylglycerol
(Voelker and Kinney 2001; Lu et al. 2007). As expected, we
identified a large number of TL and monoglyceride lipases
(ML) in our transcriptome (Table S7). Based on this analysis,
a pathway for oil metabolism in V. fordii is proposed in Fig. 7.

According to Fig. 7, the fatty acids released by TAG
lipolysis are transported across the peroxisome membrane
by an ABC transporter protein (CTS). Then, o-
succinylbenzoate-CoA ligase (LACS) is responsible for the
esterification of the fatty acids into acyl-CoAmoieties that are
used in two cycles of β-oxidation, in which acetyl-CoA is
sequentially cleaved from acyl-CoA. This process requires the
enzymes acyl-CoA oxidase (ACOX), multifunctional protein
(MFP), and 3-ketoacyl-CoA thiolase (KAT) to catalyze the
oxidation, hydration and dehydrogenation, and thiolytic
cleavage, respectively, of acyl-CoA. Furthermore, many fatty
acids have unsaturated bonds in the cis-configuration that
result in metabolic blocks for the β-oxidation pathway. There-
fore, enoyl-CoA hydratase2 (ECH) produces trans-enoyl-
CoA from C18:1 Δ9 cis, which re-enters the normal set of
core reactions of β-oxidation (Fig. 7). We found unigenes
coding for all enzymes in the fatty acid degradation pathway.
These unigenes are shown in Table S7, including information
regarding length, abundance, ORF structure, and the species
with the best-hit homologous sequence.

Conclusions

In the present work, we provide a collection of unigenes
derived from mature tung seeds. We performed assembly
and annotation of the transcriptome, resulting in the identifi-
cation of the sequence of enzymes and proteins from all steps
of oil biosynthesis and breakdown in tung seeds. The expres-
sion profile of a subset of those genes was analyzed during
seed development, indicating that BCCP, FAD2, FAD3,
FADX, FAD9, DGAT2, and OleoI are highly expressed at
the end of seed development, which correlates with oil accu-
mulation. The precise role of these genes and their paralogs
with potential neo- or subfunctionalization will require further
studies using functional genomic approaches. These genes are
promising targets for metabolic engineering efforts. Further
studies regarding the overexpression of enzymes related to oil
synthesis, such as BCCP and OleoI, associated with the
downregulation of enzymes related to oil breakdown, and to
the production of unsaturated fatty acids, such as FAD2,
FAD3, FAD9, and FADX, identified in this study, may result
in the production of a high content of oil in tung seeds with
high quality for use as biodiesel. Furthermore, the introduction
of tung desaturases and conjugases into more productive crops
may enable them to accumulate unsaturated and unusual fatty
acids largely for use in industrial applications.
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1 Center of Biotechnology and PPGBCM, Laboratory of Genomes and Plant Populations, Federal University of Rio Grande do Sul - UFRGS, Porto Alegre, RS, Brazil,

2 Brazilian Agricultural Research – EMBRAPA, Pelotas, RS, Brazil, 3 PPGGBM at Federal University of Rio Grande do Sul - UFRGS, Porto Alegre, RS, Brazil

Abstract

MicroRNAs, or miRNAs, are endogenously encoded small RNAs that play a key role in diverse plant biological processes.
Jatropha curcas L. has received significant attention as a potential oilseed crop for the production of renewable oil. Here, a
sRNA library of mature seeds and three mRNA libraries from three different seed development stages were generated by
deep sequencing to identify and characterize the miRNAs and pre-miRNAs of J. curcas. Computational analysis was used for
the identification of 180 conserved miRNAs and 41 precursors (pre-miRNAs) as well as 16 novel pre-miRNAs. The predicted
miRNA target genes are involved in a broad range of physiological functions, including cellular structure, nuclear function,
translation, transport, hormone synthesis, defense, and lipid metabolism. Some pre-miRNA and miRNA targets vary in
abundance between the three stages of seed development. A search for sequences that produce siRNA was performed, and
the results indicated that J. curcas siRNAs play a role in nuclear functions, transport, catalytic processes and disease
resistance. This study presents the first large scale identification of J. curcas miRNAs and their targets in mature seeds based
on deep sequencing, and it contributes to a functional understanding of these miRNAs.
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Introduction

Increased energy consumption is a key concern of contempo-

rary society as a result of rapidly diminishing fossil fuel deposits

and increasing levels of carbon dioxide released into the

atmosphere. Thus, environmentally friendly sources of fuels, such

as bioethanol and biodiesel, are promising alternatives for fossil

fuels. In this context, great interest has been generated regarding

the potential of Jatropha curcas L. for biodiesel production. This

species belongs to the Euphorbiaceae family and is found in almost

all tropical areas; it occurs on a large scale in tropical and

temperate regions [1,2]. J. curcas has potential for biodiesel

production because it is perennial, drought-resistant and has a

high oil content (,40%). Additionally, this crop can be grown in

degraded soils (non-agricultural lands), which controls erosion

without competing for food production habitats [3,4].

In spite of having the potential for high fuel production,

improving the quality of J. curcas seed oil remains challenging. The

desired traits include increased oil content, decreased unsaturated

fatty acid content (to increase the oxidative stability), decreased

free fatty acid content (to prevent soap formation and increase

biodiesel productivity) and decreased 18 carbon fatty acid content

(to reduce viscosity) [5]. Furthermore, reducing seed toxicity and

increasing pest tolerance are also desirable [1,5].

