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Identificacdo e analise de expressdo de microRNAs em soja sob

estresse bidtico e abidtico?

Autor: Franceli Rodrigues Kulcheski
Orientador: Rogeério Margis

Resumo

Seca e ferrugem asiatica da soja (FAS) sdo dois dentre os principais
estresses abidticos e bidticos que afetam negativamente a produtividade da soja
(Glycine max L. Merrill) no mundo inteiro. A base genética da tolerdncia a seca e da
resisténcia a FAS ndo sdo bem conhecidas e esclarecer como ocorre a resposta a estes
estresses em soja € ainda um desafio. Atualmente, sabe-se que as plantas adaptam-se a
estes estresses por meio da regulacdo da expressao génica em nivel transcricional e pos-
transcricional. Na via da regulagdo pos-transcricional, microRNAs (miRNAs) tém sido
apontados como importantes reguladores em varias plantas sob estresse bidtico e
abidtico. Entretanto, em soja, ndo havia sido relatado qualquer miRNA responsivo a
estas condicdes. Neste contexto, nosso objetivo foi identificar novos miRNAs em soja e,
também, caracterizar o padréo de expressdo de alguns destes miRNAs durante ambos 0s
estresses, além de buscar detectar genes alvos para estes miRNAs. Deste modo, esta tese
foi dividida em capitulos, os quais apresentam os diferentes trabalhos desenvolvidos
durante o doutorado. No capitulo Ill estdo relatados os resultados da primeira
investigacdo sobre a adequacdo de miRNAs como genes normalizadores em plantas. A
estabilidade da expressdo dos miRNAs foi investigada em diferentes tecidos e genotipos
de soja, bem como entre estresses bidtico e abidtico. Ao final deste trabalho, foram
mostradas evidéncias de que a estabilidade da expressdo de miRNAs pode ser maior que
a de genes codificadores de proteinas em analises de RT-gPCR. No capitulo 1V esta
descrita a descoberta de novos miRNAs a partir de bibliotecas de deficiéncia hidrica e
FAS em soja, pelo emprego de sequenciamento de alto desempenho (Solexa). Neste
estudo, foram detectados 256 miRNAs. Analises de RT-qPCR foram realizadas para
alguns dos novos miRNAs, observando-se alguns miRNAs diferencialmente expressos,
indicando evidéncia molecular para um possivel envolvimento de mMIRNAs em
processos responsivos a deficiéncia hidrica e FAS. Para um dos miRNAs detectado, um
novo alvo foi validado, correspondendo a um gene codificador de ascorbato oxidase e
possivelmente relacionado com a infec¢cdo pelo fungo da ferrugem asiatica em gendtipo
suscetivel, dados estes apresentados no capitulo V. Esta tese contribui para o aumento
de informac6es sobre miRNAs de plantas, bem como para o entendimento da regulacao
génica em soja sob estresses de deficiéncia hidrica e FAS.

! Tese de Doutorado, Programa de Pds-graduacdo em Biologia Celular e
Molecular, Centro de Biotecnologia, Universidade Federal do Rio Grande do Sul, Porto
Alegre, RS, Brasil. (184 p.) Fevereiro, 2013.



Identification and expression analysis of microRNAs in soybean

under biotic and abiotic stresses®

Author: Franceli Rodrigues Kulcheski
Adviser: Rogeério Margis

Abstract

Drought and Asian Soybean Rust (ASR) are the major abiotic and biotic stresses
that negatively affect soybean (Glycine max L. Merrill) productivity around the world.
The genetic basis of drought tolerance and ASR resistance are not well understood, and
clarification on how the response to these stresses occur in soybean is still a challenge.
Currently, it is known that adaptation is achieved through the regulation of gene
expression at the transcriptional and post-transcriptional levels. In the way of post-
transcriptional regulation, microRNAs (miRNAs) have been found to act as key
regulator factors in many other plants under biotic and abiotic stresses. However, in
soybean there was no report of miRNAS responsive to these conditions. In this context,
our goal was to identify new miRNAs in soybean, characterize some of the miRNA
expression patterns during both stresses, and try to detect target genes for the miRNAs.
In this way, this thesis was divided in chapters which present the different works that
were developed during the PhD period. In chapter three, the suitability of miRNAs as
housekeeping genes in plants was investigated. MIRNA expression stability was
analysed in different soybean tissues and genotypes as well as after abiotic or biotic
stress treatments. It was shown that miRNA expression stability can be higher than the
expression stability of protein-coding genes by RT-gPCR analysis. In chapter four, new
miRNAs were discovered from Solexa deep sequencing of soybeans submitted to water
deficit and rust infection. From these analyses 256 miRNAs were detected. RT-gPCRs
were performed for some of the new miRNAs and the identification of differentially
expressed miRNAs was observed, provinding molecular evidence for the possible
involvement of miRNAs in the process of water deficit- and rust-stress responses. For
one of the new miRNAs detected by Solexa sequencing, a new target was validated,
which is a gene encoding ascorbate oxidase and that seems to be related with soybean
rust infection in the genotype susceptible to the fungus (results were presented in
chapter five). The present thesis contributes to improve the information about miRNAs
in plantas, as well as to the understanding of soybean gene regulation under water
deficit and ASR stresses.

! Ph.D. thesis, Graduating Program in Celular and Molecular Biology,
Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil. (184 p.)
February, 2013.
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Lista de Abreviaturas

Hg — micrograma

ML — microlitro

°C — graus Celsius

5’RACE — Rapid Amplification of ¢cDNA 5’ (rapida amplificagdo da regido
terminal 5° de cDNA)

ASR — Asian soyben rust

ATP — Adenosine triphosphate (trifosfato de adenosina)

BLAST - Basic Local Alignment Sequence Tool (ferramenta basica de
alinhamento local de sequéncias)

bp — base pair (pares de bases)

cDNA — complementary DNA (DNA complementar)

CDS - Coding sequence (sequéncia codificadora)

DNA — Desoxirribonucleic acid (acido desoxirribonucleico)

FAS — Ferrugem asiatica da soja

MRNA — messenger RNA (RNA mensageiro)

mMiRNA — microRNA

nt - nucleotideo

pre-miRNA — precursor of microRNA (precursor de microRNA)

pri-miRNA — primary microRNA (microNA primario)

PCR — Polymerase Chain Reaction (Reacdo da DNA polimerase em cadeia)
gPCR — quantitative PCR (PCR quantitativo)

RNA — Ribonucleic acid (acido ribonucleico)

RT-gPCR — Reverse transcription qPCR (transcricao reversa seguida de gPCR)
siRNA- small interfering RNA (pequeno RNA de interferéncia)

SmMRNA — small RNA (pequeno RNA)

* Nesta lista estdo citadas apenas as abreviaturas mais frequentes ao longo do
trabalho. As demais abreviaturas empregadas possuem seu significado no préprio corpo

do texto.
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CAPITULO |

Introducao

1.1 Soja: caracterizacdo e importéncia da cultura

A soja (Glycine max (L.) Merrill) é uma planta da familia das Fabaceas
(leguminosas) de grande importancia econdmica no mundo. Segundo dados da Food
and Agriculture Organization of United Nations (FAO), no ano de 2010 foram
produzidos aproximadamente 264 milhGes de toneladas de soja em todo o mundo (FAO,
2012). Neste contexto, o Brasil aparece como o segundo maior produtor mundial, com
producéo de 66,3 milhdes de toneladas na safra 2011/12 (CONAB, 2012). Além disto, a
soja lidera os produtos agropecuarios, na pauta de exportagdes do Brasil.

Originaria da Asia, sobretudo da China, a cultura que hoje se planta resultou da
evolucdo de sucessivos processos de melhoramento de genotipos ancestrais. O cultivo
da soja € muito antigo. Alguns relatos revelam que os plantios datam de 2.838 anos
a.C., sendo que, naquele periodo, era considerada uma planta sagrada (Hymowitz,
1970). Por séculos, a cultura permaneceu restrita ao oriente, sendo apenas introduzida
no ocidente, pela Europa, por volta do século XV, ndo com finalidade de alimentacéo,
como acontecia na China e Japao, mas de ornamentacdo. Mais de 500 anos passaram-se
até que a civilizacdo ocidental percebesse o valor do grdo de soja na alimentacdo,
principalmente o seu valor proteico. As primeiras tentativas de producdo de soja na
Europa fracassaram, provavelmente devido a fatores climaticos, a auséncia de
conhecimento sobre a cultura e suas exigéncias. Os norte-americanos foram os que,

entre o fim do século XIX e inicio do século XX, conseguiram desenvolver o cultivo
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comercial da soja, criando novas variedades com teor de dleo mais elevado. A partir de
entdo, ocorreu a expansao do seu cultivo (ClSoja, 2012).

A introducdo da soja no Brasil ocorreu por volta de 1882, mas apenas no inicio
do século XX a cultura comegou a se estabelecer no territério brasileiro. Relatos
indicam que foi nesse periodo que na regido sul do pais, mais especificamente no estado
do Rio Grande do Sul, comecgou a ser cultivada a soja, e foi nessa regido que a cultura
encontrou condicdes ideais para seu desenvolvimento. A boa adaptacdo ao clima da
regido sul do pais é creditada a similaridade com o clima do sul dos Estados Unidos,
local de origem dos primeiros gendtipos da soja brasileira. A regido sul foi responsavel,
até 1960 e 1970, por ser a produtora majoritaria do pais, sobretudo no Rio Grande do
Sul e Parana, ainda hoje grandes produtores. Porém, atualmente, j& perderam em
volume para o Mato Grosso, que é agora 0 maior produtor nacional (ClSoja, 2012).

A soja tem se destacado por ser uma valiosa fonte de proteinas e Oleo vegetal.
As porcentagens de proteina e 6leo em soja, considerando que estes valores sdo
influenciados pelo genotipo e ambiente, tém uma média aproximada de 40% e 20%,
respectivamente (Clemente e Cahoon, 2009). O grdo € o componente essencial na
fabricacdo de racbes animais, sendo que 0 uso crescente na alimentacdo humana
encontra-se em franco crescimento. A industria nacional transforma, por ano, cerca de
30,7 milhGes de toneladas de soja, produzindo 5,8 milhGes de toneladas de Oleo
comestivel e 23,5 milhdes de toneladas de farelo proteico, contribuindo para a
competitividade nacional na producdo de carnes, ovos e leite. Além disto, a soja e 0
farelo de soja brasileiros possuem alto teor de proteina e padrdo de qualidade Premium,
0 que permite sua entrada em mercados extremamente exigentes como os da Unido
Européia e do Japdo. Além disto, a soja € uma alternativa para a fabricacdo do biodiesel,

combustivel capaz de reduzir em 78% a emissdo dos gases causadores do efeito estufa
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na atmosfera (Ministério da Agricultura, 2012). Outro papel fundamental da soja estéa
relacionado ao aumento da fertilidade do solo devido a fixagdo do nitrogénio
atmosférico resultante do processo simbidtico entre raizes de leguminosas e bactérias
nitrificantes (Crespi e Frugier, 2008; Markmann e Parniske, 2009).

A soja é uma planta anual com caule ereto, com grande diversidade quanto ao
ciclo de vida, variando de 70 dias para os gendtipos de ciclo mais precoce até 200 dias
para os mais tardios. O ciclo da planta pode ser dividido em duas fases: vegetativa e
reprodutiva (Fehr e Caviness, 1977; Neumaier et al., 2000). A fase vegetativa
corresponde do periodo da emergéncia da plantula até a abertura das primeiras flores e
pode ser classificada em VE, VC, V1, V2, V3, Vn, e a fase reprodutiva compreende o
periodo do inicio da floracdo até a maturacéo sendo classificada em R1, R2, R3, R4, R5,
R6, R7 e R8 (Fehr e Caviness, 1977; Neumaier et al., 2000).

A soja adapta-se melhor a temperaturas do ar entre 20°C e 30°C, podendo variar
segundo a cultivar. Sempre que possivel, a semeadura da soja ndo deve ser realizada
quando a temperatura do solo estiver abaixo de 20°C pois prejudica a germinacéo e a
emergéncia. Como a maioria das plantas, o florescimento da soja é influenciado pela
temperatura e pela duragdo do periodo luminoso, o fotoperiodo. A soja é considerada
uma planta de dia curto, precisa de uma duracdo da noite maior que o dia para iniciar o
processo de floracdo e frutificagio no momento certo, isto é, apds ter atingido o
crescimento vegetativo adequado. A grande producdo de soja no Brasil hoje deve-se ao
desenvolvimento de novas cultivares com fotoperiodo mais longo, tornando-as aptas as
diversas regides (EMBRAPA, 2011).

A soja apresenta um genoma moderamente complexo e tamanho aproximado de
1.150 milhdes de pares de bases (Mpb) (Cannon e Shoemaker, 2012; Schmutz et al.,

2010), distribuidos em 20 pares de cromossomos. Comparada com outras espécies de
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plantas economicamente importantes, a soja tem um genoma com aproximadamente o
triplo do genoma do arroz, mas com a metade do genoma do milho. O nimero de genes
codificadores preditos em soja também é relativamente alto, aproximadamente 46.400
genes, cerca de 70% a mais do que em arabidopsis (Cannon e Shoemaker, 2012;
Schmutz et al., 2010). Duplica¢bes do genoma ocorreram ha aproximadamente 59 e 13
milhdes de anos, resultando em um genoma altamente duplicado com cerca de 75% dos
genes presentes em multiplas copias. Os dois eventos de duplicacdo foram seguidos por
diversificacdo, perda e numerosos rearranjos cromossdémicos (Schmutz et al., 2010), o

que adiciona um grau de dificuldade em projetos gendmicos para essa cultura.

1.2 Principais vildes da cultura da soja: deficiéncia hidrica e

ferrugem asiatica

Plantas estdo expostas a ambientes dindmicos que podem frequentemente impor
dificuldades ao seu crescimento e desenvolvimento, resultando em significantes perdas
no rendimento de espécies com importancia econdmica, como é 0 caso da soja.
Diversos fatores bioticos e abioticos prejudicam a cultura da soja. A seca é o principal
estresse abiotico que afeta negativamente a produtividade da soja em todo o mundo,
sendo este o principal motivo sinistrante na cultura (71% dos casos) (Casagrande et al.,
2001). Ja a ferrugem asiatica da soja (FAS) é o estresse bidtico mais danoso que
acomete a cultura nos paises produtores de soja. Relatos indicam que os danos na
lavoura causados por esta doenca podem variar entre 10% e 90% nas diferentes regibes

onde tem sido identificada (Sinclair e Hartman, 1999; Yorinori et al., 2005).
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1.2.1 Deficiéncia hidrica

A 4gua constitui aproximadamente 90% do peso da planta, atuando em
praticamente todos os processos fisioldgicos e bioquimicos. Desempenha a funcdo de
solvente, através do qual gases, minerais e outros solutos entram nas células e movem-
se pela planta. Apresenta também um papel importante na regulacdo térmica da planta,
agindo tanto no resfriamento como na manutengdo e distribui¢cdo do calor (Norman e
Nepomuceno, 1994).

A disponibilidade de &gua é importante, principalmente, em dois periodos de
desenvolvimento da soja: germinacdo-emergéncia (Bewley e Black, 1994) e floragéo-
enchimento de gréos (Desclaux et al., 2000; Desclaux e Roumet, 1996). Durante o
primeiro periodo, tanto o excesso quanto a deficiéncia de agua sdo prejudiciais a
obtencdo de uma boa uniformidade na populacao de plantas.

A semente de soja necessita absorver, no minimo, 50% de seu peso em agua
para assegurar boa germinacdo. Nessa fase, o conteldo de agua no solo ndo deve
exceder a 85% do total maximo de agua disponivel e nem ser inferior a 50%. A
necessidade de agua na cultura da soja vai aumentando com o desenvolvimento da
planta, atingindo o maximo durante a floragdo-enchimento de grdos (7 a 8 mm/dia) e
decrescendo ap0s esse periodo. Uma deficiéncia hidrica expressiva durante a floracao e
0 enchimento de graos, provoca alteracdes fisiologicas na planta, como o fechamento
estomatico e o enrolamento de folhas, provocando queda prematura de folhas e flores e
abortamento de vagens, resultando, por fim, em reducdo do rendimento de graos
(EMBRAPA, 2008; Karam et al., 2005; Liu et al., 2003). Além disso, foi observado que
plantas de soja submetidas a limitacdo de dgua apresentam o metabolismo de nitrogénio
desregulado, devido a uma forte inibi¢do na fixacdo bioldgica de nitrogénio (Clement et
al., 2008).
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Uma resposta fisioldégica especifica a deficiéncia hidrica é o resultado da
combinacgédo de eventos moleculares que sdo ativados ou desativados pela percepcao do
estresse. Por exemplo, Casagrande et al. (2001) observaram diferengas de expressdo da
enzima NADH desidrogenase entre cultivares de soja sensiveis e tolerantes a seca. As
enzimas NADH desidrogenases sdo componentes da membrana mitocondrial, e estéo
diretamente envolvidas no transporte de elétrons da cadeia respiratéria, e
consequentemente, no fornecimento de energia para a célula (Casagrande et al., 2001;
Dey e Harbone, 1997).

Outro estudo abordando a expressdo diferencial de genes em uma cultivar de
soja tolerante a seca demonstrou que alguns genes sdo induzidos ou reprimidos
dependendo do tempo de estresse ao qual a planta é submetida (Martins et al., 2008). O
fator transcricional bHLH (basic Helix-loop-Helix), envolvido na regulagdo de genes
responsaveis pela diferenciacdo celular, foi altamente induzido ap6s 100 minutos de
desidratacdo. Enquanto que o0s genes codificadores da proteina transportadora de
fosfatidilinositol (PITP) e do regulador de crescimento independente de auxina (AXI1)
foram reprimidos apds o inicio do estresse (a partir de 50 minutos de exposicédo a falta
de 4gua) em comparacéo a situacdo controle (ndo estressada). Proteinas PITP tém a sua
atividade relacionada a processos de desenvolvimento normal da célula, como a
percepcao do ciclo circadiano, divisdo celular e controle estomatico. Ja a proteina AXI1
esta diretamente relacionada com processos de divisao celular (Martins et al., 2008).

No trabalho recentemente desenvolvido por Guimaraes-Dias et al. (2012), as
analises envolvendo dois gendtipos diferentes quanto a tolerancia ou sensibilidade ao
estresse hidrico demonstraram que 0s genes da galactinol sintase, GmGOLS2-like2 e
GmGOLS2-like3, tiveram sua expressdo aumentada no gendtipo tolerante sob estresse.

Estes genes fazem parte da biossintese dos oligossacarideos rafinose e estaquiose.
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GOLS2 ja foi estudado previamente em arabidopsis, e a superexpressao deste gene
aumentou a tolerancia a desidratacdo nestas plantas (Taji et al., 2002).

Uma classe de genes de bastante interesse nas pesquisas com seca sao o0s fatores
transcricionais DREB (Dehydration Responsive Element Binding Protein) (Yamaguchi-
Shinozaki e Shinozaki, 1994). Este gene codifica uma proteina regulatoria, proteina
DREB, um fator de transcricdo que esta envolvido na ativacdo de outros genes
relacionados a tolerdncia ao estresse hidrico. O gene DREB foi identificado em
Arabidopsis thaliana e patenteado pelo instituto japonés Japan International Research
Center for Agricultural Sciences (JIRCAS ). Este gene vem sendo utilizado ha anos em
pesquisas de soja para aumentar a toleréncia a seca. O JIRCAS liberou o gene DREB
para uso da EMBRAPA em soja em 2003. Para comprovar a eficacia do uso do gene,
ele foi introduzido em uma cultivar de soja brasileira que é sensivel a seca, e resultados
positivos foram observados em laboratdrio e em estufas (EMBRAPA, 2012).

Outros estudos de genémica funcional utilizando estratégias combinadas de
transcriptémica, protedmica e metabolémica em reposta a seca em outras espécies além
da soja também tém reportado uma ampla gama de fatores importantes envolvidos neste
processo. Entre eles pode-se salientar as proteinas LEA (late-embryogenesis-abundant
proteins); aquaporinas; proteinas de transferéncia de lipideos; proteinas envolvidas em
reparo; proteinas de membrana envolvidas no aparato fotossintético, inibidores de
proteinases; enzimas antioxidantes; osmolitos; fatores transcricionais; receptores de

membranas envolvidos em sinalizacdo (Ramanjulu e Bartels, 2002).

1.2.2 A ferrugem asiatica

A FAS ¢ causada pelo fungo patogénico Phakopsora pachyrhizi Sydow &

Sydow, originario da regido Australasiana. No Brasil, as primeiras epidemias ocorreram

18



a partir de 2001. Em 2002, a doenca ja estava disseminada em 60% da area de cultivo
do pais e 90% no ano seguinte (Furtado et al., 2009). Este patdgeno apresenta rapida
disperséo aérea e alta capacidade de colonizar tecido foliar, e em menor escala, caule e
vagens (van de Mortel et al., 2007). O processo de infec¢do dos urediniésporos de P.
pachyrhizi compreende diversos passos distintos: adesdo da superficie do hospedeiro,
germinacdo, formacdo do apressorio, penetracdo através da cuticula, invasdo e
crescimento das hifas no tecido hospedeiro (Furtado et al., 2009).

Os primeiros sintomas da ferrugem da soja iniciam com diminutas manchas de
cor marrom ou vermelho-tijolo nas folhas. No campo, estas manchas inicialmente
aparecem nas folhas mais baixas do dossel durante ou ap0s a floragdo, embora plantulas
podem ser infectadas sob certas circunstancias. Frequentemente, as primeiras lesoes
aparecem na base do foliolo perto do peciolo e das nervuras da folha. Esta regido do
foliolo provavelmente retém a umidade por um tempo mais longo, proporcionando
condicGes mais favoraveis a infeccdo. As lesdes permanecem pequenas (2-5 mm de
didmetro), porém crescem em numero com o progresso da doenca. Pustulas, que séo as
urédias, sdo formadas nas lesbes principalmente na face inferior das folhas e podem
produzir uma grande massa de uredosporos. Pastulas maduras podem ser vistas a olho
nu, especialmente durante a esporulacdo. A germinacdo dos urediniosporos de P.
pachyrhizi ocorre através de um poro central, com a producdo de um tubo germinativo
que termina em um apressorio, o qual o fungo utiliza para penetrar diretamente o
hospedeiro ultrapassando a cuticula, ou com menor frequéncia pelos estbmatos. A
disseminacdo da ferrugem € feita principalmente pela dispersdo dos uredinidsporos pelo
vento.

A infeccdo por P. pachyrhizi causa rapido amarelecimento e queda prematura

das folhas. Quanto mais cedo ocorrer a desfolha, menor serd o tamanho dos gréos e,
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consequentemente, maior a perda do rendimento e da qualidade dos mesmos (Furtado et
al., 2009). Em casos severos, quando a doenga atinge a soja na fase de formacdo das
vagens ou no inicio da granacdo, pode causar 0 aborto e a queda das vagens, resultando
em até perda total do rendimento. Elevadas perdas de rendimento tém sido registradas
na Australia (80%), na india (90%) e em Taiwan (70%-80%). No Brasil, reducdes de
produtividade de até 80% tém sido observadas, quando se comparam areas tratadas e
ndo tratadas com fungicidas. As regides onde a doencga tem sido mais agressiva variam
de safra para safra, em funcdo das condi¢Bes climaticas e do in6culo inicial
(EMBRAPA, 2008).

Até 0 momento, ndo ha cultivares comerciais resistentes a essa doenga. Contudo,
jé foram relatados seis genes de resisténcia vertical (ou também chamados de “genes
maiores”) denominados Rppl, Rpp2, Rpp3, Rpp4, Rpp5 e Rpp6 (Bromfield e Hartwig,
1980; Cheng e Chan, 1968; Garcia et al., 2008; Hartwig, 1986; Hidayat e
Somaatmadja, 1977; Li et al.,, 2012a). Embora todos o0s genes Rpp tenham sido
mapeados em grupos de ligacdo em particular, nenhum destes genes foi isolado e
caracterizado até a presente data (Goellner et al., 2010; Morceli et al., 2008). Algum
progresso foi obtido na caracterizacdo da resisténcia mediada por Rpp4, sendo que 0
locus génico, bem como o sequenciamento do mesmo, demonstraram que este gene
apresenta similaridade a familia de genes RGC2 em alface, o quais apresentam sitios de
ligacdo de nucleotideos e de repeticdo ricas em leucina (NBS-LRR), sendo estes
dominios comumente encontrados em genes de resisténcia (Goellner et al., 2010; Meyer
et al., 2009).

Ainda com relacdo ao aspecto molecular da resisténcia a FAS, van de Mortel et
al. (2007) demonstraram uma expressdo diferencial de genes dependentes do tempo de

infeccdo em plantas contendo genes Rpp2. Neste trabalho observaram que genes que
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alcangavam picos de expressdao 12 horas apds a infeccdo (hai) retornavam a uma
expressdo basal nas 24 hai. Em outro estudo, com plantas de soja contendo o gene
Rppl, foi realizada uma ampla analise do padrdo de transcritos e observaram que 0s
genes de lipoxigenase e peroxidase tiveram expressdo aumentada durante interagdes
incompativeis, isto &, de resisténcia, sugerindo a participacdo destes genes na resisténcia

mediada por Rppl (Choi et al., 2008).

1.3 Os microRNAs em plantas

Os microRNAs, ou miRNAs, constituem a principal classe de pequenos RNAS
envolvidos na regulagdo da expressdo génica, atuando em uma seérie de processos
biologicos, como crescimento, desenvolvimento e adaptagéo a estresses diversos (Chen,
2005; Lu et al., 2008b; Mallory e Vaucheret, 2006; Shukla et al., 2008). O primeiro
miRNA, lin-4 (do inglés, lineage-deficient-4), foi descoberto em 1993 e identificado
como regulador pés-transcricional do gene lin-14 que estd envolvido no controle do
desenvolvimento larval de Caenorhabditis elegans (Lee e Ambros, 2001). Em plantas, a
identificacdo de miRNAs ocorreu pela primeira vez em arabidopsis e foi descrita em
2002 por dois grupos distintos (Park et al., 2002; Reinhart e Bartel, 2002). Atualmente,
os miRNAs ja foram descritos em 67 espécies de plantas e todas as suas sequéncias
estdo disponiveis em um banco de dados publico denominado miRBase
(http://www.sanger.ac.uk/cgi-bin/Rfam/mirna/browse.pl) (Griffiths-Jones, 2004, 2006;
Griffiths-Jones et al., 2006; Griffiths-Jones et al., 2008; Kozomara e Griffiths-Jones,
2010). O aumento na identificacdo de miRNAs tem demonstrado a relacdo dos mesmos
com diversas rotas celulares. Inidmeros miRNAs identificados em plantas foram
implicados com processos bioldgicos tais como desenvolvimento (Lelandais-Briere et
al., 2010; Yang et al., 2007), sinalizagdo hormonal (Liu e Chen, 2009), floracdo e
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determinacdo sexual (Chuck et al., 2009), bem como respostas a estresses bidticos e
abidticos (Katiyar-Agarwal e Jin, ; Lu e Huang, 2008; Lu et al., 2008b; Shukla et al.,
2008; Sunkar e Zhu, 2004; Yang et al., 2007).

Andlises experimentais e computacionais tém demonstrado que muitos miRNAs,
bem como seus alvos, sdo conservados entre especies de monocotiledéneas (arroz) e
dicotiledoneas (arabidopsis) (Bonnet et al., 2004; Wang et al., 2004a; Wang et al.,
2004b). Estes estudos tém evidenciado que a origem dos miRNAs ocorreu em uma fase
inicial da evolugdo dos eucariotos, antecedendo a divergéncia entre plantas
monocotiledoneas e dicotiledoneas.

Em plantas, genes de miRNAs sdo transcritos por uma enzima RNA polimerase
do tipo 1l (RNA Pol Il) (Jones-Rhoades et al., 2006; Lee et al., 2004); entretanto, alguns
miRNASs podem ser transcritos pela RNA Pol 111 (Faller e Guo, 2008). Os transcritos
iniciais de miRNAs sdo chamados miRNAs primarios (pri-miRNAs). RNA Pol Il gera
pri-miRNAs capeados e poliadenilados tanto em plantas quanto em animais (Lee et al.,
2004). Apos a transcricao dos pri-miRNAs, a proteina Dawdle (DDL) liga-se a eles
protegendo-os contra degradacao. Este pri-miRNA forma uma estrutura em formato de
grampo (“hairpin structure”) imperfeita, a qual sera processada em um pre-miRNA
(precusor do miRNA) também conhecido como estrutura “stem-loop”. Em plantas,
ambos pri e pre-miRNAs sdo processados no nucleo por uma enzima do tipo RNaselll
denominada Dicer-Like 1 (DCL1) (Kurihara et al., 2006). O processamento do pri-
miRNA em pre-miRNA ocorre em um centro de processamento nuclear conhecido
como corpo-D (do inglés, “D-body” ou “SmD3/SmB-body”). Embora nado esteja claro o
comprimento efetivo dos pri-miRNAs, sabe-se que todos podem dobrar-se e originar
uma estrutura secundaria em formato de grampo (Meyers et al., 2008). Possuir

estruturas hairpin ou “grampo” é uma importante caracteristica de miRNAs (Zhang et
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al., 2006). Pre-miRNAs, ainda no nucleo, séo clivados pela DCL1 e pela proteina HYL1
(Hyponastic Leaves 1) originando uma dupla miRNA:miRNA* (Kurihara et al., 2006;
Song et al., 2007; Song et al, 2011). As duplas miRNA:miRNA* recentemente
processadas possuem dois nucleotideos ndo pareados na regido terminal 3° de cada fita e
séo facilmente degradados por uma classe de exonucleases conhecidas por SDN (Small
RNA Degradading Nuclease) (Ramachandran e Chen, 2008). Para estabilizar a dupla
miRNA:miRNA*, uma metil-transferase de pequenos RNAS, HEN1 (Hua Enhancer),
imediatamente metila os nucleotideos no terminal 3’ de cada fita prevenindo assim sua
uridilacdo e subsequente degradacgéo (Yu et al., 2005). Em mutantes henl, observou-se
falta ou acimulo minimo de miRNAs, sugerindo o papel de HEN1 na protecdo de
miRNAs contra degradacdo (Li et al., 2005). O duplex mIRNA/mIRNA* é entéo
transportado do ndcleo para o citoplasma pela proteina de membrana HASTY (Bollman
et al., 2003).

No citoplasma, a dupla miRNA/MIRNA* ¢é separada, a fita de miRNA ¢
incorporada no complexo de silenciamento induzido por RNA ou RISC (RNA-induced
silencing complex) formando, assim, o complexo miR-RISC (Chen, 2005), no qual uma
proteina AGO1 (Argonaute 1) cliva 0 mRNA alvo no meio da dupla mMRNA-miRNA. Ja
a fita miRNA* serd degradada. Entretanto, alguns estudos tém demonstrado que
miRNA* também podem funcionar como uma sequéncia efetiva de miRNA e controlar
a expressdo de genes alvos especificos (Guo e Lu, 2009).

A sequéncia de um miRNA maduro pode variar entre 19 a 24 nucleotideos (nt) e
atua silenciando genes pds-transcricionalmente, através do pareamento com a sequéncia
do mRNA alvo, levando a clivagem ou a repressdo traducional deste (Bartel, 2004,
2009). Além disto, um mesmo miRNA maduro pode apresentar sequéncias variando de

um a dois nucleotideos no seu comprimento. Estas populagdes de miRNAs sdo

23



chamadas de isomiRNAs, o que significa isoforma de um miRNA. A origem destas
variantes de miRNAs ainda ndo esta elucidada. Alguns autores acreditam que elas
ocorram devido a um erro de clivagem da DCL1 durante o processamento do pré-

miRNA (Guo e Lu, 2009), entretanto existem opinides divergentes quanto a esta teoria.
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Figura 1. Biogénese dos miRNAs de plantas. Os pri-miRNAs séo transcritos por uma
RNA Pol Il formando uma estrutura em formato de grampo. A esta estrutura liga-se a
proteina Dawdle (DDL), responsavel por estabilizar o pri-miRNA até a sua conversao
em pre-miRNA no centro de processamento nuclear (D-body). Este processo conta com
a acdo combinada das proteinas: Serrate (SE), Hyponastic Leaves 1 (HYL1), Dicer-like
1 (DCL1), e nuclear cap-binding complex (CBC). O pre-miRNA é entdo clivado
novamente por uma DCL1, gerando um duplex miRNA/miIRNA*, que sera exportado
para 0 citoplasma pela proteina de membrana HASTY. Ambas sequéncias
mMiRNA/miRNA* serdo metiladas por uma metilase HEN1, protegendo as sequéncias da
degradacdo via nucleases degradadoras de SmRNAs (SDN). A fita guia de miRNA ¢
entdo incorporada em proteinas AGO no complex RISC, formando o complexo miR-
RISC agindo no silenciamento génico (adaptado de Voinnet, 2009).
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Como descrito acima, 0s processos de biogénese e acdo de miRNAs requerem a
combinacdo e interagdes fisicas de varias enzimas e/ou proteinas como as proteinas
DCL1, SE (proteinas Serrate a qual contém motivos C2H2-zinc finger), CBC (cap-
binding complex), AGO, RNA polimerases dependente de RNA (RDP), RNA helicase
SDE3, HYL1 e CPL1 (C-terminal domain phosphatase-like 1) (Dalmay et al., 2001;
Fagard et al., 2000; Fang e Spector, 2007; Kurihara et al., 2006; Manavella et al., ;
Mourrain et al., 2000).

A perda de fungdo de DCL1 e SE sdo geralmente letais e causam a morte da
planta ainda nos primeiros estadios embrionarios uma vez que nenhum acumulo de
miRNA maturo é observado nas células vegetais (Xie et al., 2003). Mutantes ddl e cbc
também tém baixo acumulo de miRNAs (Kim et al., 2008). Entretanto, outras
evidéncias sugerem que a proteina DDL pode ter outras fungdes além de participar da
biogénese de miRNAs, uma vez que mutantes ddl possuem anormalidades mais fortes
no desenvolvimento da planta que dcll mutantes (Yu et al., 2008).

Outro estudo demonstrou que a perda de funcdo do gene HASTY resulta apenas
em um decréscimo de miRNAs no citoplasma, o que sugere que miRNAs podem
também ser transportados por outros mecanismos (Voinnet, 2009). Mutacdo do gene
HYL1, responsavel pela proteina que atua em conjunto com DCL1 na primeira fase de
processamento do pri-miRNA, também levou a alteracdo do desenvolvimento foliar,
aléem de afetar a dominancia apical e a sensibilidade hormonal em arabidopsis. Estas
plantas apresentaram alta sensibilidade ao &cido abscisico e baixa sensibilidade a

citocina e a auxina (Lu e Fedoroff, 2000; Vazquez et al., 2004).
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1.4 Os microRNAs e 0 estresse hidrico em plantas

Para reduzir os danos causados por estresses, as plantas tém desenvolvido, ao
longo da evolugdo, sofisticadas respostas adaptativas envolvendo reprogramacdo da
expressao génica em nivel transcricional, pos-transcricional e pds-traducional (Shukla et
al., 2008). Recentemente descobertos, os mMIRNAs tém sido apontados como
importantes fatores envolvidos nas repostas a estresses em plantas.

A deficiéncia hidrica é um dos estresses abi6ticos que mais afeta a fisiologia das
plantas, e por isto tem sido alvo de vérios estudos enfocando as vias de modulagdo
génica durante esta condicdo. Neste contexto, tem-se realizado varios estudos
abordando a expresséo de miRNAs tanto em plantas modelo, como arabidopsis, quanto
em espeécies de interesse econdmico, caso da soja.

Experimentos realizados com arabidopsis, demonstraram que o MIR393,
MIR397b e MIR402 foram fortemente induzidos em situacdo de seca (Sunkar e Zhu,
2004). MIR393 regula TIR1, um regulador positivo de crescimento e desenvolvimento,
e desta forma atenua o crescimento e o desenvolvimento da planta durante o estresse
(Sunkar e Zhu, 2004). Nesta mesma linha, MIR397b regula um gene de lacase o qual
foi demonstrado estar envolvido na reducdo do crescimento de raiz durante desidratacdo
em um mutante knockout (Cai et al., 2006; Martin et al., 2010).

Estudos pioneiros em monocotiledéneas também confirmaram que mMiRNAS
desempenham um papel na adaptacdo a seca. Zhao et al. (2007), examinando a
expressdo de miRNAs de arroz durante seca, observou que o0 MIR169g era induzido em
resposta ao estresse, e esta inducdo era mais proeminente na raiz que na parte aérea.
Estes autores analisaram o promotor do MIR169g e encontraram dois elementos

responsivos a desidratacdo (DRES), sugerindo o papel do MIR169g no estresse hidrico.
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Durante o estresse hidrico, plantas acumulam o osmoprotetor prolina como
mecanismo de protecdo. A prolina, por sua vez, é degradada por uma prolina
desidrogenase (PDH) a qual é reprimida durante a seca e induzida em periodos de
reidratacdo, sugerindo que ela desempenha importante papel na regulacdo dos niveis de
prolina em plantas (Rayapati e Stewart, 1991). Neste cenario, identificou-se que o
MIR474, o qual tem por alvo a PDH, foi induzido em milho submetido a seca (Wei et
al., 2009). Desta forma, com menos PDH, a prolina acumula-se na planta e ajuda na
protecdo contra os danos causados pela deficiéncia hidrica.

Foi observado em tomate que a superexpressao de MIR169 conferiu aumento da
toleréncia a seca (Zhang et al., 2011). Na mesma condicdo de desidratacdo, as plantas
ndo transgénicas demonstraram claros sintomas de desidratacdo, enquanto aquelas
superexpressando MIR169 cresceram normalmente em situacdo de estresse hidrico.
Andlises fisiologicas demonstraram que 0s tomates transgénicos apresentaram reducao
na abertura estomatica e decréscimo na taxa de transpiracdo, 0 que ocasionou uma
prevencdo na perda de 4gua nas folhas destas plantas (Zhang et al., 2011).

Atualmente, o perfil de expressdo de miRNAs sob estresse hidrico tem sido
avaliado em um amplo nimero de espécies de plantas como: A. thaliana (Liu et al.,
2008), Oryza sativa (Zhou et al., 2010), Populus trichocarpa (Lu et al., 2008a),
Phaseolus vulgaris (Arenas-Huertero et al., 2009), Medicago truncatula (Trindade et
al., 2010), Triticum turgidum (Kantar et al., 2010), entre muitas outras.

Em soja, o primeiro trabalho abordando a expressdo de miRNAs em condigcdes
de estresse hidrico foi apresentado pelo nosso grupo (Kulcheski et al., 2011). Neste
trabalho, foram construidas quatro bibliotecas de miRNAs provenientes de amostras de
tecidos de raiz de cultivares sensiveis e tolerantes a seca. As analises de RT-gPCR de 11

novos mMiRNAs entre as quatro bibliotecas demonstrou que a maioria do miRNAs foi
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induzido no gendtipo sensivel durante o estresse, enquanto o contrario foi observado no
gendtipo tolerante. Estes dados serdo apresentados e discutidos detalhadamente no
capitulo IV desta tese.

Alguns meses depois, Li et al. (2011) realizaram um estudo sobre miRNAs de
soja em resposta a seca, salinidade e alcalinidade. Utilizando sequenciamento solexa,
eles identificaram 133 miRNAs sendo expressos sob estas trés condigdes, sendo que 71
deles foram unicamente expressos em seca, sugerindo que muitos MIRNAs séo
induziveis e sao diferencialmente expressos em respostas a estresses especificos.

O mais recente trabalho sobre miRNAs relacionados a seca em soja foi
desenvolvido por Ni et al. (2012). Neste estudo, MIR394a foi caracterizado quanto ao
seu papel na tolerancia a seca. Analise de expressdo do MIR394a revelou que o mesmo
foi diferencialmente expresso em varios tecidos e induzido por seca, aléem de outros
estresses. O transcrito do locus Glyma08g11030 foi identificado como alvo do
MIR394a e validado via 5’RACE. A superexpressdo do MIR394a resultou em plantas
com reducdo na perda de agua nas folhas e aumento na tolerancia a seca. Além do mais,
a superexpressdo do MIR394a de soja em arabidopsis reduziu transcritos do gene F-
BOX (At1g27340) devido o mesmo apresentar um sitio alvo de clivagem complementar
ao MIR394a. Os autores sugerem que 0 gene gma-MIR394a funciona na modulagédo

positiva da tolerancia a seca (Ni et al., 2012).

1.5 Os microRNAs e a ferrugem asiatica

O estudo de miRNAs em soja com ferrugem asiatica ndo foi descrito por outro
grupo que nao o nosso até o presente momento. A identificacdo de miRNAs envolvidos
na interacdo G. max-P. pachyrhizi foi um dos objetivos desta tese, ndo havendo
qualquer trabalho prévio ou posterior ao experimento que foi baseado no

29



desenvolvimento de quatro bibliotecas de miRNAs de amostras provenientes de um
gendtipo suscetivel e outro resistente infectados ou ndo com P. pachyrhizi (Kulcheski et

al., 2011). Este trabalho esta descrito no capitulo 1V desta tese.

1.6 Os microRNAs em soja

Atualmente existem 555 mIRNAs maduros, originados a partir de 506
sequéncias precursoras, identificados em G. max (miRBase database, release 19,
http://www.mirbase.org/). Vale salientar que ao inicio do trabalho desenvolvido nesta
tese, no ano de 2009, havia apenas 69 miRNAs maduros depositados no miRBase,
demonstrando o rapido avanco que foi realizado nos ultimos quatro anos na
identificacdo e caracterizacdo de miRNAs em soja.

A primeira identificacdo de miRNAs em soja foi relatada por Subramaniam e et
al. em 2008. Neste estudo, foram identificados 35 novas familias de miRNAs,
investigando o papel dos miRNAs durante a simbiose com Rhizobium. No mesmo ano,
Zhang et al. (2008), baseados em gendmica comparativa, realizaram uma busca in silico
de miRNAs em bancos de ESTs (Expressed Sequence Tags) de soja, e utilizaram PCR
quantitativo para evidenciar 69 miRNAs pertencentes a 33 familias. Um segundo estudo
envolvendo miRNAs e nddulos em raizes de soja foi desenvolvido por Wang et al.
(2009). Eles identificaram 32 miRNAs pertencentes a 11 familias. A identificacdo de
nove novos MiRNAs em soja selvagem (Glycine soja) foi descrita por Chen et al.
(2009). Outro estudo em quatro diferentes tecidos (raiz, semente, flor e nddulo)
identificou 87 novos miRNAs (Joshi et al., 2010). Song et al. (2011) identificaram 26
novos MIRNAS e seu genes alvos em analises de desenvolvimento de semente de soja.

Nesta sequéncia, em 2011 foi publicado o artigo apresentado no capitulo 1V

desta tese, onde estdo descritos experimentos que permitiram identificar miRNAs
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provenientes de bibliotecas de estresse hidrico e ferrugem asiatica em soja (Kulcheski et
al., 2011). Neste mesmo ano, trés outros trabalhos abordando miRNAs envolvidos com
estresses foram publicados. Guo et al. (2011) revelaram o perfil de expressdo de
miRNAs em soja envolvidos na resisténcia a Phytophora sojae, e Li et al. (2011)
analisaram miRNAs associados a estresses abidticos (seca, salinidade e alcalinidade).
Radwan et al. (2011) descreveram analises de hibridizacdo de microarranjos de DNA
medindo a abundancia de transcritos em raizes de sojas resistentes e suscetiveis a
Fusarium viguliformes. Neste estudo, além dos genes codificadores de proteinas, 42
microRNAs foram identificados. Destes, 29 miRNAs aumentaram e 10 diminuiram em
abundancia comparando o tecido infectado com o controle. Um destes miRNAs,
pertencente a familia conservada miR397, foi induzido durante a doenga, e seus alvos,
sete membros da familia das lacases, tiveram transcritos tanto aumentados quanto
reduzidos em abundancia.

No ano seguinte, Turner et al. (2012) caracterizaram a organizacdo de miRNAS
no genoma da soja. Neste trabalho além da descoberta de cinco novas familias de
miRNAs, eles observaram que os genes de miRNAs no genoma da soja sdo em sua
maioria intergénicos e uma pequena porcentagem sao intragénicos, sugerindo uma
potencial co-regulacdo com seus genes parentais. Diferencas no nimero e na orientacéo
de genes de miRNAs duplicados em tandem entre locus ortélogos foram observados,
indicando uma continua evolucdo e diversificagcdo segundo os autores. Além disto,
observaram que as familias de miRNAs conservadas sdo frequentemente maiores em
tamanho e produzem miRNAs maduros menos diversos que aqueles produzidos por
familias de miRNAs especificas de legumes ou de soja. Em adicéo, foi detectado que a

maioria dos miRNAs conservados ou legumes-especificos produzem miRNAs maduros
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de 21 nt com uma distribuicdo distinta de nucleotideos e regulam um conjunto de
mRNAs alvos mais conservados comparado a familias de miRNAs especificas de soja.

O primeiro estudo sobre a regulacdo génica via miRNAs nos diferentes estagios
de desenvolvimento de semente de soja foi apresentado por Shamimuzzaman e Vodkin
et al. (2012). Neste trabalho, os autores também utilizaram sequenciamento do
degradoma para detectar alvos clivados por miRNAs.

A identificacdo de miRNAs em soja envolvidos com o nematdide do cisto da
soja foi reportada por Li et al. (2012b). Sequenciando cultivares de soja resistentes e
suscetiveis, os autores detectaram 364 miRNAs conhecidos de soja e 21 candidatos a
novos MiRNAs. Deste total 101 miRNAs pertencentes a 40 familias foram responsivos
a doenca, e 20 diferencialmente expressos entre duas cultivares testadas.

Um estudo avaliando a populacdo global de pequenos RNAs (SmRNAS),
incluindo miRNAs, foi realizado para comparar o padrdo destes RNAs entre tecidos
vegetais e sementes em desenvolvimento de soja (Zabala et al., 2012). As analises
revelaram que existe uma prevaléncia quanto ao tamanho dos pequenos RNAs com
relacdo aos diferentes tecidos analisados. SmMRNAs de 24 nt foram prevalentes em
tecidos de sementes comparado aos tecidos vegetais, sendo que SmMRNAs deste tamanho
sdo conhecidos por derivar de elementos repetitivos, incluindo transposons.

O trabalho envolvendo miRNAs de soja relacionado ao estresse com aluminio
foi realizado por Zeng el al. (2012). Nas bibliotecas desenvolvidas foram identificados
97 miRNAs conhecidos e 31 novos. Do total de miRNAs identificados, 30 foram
responsivos ao estresse por aluminio. As analises de degradoma adicionalmente
realizadas neste estudo identificaram mRNAs correspondentes as proteinas ARF (auxin
response factor), NB-ARC (domain-containing disease resistance protein), LRR-TIR

(leucine-rich  repeat and toll/interleukin-1 receptor-like protein), ATPases
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transportadoras de cations, fatores transcricionais MYB e proteinas de meristema apical,
sendo clivados por miRNAs em amostras sob estresse por aluminio.