MicroRNAs (miRNAs) are small non-coding RNAs that act as

post-transcriptional regulators of gene expression [6]. They are

typically transcribed by RNA Polymerase II as long polyadenyl-

ated transcripts, with an imperfect stem-loop structure known as

pri-miRNA, which is recognized and processed by DICER-Like1

(DCL1) into an miRNA precursor (pre-miRNA). This sequence is

further processed to generate mature miRNAs, which are

composed of single-stranded RNA molecules of approximately

21 nucleotides (nt) in length [7–9]. To regulate protein-coding

genes, the mature miRNA binds to sites in the 39 and 59

untranslated regions (UTR) or the coding sequence (CDS), leading

to mRNA degradation or translational inhibition, depending on

the degree of complementarity between the miRNA and its target

transcript [8,10]. This regulation plays critical roles in plant

development and growth as well as a range of physiological

processes, including abiotic and biotic stress responses [11,12], and

in lipid metabolism [13,14].

At present, there have only been two recent studies regarding

the identification of miRNAs from J. curcas. One study used a

small RNA cloning methodology and did not provide the

precursor sequence from Jatropha [15]. The other study used

known plant miRNAs from Viridiplantae to search for J. curcas

miRNAs in publicly available EST and GSS databases; therefore,

only conserved miRNAs were identified by this approach [16]. In

the present study, conserved and novel miRNAs from J. curcas

were identified through the deep sequencing of small RNAs

(sRNA) from mature seeds. The targets of these miRNAs were
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predicted in silico, and the results indicate that miRNAs are

involved in a wide range of physiological processes in seeds,

including growth, hormone signaling, stress resistance and lipid

metabolism, among others. In addition, polyadenylated transcript

sequencing (mRNA-seq) libraries from three seed development

stages (immature, intermediate and mature) were used to identify

and characterize the abundance of pre-miRNAs and miRNA

targets, providing important information related to regulatory

timing.

Material and Methods

J. curcas Seed Collection and RNA Isolation
For the RNA isolation, fruits from J. curcas plants grown in an

open environment at Embrapa Clima Temperado (Pelotas, RS,

Brazil) were collected at 10–20 (immature seeds), 20–40 (interme-

diate seeds) and 40–60 (mature seeds) days after flower opening

(DAF). The seeds were dissected from their fruits and immediately

frozen in liquid nitrogen and then stored at 280uC. Total RNA

was isolated from a pool of seeds from each stage with Trizol

(Invitrogen, CA, USA), according to the manufacturer’s protocol.

RNA quality was evaluated by electrophoresis on a 1% agarose

gel, and the RNA concentration was determined by Nanodrop

(Nanodrop Technologies, Wilmington, DE, USA).

Small RNA and mRNA-seq Library Construction using
Deep Sequencing

Total RNA (.10 mg) was isolated from immature, intermediate

and mature seeds and sent to Fasteris SA (Plan-les-Ouates,

Switzerland) for processing and sequencing with an Illumina

HiSeq2000. To generate the mRNA-seq libraries, polyadenylated

transcript sequencing was performed as follows: Poly(A) mRNAs

were purified, cDNA was synthesized using a Poly(T) primer

shotgun to generate 500 nt inserts, 3p and 5p adapters were

bound, and a cDNA colony template library was generated by

PCR amplification, and 100 single-end bases were sequenced by

Illumina sequencing. Illumina sequencing output data were

sequence tags of 100 bases. Three mRNA-seq libraries were

constructed from immature seeds (L1), from intermediate seeds

(L2) and from mature seeds (L3).

Only RNA from mature seeds was used to produce the small

RNA library. In brief, RNA bands corresponding to a size range of

20–30 nt were separated and purified from the acrylamide gel and

subsequently bound to 3p and 5p adapters in two separate

subsequent steps, each followed by acrylamide gel purification.

Then, the cDNAs were synthesized and a cDNA colony template

library was generated by PCR amplification for Illumina

sequencing.

Sequence Data Analysis
Figure S1 summarizes the overall data analyses performed with

the sRNA library and mRNA-seq libraries. First, all low quality

reads (FASTq value ,13) were removed, and 5p and 3p adapter

sequences were trimmed using the Genome Analyzer Pipeline

(Fasteris). The remaining low quality reads with ‘n’ were removed

using the PrinSeq script [17]. Sequences shorter than 18 nt and

longer than 25 nt were excluded from further analysis. sRNAs

derived from Viridiplantae rRNAs, tRNAs, snRNAs and snoR-

NAs (from the tRNAdb [18]; SILVA rRNA [19] and NONCODE

v3.0 [20] databases); cpRNA from J. curcas; and mtRNA from

Ricinus communis [from the NCBI GenBank database (http://ftp.

ncbi.nlm.nih.gov)] were identified by mapping with Bowtie v

0.12.7 [21]. rRNAs, tRNAs, snRNAs and snoRNAs were excluded

from the sRNA library that was used in further miRNA

predictions and analyses.

The mRNA-seq libraries were first filtered for low quality ‘‘n’’

reads, and J. curcas coding sequence reads were obtained from the

Jatropha genome database (http://www.kazusa.or.jp/jatropha).

L1, L2 and L3 were pooled to produce mRNA contigs using the

CLC Genome Workbench version 4.0.2 (CLCbio, Aarhus,

Denmark) algorithm for de novo sequence assembly, with the

default parameters (similarity = 0.8, length fraction = 0.5, inser-

tion/deletion cost = 3, mismatch cost = 3), originating from the

L1–L2–L3 library.

Sequence data from this article can be found in the GenBank

data libraries under accession number(s) GSM1226039 (L1),

GSM1226040 (L2), GSM1226038 (L3) and GSM1226041 (sRNA

dataset).

Prediction of Conserved and Novel miRNAs
To identify phylogenetically conserved miRNAs, reads from the

sRNA library derived from mature seeds were mapped to a set of

all mature Viridiplantae unique miRNAs obtained from the

miRBase database (Release 19, August 2012) using Bowtie v

0.12.7 [21]. Only perfectly matched sequences were considered to

be known miRNAs. To search for novel miRNAs, reads from the

sRNA library derived from mature seeds were matched against

contigs assembled from the L1–L2–L3 library using SOAP2 [22].

The SOAP2 output was filtered with an in house filter tool to

separate pre-miRNA candidate sequences by using an anchoring

pattern of one or two blocks of aligned sRNAs with a perfect

match. MFOLD (http://mfold.bioinfo.rpi.edu/cgi-bin/rnaform1.

cgi) was employed to predict hairpin structures with default

parameters. Sequences were considered to be pre-miRNA if the

RNA sequence could form an appropriate stem-loop structure

with a mature miRNA sitting in one arm of the hairpin structure;

the secondary structure had a high negative minimum folding free

energy (MFE, 17–110 kcal/mol), using RNAstructure 5.3 [23],

and a high negative minimum folding free energy index (MFEI,

higher than 0.5). All putative pre-miRNAs were verified by a

BLASTn algorithm from NCBI databases and the miRBase

database (Release 19, August 2012). The frequency of identified

miRNAs was obtained by aligning the conserved and novel

precursors identified in this study and the sRNA library using

Bowtie v 0.12.7, with the default parameters. The SAM files from

Bowtie were then processed using in house Python scripts to count

the frequencies of each read and map them into the three libraries.

The most frequent miRNA for each precursor was designated as

miRNA, while the others were designated as isomiRNAs.

miRNA Targets Prediction
mRNA contigs from the L1–L2–L3 library were clustered by

using Gene Indices clustering tools (http://compbio.dfci.harvard.

edu/tgi/software/) [24] to reduce sequence redundancy. The

clustering output was passed on to a CAP3 assembler [25] for

multiple alignment and consensus building. Contigs that could not

reach the threshold set and fell into a random assembly and

remained as a list of singletons.

The predicted target genes of conserved and novel miRNAs was

performed with a psRNAtarget [26] by aligning mature sequences

against assembled J. curcas unigenes from the L1–L2–L3 library.

Default parameters were used, and a maximum expectation of 4.0

was applied for the search with the most abundant miRNA. A

maximum expectation of 5.0 was used to search the isomiRNA

target genes, which were related to lipid metabolism pathways. An

annotation of predicted targets was performed by using BLASTX

from Blast2GO v2.3.5 software [27] based on their sequence
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similarity with previously identified and annotated genes from the

NR and Swiss-Prot/Uniprot protein databases. The annotation

was improved by analyzing conserved domains/families using the

InterProScan tool, and Gene Ontology (GO) terms for the cellular

component, molecular function and biological processes were

determined by using the GOslim tool in the blast2GO software.

Transcript orientations were obtained from the BLAST outputs.

In silico Expression Analysis of Pre-miRNAs and miRNA
Predicted Targets

To calculate the frequency of pre-miRNAs, mRNA reads from

each individual library (L1, L2 and L3) were aligned in Bowtie v

0.12.7 by using the default parameters and allowing zero

mismatches. For reference, all identified pre-miRNAs in this

study were used. The SAM files from Bowtie were then processed,

as discussed above. The scaling normalization method proposed

by Robinson and Oshlack [28] was used for data normalization.

Both R packages, EdgeR [29] and A–C test [30], were

independently used to assess whether the pre-miRNA was

differentially represented. In brief, EdgeR uses a negative binomial

model to estimate the over dispersion from the pre-miRNA count.

The dispersion parameter of each pre-miRNA was estimated by

tagwise dispersion. The differential expression is then assessed for

each pre-miRNA by using an adapted exact test for over dispersed

data. The A-C test computes the probability that two independent

counts of the same pre-miRNA came from similar samples. Pre-

miRNAs were considered to be differentially represented if they

had a p-value #0.001 in both statistical tests. The same method

was adopted to evaluate the expression profile of predicted

miRNAs targets, allowing two mismatches (one in the seed and

another in the rest of the sequence).

siRNA Prediction
siRNAs were identified by aligning J. curcas 24-nt sRNAs against

the contigs from the L1–L2–L3 library. Putative contigs with a

typical sRNA distribution pattern along the matching sequences

[31] were further subjected to annotation using Blast2GO

software, as described above.

Results and Discussion

Deep Sequencing of sRNAs and mRNA Libraries
To identify the conserved and novel miRNAs in J. curcas seeds,

an sRNA library from mature seeds was constructed and

sequenced by Illumina technology, resulting in a total of

16,771,931 reads. After removing the 3p and 5p adapter

sequences and filtering out low quality ‘‘n’’ sequences, sRNAs

within a 1–44 nt range were obtained, in which the majority were

18–26 nt in length (Table 1). Sequences shorter than 18 nt and

longer than 25 nt were removed, resulting in 13,953,403 reads

(Table 2), from which 5,400,278 reads were unique tags (38.7%).

Approximately 80% (4,328,139) of the unique tags corresponded

to singletons (Table S1).