O mais recente trabalho identificando novos miRNAs em soja foi baseado em
bibliotecas de degradoma provenientes de diferentes tecidos de soja. Um total de 211
potenciais alvos de miRNAs, includindo 174 alvos de miRNAs conservados e 37 de
miRNAs especificos de soja, além de 25 novas familias de miRNAs foram detectadas.
Interessantemente, 23 alvos de miRNAs produziram pequenos RNAs de interferéncia
secundarios (siRNA). Estes alvos foram pareados com cinco miRNAs: MIR393,
MIR1508, MIR1510, MIR1514, e novel-11. Multiplos alvos foram identificados para
estes siRNAs secundarios. Estes 23 genes alvos de miRNAs tém potencial para ser
novos genes TAS (locus que produzem trans-acting sSiRNAs ou tasiRNA) em soja (Hu et

al., 2012).

1.7 Regulagao da expressao génica por microRNAs

Embora os miRNAs tenham sido descobertos em plantas ha pouco mais de uma
década, estes pequenos RNAs tém sido apontados como alguns dos mais importantes
dentre os reguladores génicos. Investigacdes indicam que mMIRNAs controlam a
expressdo génica de aproximadamente 30% dos genes codificadores de proteinas em
humanos (Lewis et al., 2005). Em plantas, ainda ndo foi realizado qualquer estudo
predizendo este percentual, mas também se acredita que eles estejam envolvidos em
uma parcela significativa da regulacéo génica vegetal.

Uma vez que o complexo funcional miR-RISC € formado, 0 miRNA guia a
maquinaria protéica (a qual esta associado) até seu alvo cognato. Em plantas, a acdo dos
miRNAs pode ser via clivagem ou inibicdo da traducdo dos mRNAs alvos. Além disto,
é sabido que em plantas ao contrario de animais, uma sequéncia de miRNA liga-se a um
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namero limitado de alvos; fato atribuido a alta complementaridade requerida entre eles
(Nagvi et al., 2012).

A identificacdo dos mRNAs alvos de miRNAs é inicialmente realizada atraves
de uma predicao via ferramentas de bioinformatica. A partir de uma sequéncia madura
de miRNA, o sistema em uso, procura por potenciais sitios alvos de reconhecimento,
com um namero de erros toleraveis entre 0 miRNA e o potencial alvo. Por exemplo, o
psRNATarget, um servidor para anélises de alvos de miRNAs de plantas, realiza duas
importantes analises: 1) complementaridade reversa entre miRNA e mRNA alvo através
de um sistema de pontuacdo, e 2) avaliacdo quanto a acessibilidade do sitio alvo pelo
calculo de energia livre (“unpaired energy”’-UPE) necessario para “abrir” a estrutura
secundaria em torno do sitio alvo do miRNA no mRNA (Dai e Zhao, 2011).

Apos a predicdo computacional dos possiveis alvos de um miRNA, o passo
seguinte ¢ tentar a validacdo experimental da regulacdo. A analise de 5° RACE, que
permite detectar a clivagem endonucleotidica no sitio de pareamento entre 0 miRNA e o
suposto alvo, tem sido a abordagem prevalente e melhor sucedida nas validagdes
experimentais (Llave et al., 2002). Outra forma de validacdo de alvos de miRNAs tem
sido através do perfil de transcricdo (bastante empregado em estudos de outras espécies
que ndo arabidopsis). Alem destes, 0 sequenciamento de degradoma é a mais recente
estratégia para validar alvos de miRNA, esta técnica combina sequenciamento de Ultima
geracdo de RNA com analises de bioinforméatica. O sequenciamento de degradoma
revela os alvos de miRNAs identificando os fragmentos originados por clivagem
direcionada por SmRNA através do sequenciamento da regido 5’ terminal desprovidas
de cap (Addo-Quaye et al., 2008; Addo-Quaye et al., 2009).

Embora na teoria, a regulacdo via miRNAs aparente ser simples e direta, nos

sistemas in vivo podemos observar que ndo € totalmente verdadeiro. Por exemplo, ha
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certos transcritos aos quais miRNAs se ligam mas que ndo sdo degradados, e desta
forma permitem que outros alvos escapem a regulagdo mediada pelo respectivo miRNA,
fendmeno conhecido por “target mimicry” (Franco-Zorrilla et al., 2007). Este é 0 caso
do transcrito IPS1 (Induced by Phosphate Starvationl), que possui um sitio
complementar ao MIR399 com uma incompatibilidade (erro) na regido central (11-13
nt) fora da regido “seed” (2-8 nts da extremidade 5’ do miRNA maduro). Embora isto
permita que o0 MIR399 se ligue a IPS1, ele é incapaz de clivar este alvo, mas a0 mesmo
tempo, MIR399 estd colapsado a IPS1. Desta forma, PHO2, um alvo genuino do
MIR399, acaba escapando da supressdao por MIR399 até mesmo nos casos onde este
mIRNA estd presente em altos niveis. Quando a sequéncia de IPS1 foi mutada
permitindo que MIR399 se ligasse com perfeita complementaridade, observou-se a
degradacdo de IPS1 (Franco-Zorrilla et al., 2007). Estes resultados apoiam a ideia de
que quando vérios alvos estdo presentes, alguns serdo favorecidos em detrimento de
outros, e tal fendbmeno pode ser governado pela forca com que 0 miRNA se liga ao seu
alvo.

Outro caso que demonstra a dificuldade em revelar um alvo de miRNA
estudando os perfis de expressdio miRNA-alvo é o caso do MIR395. Foi demonstrado
que o MIR395 tem trés alvos: duas ATP sulforilases (APS1 e APS4) e, com uma menor
afinidade, um transportador de sulfato (SULTR2;1) (Allen et al., 2005; Jones-Rhoades e
Bartel, 2004; Jones-Rhoades et al., 2006). As APSs sdo importantes para a assimilacéo
do enxofre (S) enquanto SULTR2;1 esta envolvida na recuperacdo e translocacéo de S.
Em um experimento de restricdo de S em A. thaliana, foi observado que ocorria um
aumento na expressdao de MIR395 com uma observada reducdo de ambas APSs, mas
simultaneamente era observado aumento de SULTR2;1. Na época, levantou-se a

incégnita de como a inducdo do MIR395 poderia ser paralela a inducdo de um de seus
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alvos. Contudo, posteriormente foi demonstrado que a aparente discrepancia poderia ser
explicada pela especificidade do tipo celular. Enquanto MIR395 é expresso em células
companheiras do floema, 0 mMRNA de SULTR2;1 acumula nas células do parénquima
do xilema. A explicacdo € decorrente de um controle (repressdo) de SULTR2;1 no
floema a fim de confina-la no xilema (Kawashima et al., 2009; Liang et al., 2010). Por
este motivo, deve se ter atencdo ao realizar as analises via parametros transcricionais
uma vez que para um alvo ser regulado por um miRNA, ambos devem ser expressos em
um mesmo tempo e espa¢o. Na via de regulacdo génica por miRNAs é muito importante
considerar o fato de que alvos podem escapar a regulacdo por miRNAs devido tanto a
expressdo em diferentes momentos como pela expressdo em diferentes tecidos ou até

células.
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CAPITULO II

2.1 Objetivo geral

Nos Ultimos anos, avangos na area gendmica tém permitido maior acesso e
compreensdo da estrutura e funcionalidade dos genomas de plantas. Neste cenario, com
a descoberta dos miRNAs, abriu-se um novo universo de regulacdo génica que, até
entdo, ndo se supunha existir. Por este motivo, pelo presente trabalho objetivou-se
identificar novos miRNAs de soja e caracterizar a expressao dos mesmos em relagédo

aos processos de deficiéncia hidrica e FAS.

2.2 Objetivos especificos

Avaliar o potencial dos miRNAs como genes de referéncia em analises de RT-

gPCR;
= Construir bibliotecas de miRNAs e identificar novos miRNAs de soja;

= Identificar miIRNAs diferencialmente expressos envolvidos em resposta a

estresse hidrico;

= Identificar os mMIRNAs diferencialmente expressos envolvidos em resposta a

FAS;

= Identificar e validar genes alvos dos miRNAs, cuja alteracdo de expressao

esteja relacionada aos mecanismos moleculares de resposta aos estresses.
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2.3 Hipdtese cientifica

Devido ao préevio conhecimento de que os microRNAs sdo fatores essenciais na
modulacdo de inimeros processos bioldgicos em plantas, sendo que alguns ja foram
descritos em estudos de estresses bidticos e abidticos em outras espécies vegetais, sera
possivel, através de técnicas amplamente utilizadas em estudos de miRNAs, identificar
novos MiIRNAs em soja e avaliar se os mesmos sdo diferencialmente expressos entre

distintos genotipos sob deficiéncia hidrica e de ferrugem asiatica.
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CAPITULO Il

The use of microRNAs as reference genes for

guantitative PCR in soybean
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Reverse transcription quantitative real-time polymerase chain reaction (RT-qPCR) is a robust and widely
applied technique used to investigate gene expression. However, for correct analysis and interpretation of
results, the choice of a suitable gene to use as an internal control is a crucial factor. These genes, such as
housekeeping genes, should have a constant expression level in different tissues and across different con-
ditions. The advances in genome sequencing have provided high-throughput gene expression analysis
and have contributed to the identification of new genes, including microRNAs (miRNAs). The miRNAs
are fundamental regulatory genes of eukaryotic genomes, acting on several biological functions. In this
study, miRNA expression stability was investigated in different soybean tissues and genotypes as well
as after abiotic or biotic stress treatments. The present study represents the first investigation into the
suitability of miRNAs as housekeeping genes in plants. The transcript stability of 10 miRNAs was com-
pared to those of six previously reported housekeeping genes for the soybean. In this study, we provide
evidence that the expression stabilities of miR156b and miR1520d were the highest across the soybean
experiments. Furthermore, these miRNAs genes were more stable than the most commonly protein-cod-

ing genes used in soybean gene expression studies involving RT-qPCR.

® 2010 Elsevier Inc. All rights reserved.

Reverse transcription quantitative real-time polymerase chain
reaction (RT-qPCR)' is a powerful technique that is commonly used
to study gene expression due to its high sensitivity, good reproduc-
ibility, and wide dynamic quantification range. Many experiments
have used RT-qPCR to measure the gene expression variation be-
tween two different biological groups, for example, a treated versus
a control pool of samples. However, in many cases, the variation is
caused by a discrepancy in the initial sample amount, efficiency of
nucleic acid recovery, RNA degradation, differences in sample qual-
ity, pipetting errors, or variation in cDNA synthesis efficiency [1].
In such cases, the normalization process is fundamental for correct-
ing nonspecific variation that can affect quantification results [2].

Several normalization strategies have been proposed, but the
most commonly used method is relative quantification. Using this
method, the expression level of a gene of interest is normalized to
the expression level of a reference gene [2]. An ideal reference gene
should be expressed at a constant level across various conditions,
such as developmental stages or tissue types, and its expression

* Corresponding author. Fax: +55 51 3308 7309.
E-mail address: rogerio.margis@ufrgs.br (R. Margis).
! Abbreviations used: ASR, Asian soybean rust; miRNAs, microRNAs; RT-gPCR,
reverse transcription quantitative real-time polymerase chain reaction.

0003-2697/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.ab.2010.07.020

should be unaffected by experimental parameters [3-5]. Currently,
the reference genes frequently used are protein-coding genes,
especially “housekeeping genes,” which are involved in basic cellu-
lar processes [6], such as cytoskeleton construction (actins), glycol-
ysis  (glyceraldehyde-3-phosphate dehydrogenase (GAPDH)),
protein folding (cyclophilin), synthesis of ribosomal subunits
(rRNA), electron transport (succinate dehydrogenase complex,
SDH), and protein degradation (ubiquitin) [7]. These genes are
thought to have constant expression levels among different sam-
ples and are frequently used to normalize gene expression levels
without proper validation [7]. However, the expression of a num-
ber of housekeeping genes, although constant under some experi-
mental conditions, varies considerably under other conditions
[6,8-11]. In fact, when these genes are used as reference genes un-
der experimental conditions that differ from those conditions in
which their stability of expression was originally tested, the results
can be misinterpreted [11].

The advances in genome sequencing have provided high-
throughput gene expression analysis and have contributed to the
identification of a wide range of new gene products, such as the
small noncoding RNAs, especially microRNAs (miRNAs). Discov-
ered some decades ago, miRNAs are fundamental regulatory genes
of eukaryotic genomes that regulate several biological functions
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including hormonal control, immune responses, and adaptation to
a variety of biotic and abiotic stresses [12-15]. Although the small
size of miRNA (19-24 nucleotides) creates challenges for their
detection, recent innovative adaptations to RT-qPCR have resulted
in improvements in gene expression profiling. The development of
stem-loop primers provided a tool for detecting and characterizing
mature miRNAs by PCR[16,17]. In addition, stem-loop primers can
be used to specifically convert the mature functional miRNA into
its DNA complement and can potentially be used for multiplex re-
verse transcription (RT) reactions [16]. Due to the advances in the
ability to characterize miRNA expression, research involving these
small RNAs has increased in recent years. However, experiments
involving miRNA expression are still a challenge in many research
areas due to the lack of proper control genes for normalizing these
transcripts. Davoren and co-workers, while searching for suitable
reference genes for the normalization of microRNA expression,
identified two miRNAs (Let-7a and miR-16) constantly expressed
in human breast cancer tissues [17]. Peltier and Latham [18] also
searched for appropriated reference genes for their miRNA RT-
(PCR studies and found miRNA expression levels were the most
constant RNA levels in their analysis. They identified three miRNAs
that were highly consistent in expression across 13 healthy tissues
and 5 tumor tissues in humans. These miRNAs were statistically
superior to the most commonly used reference RNAs used in miR-
NA RT-qPCR cancer experiments [18]. Galiveti et al. [19] also re-
ported the detection of five non-protein-coding RNAs as
appropriate housekeeping genes in human tissues. Currently, there
are no data reporting the expression stability pattern of microRNAs
in plant tissues.

Recognizing the potential of miRNAs as a reference gene in RT-
gPCR analysis, we evaluated these non-protein-coding genes for
use in normalizing gene expression in the soybean. This study is
the first in which miRNAs were evaluated for stability alongside
other mRNA genes and also tested as potential reference genes
for both miRNA and mRNA gene expression in plant tissues. For
this study, we selected the soybean ( Glycine max Merryll L.), which
is the major legume crop worldwide and already has established
mRNA housekeeping genes [7,20,21]. We compared the expression
level of 10 soybean miRNAs (miR156a, miR156b, miR167ab,
miR167¢, miR171a, miR171b, miR172ab, miR396a, miR1520¢c, and
miR1520d) with six common mRNA housekeeping genes (ACT,
CDPK, CYP2, ELF1B, F-BOX, and TUA) and found that many of the
miRNAs showed better expression stability than the protein-cod-
ing housekeeping genes, indicating that these genes can be used
as optimal reference genes for both miRNAs and protein-coding
genes in RT-qPCR analysis.

Material and methods
Plant materials and treatments

Drought assay

For drought treatment, we used the soybean (G. max Merryll L.)
cultivars ‘Embrapa 48" as a drought-tolerant standard [22] and ‘BR
16" as a sensitive standard. The plants were grown in a greenhouse
at Embrapa-soybean in Londrina, Brazil, using a hydroponic system
compound for plastic containers (30 liters) and an aerated 6.6 pH-
balanced nutrient solution [22,23]. Briefly, seeds were pregermi-
nated on moist filter paper in the dark at 25 + 1 °C and 65 * 5% rel-
ative humidity. Then, the plantlets were placed in polystyrene
supports in such a way that the roots of the seedlings were com-
pletely immersed in the solution. Each tray containing the seed-
lings was maintained in a greenhouse at 25+2°C and 60 £5%
relative humidity under natural daylight (photosynthetic photon
flux density (PPFD)=1.5x 10° pmol m~?s~', equivalent to

8.93 x 10%1x) and a 12 h day. After 15 days, seedlings with the first
trifoliate leaf fully developed (V2 developmental stage) were sub-
mitted to different treatments. They were removed from the
hydroponic solution and kept in a tray in the dark without nutrient
solution or water for 0 min (TO or control) and 125 min of stress
(T125). The roots and leaves of both genotypes were analyzed as
biological duplicate (TQ) or triplicates (T125). They were immedi-
ately frozen in liquid nitrogen and stored at —80°C until RNA
extraction.

Asian soybean rust assay

Asian soybean rust (ASR) reaction was assessed after inocula-
tion with a field population of Phakopsora pachyrhizi and per-
formed in the greenhouse at Embrapa-soybean Londrina, Brazil.
The soybean plants were grown in a pot-based system. The ‘Emb-
rapa 48 genotype was used as a susceptible host plant, which
develops a susceptible lesion (TAN) after ASR infection [24], and
‘PI561356' was used as the resistant host, which carries the ASR
resistance mapped on linkage group G (personal communication).
Urediniospores were collected by tapping infected leaves over a
plastic tray and were then diluted in distilled water with 0.05%
Tween 20 to a final concentration of 3 x 10° spores/mL. This sus-
pension of spores was sprayed onto the plantlets at the V2 devel-
opmental stage. The same solution minus the spores was used
for the mock inoculations. Following the ASR or mock inoculations,
water-misted bags were placed over all plantlets for 1 day to aid
the infection process and to prevent the cross-contamination of
mock-infected plants. One trifoliolate leaf for each plant was col-
lected at 192 h after inoculation for RNA extraction. Three biolog-
ical replicates of each genotype were analyzed for both treatments.

Genotype and tissue assay

For the genotype assay, ‘Embrapa 48’, ‘BR 16’, and ‘PI561356’
were analyzed. Leaf samples under nonstress conditions from both
the drought and the ARS assays at the same V2 developmental
stage were used. The tissue assay was performed by analyzing
the roots and leaves from the ‘Embrapa 48’ genotype under non-
stress conditions and during the V2 developmental stage.

RNA extraction and cDNA synthesis

For each treatment, total RNA was isolated by extraction with
Trizol, (Invitrogen) and the quality was evaluated by electrophore-
sis on a 1.0% agarose gel. The cDNA synthesis was carried out by
multiplex technique [25,26] from approximately 2 pg of total
RNA. Each reaction was primed with a pool of 0.5 M 10 gene-spe-
cific stem-loop primers [16] (IDT) and 1 uM oligonucleotide dT24V
(Invitrogen). Before transcription, RNA and primers were mixed
with RNase-free water to a total volume of 10 uL and incubated
at 70 °C for 5 min followed by ice-cooling. Then, 6 uL 5x RT-Buffer
(Promega), 1 uL of 5 mM dNTP (Ludwig), and 1 uL MML-V RT En-
zyme 200 U (Promega) were added for a final volume of 30 pL.
The synthesis was performed at 42 °C for 30 min on a Veriti Ther-
mal Cycler (Applied Biosystem), and inactivation of the enzyme
was completed at 85 °C for 5 min. All cDNA samples were 50-fold
diluted with RNase-free water before being used as a template in
RT-qPCR analysis.

Selection of candidate housekeeping genes and primer design

The six protein-coding genes, ELF1B, CYP2, ACT, TUA, F-BOX, and
CDPK (Table 1), were selected based on previous reports of house-
keeping genes for the soybean [7,20,21]. The 10 miRNAs were cho-
sen based on our previous gene expression studies in the soybean
(data not shown). During the analyses of 43 miRNAs available on
miRBase database at http://www.mirbase.org (release 12.0) for
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Table 1

Primer sequences and amplicon characteristics for each of the 16 reference gene candidates.

187

Acronym Forward primer Reverse primer

Amplicon Efficiency R?

G.max loci*

Function

Locus accession

sequence (5'-3') sequence (5'-3') size (bp) number®
ACT CGGTGGTTCTATCTTGGCATC GTCTTTCGCTTCAATAACCCTA 142 1.89 0.998 Gm18:61274000-61274248  Cytoskeletal BW652479
structural
protein
CDPK TAAAGAGCACCATGCCTATCC ~ TGGTTATGTGAGCAGATGCAA 97 1.97 0.986 Gm10:46251505-46251601 CDPK-related =~ AW396185
protein kinase
CYP2 CGGGACCAGTGTGCTTCTTCA ~ CCCCTCCACTACAAAGGCTCG 154 1.80 0.996 Gm12:1802441-1802594 Protein folding CF806591
ELF1B  GITGAAAAGCCAGGGGACA TCTTACCCCTTGAGCGTGG 118 1.86 0.996 Gm02:49033741-49033961  Translational ~ EV279336
elongation
F-BOX  AGATAGGGAAATGGTGCAGGT CTAATGGCAATTGCAGCTCTC 93 1.88 0.983 Gm12:3676720-3677719 F-Box protein  CD397253
family
TUA AGGTCGGAAACTCCTGCTGG AAGGTGTTGAAGGCGTCGTG 159 1.95 0.982 Gm05:34705808-34705919  Cytoskeletal CA801144
structural
protein
156a TGACAGAAGAGAGTGAGCAC GTGCAGGGTCCGAGGT 70 1.94 0.992 Gm17: 6149963-6150084 miRNA MIMAT0001686
156b TGACAGAAGAGAGAGAGCACA ™ 71 2.02 0.992 Gm14: 990334-990453 miRNA MIMAT0001692
167ab  TGAAGCTGCCAGCATGATCTA  ~ 71 2.00 0.992 Gm19: 41871231-41871349 miRNA MIMAT0001679
Gmo02: 14635614-14635734 MIMAT0001680
167c TGAAGCTGCCAGCATGATCTG ™ 71 1.92 0.998 Gm07: 39778512-39778886 miRNA MIMAT0007355
171a TGAGCCGTGCCAATATCACGA ™ 71 2.00 0.997 Gm12: 8443106-8443207 miRNA MIMAT0007358
171b CGAGCCGAATCAATATCACTC ™ 71 191 0.999 Gm04: 46988579-46988670 miRNA MIMAT0007363
172ab  AGAATCTTGATGATGCTGCAT  ~ 71 2.00 0.979 Gm12: 6110704-6110862 miRNA MIMAT0001682
Gm13: 40401673-40401825 MIMAT0001683
396a TTCCACAGCTTTCTTGAACTG " 71 1.90 0.999 Gm13: 26338134-26338273 miRNA MIMAT0001687
1520c  TTCAATAAGAACGTGACACGTGA ™ 73 1.97 0.992 Gm17: 37893185-37893324 miRNA MIMAT0007395
1520d  ATCAGAACATGACACGTGACAA ~ 72 2.00 0.996 GmO07: 119451-119561 miRNA MIMAT0007379

* Position of CDS or pre-miRNA sequences.
® NCBI or miRBase database accession number.

RT-qPCR analysis in a drought-stress assay, we observed that
miR156a, miR156b, miR167ab, miR167c, miR171a, miR171b, miR172-
ab, miR396a, miR1520c, and miR1520d had uniform expression
along a range of different conditions (unpublished data).

All primers of the 16 candidate reference genes are listed in Ta-
ble 1. Primer sequences for the six mRNA housekeeping genes were
chosen based on current literature [7,20]. The miRNA primers were
designed based on the fully tested miRNA sequence (forward), and
the reverse primer was the universal reverse primer for miRNA
[16]. The stem-loop primers, used for miRNAs cDNA synthesis, were
designed according to Chen et al. [16]. The stem-loop sequence con-
sists of 44 conserved and 6 variable nucleotides that are specific to
the 3" end of the miRNA sequence (5" GTCGTATCCAGTGCAGGGT
CCGAGGTATTCGCACTGGATACGAC NNNNNN 3°).