Non-coding RNAs were also removed from the sRNA library

for further analysis (Table 2). The sequence analysis showed that

rRNA had the highest read frequency of all filtered sRNA classes,

with 6.94% of the total reads. The majority of these rRNA

sequences were found in the dataset with 21 nt-long sequences.

Interestingly, 35.95% of the 18 nt sequences represented rRNAs.

cpRNA sequences were the second most abundant filtered

sequences after those from rRNA, corresponding to 1.9% of the

total reads. tRNAs, mtRNAs, snRNAs and snoRNA were less

frequent in the sRNA library. Taken together, 9.71% of the sRNA

library was filtered with these RNA types, leaving 12,597,985

reads.

The length distribution of redundant and non-redundant

sRNAs reads indicated that the most abundant and diverse

sequences are within 21 (20.89%) and 24 nt (44.55%), a typical

size range for Dicer-like (DCL)-derived products [9]. This

distribution pattern for the small RNA size is similar to that of

seeds from other species, such as Arabidopsis [32], peanut [13],

barley [33], soybean [34] and canola [14], which implies that J.

curcas possesses similar small RNA biogenesis processing compo-

nents to other plant species. The same length distribution pattern

was observed before and after filtering the sRNA library (Figure 1),

indicating that the small RNA library was of high quality.

In this study, a specific mRNA transcriptome of J. curcas seeds

was produced and used as a sequence reference for further

analyses. Three mRNA seqs were obtained from seeds as follows:

the L1 (immature seed) library yielded 43,328,830 reads, the L2

(intermediate mature) library yielded 35,062,185 reads, and the L3

(mature seed) library yielded 16,653,188 reads. All three libraries

were pooled for de novo assembly (L1–L2–L3). The resulting 61,863

contigs had an average length of 755 bp, and the size ranged

between 100 bp and 15,706 bp, with 27,520 contigs constituting

more than 500 bp in length.

Identification of Conserved miRNAs and Pre-miRNAs
Several studies have reported miRNA conservation across

different plant taxa [35,36]. To identify homologous miRNAs in

the J. curcas sRNA library, a set of 2,585 unique mature plant

miRNA sequences were extracted from the miRBase database and

used for alignment against the sRNA library. Only sequences with

exactly the same size and nucleotide composition were considered.

A strict criterion of sharply defined distribution patterns for one or

two block-like anchored sRNAs and at least 10 reads of a single

miRNA sequence were used to predict novel miRNAs (see

methods). The read depth distribution along putative pre-miRNAs

was previously shown to be a reliable guide for differentiating

possible miRNAs from contaminant sequences, such as the

degradation products of mRNAs or transcripts that are simulta-

neously expressed in both sense and antisense orientations

[14,33,37]. In total, 1,021,895 reads perfectly matched 177

conserved miRNAs belonging to 41 families, with an average of

approximately 4 miRNA members per family (Table S2). Overall,

the Jcu_MIR167 family was the most abundant conserved miRNA

family present in J. curcas seeds, accounting for 842,066 reads, and

the largest families were Jcu_MIR156 and Jcu_MIR166, with 23

and 21 members, respectively. Of the remaining miRNA families,

19 contained between 2 to 8 members, and 16 were represented

by a single member (Figure 2 and Table S2). Furthermore, the

results indicate that different members of the same miRNA family

have clearly different expression levels (Table S2). For example,

Jcu_MIR166 presents members ranging from 1 to 35,439 reads.

Table 1. Raw data from sequencing Jatropha curcas sRNAs.

Read length (nt) Number of reads Percentage (%) of reads

0 12,163 0.073

1–17 1,347,333 8.330

18–26 14,175,504 84.190

27–44 516,355 3.790

Remaining 720,576 4.960

doi:10.1371/journal.pone.0083727.t001
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Interestingly, the conserved miRNAs represented the most

abundant J. curcas miRNAs and were distributed throughout

seven families (MIR156, MIR157, MIR159, MIR166, MIR167,

MIR168 and MIR396). These abundant miRNA families are

largely found in Viridiplantae, indicating a fundamental role in

plant life maintenance (Table S2).

In a study performed by Wang et al. [15], six conserved

miRNAs were identified by the cloning approach from RNA

libraries derived from theleaves and developing seeds of J. curcas.

Two (Jcu_MIR166_3p and Jcu_MIR167_5p) of them were also

identified in the present study, and three conserved miRNAs were

identified only in the library from leaves. Moreover, the miRNA

JcumiR004, which was identified as a novel plant miRNA,

according to Wang et al. [15], was annotated in the present study

as Jcu_MIR171_5p because the mature sequence showed a perfect

match with the MIR171 from several species (Table S2, sequence

UGAUUGAGCCGUGCCAAUAUC). Therefore, the discrepan-

cies in identifying conserved miRNAs from the present study and

the one performed by Wang et al. [15] correspond mostly to a

difference in selected tissues and methods. During the cloning

approach, there was a chance miRNAs with low expression level

would not be detected. A more recent work by Vishwakarma and

Jadeja [16] also focused on the identification of conserved

miRNAs from J. curcas after transcript and partial genome

sequence analysis. These authors were able to identify 24

predicted miRNAs belonging to five miRNA families (Jcu_-

MIR166, Jcu_MIR167, Jcu_MIR1096, Jcu_MIR5368 and Jcu_-

MIR5021). A lower number of miRNA families were identified by

these authors relative to the present study, most likely because they

used known plant miRNAs from Viridiplantae to search the

conserved J. curcas miRNAs homologs in publicly available (and

relatively small) EST and GSS databases compared to the

database from the RNAseq generated in the present study.