Reverse transcription quantitative PCR

All quantitative PCR were performed in an ABI 7500 Real-Time
PCR System (Applied Biosystem) using SYBR Green I (Invitrogen) to
detect double-strand cDNA synthesis. Reactions were done in a
volume of 24 uL containing 12 uL of diluted cDNA (1:50), 1x SYBR
Green | (Invitrogen), 0.025 mM dNTP, 1x PCR Buffer, 3 mM MgCl,,
0.25 U Platinum Taq DNA Polymerase (Invitrogen), and 200 nM of
each reverse and forward primers. In all miRNA RT-qPCR the Uni-
versal Reverse primer (5 GTGCAGGGTCCGAGGT 3') was used. All
samples were analyzed as technical triplicates with a no-template
control also included. The conditions were set as the following: an
initial polymerase activation step for 5 min at 94 °C, 40 cycles of
155 at 94 °C for denaturation, 10s at 60 °C for annealing, and
25 s at 72 °C for elongation. At the end of cycling protocol, a melt-
ing-curve analysis was included and fluorescence measured from
65 to 99 °C. Threshold and baselines were manually determined
using the ABI 7500 Real-Time PCR System SDS Software v2.0.

Data analysis

Primer efficiency (E) and correlation coefficient (R?) were calcu-
lated using SDS software (ABI 7500 Real-Time PCR System v. 2.0)

based on a standard curve generated using a twofold dilution ser-
ies of one sample over five dilution points that were measured in
duplicate. PCR amplification efficiencies were calculated for each
candidate endogenous control with the formula E = 10~ Y5'?¢, using
the slope of the plot, G versus log input of cDNA. The stability of
each candidate gene expression was analyzed using geNorm [27]
and NormFinder [28] software. For these analyses, the threshold
cycle (C;) values were converted to quantities via the comparative
C; method. Both geNorm and NormFinder tools were used to deter-
mine the most stable reference genes. GeNorm software was also
used to determine the optimal number of genes required for nor-
malization. It starts calculating the pairwise variation (V) V2/3 be-
tween the NF2 (including the two most stable reference genes) and
the normalization factor NF3 (including the three most stable ref-
erence genes). Then, it performs a stepwise calculation of the Vn/
n+1 between the NFn and the NFn +1.

Reference gene validation

To determine how the use of different reference genes can affect
the normalization of the expression data for a gene of interest, we
calculated the significant difference in the mean expression of two
target genes between drought-stressed and control subgroups. We
selected the miR1513 (5’ CGCCTGAGAGAAAGCCATGACTTAC 3') as a
miRNA target gene and the CDPK as a protein-coding or mRNA tar-
get gene. The expressions of the two target genes were normalized
using three different strategies: (1) with all candidate reference
genes individually; (2) with the two most stable reference genes
and also with the two most stable mRNA genes selected by Norm-
Finder; (3) with the two and three most stable reference genes, and
also with the two and three most stable mRNA reference genes
according to geNorm software. To calculate the relative expression
of the two target genes, we used the 224 method [29]. Student’s
t test was performed to compare pairwise differences in expres-
sion. The parameters of two-tailed distribution and two samples
assuming unequal variances were established. The means were
considered significantly different when P < 0.05.
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Results and discussion
PCR efficiency and amplification specificity

The amplification efficiency for each primer pair was deter-
mined in an RT-qPCR assay using duplicates of a twofold dilution
series from a cDNA template. Primer efficiency indicates the ampli-
con doubling rate of a specific primer pair during a PCR. When the
efficiency is 100% or 2 (1 +efficiency =2), it indicates that the
cDNA target is duplicated at every PCR cycle during the exponen-
tial phase. The efficiency values of the 16 candidate reference
genes ranged from 1.80 to 2.02, as listed in Table 1. About 75% of
all primer pairs were in the range of 1.9-2.02, reflecting the high
quality of the PCR. Amplification of the specific transcript was con-
firmed by the appearance of a single peak in the melting-curve
analysis following completion of the amplification reaction (in
Supplementary Data). Furthermore, the correlation coefficient
(R?) was calculated. The R? value indicates the quality of the fit
of the standard curve to the plotted data points. All primer pairs
showed an R? > 0.98 (Table 1), indicating a strong relationship be-
tween the detected C, values and the corresponding relative
amount of template in all the amplification reactions.

Expression stability of candidate reference genes

To investigate the suitability of 10 miRNAs as reference genes,
we analyzed their expression stability along with 6 housekeeping
genes commonly employed in soybean studies involving RT-qPCR
analysis. The expression stability of these 16 genes was analyzed
based on five different data sets: (1) all 31 samples including dif-
ferent tissues, cultivars, abiotic treatments, and biotic treatments;
(2) different tissues; (3) different genotypes; (4) abiotic stress con-
sisting of drought-stress; and (5) biotic stress relative to samples
from plants infected with ARS.

GeNorm analysis

The program geNorm uses an algorithm to calculate an M value,
which is a gene expression stability measurement defined as the
mean pairwise variation for a given gene compared to the remain-
ing tested genes. Genes with the lowest M value indicate the most
stable expression, whereas the highest M values indicate the least
stable expression [27]. When we analyzed all 31 samples (Fig. 1A),
the average expression stability values (M) of miR156b and
miR1520d were lower than those of the other miRNAs, indicating
that they are the most stable candidate genes. Interestingly, we ob-
served that, in this set of analysis, all miRNA genes were more sta-
ble than mRNA housekeeping genes. Tubulin-A (TUA) was the most
unstable gene with an M value over 1.2. Similar results were found
when the sample sets of different tissues (Fig. 1B), different geno-
types (Fig. 1C), and different abiotic conditions (Fig. 1D) were ana-
lyzed. The mean expressions of miR156b and miR1520d were the
most stable out of all tested reference genes. In most cases, the
miRNAs were the most stable genes, except for miR396a, which
was less stable than mRNA housekeeping genes in the different tis-
sues and genotypes data sets. In the biotic stress data set, the low-
est M value was the miR156a and miR156b pair (Fig. 1E). The
miR1520d was the third most stable candidate. Although in the first
four analyses, TUA (Fig. 1A-C) and CDPK (Fig. 1D) mRNA genes
were the most variable, the miR167c and miR171b were the most
unstable genes for the biotic stress panel (Fig. 1E). The results also
indicate that, generally, the miRNAs are more stable than the
mRNAs tested (Fig. 1), but not always. The miR171b, which was
the fourth most stable gene in tissue, genotypic, and abiotic ap-
proaches, showed low stability in the biotic assay. Considering
the performance of the mRNA housekeeping genes, we compared

our results with previous studies. Jian et al. [7] reported that ELF1B
and CYP2 were the most stable genes among different soybean tis-
sues. Although CYP2 had the lowest stability value of all mRNA
candidates, ELF1B was the second most variable gene in our tissue
assay. Furthermore, nine of the miRNA genes were more stable
than the CYP2 gene after geNorm analysis (Fig. 1A). In another
study, F-BOX was described as the most stable gene among differ-
ent tissues. F-BOX and CDPK were the most stable genes in samples
infected with ASR and control [20]. However, in our results, for tis-
sue and ASR data sets, both mRNA genes exhibited higher M values
compared with several miRNA candidates (Fig. 1A and F). However,
in all five analyses, the miRNAs were among the most stable genes
indicated by the geNorm.

Although the stability analysis based on M-value points deter-
mines the most stable genes, Vandesompele et al. [27] recom-
mended that in order to measure expression levels accurately, a
normalization method using multiple housekeeping genes instead
of one is required. To account for this recommendation, geNorm
also computes a normalization factor (NF) and estimates the opti-
mal number of reference genes according to the pairwise varia-
tion (V). A pairwise variation of 0.15 is accepted as a cutoff,
below which the inclusion of an additional control gene is not re-
quired for reliable normalization [27]. To determine the optimal
number of internal control genes for normalization, we calculated
the pairwise variation for all five data sets (Fig. 1F). The results
indicate that, in all approaches, the combination of the two most
stable genes would be sufficient for normalization purposes be-
cause the V2/3 value was lower than 0.15 (Fig. 1F). Based on this
graph, we can conclude that the addition of a third, fourth, or fifth
reference gene does not cause a remarkable decrease in the V va-
lue. Additionally, using a combination of the seven most stable
genes, the V value actually increases slightly for the tissue, geno-
typic, abiotic, and biotic assays but still remains below the cutoff
value (0.15). In our analyses, the combination of miR156b and
miR1520d was appropriate for comparisons of all sample sets
(V<0.11), different tissues (V<0.08), contrasting genotypes
(V<0.09), and also abiotic stress treatment (V< 0.06), whereas
the miR156a and miR156b pair was suitable for biotic treatment
(V<0.04).

NormFinder analysis

Stability of expression was also analyzed using the program
NormFinder. Its strategy is based on a mathematical model of gene
expression that enables an estimation of the intra- and intergroup
variation, which are then combined into a stability value [28]. Can-
didate control genes with the minimal intra- and intergroup vari-
ation will have the lowest stability value and will be ranked at
the top. Using this program, we analyzed five sets in a similar man-
ner as in the geNorm analysis: (1) all 31 sample sets with two dif-
ferent analyses; all samples with no subgroups and another where
groups were divided into stressed and nonstressed subgroups; (2)
tissue sets were subgrouped into root and leaf; (3) genotype sets
were divided into three different cultivar subgroups; (4) abiotic
sets had drought and control subgroups, and (5) biotic stress sets
were grouped into ARS infection and noninfection subgroups (Ta-
ble 2; Supplementary File 1). Interestingly, the miR156a was the
most stable gene in four out of the five data sets, including both
subgroups investigated in each sample data set, and it was the sec-
ond most stable gene in the biotic stress group. TUA was among the
three genes with the worst stability in all the data sets. CDPK was
the least stable in the abiotic set, and miR167¢ and miR171b, such
as miR1520c, were the most variable genes in the biotic and abiotic
stress sets, respectively. Interestingly, these results are similar to
those obtained by geNorm. Despite a visible variation in the rank-
ings of the other genes generated by geNorm and NormFinder algo-
rithms, in general, all analyzed sets showed a marked separation
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Fig. 1. Average expression stability values (M) of candidate reference genes after
geNorm analysis: (A) all 31 samples including different tissues, cultivars, abiotic
and biotic treatments; (B) different tissues; (C) different genotypes; (D) abiotic
stress, consisting of drought stress and a control; and (E) biotic stress, relative to
samples infected with ARS and noninfected (control); (F) determination of the
number of housekeeping genes for normalization in each of the situations by
geNorm analysis.

between the miRNA and the mRNA genes. As observed in the geN-
orm output, the miRNA genes were more stable compared to the
mRNA candidates. Again, the best combination for the normaliza-
tion of gene expression was two miRNA genes (Table 2).

Validation of putative reference genes

In order to demonstrate the suitability of the putative reference
genes under investigation, we monitored the difference in the
mean expression of two target genes from the drought-stress sub-
group on normalization with different control genes. We decided
to analyze two distinct classes of genes: one miRNA and one
mRNA. Because there is currently no published data about miRNA
expression in soybean, we decided to select the miR1513 based on
our previous RT-qPCR screening of the 43 soybean miRNAs from
miRBase release 12.0. We observed that miR1513 expression was
clearly downregulated in soybean plants under drought conditions
(unpublished data). The other target gene was CDPK (calcium-
dependent protein kinases). This gene was one of the candidate
reference genes; however, it was ranked as the least stable gene
by geNorm and NormFinder analysis during drought-stress. Also,
CDPK has been associated with drought-stress in plants. For exam-
ple, studies with Arabidopsis [30,31] and rice [32] have demon-
strated that this gene is overexpressed in drought situations.

Case 1: miRNA as target gene

In the first round of analyses, the target miR1513 was individu-
ally normalized by each of the 16 candidate reference genes. A sig-
nificant difference in gene expression under drought conditions
compared to control samples was only determined with normali-
zation based on miR172ab, miR1520d, miR156b, miR171a, and
miR156a (Table 3). In the six cases where the target gene was nor-
malized with an mRNA candidate reference gene, no significant
difference was found between the compared situations (Table 3).
In the next analysis, we normalized the target gene with miR156a
and miR171a, the best pair for normalization comparison as indi-
cated by NormFinder, and the differences between the subgroups,
using miRNAs as reference genes, remained significant. We also se-
lected the two most stable mRNA genes, F-BOX and ACT, following
the NormFinder ranking and combined both with miR1513 for nor-
malization, and even so, no significant difference was observed be-
tween drought and control samples (Table 3).

Similar results were achieved when miR1513 was normalized
using either the two (miR156b and miR1520d) or three (miR156bh,
miR1520d, miR171b) best reference genes determined by geNorm.
Although the top two reference genes elected by geNorm and
NormFinder were not the same, both combinations were suitable
for the normalization of the target gene. The mean-fold expression
of miR1513 under drought-stress conditions was significantly re-
duced to similar levels (0.4) with either miR156a and miR171a
(NormFinder) or miR156b and miR1520d (geNorm) standardization
(Table 3) compared to control samples.

We also selected the two most stable mRNA genes according to
the ranking of NormFinder and geNorm for the drought-stress
group. The F-BOX and ACT were determined to be the two best
mRNA reference genes by both programs; however, when we nor-
malized the target miR1513 with these two reference genes, the
difference in miR1513 expression between the drought-stressed
samples and the control samples was not significant. The same re-
sult was obtained when we added the TUA reference gene to these
analyses. TUA was the third best mRNA reference gene by geNorm
analysis. Again, no significant alteration in gene expression was
determined when we normalized the miRNA target gene with
three mRNA reference genes (Table 3).

In our investigations, we identified that the top ranked house-
keeping genes by NormFinder (miR156a and miR171a) and geN-
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Table 2

Ranking of candidate reference genes in order of their expression stability calculated by NormFinder.

Ranking All samples set Tissues set Genotypes set Abiotic stress set Biotic stress set
order Non- s (leaf::root) (EM::BR::PI) (drought::control) (ASR::control)
subgroups
1 156a 156a 156a 156a 156b 1520c
2 167ab 172ab 167ab 167c 1520d 156a
3 396a 1520d 171b 1520d 156a 167ab
4 172ab 156h cyp2 156b 171D 172ab
5 156h 167ab 396a 171b 171a 156b
6 1520d 396a 156b ELFIB 172ab 1520d
7 1520c 1520c ACT 167ab 167c 396a
8 ACT ACT 1520d 171a 167ab ELFIB
9 F-BOX F-BOX F-BOX F-BOX 396a CYp2
10 171a 167¢ 1520c CYpr2 1520¢ F-BOX
11 167¢ 171b CDPK CDPK F-BOX CDPK
12 171b CcYr2 172ab 172ab ACT ACT
13 CYP2 171a 171a ACT Ccypr2 171a
14 ELF1B ELF1B 167c 1520c ELF1B TUA
15 CDPK TUA ELF1B TUA TUA 167¢
16 TUA CDPK TUA 396a CDPK 171b
Best combination of 2 genes
156a, 1520d 167ab, 171b 156a, 1520d 156a, 171a 172ab, 1520c

Note: The subgroups are indicated inside the parentheses; mRNA genes are in bold.

Table 3

Differential relative expression of the miRI513 target gene when normalized
individually with 16 different candidate housekeeping genes and when normalized
by combining the most stable genes according to the NormFinder and geNorm
analyses in abiotic stress treatment.

Normalizer Mean fold change in gene expression P value®
Ctrl SE* Stress SE*
172ab 1.00 0.01 0.38 0.01 1.45E-04
1520d 1.00 0.00 0.39 0.02 0.002
156b 1.00 0.03 0.38 0.02 0.013
171a 1.00 0.05 0.45 0.09 0.026
156a 1.00 0.04 0.35 0.01 0.037
167¢ 1.00 0.07 0.33 0.03 0.068
171b 1.01 0.08 0.37 0.03 0.076
396a 1.01 0.10 0.37 0.18 0.096
1520¢ 1.01 0.08 0.37 0.01 0.102
CYP2 1.02 0.14 0.12 0.04 0.115
167ab 1.02 0.13 0.25 0.02 0.137
CDPK 124 0.52 0.04 0.01 0.349
TUA 1.03 0.18 2.82 1.94 0.530
ACT 1.05 0.23 0.84 0.63 0817
ELF1B 1.03 0.17 1.14 0.86 0.926
F-BOX 1.04 0.21 0.99 0.74 0.958
NormFinder
156a, 171a 1.00 0.03 0.40 0.05 1.8E-05
F-BOX, ACT 1.05 0.16 0.91 049 0.819
GeNorm
156b, 1520d 1.0 0.02 04 0.02 5.9E-08
156b,1520d, 171b 1.0 0.03 04 0.01 1.3E-07
F-BOX, ACT 1.0 0.16 0.9 049 0.819
F-BOX, ACT, TUA 1.0 0.12 1.6 078 0.562

# SE (Standard Error).
5 P values were calculated using the t-test, significance level P < 0.05.

orm (miR156b, miR1520d, miR171b) provided an accurate stan-
dardization for miR1513 expression. When the target was nor-
malized with either the two or three best reference genes
based on our analysis, a difference in expression could be de-
tected between stressed and control groups, in accordance with
previously published data that has shown that miR1513 is down-
regulated under drought-stress conditions. However, when the
miRNA target was normalized using F-BOX and ACT as well as
F-BOX, ACT and TUA, which were the most stable among the

mRNA reference genes, no difference in expression was detected
for miR1513 between the drought-stressed and the control
groups. If these mRNA housekeeping genes were used as refer-
ence genes for miR1513, without proper investigation, the results
could be misinterpreted.

Case 2: mRNA as target gene

In the first set of analyses, the target gene CDPK was normal-
ized individually with the remaining 15 housekeeping genes. We
observed that with all individual normalizations, except with
ELF1B, TUA, and CYP2, CDPK expression was significantly different
between the drought and the control situation. Although the
CDPK expression was very distinct between drought and control
samples when normalized with ELF1, TUA, and CYP2 genes, the
values of the standard error (SE) were high, which explains why
these marked differences are not statistically supported. In the
second set, the CDPK expression was normalized with the two
most stable genes (miR156a and miR171a) following the Norm-
Finder ranking (Table 4). The expression of CDPK was also inves-
tigated using the two most stable mRNA genes identified in our
study (F-BOX and ACT). In analyses, using miRNAs or mRNA as ref-
erence genes, the differences in target expression were significant
between the stressed and the control groups. The third set of
analyses was done based on the most stable genes selected by
geNorm. CDPK expression was significantly different between
drought and control when the target was normalized with the
two (miR156b and miR1520d) and the three (miR156b, miR1520d,
and miR171b) most stable genes.

Similar result was obtained when the two (F-BOX and ACT) and
the three (F-BOX, ACT, and TUA) top-ranked mRNA genes were used
for normalization (Table 4). These results show that normalizing
with one protein-coding gene along with miRNAs or mRNA genes
produces consistent results. It has been reported that the CDPK
gene has increased expression during drought-stress [30-32]. In
our research, we observed that this gene showed a fivefold increase
in expression in plants under drought conditions even when
expression was normalized using the two best miRNA or the two
best mRNA housekeeping genes. From these findings, we conclude
that miRNAs can be used as optimal reference genes not only for
other miRNAs but also for protein-coding genes.
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Table 4

Differential relative expression of the CDPK target gene when normalized individually
with 15 different candidates housekeeping genes and when normalized by combining
the most stable genes according to the NormFinder and geNorm analyses in abiotic
stress treatment.

Normalizer Mean fold change in gene expression P value®
Ctrl SE* Stress SE*
1520d 1.03 023 5.62 0.27 0.001
F-BOX 1.00 0.10 457 0.22 0.001
156b 1.03 0.26 6.14 0.46 0.003
171b 1.03 0.25 6.00 0.45 0.003
171a 1.03 023 5.95 0.48 0.004
156a 1.04 0.28 5.10 0.42 0.004
ACT 1.00 0.06 5.62 0.29 0.004
167c 1.03 0.23 3.84 0.23 0.005
1520¢c 1.00 0.06 541 0.43 0.008
396a 1.03 0.26 439 0.16 0.012
167ab 1.08 0.41 432 0.34 0.019
172ab 1.03 0.24 5.04 0.70 0.021
ELF1B 1.00 0.01 18.79 531 0.079
TUA 1.00 0.04 16.74 6.43 0.134
CYP2 1.00 0.01 10.08 6.22 0.282
NormFinder
156a, 171a 1.03 0.13 5.52 0.31 9.4E-06
F-BOX, act 1.00 0.05 5.09 0.28 2.8E-05
GeNorm
156b, 1520d 1.03 0.12 5.88 0.24 5.4E-07
156b,1520d, 171b 1.03 0.10 5.92 0.20 2.5E-10
F-BOX, ACT 1.00 0.05 5.09 0.28 2.8E-05
F-BOX, ACT, TUA 1.00 0.03 8.97 2.54 0.018

2 SE (Standard Error).
" p value were calculated using the f-test, significance level P< 0.05).

Final considerations

In this study, we observed a marked difference between the
expression stability of miRNA and mRNA candidate housekeeping
genes. In general, miRNAs were the most stable genes across the
five different sets analyzed by geNorm (Fig. 1A-E) and NormFinder
(Table 2). Although the optimal combinations of genes selected by
geNorm and NormFinder were not the same, both analyses did se-
lect the same class of genes as the most stably expressed genes.
These differences in the ranking were previously reported [28]
and thus affirm that the discrepancies observed in the NormFinder
versus the geNorm results were caused by the differences between
these two approaches. In conclusion, we provide evidence that
miRNAs can have better expression stability than protein-coding
genes. In addition, we demonstrate that microRNAs are optimal
reference genes not only for other miRNAs but also for protein-
coding genes in RT-qPCR analysis.

Ideally, a reference gene for quantitative gene expression stud-
ies should not be influenced by the experimental conditions, type
of tissues, or developmental stages. In our work, we have found
that miRNAs genes are, in general, more stable than the protein-
coding genes. Analyses of the best reference gene among different
classes of RNAs (mRNA, snRNA, and miRNA) were previously done
using different human tissues [19] and comparing normal and
malignant breast tissues [17]. As in our results, miRNAs have been
shown to have a more stable expression than the other classes of
RNAs. The reason why miRNAs expression is more stable than pro-
tein-coding genes remains unanswered.

Despite the use of miRNAs as reference genes in our and other
studies, it must be considered that not all miRNAs have a constitu-
tive expression among tissues and under stressing conditions. In-
deed, several of them are modulated by environmental and
hormonal conditions and are implicated in cellular and tissue dif-
ferentiation. At the same time, if we consider a miRNA showing a
biological function during a very narrow developmental stage

[33], its expression may remain stable in different organs and un-
der several stressing conditions, presenting considerable variation
just in a specific situation associated to its biological role.

It is important to stress that the use of miRNAs as reference
genes in RT-qPCR-derived expression analysis of other miRNAs or
even protein-coding genes does not impose technical difficulties
or costs, since miRNA-specific primers can be mixed with the stan-
dard poli-T primer in the reverse transcription reaction.

Analyses in other plant and animal systems need to be under-
taken to demonstrate the universality of the present results. None-
theless, the evolutionary conservation of diverse miRNA families
among distinct plant taxa suggests that the genes that encode miR-
NAs can be used as reference genes in place of the traditionally
used protein-coding genes.
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Supplementary file 1: NormFinder analysis of candidate reference genes and respectively stability values within each set analized.

All samples set

non-subgroups

(stress::control)

Tissues set (leaf:root)

Genotypes set (EM::BR::PI)

Abiotic stress set
(drought::control)

Biotic stress set
[ASR::control)

Gene Stability value Gene Stability value Gene Stability value Gene Stability value Gene Stability value Gene Stability value
156a 0.297 156a 0.112 156a 0.210 156a 0.146 156b 0133 1520c 0.160
167ab 0.298 172ab 0.150 167ab 0.212 167c 0.156 15204 0.146 166a 0.183
396a 0411 1520d 0.150 171k 0.224 15204 0184 156a 0148 167ab 0.185
172ab 0.436 1560 0150 CYp2 0.245 1560 0.208 171b 0183 172ab 0187
156b 0.441 167ab 0.153 396a 0.265 171b 0.219 171a 0.169 156b 0.203
1520d 0.453 396a 0.156 1560 0.294 ELF1B 0231 172ab 0.186 15204 021
1520c 0.501 1520c 0.186 ACT 0.297 167ab 0.252 167c 0.235 396a 0.235
ACT 0.637 ACT 0.209 1520d 0.306 1Ma 0.253 167ab 0.236 ELF1B 0.242
FBOKX 0.697 FBOX 0.223 FBOX 0.347 FBOX 0.307 J96a 0.240 CYP2 0.324
171a 0.71 167c 0.227 1520c 0.348 CYP2 0.313 1520c 0.251 FBOX 0.360
167c 0.721 171k 0.235 CDPK 0.357 CDPK 0.321 FBOX 0.258 CDOPK 0.367
171b 0.785 CYP2 0.239 172ab 0.366 172ab 0.345 ACT 0.319 ACT 0.396
CYpP2 0.814 171a 0.240 1Ma 0.367 ACT 0.367 CYP2 0.355 171a 0.399
ELF1B 0.872 ELF1B 0.280 167c 0.429 1520c 0.374 ELF1B 0.478 TUA 0.442
CDPK 0.894 TUA 0.350 ELF1B 0.459 TUA 0.399 TUA 0.594 167c 0.495
TUA 1.184 CDPK 0.380 TUA 0.469 396a 0.441 COPK 0.626 171b 0.504
Best gene 156a 156a 156a 156a 156b 1520c
Stability value 0.1z 0.210 0.146 0133 0.160
Best combination of two genes 156a and 1520d 167ab and 171b 156a and 1520d 156a and 171a 172ab and 1520c
Stability v for best comb of 2 genes 0.097 0.129 0.102 0.087 0.125
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Comparative RT-qPCR amplification plot of sequence related miRNAs
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Supplementary File 2. An amplification plot of four sequence-related microRNAs after RT-qPCR using SYBR-green.
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Supplementary File 3. A melting curve of four sequence-related microRNAs after RT-qPCR using SYBR-green.
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Identification of novel soybean miRNAs involved in

abiotic and biotic stresses
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Abstract

Background: Small RNAs (19-24 nt) are key regulators of gene expression that guide both transcriptional and post-
transcriptional silencing mechanisms in eukaryotes. Current studies have demonstrated that micraRNAs (miRNAs)
act in several plant pathways asscciated with tissue proliferation, differentiation, and development and in response
to abiotic and biotic stresses. In order to identify new miRNAs in soybean and to verify those that are possibly
water deficit and rust-stress regulated, eight libraries of small RNAs were constructed and submitted to Solexa
sequencing.

Results: The libraries were developed from drought-sensitive and tolerant seedlings and rust-susceptible and
resistant soybeans with or without stressors. Sequencing the library and subsequent analyses detected 256 miRNAs.
From this total, we identified 24 families of novel miRNAs that had not been reparted before, six families of
conserved miRNAs that exist in other plants species, and 22 families previously reported in soybean. We also
abserved the presence of several isomiRNAs during our analyses. To validate novel miRNAs, we performed RT-gPCR
across the eight different libraries. Among the 11 miRNAs analyzed, all shawed different expression profiles during
biotic and abioctic stresses to saybean. The majority of miRNAs were up-requlated during water deficit stress in the
sensitive plants. However, for the tolerant genotype, most of the miRNAs were down regulated. The pattern of
miRNAs expression was alsc different for the distinct genotypes submitted to the pathogen stress. Most miRNAs
were down regulated during the fungus infection in the susceptible gencotype; however, in the resistant genotype,

and novel miRNAs families.

most miRNAs did not vary during rust attack. A prediction of the putative targets was carried out for conserved

Conclusions: Validation of our results with guantitative RT-gPCR revealed that Solexa sequencing is a powerful
tool for miRNA discovery. The identification of differentially expressed plant miRNAs provides molecular evidence
for the pessible involverment of miRNAs in the process of water deficit- and rust-stress responses.

Background

Small, non-coding RNAs have been characterized in
plants as important factors involved in gene expression
regulation in developmental processes [1,2], as well as
adaption to biotic and abiotic stress conditions [3,4]. In
general, small RNAs are grouped into two major classes:
microRNAs (miRNAs) and short-interfering RNAs
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(siRNAs). These two classes of small RNAs cannot be
discriminated by either their chemical composition or
mechanism of action [5,6]. However, siRNAs and miR-
NAs can be distinguished by their origin, evolutionary
conservation and the types of genes that they silence
[5,6]. In this way, miRNAs are well differentiated due to
some particular characteristics. These characteristics
include the following: derived from genomic loci distinct
from other recognized genes, processed from transcripts
that can form local RNA hairpin structures, and usually,
miRNAs sequences are nearly always conserved in
related organisms [6,7].
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In plants, MIRNA genes are transcribed by RNA poly-
merase II enzymes (Pol II) generating primary miRNA
(pri-miRNA). The pri-miRNA forms an imperfect fold-
back structure, which is processed into a stem-loop pre-
cursor (pre-miRNA) by nuclear RNaselll-like enzymes
called DICER-LIKE proteins (e.g, DCL1) [8]. The result-
ing pre-miRNA contains a miRNA:miRNA* intermediate
duplex, formed by a self-complementary fold-back struc-
ture. A mature miRNA sequence can range from 19 to
24 nucleotides (nt) in length and act as a regulatory
molecule in post-transcriptional gene silencing by base
pairing with target mRNAs. This leads to mRNA clea-
vage or translational repression, depending on the
degree of complementarity between the miRNA and its
target transcript [6,9]. The same mature miRNA can
also present several variants of their sequence in length.
These populations of miRNA variants are called isomiR-
NAs, which are isoforms of microRNAs [10]. They are
caused by an imprecise or alternative cleavage of Dicer
during pre-miRNA processing [10]. IsomiRNAs have
been recently identified in both plants and animals
[10-12].

The first plant miRNAs were described in Arabidopsis
thaliana [13,14] and later in other species. Currently,
miRNAs have been reported in 41 plants species, and all
of their sequences have been deposited in a publicly-
available miRNA database, miRBase (http://www.sanger.
ac.uk/cgi-bin/Rfam/mirna/browse.pl) [15-18]. Several
miRNAs have been identified in plants, and they are
characterized in a wide variety of metabolic and biologi-
cal processes in plants with important functions in
development [19,20], phytohormone signaling [21], flow-
ering and sex determination [22] and responses to biotic
and abiotic stresses [3,4,19,23-25].

In soybean (Glycine max (L.) Merrill), the major
legume crop worldwide, Subramanian et al. in 2008 [26]
identified 35 novel miRNA families for the first time. In
this study, the role of miRNAs in soybean-rhizobial
symbiosis was investigated [26]. During that same year,
Zhang et al. [27] used a comparative genome-based in
silico screening of soybean EST databases and quantita-
tive PCR to provide evidence for 69 miRNAs belonging
to 33 families. A second study involving miRNAs and
soybean root nodules was performed by Wang and col-
leagues [28]. They identified 32 miRNAs belonging to
11 miRNA families. The identification of nine novel
miRNAs in wild soybean (Glycine soja) was also
reported by Chen et al. [29]. Another study looked at
four different soybean tissues (root, seed, flower and
nodule) and identified 87 novel soybean miRNAs [30].
Recently, Song and coworkers [31] identified 26 new
miRNAs and their related target genes from developing
soybean seeds. Although these studies resulted in a large
number of miRNAs identified in soybean, none of them
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looked at microRNAs with respect to biotic and abiotic
stresses.

Drought is the major abiotic stress factor to negatively
affect soybean productivity around the world. The
impact of limited water during the flower formation can
cause shorter flowering periods [32,33], and water stress
during the later phases of soybean reproductive develop-
ment has been reported to accelerate senescence, which
decreases the duration of the seed-filling period [32,33].
With regards to biotic stress, Asian soybean rust (ASR)
is a foliar disease caused by the fungus Phakopsora
pachyrhizi Sydow & Sydow. This pathogen presents a
rapid aerial spread and a high capacity to colonize leaf
tissue and, to a lesser extent, stem and pods [34]. ASR
is one of the most severe diseases on the soybean cul-
ture, which causes damage between 10% and 90% in the
different regions where it has been identified [35,36].
This disease is the main threat in soybean-producing
countries.

Currently, there are 203 miRNAs identified in Glycine
max (miRBase database, release 16, http://www.mirbase.
org/); however, none of these miRNAs were associated
with water deficit or ASR stress conditions. We consider
that the identification of these miRNAs is important to
understanding small RNA-mediated gene regulation in
soybean roots under water deficit stress and in leaves
during rust infection. In this context, our goal was to
identify new miRNAs and to discover those that may be
regulated by water deficit and soybean rust stress. Using
high-throughput sequencing, we constructed four
libraries of small RNAs from the roots of drought-sensi-
tive and tolerant seedlings in response to control or
water deficit conditions. We also constructed four
libraries from leaves of rust-susceptible and resistant
seedlings with mock and infected conditions. A set of
eight small RNAs libraries was analyzed from soybean
plants. A total of 256 miRNAs were detected in Solexa
sequencing. We discovered 24 novel miRNAs families
and also detected several isomiRNAs in soybean. In our
RT-qPCR analysis, we verified that the expression profile
of several miRNAs varied during abiotic and biotic
stresses. This study has important implications for gene
regulation under water deficit and pathogen-infection
conditions and also contributes significantly to increase
the number of identified miRNAs in soybean.

Methods

Plant materials and treatments

Water deficit assay

For water deficit treatment, we used the soybean (Gly-
cine max (L.) Merrill) cultivars ‘Embrapa 48" as a
drought-tolerant standard and ‘BR 16’ as a sensitive
standard [37]. Plants were grown in a greenhouse at
Embrapa-Soybean (Londrina, Brazil) using a hydroponic
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system compound for plastic containers (30 liters) and
an aerated pH 6.6-balanced nutrient solution. Seeds
were pre-germinated on moist filter paper in the dark at
25°C £ 1°C and in 65% = 5% relative humidity. Plantlets
were then placed in polystyrene supports so the roots of
the seedlings were completely immersed in the nutrient
solution. Each seedling tray was maintained in a green-
house at 25°C + 2°C and in 60% + 5% relative humidity
under natural daylight (photosynthetic photon flux den-
sity (PPED) = 1.5 x 10* pmoles m™ 57!, equivalent to
8.93 x 10 lux) for a 12 h day. After 15 days, seedlings
with the first trifoliate leaf fully developed (V2 develop-
mental stage) [38] were submitted to different water-
deficit treatments according to Martins et al. [39]. The
nutrient solution was removed from each plastic con-
tainer where the roots were kept in the tray in the dark
without nutrient solution or water for 0 minutes (T0 or
control), 125 minutes (T125) and 150 minutes (T150).
At the end of each water-deficit period, the roots of the
seedlings were immediately frozen in liquid nitrogen
and stored at -80°C until RNA extraction. The experi-
mental design was a factorial (cultivars x duration of
water deficit) with three replicates. Each replicate was
composed of five plantlets that were sampled in bulk.
Four libraries of small RNAs were constructed for the
water deficit-stress assays from the following root tis-
sues: 1) roots of drought-sensitive seedlings submitted
to 0 minutes of stress (Drought-Sensitive Root Control
(DSRC)); 2) roots of drought-sensitive seedlings sub-
mitted to 125 minutes and 150 minutes of stress
(Drought-Sensitive Root Treated (DSRT)); 3) roots from
drought-tolerant seedlings submitted to 0 minutes of
stress (Drought-Tolerant Root Control (DTRC)); and 4)
roots of drought-tolerant seedlings submitted to 125
minutes and 150 minutes of stress (Drought-Tolerant
Root Treated (DTRT)).

Asian Soybean Rust assay

The ASR reaction was evaluated in soybean plants in a
greenhouse at Embrapa-Soybean (Londrina, Brazil)
using a field population of Phakopsora pachyrhizi col-
lected from soybean fields in the state of Mato Grosso,
which were maintained for over 10 generations on the
susceptible cv. BRSMS-Bacuri. ASR identification was
confirmed by ITS-sequencing analysis as described by
Silva et al. [40], and it revealed a similarity to the MUT
Zimbabwe isolate. The soybean plants were grown in a
pot-based system. The ‘Embrapa 48" genotype was used
as a susceptible host plant, which develops a susceptible
lesion (TAN) after Phakopsora pachyrhizi infection. The
‘PI561356" genotype was used as the resistant host,
which carries an ASR resistance gene mapped onto link-
age group G (Ricardo V. Abdelnoor, personal communi-
cation) and develops a reddish-brown (RB) lesion with
few or no spores.
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Urediniospores were collected from infected BRSMS-
Bacuri plants in a separate greenhouse by tapping
infected leaves over a plastic tray. The urediniospores
were then diluted in distilled water with 0.05% Tween-
20 to a final concentration of 3 x 10° spores/mL. This
spore suspension was sprayed onto three plants per pot
at the V2 to V3 growth stages [38]. A solution without
the spores was used for the mock inoculations. Follow-
ing the ASR or mock inoculations, water-misting bags
were placed over all plantlets for one day to aid the
infection process and to prevent cross-contamination of
the mock-infected plants. The third trifoliolate leaves of
six plants were collected 12 hours after inoculation (hai)
for RNA extraction. The experiment followed a comple-
tely randomized design with the three replicates as
blocks and a full factorial treatment structure consisting
of three treatment factors: hai (12 hours), genotype
(resistant or susceptible), and inoculation type (ASR or
mock).

For the rust-stress assay, we constructed the other
four libraries of small RNAs from leaves which were
compounded by: 1) leaves of rust-susceptible seedlings
with mock inoculation (Rust-Susceptible Leaf Control
(RSLC)); 2) leaves of rust-susceptible seedlings with
rust-spore inoculation (Rust-Susceptible Leaf Treated
(RSLT)); 3) leaves of rust-resistant seedlings with mock
inoculation (Rust-Resistant Leaf Control (RRLC)); and
4) leaves of rust-resistant seedlings with rust-spore
inoculation (Rust-Resistant Leaf Treated (RRLT)).

RNA extraction and sequencing

Total RNA was isolated from fresh leaves and root
materials using Trizol (Invitrogen, CA, USA), and the
RNA quality was evaluated by electrophoresis on a 1%
agarose gel. The amount of the RNA was verified using
a Quibit fluorometer and Quant-iT RNA assay kit
according to the manufacturer’s instructions (Invitrogen,
CA, USA). Total RNA ( > 10 pg) was sent to Fasteris
Life Sciences SA (Plan-les-Ouates, Switzerland) for pro-
cessing and sequencing using Solexa technology on the
llumina Genome Analyzer GAIL The libraries were
constructed from the eight bar-coded samples (DSRC,
DSRT, DTRC, DTRT, RSLC, RSLL, RRLC and RRLI)
sequenced in a total of two channels. Quality scores
were generated from Illumina’s data analysis pipeline,
which are similar to SAGE Phred scores with a maxi-
mum value of 40. Quality scores are based on the rela-
tive confidence of base calls using elements of cluster
generation and image quality. Briefly, the processing by
Hlumina for the miRNA analyses consisted of the fol-
lowing successive steps: acrylamide gel purification of
the RNA bands corresponding to the size range 20-30
nt, ligation of the 3’ and 5’ adapters to the RNA in two
separate subsequent steps each followed by acrylamide
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gel purification, (3) cDNA synthesis followed by acryla-
mide gel purification, and a final step of PCR amplifica-
tion to generate cDNA colonies template library for
Illumina sequencing. After removing the adapter
sequences, the sequences were trimmed into different
read lengths from 19 to 24 nt for further analysis.

Prediction of miRNAs

The reads were grouped into unique sequences, and the
read counts were calculated for each library. The
sequences that presented low read counts (read count <
= 2) were discarded from the final list of unique
sequences, which are referred to as a tag. The sequences
were mapped into the soybean genome (http://www.
phytozome.net) assembly using the SOAP program [41],
which returns information concerning the alignment
position, chromosome number and strand. No mis-
matches were allowed in the alignments. The tag align-
ment position’s upstream and downstream genomic
sequences (200 bp each) were extracted from the gen-
ome assembly using homemade Perl scripts. These
genomic regions were then aligned against the reverse
complement of its respective tag (rc-tag) using the
Smith-Waterman algorithm [42]. To ensure that these
pre-miRNA sequences could be precisely processed into
mature miRNA, the candidates were examined accord-
ing the following criteria [43]: i) the miRNA and anti-
sense miRNA should derive from the opposite stem-
arms and must be entirely within the arm of the hairpin;
ii) base-pairing between the miRNA and anti-sense
miRNA were restricted to four or fewer mismatches;
and iii) the frequency of asymmetric bulges was
restricted to less than one and the size should be less
than two bases. The genomic regions that were not pos-
sible to align the tag and rc-tag were discarded. Finally,
the genomic regions that were limited between the
alignment positions of the tag and rc-tag were consid-
ered as pre-microRNA candidates. From all the pre-
microRNA candidate sequences that we selected, only
the ones with no more than five matches to the soybean
genome were selected for analyzing the secondary struc-
ture using the RNA-folding program Mfold [44]. If a
perfect stem-loop structure was formed, the small RNA
sequence was at one arm of the stem, and the respective
anti-sense sequence was at the opposite arm; then, the
small RNA was consisted as a novel soybean miRNA.

miRNA validation and expression analysis by RT-qPCR

To validate predicted new miRNAs, RT-qPCR in respect
to eleven miRNAs was performed to examine their
expression across the eight different libraries. From
those, six were new miRNAs belonging to conserved
soybean miRNAs families (MIR166a-5p, MIR166f,
MIR169f-3p, MIR482bd-3p, MIR1513c, MIR4415b); one
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new miRNA pertencing to conserved miRNAs families
in other plants species (MIR397ab); and four were miR-
NAs belonging to novel miRNAs families (MIR-Seq07,
MIR-Seqll, MIR-Seql3, MIR-Seql5ab). The forward
miRNAs primers were designed based on the full miR-
NAs sequence, and the reverse primer was the universal
reverse primer for miRNA [45]. The stem-loop primer,
used for miRNA cDNA synthesis, was designed accord-
ing to Cheng et al. [45]. The stem-loop sequence con-
sisted of 44 conserved and six variable nucleotides that
were specific to the 3" end of the miRNA sequence (5’
GTCGTATCCAGTGCAGGGTCCGAGGTATTCG-
CACTGGATACGACNNNNNN 3'). The RT-qPCR was
performed in an ABI 7500 Real-Time PCR System
(Applied Biosystems) using SYBR Green I (Invitrogen)
to detect double-stranded ¢cDNA synthesis. Reactions
were completed in a volume of 24 pL containing 12 pL
of diluted ¢cDNA (1:50), 1X SYBR Green I (Invitrogen),
0.025 mM dNTP, 1X PCR Buffer, 3 mM MgCl,, 0.25 U
Platinum Taq DNA Polymerase (Invitrogen) and 200
nM of each reverse and forward primer. The universal
reverse primer (5 GTGCAGGGTCCGAGGT 3’) was
used in all RT-qPCR reactions. Samples were analyzed
in biological triplicate in a 96-well plate, and a no-tem-
plate control was included. We used MIR156b (5'-
TGACAGAAGAGAGAGAGCACA - 3), MIR172ab (5'-
AGAATCTTGATGATGCTGCAT - 3') and MIR1520d
(5'- ATCAGAACATGACACGTGACAA - 3') as refer-
ence genes, which has been demonstrated as optimal
normalizers for water deficit and rust-stress analysis in
Glycine max [46]. The conditions were set as the follow-
ing: an initial polymerase activation step for 5 minutes
at 94°C, 40 cycles for 15 seconds at 94°C for denatura-
tion, 10 seconds at 60°C for annealing and 25 seconds
at 72°C for elongation. A melting curve analysis was
programmed at the end of the PCR run over the range
65-99, increasing the temperature stepwise by 0.4°C.
Threshold and baselines were manually determined
using the ABI 7500 Real-Time PCR System SDS Soft-
ware v2.0. To calculate the relative expression of the
miRNAs, we used the 274t method. Student’s t-test
was performed to compare pair-wise differences in
expression. The parameters of two-tailed distribution
and two samples assuming unequal variances were
established. The means were considered significantly dif-
ferent when P < 0.05.

Prediction of miRNA targets

Target prediction for miRNAs is straightforward because
it is assumed that most of them match their targets with
almost perfect complementarity [8,9]. The putative tar-
get genes for all miRNAs identified were searched for by
using the web-based computer psRNA Target Server
(http://biocomp5.noble.org/psRNATarget/) [47] which
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can identify putative targets that may be regulated at
post-transcriptional or at translational levels. Mature
miRNA sequences were used as queries to search for
potential target mRNAs in the Glyecine max database
(DECI gene index release 15). The total scoring for an
alignment was calculated based on the miRNA length,
and the sequences were considered to be miRNA targets
if the total score were less than 3.0 points (mismatch =
1 and G:U = 0.5). Results from these analyses were indi-
vidually inspected on the Phytozome, where the loci and
protein annotation were obtained. In order to look for
evidences of the predicted targets of the novel identified
miRNA, we searched for the miRNA targets sites in the
soybean degradome libraries published by Song et al.
[31] available under NCBI-GEO accession njp.
GSE25260. Finally, all putative targets regulated by soy-
bean new miRNAs which were analyzed by RT-qPCR
were subjected to AgriGO database to investigate the
gene ontology [48].

Results

To identify miRNAs from soybean under water deficit
and rust stresses, we generated eight libraries of small
RNAs species. From these libraries, a total of 256 miR-
NAs ranged from 19 to 24 nt-long sequence sizes were
identified (Table 1). All pre-miRNA sequence candidates
that were selected by the parameters stipulated during
the miRNA prediction and those that had no more than
five matches on the soybean genome were folded using
the Mfold program. All miRNA sequences with the
respective precursor sequence originating at a hairpin
structure were submitted to the miRBase to determine if
they were a new or known miRNA. We separated the
results of these miRNAs according the following classes:
novel miRNAs belonging to miRNAs families never
detected before (29 miRNAs); new miRNAs belonging
to conserved miRNA families in other plants species
detected for the first time in soybean (15 miRNAs);
miRNAs belonging to conserved miRNA soybean
families (71 miRNAs); different isoforms of new and
known miRNAs (121 isoforms); and known miRNAs
already deposited into the miRBase database (20 miR-
NAs) (Table 1).
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Identification of novel miRNAs from soybean

A total of 29 new miRNAs belonging to 24 novel
families (Table 2) were identified by Solexa sequencing
in libraries from water deficit and rust infections of Gly-
cine max. These families were provisory nominated
Seq01 to Seq25 (Table 2). The precursor miRNA
sequences varied from 55 to 239 nt in length. Precursors
of these novel miRNAs were identified, and they formed
proper secondary hairpin structures, with MFEs ranging
from -16.50 to -153.80 kcal/mol (Additional file 1). The
most abundant mature miRNAs were 21 nt in length.
We also evaluated the genomic location of the new
miRNAs (Table 2). Of the 29 new miRNAs genes identi-
fied in soybean, around 86% (25) were located in inter-
genic regions and the rest were situated inside genes.
The mature miRNAs sequences were localized inside
the stem-loop sequence with almost half in each arm:
17 miRNAs were localized in the 3" arm and 12 miRNAs
were in the 5" arm. More than 63% of the pre-miRNA
sequences were in the same sense direction (+) as the
soybean genome annotation. For all 24 novel families
identified, four were compounded by miRNAs provided
from two loci, and we detected only one miRNA mem-
ber for the rest. Sense and anti-sense miRNAs were
detected only in one family, the Seql0, and both were
nominated according the arm localization (3p or 5p).
Most of the new mature miRNA sequences presented a
uracil (U) as their first nucleotide, which is in agreement
with previous results for soybean root sequences [26].