To identify putative conserved pre-miRNA sequences, the

sRNA library was matched against a set of de novo assembled

contigs from three developmental stages of J. curcas seeds (L1–L2–

L3 library). The candidate pre-miRNAs were predicted by

exploring the secondary structure, the minimum folding free

energy (MFE) and the minimum folding free energy index (MFEI).

Candidate mRNA sequences with a stem-loop hairpin structure

showing MFE values of 40–100 kcal/mol, MFEI values higher

than 0.85 and more than 10 miRNA reads anchored in the same

orientation in the 5p and/or 3p arm in a two block-like pattern

were considered putative pre-miRNAs. The precursor identity was

determined by BLAST searches against mature miRNAs in

miRBase and the NCBI database. As a result, 41 known full-length

plant pre-miRNA sequences were identified along with 18

miRNAs anchored in the 3p-arm and 19 miRNAs in the 5p-

arm (Figure S2). The precursors had an average length of 154 bp,

a CG content of 43.45%, an MFE of 253.13 and an MFEI of 2

0.86 (Table S3), which were similar to the pre-miRNA charac-

teristics in other plant species [14,35,36]. Twenty conserved pre-

miRNAs did not generate a hairpin structure according to

MFOLD (http://mfold.bioinfo.rpi.edu/cgi-bin/rnaform1.cgi).

At the present, there is no miRNA sequence for J. curcas

available in miRNA databases, and there is only one recently

published report regarding the identification of miRNAs through

the cloning of sRNA sequences, which did not provide the

precursor sequence [15]. In this context, the use of deep

sequencing technologies represents a powerful large scale

approach for the reliable identification of miRNAs in J. curcas

[14,32,33,38,39]. In the present study, the deep sequencing of an

sRNA library from J. curcas mature seeds and three mRNAseq

libraries from three stages of seed development allowed for the

identification of conserved and species-specific miRNAs and pre-

miRNAs.

Identification of Novel miRNAs and Pre-miRNAs
In addition to conserved miRNAs, 16 sequences with charac-

teristic hairpin-like structures were BLASTed against miRBase

and NCBI databases, and no homologies with previously known

plant miRNAs were found; these sequences characterize novel

pre-miRNAs in plants. The identified pre-miRNAs had an

average length of 162 bp and average MFE, MFEI and % CG

content of 258.98, 20.96 and 41.50, respectively (Figure S3 and

Table S4). Ten miRNAs were anchored in the 3p-arm and 15

miRNAs in the 5p-arm of these pre-miRNAs. The most abundant

novel miRNA yielded 11,899 reads (Jcu_nMIR001), and it is the

sixth most abundant miRNA in J. curcas, suggesting an important

role in this tissue. The majority of novel miRNAs are 21 nt longer

(Table S5), as was observed for conserved miRNAs. Interestingly,

only one (JcumiR006) of the 46 novel miRNAs identified by Wang

et al. [15] through cloning was identified in the present study

(corresponding to JcuMIR0015_5p in the present study, sequence

Table 2. Data from reads of the sRNA database of mature Jatropha curcas seeds filtered with non-coding RNAs.

Size Total reads* % rRNA tRNA snRNA snoRNA cpRNA mtRNA all filters

total
reads %

total
reads %

total
reads %

total
reads %

total
reads %

total
reads %

total
reads %

18 369,493 2.65 132,827 35.95 9,763 2.64 283 0.08 167 0.05 6,069 1.64 2,269 0.61 151,378 40.97

19 445,999 3.20 131,575 29.50 22,091 4.95 241 0.05 130 0.03 10,314 2.31 2,043 0.46 166,394 37.31

20 503,781 3.61 107,113 21.26 14,525 2.88 240 0.05 102 0.02 27,221 5.40 2,534 0.50 151,735 30.12

21 2,869,361 20.56 164,287 5.73 5,755 0.20 959 0.03 78 0.00 51,618 1.80 14,261 0.50 236,958 8.26

22 2,271,978 16.28 117,565 5.17 7,860 0.35 374 0.02 61 0.00 106,135 4.67 3,714 0.16 235,709 10.37

23 1,335,058 9.57 125,303 9.39 7,860 0.59 257 0.02 33 0.00 23,003 1.72 2,279 0.02 158,735 11.89

24 5,760,030 41.28 102,477 1.78 9,347 0.16 356 0.01 27 0.00 31,370 0.54 3,447 0.06 147,024 2.55

25 397,703 2.85 87,646 22.04 6,541 1.64 178 0.04 17 0.00 8,911 2.24 4,192 1.05 107,485 27.03

Total 13,953,403 100.00 968,793 6.94 83,742 0.60 2,888 0.02 615 0.00 264,641 1.90 34,739 0.25 1,355,418 9.71

*Total reads before filtering with non-coding and organellar small RNAs. The small RNAs were clustered according to their origin as follows: ribosome (rRNA), transporter
(tRNA), small nuclear (snRNA), small nucleolar (snoRNA), mitochondrial (mtRNA) and chloroplastic (cpRNA).
doi:10.1371/journal.pone.0083727.t002
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GGCAUGGGCGAUAUGGGCAAGA). This difference in the

identified miRNAs is most likely a result of the chosen method, as

explained earlier. Similarly, members of the Jcu_MIR166 and

Jcu_MIR167 families demonstrated by Vishwakarma and Jadeja

[16] were also identified in the present study. However, we were

unable to identify six other members from the other families in our

sRNA library, suggesting that these specific microRNAs may not

be expressed or may not be detectable in mature seeds.