Identification of homologues miRNAs of other plant
species

To determine whether any of the miRNAs identified in
our libraries were conserved among other plant species,
we searched miRBase for homologues. Besides the novel
families identified, we also detected 15 miRNAs belong-
ing to six conserved families in other plants species
(Table 3). The families MIR170, MIR395, MIR397,
MIR408, MIR2118 and MIR3522 were detected for the
first time in soybean. For families MIR170 and
MIR3522, only a single locus was identified, and for
MIR408, three genes were found. In two families,
MIR408 and MIR2118, we detected sense and antisense

Table 1 The amount of different miRNA classes detected by high-throughput sequencing.

Class Size (nt) Total
19 20 21 22 23 24

Novel miBNAs 4 3 12 5 1 4 29

New miRNAs pertencing to conserved miRNAs families in other plants species 1 2 9 3 - - 15

Mew miRMAs icentified in conserved soybean miRMNAs families 1 7 52 9 2 - 71
lsoforms of new and known miRMAs 24 50 26 16 4 1 121

Known miBNAs 1 16 3 - - 0

mIRNAs detected 30 63 115 36 7 5 256

56



Kulcheski et al. BMC Genomics 2011, 12:307 Page 6 of 17
httpy//www.biomedcentral.com/1471-2164/12/307
Table 2 The novel soybean microRNA families determined from Solexa sequencing.
Sequence Code® Mature miRNA Pre-miRNA Regiclnb
Sequence Size (nt) Ch Start End Length (nt) Sense Arm
oma-MIR-Seq01 GGACAGUCUCAGGUAGACA 19 Gm04 30764003 30764171 169 ip Intergenic
gma-MIR-Seq03 UGAGAAAAGGAGGAUGUCA 19 Gm11 29821812 29821926 115 + ip intergenic
gma-MIR-Seql4a GCUGGAUGUCUUUGAAGGA 19 Gm08 46853906 46853991 86 + ip intergenic
oma-MIR-Sen04b GCUGGAUGUCUUUGAAGGA 19 Gm18 B1624611 61624680 80 3p intergenic
gma-MIR-Seg03 AACCCUCAAAGGCUUCCUAG 20 Gm18 B1626660 61626771 103 + 3p intergenic
gma-MIR-Seq06 AGUGGAACUUUGAGGCCUGC 20 GmO& 46848250 46848354 0 + ip intergenic
gma-MIR-5eq07 AAAUGACUUGAGAGGUGUAG 20 Gm01 44787890 44787988 90 + Sp intergenic
gma-MIR-Seq08 CUAAAGAUUGUCCAAAAGGAA 21 Gm14 6763304 6763456 153 + Sp intergenic
gma-MIR-5eq0¢ GUAGUGGAUGCCUAGAGGUCC 21 Gm18 B1655979 61656075 97 3p intergenic
gma-MIR-Seq10-5p UAGGAAUUAGUCACUCAGAUC 21 Gm15 31542836 31543058 223 + p intergenic
gma-MIR-Seq10-3p AUCUCAGUGACUAAJUUCUAG 21 Gm15 31542836 31543058 223 + ip intergenic
gma-MIR-Seq11 UUGUUCGAUAAAACUGUUGUG 21 Gm16 5744795 5744863 &9 3p intergenic
gma-MIR-Seq12 CUCUUGAUUCUAGAUGAUGU 21 Gm16 27653048 27653102 55 + ip Ccos
gma-MIR-Seq13 UGUUGCGGGUAUCUUUGCCUC 21 Gm04 28578972 28579075 104 Sp intergenic
gma-MIR-Seg14a UGAGAALUUGGCCUCUGUCC 21 Gm09 28264427 28264515 89 + 3p intergenic
gma-MIR-Sea14b UGAGAAUUUGGCOUCUGUCC 21 Gm09 28272488 28272562 75 + 3p intergenic
gma-MIR-Seqi5a UUAGAUUCACGCACAAACUUG 21 Gm02 1041996 1042084 89 + Efe] intergenic
gma-MIR-Seq15b UUAGAUUCACGCACAAACUUG 21 Gm10 1085223 1085322 100 + Efe] intergenic
gma-MIR-Seq16 UUAJAGUCUGACAUCUGGAAL 21 GmQ05 9279518 9279737 220 + Sp intergenic
gma-MIR-Seq17 CUAUAGAAGUACUUGUGGAGC 22 Gmi16 2916844 2917034 197 + 5p CDS/intronic
oma-MIR-Seq18 CUCAUUCCAAACAUCAUCUAA 22 Gm09 18565935 16566025 9 3p intergenic
gma-MIR-Seq19 UGAAGAUUUGAAGAAUUUGGGA 22 Gm15 18900161 16900327 167 + sp intronic
gma-MIR-Seq20 CAUCGUUGACGCUGACUGUACG 22 Gm04 35428794 35428950 157 Sp  5'UTR/intronic
gma-MIR-Seq21 CUGAAGGAUCGAUGUAGAAUGC 23 Gm02 39825520 39825641 122 3p intergenic
gma-MIR-Seqg22 CAUCUGAAGGAUAGAACACAUA 22 Gm09 20816467 29816705 239 ip intergenic
gma-MIR-Seq23 AGUUUCGUGACUACAACUUCUGAA 24 Gm15 168900193 16900294 102 ip intergenic
gma-MIR-5eq24 AUGAAAAUCAUUCAUUAUGAUAUC 24 Gm16 28536014 28536181 188 Efe] intergenic
gma-MIR-Seg25a  GAAAAUGAAUGAUGAGGAUGLGGA 24 Gm11 7787358 7787494 137 Efe] intergenic
* The number refers to a new family and the letter refers to the new gene in that family. & CDS: codon sequence,
Table 3 New Glycine max miRNA families conserved in other plants species.
Family Acronym miRNA Sequence Size (nt) Species
MIR170 gma-MIR170 UAUUGGCCUGGUUCACUCAGA 21 ath, aly
MIR395 gma-MIR3%5a CUGAAGUGUUUGGEGGGEAACUC 21 ath, pre, wvi, sy, rco, aly, csi, 034,
gma-MIR395b CUGAAGUGUUUGGEGGGAACUC 21 sbi, mtr, zma, tae, pab
gma-MIR395¢ CUGAAGUGUUUGEGGGAACUC 21
MIR397 gma-MIR3%7a UCAUUGAGUGCAGCGUUGAUG 21 ath, osa, ptc, bna, wi, sbi, bdi, rco,
gma-MIR357b CAUUGAGUGCAGCGUUGAUG 21 aly, csi, Zzma, pab, sy, Avu
MIR408 gma-MIR408a AJGCACUGCCUCUUCCCUGGEE 21 ath, pre, pra, vwi, ahy, aly, csi, osa,
gma-MIR408b-5p CUGGGAACAGGCAGGGCACG 20 sof, zma, ppt, sme,
gma-MIR408b-3p AUGCACUGCCUCUUCCCUGGC 21 tae, sbi, bdj, rco, agc
gma-MIR408c AJGCACUGCCUCUUCCCUGGEE 21
MIR2118 gma-MIR2118a-5p GGAGAUGGGAGGGUCGGUAAAG 22
gma-MIR2118a-3p UUGCCGAUUCCACCCAUUCCUA 22 pvG, gso, mir, 0sa, Zma
gma-MIR21180-5p GGAGAUGGGAGGGUCGGUAA 20
gma-MIR21180-3p UUGCCGAUUCCACCCAUUCCUA 22
MIR3522 gma-MIR3522a UGAGACCAAAUGAGCAGCUGA 21 gso

Arabidopsis lyrata (aly), Arabidopsis thaliana (ath), Brassica napus (bna), Ricinus communis (reo), Medicago truncatula (mtr), Phaseolus vulgaris (pvu), Arachis
hypogaea (ahy), Glycine soja (gso), Aquilegia coerulea (aqgc), Seleginella moellendorffii (smo), Physcomitrella patens (ppt), Pinus taeda (pta), Picea abies (pab), Populus
trichocarpa (pte), Citrus sinensis (csi), Vitis vinifera (wi), Solanum lycopersicum (sly), Brachypodium distachyon (bdil, Hordeum vulgare (hvu), Oryza sativa (osa),
Saccharum efficinarum (sof), Selaginella moellendorffii (sma), Serghum bicolor (sbi), Triticum aestivum (tae), and Zea mays (zma.
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miRNAs (Table 3). MIR170 was only conserved in Ara-
bidopsis lyrata and Arabidopsis thaliana. MIR408 was
found in more different plants species than the other
families. It was found in 17 species: Arabidopsis thali-
ana, Populus trichocarpa, Pinus taeda, Vitis vinifera,
Arachis hypogaea, Arabidopsis lyrata, Citrus sinensis,
Oryza sativa, Saccharum officinarum, Zea mays, Physco-
mitrella patens, Selaginella moellendorffii, Triticum aes-
tivim, Sorghum bicolor, Brachypodium distachyon,
Ricinus communis and Aquilegia coerulea (Table 3). We
observed two families (MIR2118 and MIR3522) to be
conserved between Glycine max and Glycine soja; how-
ever, we expect that more miRNA families could be
conserved between these species considering that they
are closely related. This low number is probably due to
Glycine soja showing fewer miRNAs identified to date.

Identification of conserved soybean miRNAs

To identify conserved soybean miRNAs, all 256
sequences were searched using BLASTn against the soy-
bean miRNAs in miRBase. We identified 22 families of
conserved soybean miRNAs in our libraries. Only 20
miRNA soybean genes that were registered in the miR-
Base were observed (indicated by the number five in
Table 1). From the remaining 71 miRNA genes, 12 were
miRNAs antisense (in the opposite arm) to the miRNAs
presents in miRBase (indicated as group four in Table
4), and 59 were new members detected from new loci of
known families (indicated by number three in Table 4).
Of the 12 miRNAs identified from the opposite strand
of previously known miRNAs, six were in the 5 arm
and six in the 3’arm. For the 59 new members of con-
served soybean families, 45 miRNAs were 21 nt in
length. The family with the largest number of new
miRNA genes (nine genes) was MIR319 (Table 4). Inter-
estingly, in family MIR166, we found three new mem-
bers with sense and antisense miRNAs. Also, in
MIR159, two new genes with sequences originated from
both the 3'and 5’arms were identified. One new gene
was detected in MIR169, MIR172, MIR396 and MIR482
with mature sequences originated from both the 3’and
5'arms (Table 4). Similar to the observation for the
novel soybean miRNAs (Table 2), the new genes in
these conserved soybean families were compounded for
a majority of mature miRNAs with a uracil as the first
nucleotide in the 5" end.

Identification of miRNAs isoforms

Isoforms of microRNAs (isomiRNAs) are a population
of known miRNA variants. They are caused by an
imprecise or alternative cleavage of Dicer during pre-
miRNA processing [10]. We detected numerous
miRNAs with additional nucleotides in the 5'or 3’ termi-
nus compared to the recorded mature miRNAs. As

Page 7 of 17

isomiRNAs were previously reported in soybean high-
throughput sequencing [31], we found 121 isomiRNAs
in our libraries (Table 5). These isoforms were observed
in 22 conserved miRNA families and in four novel
families. These miRNA isoforms occurred in both
strands from the 5 or 3’ arm. The conserved MIR1507a
and MIR1507b were found with the most isomiRNAs
detected (eight isoforms each). MIR1507a showed a var-
iation of three nucleotides in the 5’end and six nucleo-
tides in the 3’end, and MIR1507b showed a variation of
three and five nucleotides in the 5'and 3’ terminal region
respectively (Table 5). From the novel miRNAs identi-
fied, the MIR-Seq07 was the read with the most iso-
forms detected in our sequencing. This miRNA
presented a total of 14 different sequences with 14 vary-
ing nucleotides in both the 5'and 3’ ends from six fixed
nucleotides (Table 5). All isoforms and their respective
nominated mature miRNAs can be found in Additional
File 1.

Validation of miRNAs validation and expression profile by
RT-gPCR

The stem-loop RT-qPCR was used to validate and
measure the expression of the respective miRNAs:
MIR166a-5p, MIR166f, MIR169f-3p, MIR397ab,
MIR482bd-3p, MIR1513¢c, MIR4415b, MIR-Seq07, MIR-
Seqll, MIR-Seql3 and MIR-Seql5ab, detected by
Solexa sequencing. These miRNAs were validated in all
genotypes analyzed during dehydration and rust stress.
The relative expressions of these miRNAs in the same
eight conditions are shown in Figure 1.

Expression patterns of miRNAs during water deficit

To identify water deficit-responsive miRNAs, we com-
pared the expression profiles of the 11 miRNAs in both
genotypes before and after stress (Figure 1A). A set of
five different miRNAs (MIRIE6-5p, MIRI169f-3p,
MIRI513¢c, MIR397ab and MIR-Seq13) presented the
same behavior during the water deficit stress. These
miRNAs were commonly up-regulated during the stress
condition in the sensitive genotype, and the opposite
occur in the tolerant genotype, where they were down-
regulated during the water deficit. MIR-Segll and MIR-
Seql5 demonstrated a similar expression across the four
conditions. Water deficit significantly increased MIR-
Seqll and MIR-Seql5 expression in the roots compared
to the control condition in the sensitive genotype, but
both miRNAs did not vary in the tolerant plants.
MIRI166f had its level increased in the sensitive genotype
and decreased in the tolerant during the stress com-
pared to the control situation. Interestingly, both geno-
types presented the same level during the control
condition. In the sensitive plants, MIR-482bd-3p showed
a strong decrease when submitted to water deficit, being
this low level equally observed in the tolerant genotype
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Table 4 Families of conserved soybean miRNAs.
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Group? miRNA ID miRNA ID sequence Size(nt) Ch Start End Arm  Members registered in

miRBase

5 gma-MIR156d UUGACAGAAGAUAGAGAGCAC 21 Gm0g 3891365 3891489 5 a*b*c*d.etf*g*

3 gma-MIR156h UUGACAGAAGAUAGAGAGCAC 21 Gmo2 7812526 7812628 5

3 gma-MIR136i UUGACAGAAGAUAGAGAGCAC 21 GmOS 38621680 38621813 5

3 gma-MIR156 UUGACAGAAGAGAGUGAGCAC 21 Gmoé 4699149 46099240 5

3 gma-MIR156k UJUGACAGAAGAUAGAGAGCAC 21 Gm07 9347139 9347259 5

3 gma-MIR156l UJUGACAGAAGAUAGAGAGCAC 21 GmOg 37843750 378438564 5

3 gma-MIR136m UJUGACAGAAGAGAGUGAGCAC 21 Gm14 10664512 10664600 5

3 gma-MIR156n UJUGACAGAAGAGAGUGAGCAC 21 Gm17 37759446 37759535 5

5 gma-MIR158z-3p UUUGGAUUGAAGGGAGCUCUA 21 Gm09 37672410 37672586 ey a(3)b(3),c*d*

4 gma-MIR15%9a-5p GAGCUCCUUGAAGUCCAAUUG 21 GmOg 37672410 37672586 5

5 gma-MIR158b-3p AUUGGAGUGAAGGGAGCUCCA 21 Gm07 5385107 5386292 ¥

4 gma-MIR1580-5p GAGUUCCCUGCACUCCAAGUC 21 Gmo07 5388107 5386292 5

3 gma-MIR15%e-3p UUUGGAUUGAAGGGAGCUCUA 21 Gm07 9524917 9525127 3

3 gma-MIR15%e-5p GAGCUCCUUGAAGUCCAAUU 20 Gmo7 9524917 9525127 5

3 gma-MIR159f-3p AUUGGAGUGAAGGGAGCUCCA 21 Gm1é 2794128 2794307 ¥

E] gma-MIR159f-5p GAGUUCCCUGCACUCCAAGUC 21 Gm1e 2794128 2794307 5

5 gma-MIR162a UCGAUAAACCUCUGCAUCCAG 21 Gm0& 20176238 20176339 ¥ 2

3 gma-MIR162b UCGAUAAACCUCUGCAUCCAG 21 Gmos 7692594 7692698 ¥

3 gma-MIR162c UCGAUAAACCUCUGCAUCCAG 21 Gm17 10181489 10181607 3

5 gma-MIR166a-3p UCGGACCAGGCUUCAUUCCCC 21 Gm1é 1912570 1912715 ¥ a3

4 gma-MIR166a-5p GGAAUGUUGUCUGGLUCGAGG 21 Gm1e 1912570 1812715 5

3 gma-MIR166c-3p UCGGACCAGGCUUCAUUCCCC 21 Gm02 14340767 143408583 ¥

E] gma-MIR166¢c-5p GGAAUGUCGUCUGGUUCGAG 20 GmO2 14340767 14340863 5

3 gma-MIR166d-3p UCGGACCAGGCUUCALUCCCG 21 GmO8 14990547 14930731 ¥

3 gma-MIR166d-5p GGAAUGUUGUUUGGECUCGAGG 21 Gm08 14990547 14990731 5

3 gma-MIR166e-3p UCGGACCAGGCUUCAUUCCCG 21 Gm15 3688764 3688931 ¥

3 gma-MIR166e-5p GGAAUGUUGUUUGGECUCGAGG 21 Gm1s 3688764 3688931 5

E] grna-MIR166f UCUCGGACCAGGCUUCAUUCC 21 Gm20 43105384 43105500 ¥

5 gma-MIR167¢c UGAAGCUGCCAGCAUGAUCUG 21 Gm07 39778512 39778886 5 a*b* cd* et g*

3 gma-MIR167h UGAAGCUGCCAGCAUGAUCUG 21 Gm20 44765096 44765173 5

5 gma-MIR168a UCGCUUGGUGCAGGUCGGGAA 21 Gm0%9 41353226 42353350 5 2

3 gma-MIR1680b UCGCUUGGUGCAGGUCGGGAA 21 GmO1 48070311 48070420 5

5 gma-MIR169a CAGCCAAGGAUGACUUGCCGGE 21 GmOg 35771804 35771924 5 apb*c*d*e*

3 gma-MIR169f-3p UUUCGACGAGUUGUUCUUGGC 21 Gm02 46876643 46876727 3

3 gma-MIR169f-5p UJAGCCAAGAAUGACUUGCCGG 21 Gm02 46876643 46876727 5

3 gma-MIR169g CAGCCAAGAAUGACUUGCCGG 21 Gm0g 5263992 5264096 5

3 gma-MIR165h CAGCCAAGAAUGACUUGCCGE 21 Gm14 5324798 5324911 5

3 gma-MIR169i CAGCCAAGGAUGACUUGCCGE 21 Gm10 40332790 40332926 5

3 gma-MIR169j CAGCCAAGGAUGACUUGCCGG 21 Gm13 368563 368441 5

3 gma-MIR169k CAGCCAAGGGUGAUUUGCCGEG 21 Gm15s 14150069 14150183 5

3 gma-MIR168 CAGCCAAGGAUGACUUGLCGG 21 Gm17 4861963 4861816 5

3 gma-MIR171d UUGAGCCGUGCCAAUAUCALCG 21 Gm06 48920631 48920715 3 a%b*c*

3 gma-MIR171e CGAUGUUGGUGAGGUUCAALC 21 Gm13 28271135 28271232 5

3 grma-MIR171f CGAUGUUGGUGAGGUUCAALC 21 Gm17 9101701 9101798 ¥

4 gma-MIR1720-5p GUAGCAUCAUCAAGAUUCAC 20 Gm13 40401688 40401809 5 b3 cdrerfr

5 gma-MIR172¢c GGAAUCUUGAUGAUGCUGCAG 21 Gm18 2968986 2969138 3

3 gma-MIR172g GCAGCACCAUCAAGAUUCAC 20 Gm10 31592576 313592689 5

3 gma-MIR172h-3p AGAAUCUUGAUGAUGCUGCAU 21 G0 43474735 43474831 3

3 gma-MIR172h-5p GCAGCAGCAUCAAGAUUCACA 21 G0 43474725 43474837 5

3 gma-MIR172i GCAGCAGCAUCAAGAUUCACA 21 Gm15 2892952 28093122 5
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Table 4 Families of conserved soybean miRNAs. (Continued)

Page 9 of 17

3 gma-MIR172j GCAGCAGCAUCAAGAUUCACA 21 Gm20 40895747 40895836 5

3 gma-MIR315d UUGGACUGAAGGGAGCUCCUUC 22 Gm0O2 43885398 43885595 3 a%b*c*
3 gma-MIR319e UUGGACUGAAGGLAGCUCCCU 21 Gm02 45704227 45704412 el

3 gma-MIR315F UUGGACUGAAGGGGAGCUCCUUC 23 Gm0O4 48348798 46348997 3

3 gma-MIR319g UUGGACUGAAGGGAGCUCCCU 21 Gm11 1374020 1374198 3

3 gma-MIR319h UUGGACUGAAGGLAGCUCCCU 21 Gm11 32902062 32902247 3

3 gma-MIR31Gi UUGGACUGAAGGLAGCUCCCU 21 Gm14 47959350 47959535 3

3 gma-MIR319j UUGGACUGAAGGEAGCUCCUUC 22 Gmi14 45953433 45053649 3

3 gma-MIR3 19k UUGGACUGAAGGEAGCUCCUUC 22 Gm17 9436178 9436279 3

3 gma-MIR3 18I UUGGACUGAAGGLAGCUCCCU 21 Gm18 4278883 4279072 £l

4 gma-MIR396a-3p UUCAAUAAAGCUGUGGGAAG 20 Gm13 26338134 26338273 3 80(5),cdi3)e*
5 gma-MIR396a-5p UUCCACAGCUUUCUUGAACUG 21 Gm13 26338134 26338273 5

4 gma-MIR396b-3p GCUCAAGAAAGCUGUGGGAGA 21 Gm13 26329931 26330056 3

5 gma-MIR396b-5p UUCCACAGCUUUCUUGAACUU 21 Gm13 26329931 26330056 5

5 gma-MIR396c UUCCACAGCUUUCUUGAACUU 21 Gm13 43804777 43804893 5

4 gma-MIR396a-5p UUCCACAGCUUUCUUGAACUU 21 Gm17 8053051 9053155 5

3 gma-MIR3967 UCCACAGCUUUCUUGAACUG 20 Gm14 13971419 13971566 5

3 gma-MIR3%6g UUCCACAGCUUUCUUGAACUU 21 Gmi1s 556707 556796 5

3 gma-MIR396h-3p GUUCAAUAAAGCUGUGGGAAG 21 Gm17 9044850 9044984 3

3 gma-MIR396h-5p UUCCACAGCUUUCUUGAACUG 21 Gm17 9044850 9044984 5

4 gma-MIR482b-3p CUUCCCUACACCUCCCAUACC 22 Gm20 35360312 35360406 £l g b(5)
5 gma-MIR482b-5p UAUGGGGGCAUUGGGAAGGAAU 22 Gm20 35360312 35360406 5

3 oma-MIR482c AUUUGUGGGAAUGGGCUGAUUGG 23 Gm18 61452904 61453003 5

3 gma-MIR482a-3p CUUCCCUACACCUCCCAUACC 22 Gm10 48569629 48369723 £l

3 gma-MIR482a-5p UAUGGGGGGAUUGGGAAGGAAU 22 Gm10 48569629 48369723 5

5 gma-MIR1507a CUCAUUCCAUACAUCGUCUGA 22 Gm13 235849777 25849883 3 ab
5 gma-MIR1507b CUCAUUCCAUACAUCGUCUG 21 Gm17 6190604 6190701 £l

5 gma-MIR1508b UACGAAAGGLAAAUAGCAGUUG 21 Gm09 28530168 28530271 3 a*b
5 gma-MIR1509a UUAAUCAAGGAAAUCACGRUCG 22 Gm17 10099759 10099869 5 a b*
4 gma-MIR1510b AGGGAUAGGUAAAACAACUACU 22 Gm02 6599299  £599392 5 & b(3)
5 gma-MIR1510b UGUUGUUUUACCUAUUCCACC 21 Gm02 6599299  £599392 3

3 gma-MIR1512b UAACUGGAAAUUCUUAAAGCAU 22 Gm02 B61BAESZ  BAIBTAI 5 a”
5 gma-MIR1513a UGAGAGAAAGCCAUGACUUAC 21 GmO7 43245809 43245907 5 a
3 gma-MIR1513b UAUGAGAGAAAGCCAUGAC 19 Gm17 1401433 1401523 5

3 gma-MIR1513c AAAGCCAUGACUUACACACGC 21 Gmz0 223679 223766 el

4 gma-MIR210%a GGAGGCGUAGAUACUCACACC 22 Gm04 28532441 28532537 3 a5
4 gma-MIR4376z2-3p AGCAUCAUAUCUCCUGCAUAG 21 Gm13 40845925 40845034 3 a5y
5 gma-MR4413a AAGAGAAUUGUAAGUCACUG 20 Gm19 1788518 1788617 5 a
3 gma-MIR4413b UAAGAGAAUUGUAAGUCACU 20 Gm13 5170460 5170527 5

4 gma-MIR44135a-3p UUGAUUCUCAUCACAACAUGG 21 Gm18 60474198 60474369 3 a5
3 gma-MIR4415b UUGAUUCUCAUCACAACAUGG 21 GmO08 23142767 23142022 3

# The group number refers to: (3) the new miRNAs identified in the conserved soybean miRNAs families; (4) miRMAs originated from the opposite arm of miRNAs
previously identified; and (5) miRMNAs registerad in the miRBase that were detected in our libraries. & = miRNAs registered in the miRBase database that were not

detected in our libraries.

during the control condition and decreasing when sub-
jected to stress. MIR4415b presented an effective rise in
its expression level during the water deficit in the sensi-
tive plants, and its high level was also observed in the
tolerant genotype independent of the condition. Both
sensitive and tolerant genotype exhibited the same

expression pattern for MIR-Seq07 and its level was
increased during the stress compared to the control
situation.

Expression patterns of miRNAs during soybean rust stress
The RT-qPCR analyses of four libraries from the rust
assays are shown in Figure 1B. The differential
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Table 5 miRNA isoforms identified in the soybean.
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Group? Acronym Sequence” N isos® Pre-miRNA
Ch Start End

5 gma-MIR156g +2/ACAGAAGATAGAGAGCAC/+2 2 Gm19 8895390 8805493
5 gma-MIR158a-3p +2/TGGATTGAAGGGAGCTCT/+1 4 Gm09 37672410 37672586
4 gma-MIR155a-5p GAGCTCCTTGAAGTCCAATT/+1 2 Gm0g 37672410 37672586
3 gma-MIR15%e-3p +2/TGGATTGAAGGGAGCTC/+2 5 Gm07 8524917 8525127
3 gma-MIR166f TCTCGGACCAGGCTTCATTC 1 2 Gm20 43105354 43105500
5 gma-MIR167g TGAAGCTGCCAGCATGATCTG/+1 2 Gm10 39044877 30044654
3 gma-MIR169g +1/AGCCAAGAATGACTTGCCGG 2 Gmog 5263992 5264096
3 gma-MIR16h +1/AGCCAAGAATGACTTGCCGG 2 Gmi4 5324798 5324911

5 gma-MIR172c +1/GAATCTTGATGATGCTGCAG 2 Gm18 2968986 2969138
5 gma-MIR172d +1/GAATCTTGATGATGCTGCAG/+3 3 Gmi4 5548752 5548001

5 gma-MIR172e +1/GAATCTTGATGATGCTGCAG/+3 3 Gm11 35057808 35957960
3 gma-MIR172h-5p GCAGCAGCATCAAGATTCAC/+1 2 Gm10 43474725 434748317
3 gma-MIR172i GCAGCAGCATCAAGATTCAC/+1 2 Gm15 28920962 2803122
3 ogma-MIR172 GCAGCAGCATCAAGATTCAC/+1 2 Gm20 408095747 408095836
5 gma-MIR319a TTGGACTGAAGGGAGCTCCL/+1 2 Gm03s 40832097 40832279
5 gma-MIR318b TTGGACTGAAGGGAGCTCCC/+1 2 Gm08 1647815 1647987
3 gma-MIR318d +2/GGACTGAAGGGAGCTCCTTC 2 Gm02 43885398 43885595
3 gma-MIR319f +1/TGGACTGAAGGGGAGCTCCTTC 2 Gmo4 45348798 45348997
3 gma-MIR3 19 +2/GGACTGAAGGGAGCTCCTTC 2 Gmi4 45553433 45053640
3 gma-miR319k +2/GGACTGAAGGGAGCTCCTTC 2 Gm17 9436178 9436279
4 gma-MIR396a-3p +1/TTCAATAAAGCTGTGGGA/+2 3 Gm13 26338134 26338273
5 gma-MIR396a-5p +1/TCCACAGCTTTCTTGAACTG 2 Gm13 26338134 26338273
4 gma-MIR3960-3p +1/CTCAAGAAAGCTGTGGGAGA 2 Gm13 26329931 26330056
5 gma-MIR396d-3p +4/AAGAAAGCTGTGGGAGA/+7 3 Gm17 9053051 9053155
4 gma-MIR396d-5p TTCCACAGCTTTCTTGAACT/+1 2 Gm17 9053051 9053155
5 gma-MIR396e +1/TCCACAGCTTTCTTGAACT/+2 4 Gm17 35366535 35366668
3 gma-MIR3%96g TTCCACAGCTTTCTTGAACT/+1 2 Gm1s 558707 556796

3 gma-MIR396h-3p +1/TTCAATAAAGCTGTGGGAM+2 3 Gm17 5044851 G044873
3 gma-MIR396h-5p +1/TCCACAGCTTTCTTGAACT/+1 3 Gm17 8044850 G044084
5 gma-MIR482a-5p +12/AATGGGCTGATTGG/+5 5 Gm01 7783819 7783613
5 gma-MIR482b-5p +1/ATGGGGEGEATTGGGEAAGGA/+2 4 Gm20 35360312 35360406
3 gma-MIR482d-5p TATGGGGGGATTGGGAAGGA/+2 3 Gm10 48560629 48569723
5 gma-MIR1507a +3/CATTCCATACATCGTC/+6 8 Gm13 25849777 25849883
5 gma-MIR1507b +3/CATTCCATACATCGTC/+5 8 Gm17 6190604 6190701

5 gma-MIR1508a +4/GAAAGGGAAATAGCAGT/+2 6 Gm1é 32003737 32903831
5 gma-MIR1508b +2/GAAAGGGAAATAGCAGTTG 3 GmOg 28530168 28530271
5 gma-MIR1508b TTAATCAAGGAAATCACGGTT/+1 2 GmO5 7774008 7774206
5 gma-MIR1510a +3/TTGTTTTACCTATTCCA/+6 7 Gm1é 31518908 31519000
5 gma-MIR15100-3p TGTTGTTTTACCTATTCCA/+3 4 GmO2 6599299 6599392
4 gma-MIR1510b-5p +3/GATAGGTAAAACAACTA/+2 5 Gm0z2 6599299 6599392
5 gma-MIR1511 AACCAGGCTCTGATACCATG/+1 2 Gm18 21181236 21161334
5 gma-MIR1514a TTCATTTTTAAAATAGGCATT/+1 2 Gmo7 43175810 43175908
5 gma-MIR1523 +1/ATGGGATAAATGTGAGCTC/+1 2 Gmo2 12253303 12253397
5 gma-MIR2109a-5p TGCGAGTGTCTTCGCCTCTG/ +1 2 Gmo4 28532447 28532537
4 gma-MIR2109a-3p +2/AGGCGTAGATACTCACAC/ +2 4 Gmo4 28532447 28532537
5 gma-MIR4345 +9/ACTTACAAAGAT/+12 3 Gm14 49069099 49069193
5 gma-IMIR4413a +1/AAGAGAATTGTAAGTCACT/+1 3 Gm19 1783518 1788617
3 gma-MIRSeq07 +14/GACTTIG/+14 14 GmO1 44787899 44787088
3 gma-MIRSeq14b +2/AGAATTTGGCCTCTGTCCA 2 GmOg 28272488 28272562
3 gma-MIRSeq10-3p +20/G/+20 4 Gm15 31542836 31543058
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Table 5 miRNA isoforms identified in the soybean. (Continued)

3 gma-MIRSeq20 CATCGTTGACGCTCGACTGT/+3 2 Gm04 35428794 35428550
2 gma-MIR408a +1/TQCACTGCCTCTTCCCTGRC 2 Gmoz2 837416 837548
2 grna-MIR408¢c +1/TGCACTGCCTCTTCCCTGEGC 2 Gm10 36557005 36557130
2 gma-MIR2218a-5p GGAGATGGGAGGGTCGETAA/M+2 2 Gm10 485747 48574137
2 gma-MIR3522a +8/AGACCAAATGACC/+6 4 Gm15 4318787 4318873

# The group number refers to: (2) the miRNAs previously identified in other plant species as described in Table 2; (3) the new miRNAs identified in the families of
conserved miRNAS in soybean; (4) miRNAs originated from the opposite arm of miRNAs previously identified; and (5) miRNAs registered in the miRBase database
that were detected in our libraries, © Sequence conserved between all isoforms and the number of nucleotide variations in each end. © Total number of isoforms
lisos) including the typical member for that gene.
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Figure 1 Effects of biotic and abiotic stresses on miRNA relative expression evaluated by RT-qPCR. A) Comparative analyses of four
libraries from the water deficit experiment. For the water deficit-stress assay, the four libraries were named as: DSRC (drought-sensitive seedlings
root submitted to 0 minutes of stress); DSRT (drought-sensitive seedlings root submitted to 125 minutes and 150 minutes of stress); DTRC
{drought-tolerant seedlings root submitted to 0 minutes of stress) and DTRT (drought-tolerant seedlings root submitted to 125 minutes and 150
minutes of stress). B) Comparative analyses of four libraries from the rust infection experiment. For the rust-stress assay, the four libraries were
named as: RSLC (rust-susceptible seedlings leaves mock inoculaticn); RSLI (rust-susceptible seedlings leaves with rust-speore inoculation); RRLC
(rust-resistant seedlings leaves with mock inoculation) and RRLT (rust-resistant seedlings leaves with rust-spore inoculation). Samples that
significantly differs (P < 0.05) according to a Students t-test statistical analysis, were label as: ™" effective differences between cultivars in control
conditions; "a” effective differences between control and stressed conditions for sensitive or susceptible plants; "b" effective differences between
control and stressed conditions for tolerant or resistant plants and "1" when an effective difference was also observed between sensitive or
susceptible and tolerant or resistant under stress conditions.
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expression analyses revealed that MIRI66a-5p, MIRIGGf,
MIRI169-3p, MIR397ab and MIR-Seql3 were dow-regu-
lated in the susceptible genotype during pathogen infec-
tion, and equally expressed in the resistant plants. The
level of MIR482bd-3p did not vary significantly between
the two different conditions in the susceptible. However
in the resistant genotype, its level is higher during the
control condition and decrease with the pathogen
attack. MIR1513c presented unchangeable expression in
the control and stressed condition for both genotypes,
but when we compared the two genotypes; the resistant
was down-regulated compared to the susceptible. A
strong decrease was observed for MIR4415b in the rust
infection when compared with the control in the sus-
ceptible plants, and its level is higher in the resistant
genotype showing no expression alteration between the
conditions. MIR-Seq07 was down-regulated with respect
to the soybean rust infection in both genotypes. Signifi-
cant difference was observed in MIR-Seqll expression
between the mock and infected plants from the suscep-
tible genotypes. This miRNA presented a low expression
level after rust inoculation, and its level decreased in the
resistant genotypes remaining similar in the both condi-
tions. MIR-SeqlSab expression level was significantly
decreased in the rust compared to the mock treatment
in the susceptible genotype, the opposite occurs in the
resistant genotype, when the control showed a lower
level of expression compared to the stressed condition.

Target prediction of the soybean miRNAs

MiRNAs suppress gene expression by inhibiting transla-
tion, promoting mRNA decay or both [9]. Target gene
identification is challenging due to many factors includ-
ing the following: binding to their target mRNAs by par-
tial complementarity over a short sequence, suppression
of an individual target genes is often small, and targeting
rules are not completely understood. We predicted the
potential miRNAs targets in the psRNA database using
all identified miRNAs as queries. The results of the ana-
lysis were divided into two tables, showing the targets
predicted for the novel (Table 6) and for the conserved
miRNAs families (Additional file 2).

Among the 24 novel identified miRNAs families, only
14 families had targets predicted (Table 6). The miRNAs
families MIR-Seq01, MIR-Seq03, MIR-Seq06, MIR-
Seq07, MIR-Seq08, MIR-Seql2 and MIR-Seql3 had
multiple distinct targets. MIR-Seql0, MIR-Seql5 and
MIR-Seql8 targeted only one locus. Although, MIR-
Seq05, MIR-Seqll, MIR-Seqlé and MIR-Seql9 pre-
sented several loci as targets, all of them are coding for
the same proteins. Fructose-bisphosphate aldolase, LRR
(leucine-rich-repetitions)-containing proteins, translation
elongation factor were predicted to be potential targets
of the novel MIR-Seq07 which was investigated by RT-
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qPCR. The search for a target of the novel MIR-Seqll,
also analyzed by RT-qPCR, showed a match to Glycine
max peroxidase precursors mRNAs as potential targets.
The oxidoreductase and a transcription regulator factor
were predicted to be targeted by MIR-Seq13; and for
the MIR-Seql5 only a translation initiator factor was
predicted as a target.

After a comparative analysis of our novel identified
miRNAs and the degradome libraries of developing soy-
bean seeds it was possible to identify specific sequences
in the degradome that corresponds to the downstream
sequence of the predicted miRNA recognition site. We
identified target sequences to six among the 24 novel
soybean miRNAs (MIR-Seq01, MIR-Seq 06, MIR-Seq07,
MIR-Seql1, MIR-Seq12 and MIR-Seql6). The list of the
10 identified genes is composed by a glucosyl transfer-
ase, serine carboxypeptidase, fructose biphosphate aldo-
lase, three leucine-rich repeat protein, two peroxidases
and two ATP dependent RNA helicases (Additional file
3).

Although many soybean conserved miRNAs targets
have been predicted and validated by previous studies
[26,27,30,31], we also investigated the possible targets
for the 28 known families of miRNAs detected in our
sequencing. Of these, only 21 families had predicted tar-
gets and they are listed in the Additional file 2. The
conserved miRNA families showed multiples targets,
however families MIR156, MIR172, MIR396, MIR397,
MIR1510 and MIR1513 were highly conserved about
their targets. For example, all members from the
MIR156 family (which had a predicted target) targeted
SBP (squamosa promoter binding)-domain protein. AP
(2) APETALA 2 transcription factors were targeted by
MIR172 family. The same occur with MIR396, MIR397,
MIR1510 and MIR1513 families that targeted various
genes families as GRF (growth regulating factor) tran-
scription factor, multicopper oxidases, LRR (leucine-
rich-repetitions)-contzining proteins and F-BOX domain
proteins respectively. These results were already
observed across several plant species (except for
MIR1510 and MIR1513) [25,49-53].

Gene Ontology analysis

The targets of those miRNAs which the expression was
analyzed by RT-qPCR were also investigated in respect
to their gene ontology (GO) [48]. Among the 11
miRNA genes, six presented target predictions, which
were: MIR397ab, MIR1513c, MIR-Seq07, MIR-Seql1,
MIR-Seq13 and MIR-Seql5ab. The putative soybean
miRNAs targets presented diverse functions, however
the most representative group was the proteins involved
in oxidoreductase activity followed by the proteins
involved in the catabolic process (Figure 2). The result
demonstrates that more than 76% of the target proteins
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Table 6 Predicted Glycine max mRNA targets for the novel miRNAs.
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miRNA ID

Locus target®

Target description®

miRNA/mMRNA pairing®

gma-MIR-Seq01

gma-MIR-5eq03

gma-MIR-Seq05

gma-MIR-5eq06

gma-MIR-5eq07

gma-MIR-Seq08

gma-MIR-Seqg10

gma-MIR-Seg11

gma-MIR-Seq12

gma-MIR-Seq13

gma-MIR-5eq15
gma-MIR-Seq16

gma-MIR-Seq 18
gma-MIR-5eq 19

Glyma13g01620
Glymal4g35220
Glyma15g00330
Glyma08g22900
Glyma07g03200
Glyma05g33790
Glyma04g00810
Glymal1g34320
Glymal0g06740
Glyma07g18570
Glyma01g29190
Glyma18g43460
Glymad8g37480
Glymal6g26070
Glymal4g01020
Glyma16g05500
Glyma19g27280
Glyma19g07240
Glymal4g23860
Glyma13g03430
Glyma01g20670
Glymal4g09770
Glymal5g13500
Glyma09g02600
Glyma08g20670
Glyma07g01260
Glyma20g 16950
Glyma10g23470
Glyma19g35390
Glyma03g32640
Glyma02g26160
Glymal0g31690
Glyma20g02820
Glyma17g20860
Glyma05g09440
Glymal1g21200
Glyma15g37290
Glyma09g34200

glucuronosyl/glucosyl transferase
glucuronosyl/glucosyl transferase
GTPase-activating protein
LRR-containing proteins
LRR-containing proteins
methyliransferase
EF-hand-containing proteins
EF-hand-containing proteins
Triosephosphate isomerase
pyruvate decarboxylase
pyruvate decarboxylase
pyruvate decarboxylase
mr transcription factor
serine carpoxypeptidase
fructose-bisphosphate aldolase
LRR-containing proteins
LRR-containing proteins
translation elongation factor
oxidoreductase activity
oxidoreductase activity
nucleortide excision repair factor
it oxoglutarate/malate carrier
peroxidase activity
peroxidase activity
ATP-dependent RNA helicase
ATP-dependent RNA helicase
predicted zalpha/beta hydrolase
predicted zalpha/beta hydrolase
serine/threcnine protein kinase
serine/threcnine protein kinase
oxidoreductase activity
transcription regulator activity
translation initiation factor
LRR-containing proteins
LRR-containing proteins
LRR-containing proteins
LRR-containing proteins
LRR-containing proteins

2 The Data from Phytozome version 6.0. © Pairing obtained in psRMATarget Server:

indicates a mismatch.

o

indicates a Watson-Crick base pairing; %" is a G:U base pairing, and "

are involved in oxidoreductase activity is consistent with
the fact that some of the miRNAs libraries are origi-
nated from stressed plants. A consequence of many
environmental stresses - including water deficit and
pathogen attack - is a oxidative stress, i. e. the accumu-
lation of reactive oxygen species (ROS), which damage
cellular structures [49,54]. As miRNAs MIR397, MIR-
Seqll and MIR-Seql3 were predicted to match proteins
with oxidative activity, they may act in some level of
regulation during water deficit or ASR stress.

Discussion

The use of deep-sequencing technology was efficient to
identify 256 miRNAs of Glycine max. These miRNAs
were identified from eight different libraries from pre-
cursors with stem-loop secondary structures that also
map to the soybean genome (Additional file 1). They
were detected from water deficit and rust libraries and
were characterized as following: detected for the first
time, already detected in some plant species, conserved
in soybean, or a variant of a known miRNA (isoform).
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Figure 2 Go analysis of miRNAs target genes. Blue bars indicate the enrichment of miRNA targets in GO terms. Green bars Indicate the
percentage of total annotated soybean genes mapping GO terms. Only the predicted target genes for miRNAs analyzed by RT-gPCR were

From these analyses, we found 24 novel families that
had not been detected before, six families that had
already been detected in Coniferophytes, Embryophytes
and Magnoliophytes (dicotyledons and monocotyle-
dons), and 22 conserved soybean families. In terms of
conserved soybean miRNAs, we only detected 20 known
miRNAs in our sequencing. This small number of
known miRNA genes detected in our libraries could be
due to the two filters used in our processing. These fil-
ters may have missed some known, conserved soybean
miRNAs because they discarded reads with low fre-
quency and those with more than five matches in the
genome.

We detected 121 miRNAs with additional nucleotides
in the 3’ or 5’ terminus compared to the recorded
mature miRNA, These miRNA variants (isomiRNAs)
were very common in our population of small, detected
RNAs. Out of the isomiRNAs, we observed 21 pairs of
sense and antisense miRNAs. The duplex presents the
antisense strand paired to the corresponding miRNA
with two nucleotides 3’ overhangs (Additional file 1).
This shows that the sense and antisense miRNAs

originated from DCL1 processing and supports their
validation as true miRNAs [26,55,56].

In addition, we validated the conserved miRNAs in
our libraries based on homology to known miRNAs in
miRBase. The phylogenetic conservation of miRNA
sequences is one rule proposed by Ambros et al. [7] to
characterize miRNAs. In this study, we established new
miRNAs in soybean that were already detected in other
plants species. However, as opposed to some studies
that only blast the candidate to the known miRNA
mature sequence, our identifications were determined
by precursor sequence folding and verification of the
genuine hairpin structures.

The complexity of the plant response to biotic and
abiotic stresses involves many genes and biochemical
and molecular mechanisms, and adaptation to these
stresses is achieved through regulating gene expression
at the transcriptional and post-transcriptional levels.
With regard to post-transcriptional regulation, miRNAs
are associated with water deficit response in others
plants, but this was the first time that differential
expression of these small RNAs were observed in
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soybean during water deficit. In order to validate 11 of
the novel miRNAs detected in sequencing by the RT-
qPCR method, we constructed primers stem-loop and
analyzed their expression during abiotic and biotic stres-
ses (Figure 1). We observed that several miRNAs were
up-regulated during the water deficit in the sensitive
genotype (Figure 1A). However, during the same stress,
these miRNAs had a different expression in the tolerant
genotype. This distinct miRNAs behavior between the
two contrasting genotypes under the same conditions
could be involved with the drought-tolerance that is
observed in the tolerant genotype. One of these miRNAs
with this expression pattern is the new MIR-Seqll.
Interestingly, MIR-Seqll was predicted to target peroxi-
dase protein. As known, stress conditions can produce
excess concentrations of reactive oxygen species (ROS),
resulting in oxidative damage at the cellular level [57].
The increase of this miRNA in the sensitive genotype,
when subjected to water deficit, could be one of the fac-
tors associated with vulnerability of these sensitive
plants. Whereas in tolerant genotype during the two
conditions, the expression levels of MIR-Seqll are
lower than in the sensitive cultivar during stress. This
situation could indicate that the unchangeable MIR-
Seql1 levels in the tolerant genotype may be related to
its drought-tolerance capacity.