Identification of IsomiRNAs
It was previously shown that miRNA variants, which are known

as isomiRNAs, are detectable by high-throughput sequencing [40–

43]. They show additional nucleotides in the 59or 39 terminus

compared to the canonical or most abundant mature miRNAs.

IsomiRNAs are considered to be a consequence of inaccuracies in

Dicer pre-miRNA processing. Length heterogeneity can also arise

by the exonuclease ‘nibbling’ of the ends, which produces a shorter

template product, or by the post-transcriptional addition of one or

more bases [44]. In the present study, the alignment of the sRNA

library with identified J. curcas pre-miRNAs allowed for the

Figure 1. Total number of redundant and unique reads in the sRNA library of J. curcas mature seeds. (A) Data before filtering with non-
coding RNAs and organelle RNAs. (B) Data after filtering with non-coding RNAs and organelle RNAs.
doi:10.1371/journal.pone.0083727.g001
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estimation of the number and abundance of each isomiRNA

corresponding to conserved (Table S2 and Figure S2) and novel J.

curcas miRNA families (Figure S3 and Table S5).

IsomiRNAs were produced from both known and novel

predicted pre-miRNAs of J. curcas. It was possible to observe that

miRNA families differ significantly from each other in the number

and abundance of isomiRNAs, as was observed in other studies

[14,34,36]. The known pre-miRNA Jcu_MIR168 and the novel

pre-miRNA Jcu_nMIR001 produced more isomiRNAs than the

other pre-miRNAs. Unexpectedly, a variant of the novel

Jcu_nMIR001 showed more than 10,000 reads because species-

specific miRNAs usually present low levels of expression compared

to the conserved miRNAs. The predicted targets of Jcu_nMIR001

miRNA are ribosomal proteins, which could explain the high

abundance of this miRNA. It is also interesting to note that in

some conserved miRNA families, the most abundant miRNA was

not the canonical miRNA described for other species. This wide

variation suggests that the same miRNA family is involved in

divergent functions and may be necessary at different levels,

according to the species, timing, tissue and/or other situations,

such as environmental conditions and stresses. It has been shown

that isomiRNAs can be expressed in a cell-specific manner, and

numerous recent studies suggest that at least some isomiRNAs

may affect target selection, miRNA stability, or loading into the

RNA-induced silencing complex (RISC) [44].

Abundance of J. curcas Pre-miRNAs during Seed
Development

Because pre-miRNAs are processed as mRNAs species, in silico

approaches can be used as a reliable tool for estimating the

abundance of pre-miRNAs. Although this analysis does not

directly predict the abundance of mature miRNA or the

isomiRNAs, the number of precursor sequences present in seed

developmental stages can provide information about the overall

variation of the miRNA set generated from each precursor. The

abundance analysis revealed that the majority of pre-miRNAs

were present at similar levels in all libraries, suggesting that they

are necessary during all seed development processes (Tables S3

and S4). Nevertheless, the abundance of some pre-miRNAs varied

from one library to another, suggesting that the miRNAs from

these precursors may be associated with the mRNA silencing

involved in specific seed stage process, such as growth or

maturation. Among the pre-miRNAs that were differentially

represented, Jcu_MIR390 was only detected in L3 seeds;

Jcu_MIR169a was only detected in L2 seeds; Jcu_MIR167a,

Jcu_MIR172 and Jcu_MIR845 were only detected in L1 seeds

(Table S3); Jcu_MIR156d, Jcu_MIR167b and Jcu_MIR319 were

better represented in the L2 and L3 libraries; and Jcu_MIR390

was better represented in L3. Among the novel J. curcas miRNAs,

Jcu_nMIR001 was better represented at the beginning of seed

development, and Jcu_nMIR003, Jcu_nMIR007 and Jcu_n-

Figure 2. Known miRNA families identified in mature J. curcas seeds. (A) The total number of miRNA members (isomiRNAs) from each miRNA
family. (B) The number of total read counts of each miRNA family.
doi:10.1371/journal.pone.0083727.g002
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MIR016 were more represented in the intermediate seed stage

(Table S4). It is also important to note that some novel pre-

miRNAs were highly abundant, such as Jcu_nMIR001, which was

the most expressed precursor during immature and mature seed

stages, and Jcu_nMIR003, which was the most expressed in the

intermediate stage, indicating that they play an important role in

this plant. In summary, the prediction of pre-miRNA abundance

among libraries increased the understanding and implications of

post-transcriptional regulation in J. curcas seeds.

siRNA in J. curcas Seeds
In contrast to the biogenesis and action of miRNA, siRNAs are

24-nt long sequences produced by double-stranded RNAs that can

act at the transcriptional level through DNA methylation and

histone modification and at the post-transcriptional level through

the regulation of gene expression [45]. Several siRNAs have been

recognized to play important roles in plant stress tolerance [46,47].

Because of the large abundance of 24-nt sequences in the J. curcas

sRNA library, we investigated the presence of siRNAs. The

sRNAs that were 24 nt were matched against contigs assembled

from L1–L2–L3 libraries. Putative contigs with typical sRNA

distribution patterns along the matching sequences were further

subjected to annotation (see methods). As a result, 42 siRNA

precursors were identified and annotated (Table S6). This analysis

indicates that siRNAs play a role in nuclear functions and in

transport, catalytic processes and disease resistance. As expected,

transposons and retroelements were relatively abundant among

siRNA precursors, supporting their mechanism of action in guide

chromatin-based events and resulting in transcriptional silencing

[48]. It was reported that siRNA precursors can also be formed by

cellular RNA-dependent RNA polymerase activity (RdRp) [49].

In fact, most J. curcas siRNA precursors were annotated as RdRps.

Out of these precursors, the majority are associated with nuclear

functions and play roles in transport, catalytic processes and

disease resistance.

Prediction of J. curcas miRNA Targets
Because the roles of miRNAs during plant development and in

species-specific adaptation processes are executed through the

cleavage or translation repression of target genes [6], miRNA

target prediction is critical for gaining insight into the regulatory

functions of miRNAs. In this study, the putative target genes of J.

curcas miRNAs were predicted by using the web-based computer

server psRNATarget, based on perfect or near perfect comple-

mentarity between miRNAs and their targets. The most abundant

mature miRNAs from each family (isomiRNAs were not

considered) were aligned with a set of unigenes generated from

assembled J. curcas contigs from all seed development mRNA-seq

libraries (L1–L2–L3). A total of 57 sequences were predicted as

potential targets of 28 known plant miRNAs and 12 novel

miRNAs, with an average of 1.8 targets per miRNA (Table S7).

All of the identified targets were analyzed by using BLASTX

against protein databases, followed by a GO analysis to evaluate

their putative functions. According to the categorized GO

annotation, 109 genes are involved in cellular components, with

the majority of conserved and novel miRNA targets localized in

intracellular membrane-bounded organelles. In the molecular

functions category, 107 genes participate in catalytic or signaling

transduction activities and binding activities with proteins and

nucleic acids (Figure 3). With respect to biological processes, 216

genes primarily participate in stimulus responses and different

cellular and metabolic processes, suggesting that the novel and

conserved J. curcas miRNAs are involved in a broad range of

physiological functions. These functions include participation in

plant growth and development (pentatricopeptide repeat-contain-

ing protein, auxin response factor 10, seed maturation protein,

etc.), lipid metabolism (phosphatidylserine decarboxylase and

glycerophosphoryl diester), nutrient/cellular transport (amino acid

transporter, high affinity nitrate transporter, metal transporter

nramp6-like, etc.), and, primarily, in defense (tir-nbs-lrr resistance

protein, cc-nbs-lrr resistance protein, cytosolic class I small heat

shock protein partial, proline synthetase associated, dehydration

responsive element binding proteins, etc.) (Table S7). The

miRNAs targets were differentially represented during seed

development, suggesting that they are regulated according to seed

needs. For example, caffeoyl-o-methyltransferase and seed matu-

ration protein are the most represented targets at the end of seed

development, and subtilisin-like protease-like and auxin response

factor 10 are better represented at the beginning of seed

development than the other targets.

The auxin response factor (ARF) is a plant-specific family of

DNA binding proteins involved in hormone signal transduction

[50,51]. The ARF gene and the F-box family proteins, also

previously described in relation to auxin signaling [52], were

predicted targets of conserved J. curcas miRNAs and were highly

abundant in immature seeds. These genes, as well as some other

predicted targets, such as proteins associated with nucleotide

synthesis, ribosomal proteins, metal transporters and membrane

proteins, may play a role in seed growth and formation. Another

important gene targeted by Jcu_MIR156, Jcu_MIR168, Jcu_-

MIR403, Jcu_MIR472 and the novel Jcu_nMIR005 and

Jcu_nMIR009 is the pentatricopeptide repeat gene (PPR), which

participates in the regulation of gene expression and was present at

considerable levels in all seed developmental stages, especially

immature J. curcas seeds (Table S7). PPR belongs to a large gene

family implicated in post-transcriptional processes, such as

splicing, editing, processing and translation, in specific organelles,

such as mitochondria and chloroplasts [53].

Several predicted targets of J. curcas miRNAs are involved in

abiotic stresses, including genes associated with proline and

phenylpropanoid synthesis, hormones and responses to dehydra-

tion and high temperatures. The dehydration-responsive element/

C-repeat (DRE/CRT) was predicted as the target of Jcu_MIR156

and Jcu_MIR168. DRE/CRT has been identified as a cis-acting

element involved in one of the ABA independent regulatory

systems of abiotic stress response. In Arabidopsis, MIR156 and

MIR168 were described as dehydration stress-responsive miRNAs

[54]. An analysis of J. curcas DREB gene expression was performed

by Tang et al. [55], and the expression was induced by cold, salt

and drought stresses. Although only a few reads corresponding to

this gene were detected in the present study, it could be interesting

to investigate the role of miRNAs in the regulation of DREB

expression in other tissues and during abiotic stresses, especially in

J. curcas plants that are well-known for their tolerance to drought

stress [56].

In addition to abiotic stress, miRNAs from J. curcas seeds may

also participate in biotic stresses. The recognition of an invading

microbial pathogen is often followed by the synthesis of specific

plant disease resistance proteins (R) [57] that possess activities that

can lead to plant cell death through the familiar hypersensitive

response (HR), a characteristic feature of many plant defense

mechanisms [58]. Genes encoding R proteins (cc-nbs-lrr resistance

protein, disease resistance rpp13-like protein 1-like and tir-nbs-lrr

resistance protein) and an HR protein were the predicted targets of

Jcu_MIR159 and Jcu_MIR472 and were highly abundant at the

end of seed development (Table S7), most likely as a mechanism to

protect the mature seed against pathogens, thereby preventing

unsuccessfully germination.
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Prediction of J. curcas miRNA Targets Involved in Lipid
Metabolism

Jatropha has emerged as a promising biodiesel crop, but

increasing the oil content and improving the oil quality are still

challenging [2–4]. To investigate the involvement of isomiRNAs

in regulating the lipid metabolism of J. curcas, the putative target

genes of isomiRNAs with more than 10 reads were searched. This

approach allowed for the identification of 12 miRNA targets

related to lipid metabolic pathways (Table S8). This is the first

report of miRNA associations with genes from the lipid

Figure 3. Targets of the miRNAs identified in mature seeds of J. curcas. The percentage (%) of contigs for each Gene Ontology (GO) term is
relative to the total number of contigs from each gene category.
doi:10.1371/journal.pone.0083727.g003
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metabolism in J. curcas. When estimating the sequence abundance

of the target contigs, only hydroxysteroid 11-beta-dehydrogenase

1-like protein was better represented at the end of seed

development, and phosphatidylserine decarboxylase, diphospho-

mevalonate decarboxylase, 1-phosphatidylinositol-bisphosphate,

lipid binding, phosphatidylserine synthase 2 and cyclopropane-

fatty-acyl-phospholipid synthase were more represented at the

beginning of seed formation.

LPAT, or 1-acyl-sn-glycerol-3-phosphate acyltransferase, was

the predicted target of Jcu_MIR001 and Jcu_MIR007 isomiRNA.

This enzyme provides the key intermediate in membrane

phospholipid and storage lipid biosynthesis in developing seeds

[59]. Through the analysis of miRNA target abundance, it was

possible to observe that LPAT was more represented in

intermediate seeds. It was proposed that increasing the LPAT

expression in seeds leads to a greater flux of intermediates through

the Kennedy pathway and enhanced triacylglycerol accumulation

[43]. Glycerophosphoryl diester (predicted target of Jcu_MIR001)

and glycerol-3-phosphate dehydrogenase (predicted target of

Jcu_MIR403) provide glycerol-3-phosphate for TAG assembly in

the Kennedy pathway, and they were also more represented in

intermediate seeds. These results confirm the general observation

that storage lipid biosynthesis usually occurred at the middle-late

stage during seed development [60] and suggest that the seed

already reached maturity by the intermediate stage. Interestingly,

a seed maturation protein target of Jcu_MIR472 was better

represented in the intermediate stage, corroborating this finding.

The same LPAT and GPDH expression pattern during seed

development was observed by Xu et al. [61] and Guo et al. [43]

by using real time PCR, which confirmed these results. In the

study by Xu et al. [61], the authors verified that the gene encoding

fatty acid desaturase exhibited low expression in all seed

developmental stages, as was observed in the present study,

suggesting that the transcript accumulation of this gene is not

necessarily linked to triacylglycerol biosynthesis in developing

Jatropha seeds.

Conclusions

There is some uncertainty about the genetic contribution to

divergent phenotypes and the response to growth conditions and

stress in Jatropha genotypes because there are several reports

indicating low genetic diversity among these plants. Epigenetic

polymorphisms were suggested to be involved [62] but may not

explain all of the observed the variation. The present study

identified the J. curcas miRNAs that are involved in a wide range of

physiological functions and therefore may also contribute to this

phenotypic variation. The identification of a large set of miRNAs

and their targets as well as siRNAs in J. curcas seeds contributes to

the elucidation of complex miRNA-mediated regulatory systems,

which control seed development and other physiological processes.

Several Jatropha miRNAs were predicted to regulate genes

associated with lipid metabolism; these miRNAs are promising

candidates for improving the yield and quality of J. curcas seed oil.

However, further studies are necessary to search for more novel

miRNAs and to validate their target by expression analysis during

seed development and also under specific environmental and

physiological conditions.
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Figure S1 Flow chart of the methodology adopted to
identify J. curcas miRNAs.
(PDF)

Figure S2 Predicted secondary structures of known
miRNA precursors in J. curcas. Locations and expressions

of small RNAs mapped onto these precursors are presented. Read

sequences corresponding to miRNA candidates, which are located

in the 5p and 3p arms and labeled in red and purple, respectively.

Values on the left side of the miRNA sequences represent the

miRNA length (Jn) and read counts (x n) in the mature seed

library.

(PDF)

Figure S3 Predicted secondary structures of novel
miRNA precursors in J. curcas. The locations and the

expression of small RNAs mapped onto these precursors are

shown here. The sequences of miRNA candidates located in the

5p and 3p arms are labeled in red and purple, respectively. Values

on the left side of the miRNA sequence represent miRNA length

(Jn) and read counts (x n) in the mature seed library.

(PDF)

Table S1 Abundance of small RNAs from each size according to

the number of reads.

(XLSX)

Table S2 Known miRNAs identified in the J. curcas sRNA

library. This identification was performed by selecting perfect

homologies to plant-conserved miRNAs, as deposited in the

miRBase database (release 19, August 2012).
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Table S5 Novel miRNAs identified in the sRNA library of J.

curcas.
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Table S6 Putative precursors of siRNA in J. curcas.
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Table S7 Predicted targets of known and new miRNAs in

mature J. curcas seeds. The abundance of these targets during seed

development is shown here.
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Table S8 Predicted targets of known and new isomiRNAs

related to the lipid metabolism of J. curcas. The abundance of

targets during seed development is shown here.

(XLSX)
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