Another interesting point is the expression of a novel
miRNA MIR-Seq07 that showed increased expression
levels during the water deficit stress for both genotypes.
This result allows us to associate this miRNA with
water deficit stress mechanism independently of the
genotype background. Our computational approach
showed that one of the loci targeted by MIR-Seq07 cor-
responds to a fructose-bipfosphato-aldolase enzyme
which is a constituent of both the glycolytic/gluconeo-
genic pathway and the pentose phosphate cycle in plants
[58]. Therefore increase and/or activation of aldolase
appear to be implicated in the plant growth mainly
through promotion of the glycolytic pathway function to
synthesize ATP [58]. Since, MIR-5eq07 expression was
increased during the stress condition in both genotypes
and assuming that it can inhibit or degrade aldolases, it
could be associated to metabolism decreasing during
water deficit in roots.

Plants possess several adaptive traits to support patho-
gen attacks. In Glycine max, ASR is responsible for sig-
nificant losses in soybean growth areas. Nevertheless, no
study investigating miRNAs and ASR disease had been
preformed to date. To determine if miRNAs act as key
factors during rust infection or for resistance mainte-
nance, we performed expression analyses with the same
11 miRNAs during mock and infected conditions in two
different genotypes (Figure 1B). In general the miRNAs
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under the fungus infection were down-regulated in the
susceptible genotype (except MIR482bd-3p). For exam-
ple, MIR-Seqll, MIR-Seql3 and MIR-Seql5 which had
predicted peroxidases, oxidoreductases and translational
initiation factor respectively as targets proteins, were
down regulated when infected with ASR. The peroxi-
dases enzymes help to metabolize H,0, in higher plants,
and these proteins, as also others proteins with oxidore-
ductase activity, have already been reported to be up-
regulated after pathogen infection and especially after
ASR [57], indicating a possible involvement of MIR-
Seqll and MIR-Seql3 with the responses to ASR infec-
tion. Considering, that a translational initiator factor
was predicted to be targeted by MIR-Seql5, we could
speculate about the participation of this miRNA in the
protein synthesis machinery.

In the resistant plants, most of the miRNAs analyzed
by RT-gPCR (except MIR482bd-3p, MIR-Seq07, MIR-
Seql5ab) did not vary across the mock and rust infec-
tion. Surprisingly, MIR-Seq07 was the unique miRNA
that was down-regulated during the fungi infection for
both genotypes analyzed in our study. We already men-
tioned that the MIR-Seq07 had predicted protein target
related to metabolism and thus its possible association
with water stress. However MIR-Seq07 also had pre-
dicted LRRs (leucine-rich repeats)-domain target which
are known to be present in disease resistance proteins
[59,60]. This suggested a good candidate for the investi-
gation of the miRNAs’ regulatory mechanisms during
ASR stress. Although we investigated the expression
patterns of some miRNAs detected in our sequencing
and predicted the target genes that it regulates, addi-
tional experimental approaches must be addressed to
confirm these hypotheses.

Conclusions

The present study detected a large number of small
RNA sequences that were characterized as novel and as
already known soybean miRNAs. We grouped some of
these unique sequences into 24 novel soybean miRNAs
and further classified several of new members in known
families or as new loci in the soybean genome. Valida-
tion of new miRNA with quantitative RT-qPCR revealed
that Solexa sequencing is a powerful tool for miRNA
discovery. Many miRNA expression patterns were up-
or down-regulated by water deficit and rust stresses,
which is an important discovery. Future investigations
should use supplementary experimental approaches to
verify the targets and to understand the complex gene
regulatory network of these miRNAs. This work will
contribute to improve systems to support soybean crop
production and to mitigating crop losses during biotic
or abiotic stresses.
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Additional material

Additional file 1: Predicted precursor structures of all miRNAs
identified. The mature miRNAs (red) and pre-miRNA sequences with
chromosome and locus information. The pre-miRNA length (nt) and its
directional information (sense (+) or anti-sense () compared to the
soybean genome sequence) is provided, The fold-back structure with
respect to the free energy value (dG) was predicted using the Mfold
program.

Additional file 2: Identified targets of known conserved plant
miRNAs families. * The Data from Phytazeme version £0. ® Pairing
obtained in psANATarget Server: °|" indicates a Watson-Crick base pairing;
“"is 2 GU base pzairing, and *'indicates a mismatch

Additional file 3: The soybean transcript loci which were identified
as new-miRNA families target by degradome sequencing. The
miRNA target site is indicated in red and underlined while the
degradome sequence is highlighted
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Additional file 1. Predicted precursor structures of all miRNAs identified. The miRNAs (red) and pre-miRNA sequences with chromosome and locus
information. The pre-miRNA length (nt) and its direction information (sense (+) or anti-sense (-) compared to the soybean genome sequence) is provided.

The fold-back structure with respect to the free energy value (dG) was predicted using the Mfold program.

Identification of novel miRNAs from soybean

SEQO1 GGACAGUCUCAGGUAGACA
Gm04:30764003-30764171, 169nt, (-)
ACUGUUUCCUGGGAUUGGCUUUGGGCUUUCCUGCACAGCUUAGGUGGAGGGCAAAGAAGACUUCCUUCUGAGGGGGCCAGAGCCAUCAGAGAGAUACCACUCUGGACGAGCUAGAAUUCUAACCUUGUGCCAGGACC

UAUGGGCCGAGGGACAGUCUCAGGUAGACAGU

Structure 4 Folding bases 1 To 169 of 10Sep29-16-53-28 Initial dG = -67.90
10 20 30 40 50 60
- G G  ----- - GCUU - .-G AA---- AC
ACUGUUU CCUGGGAUUG CUUU GGCUU UCCU GCACA AGG UGGA  GGC AGAAG \
FErrere rererrerrt eeee 1l FEEr reerl (AREERER [ [
UGACAGA GGACUCUGAC GGGA CCGGG AGGA CGUGU UCC AUCU CCG ucuuc U
U A G UAUCC c ---- A \ - GGGGAG Ccu
160 150 140 130 120 70
80 20
AG---| CA-- AGA

AGC UCAGAG U

Il FEETL

UcG GGUCUC A
UAAGA* AGCA ACC

110 100
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SEQ03 UGAGAAARAGGAGGAUGUCA

Gml11:29821812-29821926, 115nt, (+)
AGCUGAAUCUUUUUUUUCUGAGAGCAUGAUCCCAUGCUGGUUGGCUAUCUCAAAGAAUUGAUGCAACAAUUUUUUAUGAGAGGCAAUAUCUUUUGAGAAAAGGAGGAUGUCAUCU

Structure 1 Folding bases 1 To 115 of 10Sep29-17-04-58 Initial dG = -34.80
10 20 30
Cc - G | A

AG UGA AUCUUUUUUUUCU AGA--GCAUG U
FE e treerereerert rer rernd
UC ACU UAGGAGGAAAAGA UUU CGUAC C
U G G \~ c
110 100
40 50 60
U UG- A -- AU
GGU GCU UCUCA AAGAAUUG G
11 LD TErer et
CUA CGG AGAGU UUUUUAAC C
U UAA - AU AR
90 80 70

SEQO4a GCUGGAUGUCUUUGAAGGA

Gm08:46853906-46853991, 86nt, (+)
GUUCCCUCAAAGGCUUCCAGUAUUCCCGUAUUCAUUCAUAUAUACCUAGCUAGAAUUGAUUGAAUGCUGGAUGUCUUUGAAGGAAC

Structure 1 Folding bases 1 To 86 of 10Sep29-17-09-38 Initial dG = -32.60

10 20 30 40
C U CCGU- | AUUCAUAUA
GUUCC UCAAAGGC UCCAGUAUUC AUUC \

FEEEE TErrerer trerrernrd I
CAAGG AGUUUCUG AGGUCGUAAG UAAG U
A U UUAGU~  AUCGAUCCA

80 70 60 50
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SEQ04b GCUGGAUGUCUUUGAAGGA
Gml18:61624611-61624690, 80nt, (-)
UCGUGUUCCCUCAAAGGCUUCCAGUAUUCAUUCAUACCUAACUAGUUGCUUGAAUGCUGGAUGUCUUUGAAGGAAUUUGA

Structure 1 Folding bases 1 To 80 of 10Sep29-17-11-26 Initial dG = -35.40

10 20 30 40
U C U UU UACCU
UCG GUUCC UCRAAGGC UCCAGUAUUCA CA A
FEETerer reeerert rereerrrerr
AGU UAAGG AGUUUCUG AGGUCGUAAGU GU A
U A U UC UGAUC
70 60 50

SEQO5 AACCCUCAAAGGCUUCCUAG
Gml8:61626669-61626771, 103nt, (+)
CAGUAACCCUCAAAGGCUUCCUAGACUCCAUGUUACGGUCAAAUCAAUUAAUCGUUGAUUAGGAAUAAUUAAGAGUUUCGGAAGUAACUUUGGGGGUUAACUG

Structure 1 Folding bases 1 To 103 of 10Sep29-17-12-48 Initial dG = -41.30
10 20 30 40 50
- -- U CAU CGG A UA

CAG UAACCCUCAAAG GCUUCC AGACUC GUUA  UC AAUCAAU \
Frererererrerer  reerer reerd I NERERERN
GUC AUUGGGGGUUUC UGAAGG UUUGAG UAAU GG UUAGUUG A
A AA C ARU AA- A cu
100 20 80 70 60

SEQ06 AGUGGAACUUUGAGGCCUGC
Gm08:46848259-46848354, 96nt, (+)
CUUUAGCAACCCUCAAAGGCUUCCACUACUCCAUAUUUCAGUCUAGUGAAUGUCCACAAACAUGGAGGAGUAGUGGAACUUUGAGGCCUGCUGAAG

Structure 2 Folding bases 1 To 96 of 10Sep29-17-14-16 Initial dG = -45.10
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10 20 30 40 50

AC GC AUAU| GUCUA AA
CUUUAGCA CCUCAAAG UUCCACUACUCC UUCA GUG U
FEEEErer reereerr  trerrerernnd Ry 11
GAAGUCGU GGAGUUUC AAGGUGAUGAGG AGGU CAC G

cc -- ----~ ACAAA CU

90 80 70 60
SEQO07 ABAUGACUUGAGAGGUGUAG
SEQO07 (isol) CGACUUUGUGAAAUGACUUG
SEQ07 (iso2) UGAAAUGACUUGAGAGGUGUAG
SEQ07 (iso3) GABAUGACUUGAGAGGUGUAGG
SEQ07 (iso4) GABAUGACUUGAGAGGUGUAG
SEQO07 (iso5) AAUGACUUGAGAGGUGUAGGAU
SEQ07 (iso6) ABAUGACUUGAGAGGUGUAGGA
SEQ07 (iso7) AAUGACUUGAGAGGUGUAGGA
SEQO07 (iso8) AAUGACUUGAGAGGUGUAGG
SEQ07 (iso9) AAUGACUUGAGAGGUGUAG
SEQ07 (iso10) AUGACUUGAGAGGUGUAGG
SEQO07 (isoll) UGACUUGAGAGGUGUAGGA
SEQ07 (isol2) GACUUGAGAGGUGUAGGAUA
SEQ07 (isol3) UUGAGAGGUGUAGGAUAAG
Gm01:44787899-44788252, 90nt, (+)

UUAGUUCGACUUUGUGAAAUGACUUGAGAGGUGUAGGAUAAGUGGGGAGCAAUCCUCACCUUAUAAGUCGGUUUUGUAGGGUUGAGUUAA

Structure 1 Folding bases 1 To 90 of 10Sep29-17-19-09 Initial dG = -36.60
10 20 30 40
U GU UG - A U AA GG

UA UCGACUUUG AAA UGACUUG GAGGUG AGGAU GU \
Eorereererr rer rerrere rererr reerr

AU AGUUGGGAU UUU GCUGAAU UUCCAC UCCUA CG G

A UG GU G a - A- AG
80 70 60 50

SEQO08 CUAAAGAUUGUCCAAAAGGAA

Gml14:6756499-6763456,153nt, (+)
GUUUGCACUAAAGAUUGUCCAAAAGGAAUAUUGUUUUAUGCAGAAGACAAAUUACAUCGGAUAAGAAAAAUCACACCACAUAAUUGCUGCAUUGCUUUAGAUCUCUAUUUCUGCAUAAAACAAUAUUCCUUUUGGAC
AAUCUUUAGUGCAAAC
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Structure 1 Folding bases 1 To 153 of 10Sep29-17-22-09 Initial dG = -73.40

10 20 30 40 50 60
.-ACAAAUUACA| GG
GUUUGCACUAAAGAUUGUCCAARAGGAAUAUUGUUUUAUGCAGAAG uc A
FEETEETErr v et e e e e v e e e e et Il
CAAACGUGAUUUCUAACAGGUUUUCCUUAUAACAARAAUACGUCUUU AG U
\ - ~ AA
150 140 130 120 110
70 80 90
ARAAUCACACCACAUAAUU UG
GC C
Il
CG A
AUCUCUAGAUUU------~ Uy
100

SEQO09 GUAGUGGAUGCCUAGAGGUCC
Gml8:61655979-61656075, 97nt, (-)
GCUUUUUAGUGGCCUCAAAGGCUUCCACUACUGCAUGUUUCUGUGGUUUAAUAUCCUGAAACAAGUGGUAGUGGAUGCCUAGAGGUCCAUUAAAAGC

Structure 1 Folding bases 1 To 97 of 10Sep29-17-30-58 Initial dG = -48.90
10 20 30 40 50
U - AA U UG A UGU UUU

GCUUUU AGUGG CCUC AGGC UCCACUAC C UGUUUC GG A

FEErre reeer eeer o rerr rerrerer 1t Il
CGAAAA UUACC GGAG UCCG AGGUGAUG G ACAAAG CC A

- U A- U GU A U-- UAU
90 80 70 60

SEQ10-5p UAGGAAUUAGUCACUCAGAUC

SEQ10-3p UCUCAGUGACUAAUUUCUAGA

SEQ10-3p isolAUCUCAGUGACUAAUUUCUAG
SEQ10-3p iso02GAAUUUGAGGACUAGGGACCUC
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SEQ10-3p iso3UAAUUUCUAGAAUUUGAGGACU

Gml15:31542836-31543058, 223nt, (+)
GGGAGGCCCCUAGUCCUCGAAUUCUAGGAAUUAGUCACUCAGAUCCUAACCUCUUUGGUUCUUUCAUUGAGAUCCAUGGUUGAGUCUACUCGUUCCAAGCCUAAUAUGGACUGCAUCGAAGAGGC CAUCGCGAAACU
UACCUCCAAUCAACUCAACCUCAUCGCUGCAAAGAUGUUAGGAUCUCAGUGACUAAUUUCUAGAAUUUGAGGACUAGGGACCUCCC

Structure 3 Folding bases 1 To 223 of 10Sep29-18-10-02 Initial dG = -110.20
10 20 30 40 50 60 70 80
C Cc C ucC AU - A  -—-—-——————- U-| U
GGGAGG CCCUAGUCCUCGAAUUCUAGGAAUUAGUCACU AGAUCCUAAC UCUUU--GGU UUUC UG AG UCCA UGG UGAG C
Frerrr rreerrerrrerreerrerreerreerreerr eereerreer e rer reer e e el e e
CCCUCC GGGAUCAGGAGUUUAAGAUCUUUAAUCAGUGA UCUAGGAUUG AGAAA CCG GAAG AC UC AGGU ACC GCUC U
A Cc U \ GA CU G - AUAAUCCGA ugs A
220 210 200 190 180 170 120 110 100 90
130 140
AUC AACUUACCUCCAA
GCGA \
N
CGCU U
CGU ACUCCAACUCAAC
160 150

SEQ11 UUGUUCGAUAAAACUGUUGUG
Gml6:5743687-5744863, 65nt, (-)
UUGCAUGGUUGUUCGAUAAAACUGUUGUGAUAAUGUACAACACAAUUAUCGAUAGCUUAUGCAAA

Structure 1 Folding bases 1 To 65 of 10Sep29-17-37-15 Initial dG = -23.40
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10 20 30
- - U AAC AU
UUGCAU GGUUGU CGAUAA  UGUUGUG A
FEETEE Lererr el RRARNN
AACGUA UCGAUA GCUAUU  ACAACAU A
A U - AAC GU
60 50 40

SEQ12 UCUCUUGAUUCUAGAUGAUGU
Gml6:27653048-27653102, 55nt, (+)
UCAUAGAGUCUAGGCUCACGGGAAAGAAGAUUCUCUUGAUUCUAGAUGAUGUUGA

Structure 1 Folding bases 1 To 55 of 10Sep29-17-40-29 Initial dG = -16.50

10 20
- GA c c AG
UC AUA GUCUAGG UCA GGGAA A
FE e et e el
AG UGU UAGAUCU AGU CUCUU A
U AG U U AG
50 40 30

SEQ13 UGUUGCGGGUAUCUUUGCCUC
Gm04:28578972-28579075, 104nt, (-)
GCCAGCAAAACUGUUGCGGGUAUCUUUGCCUCUGAAGGAAAGUUGUGCCUAUUAUUAUGGCUUAUUGCUUUAGUGGCGUAGAUCCCCACAACAGUUAUGCUUGC

Structure 1 Folding bases 1 To 104 of 10Sep29-17-44-58 Initiald G = -47.10
10 20 30 40 50
C A Cc U U U G -- UG CCu

GC AGCA AACUGUUG GGG AUCU UGCC CUGAAG A AAGU UG A

FEorrer reererrr ree reer rerr reeeer e

CG UCGU UUGACAAC CCC UAGA GCGG GAUUUC U UUCG AU U
1Y) A A C U U G Ua GU UAU
100 90 80 70 60

75



SEQl4a UGAGAAUUUGGCCUCUGUCCA
Gm09:28264427-28264514, 88nt, (+)
AAAUUUUCUUGAGAAUUUGGCCUCUGUCCAUGUCUAAUUAUUAAUUCCAAUAAUUGAGAUGGAUAGAGCCCAAAUUCUCAAGAGAAUUU

Structure 1 Folding bases 1 To 89 of 10Sep29-17-47-47 InitialdG = -48.50

10 20 30 40
c G U AA
AAAUUUUCUUGAGAAUUUGG CUCUGUCCAU UC AAUUAUU U

FEETEEEErrer e e teerereerr te treerl
UUUAAGAGAACUCUUAAACC GAGAUAGGUA AG UUAAUAA U

C G - CcC
80 70 60 50
SEQ14b UGAGAAUUUGGCCUCUGUCCA
SEQ14b (iso) AGAAUUUGGCCUCUGUCCA

Gm09:28272488-28272562, 75nt, (+)
CUUGAGAAUUUGGCCUCUGUCCAUGUCUAAUUAUUAAUUCCAAUAAUUCAGAUGGACAGAGCCCAAAUUCUCAAG

Structure 1 Folding bases 1 To 75 of 10Sep29-17-49-1Initial dG = -38.80

10 20 30
c UG - AR
CUUGAGAAUUUGG CUCUGUCCA UCU AAUUAUU U
Frerrerrrerre reeerrerr e rerrrn
GAACUCUUAAACC GAGACAGGU AGA UUAAUAA U
c -- C cc
70 60 50 40

SEQ15a UUAGAUUCACGCACAAACUUG
Gm02:1041996-1042084, 89nt, (+)
AAAUUGCAGGUUCGUGCGUGAAUCUAACGAAAGUUUCUCGUUCUCUCCAUUCCACUUCUGCGUUAGAUUCACGCACAAACUUGUCAUUU

Structure 1 Folding bases 1 To 89 of 10Sep29-17-53-59 Initial dG = -34.80
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10 20 30 40
U C A-- UUCUCGUUC
ARAU GCAGGUU GUGCGUGAAUCUAACG  AAGU \
FEEE P eeerer el Il
UUUA UGUUCAA CACGCACUUAGAUUGC  UUCA U
c A GuC CCUUACCUC
80 70 60 50

SEQ15b UUAGAUUCACGCACAAACUUG
Gm10:1085223-1085322, 100nt, (+)
GAGACAGAGGCAAAUCGCAGGUUCGUGCGUGAAUCUAAUCAAAGUUUCUCAUUAACUUCUGCGUUAGAUUCACGCACAAACUUGUCAUUUCCCUUUUCUU

Structure 1 Folding bases 1 To 100 of 10Sep29-17-55-46 Initial dG = -43.90
10 20 30 40
C c (o c - - ucu

GAGA AGAGG AAAU GCAGGUU GUGCGUGAAUCUAAU CA AAGUU \
CEEE rrerr reer rerrere vererrererrerer e reend
UUCU UUUCC UUUA UGUUCAA CACGCACUUAGAUUG GU UUCAA C
- c c a c c UUA
20 80 70 60

SEQ16 UUAUAGUCUGACAUCUGGAAU

Gm05:9279518-9279737, 220nt, (+)
CAUCGAGAUUUUAUAGUCUGACAUCUGGAAUUUAAAUGUCUCAACAAGGGCGUUAGAUCCAACAACGUUCCACAAUGCUAAUGGGAGAAUUCAAAUUUGGGACCUCUCUCUCAUUUCUUCUCCUUUCACGCUUUGAA
ACAAAUAAAGGACACCCGAGAUCCCCGUAGAAGCUCUUGUUGGAAAAUUUAGAUUUCAAAUGUCAGAUUAUAAAACAUGGGUG

Structure 1 Folding bases 1 To 220 of 10Sep29-17-57-12 Initial dG = -67.30
10 20 30 40 50 60 70 80 20 100
GAGA Cc GUC GUUA----- .—-CAACAAC| cCcaAa U UAAU- uuc uu Cc
CAUC UUUUAUAGUCUGACAU UGGAAUUUAAAU UCAACAAGGGC GAUC GUU CAA GC GGGAGAA AAAU GGGA C
[T FEEEEEErErr e trerrrrrrrnd RERRERRERE RN [l o (ARNRRN (RN R
GUGG AAAAUAUUAGACUGUA ACUUUAGAUUUA GGUUGUUCUCG CUAG CAA GUU CG UCcCucuu UUUA CUCU U
GUAC A AAA AAGAUGCCC \ ——————- A A-- U CACUU C-- CU C
210 200 190 180 170 160 130 120 110
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SEQ17 ACUAUAGAAGUACUUGUGGAGC

Gm16:2916844-2917034, 191nt, (+)
GUAUUUAGCAAAUUGAUUACUAUAGAAGUACUUGUGGAGCUCUUGUGCAACUCUCCUUUCCAUCUUGGGGCAGUUUCUCAGAAUCAAUAUUCUUAUGAUGGGAAUCUGAAUU CACAGUUUUUGUAACUGCARAAACY
UGUGAGGUUUGAUAGCUCCACAAGUAAAUCUAUAGUAAUUAAUUUGCUAAAUAC

Structure 3 Folding bases 1 To 191 of 10Sep29-18-02-46 Initial dG = -83.00
10 20 30 40 50 60 70
AG C U .-AAC UCC uu- | CAGUUUCUC
GUAUUUAGCAAAUUGAUUACUAUAGA UACUUGUGGAGCU UUG GC uc UUUCCAUC GGGG \
FErrrrrrrereererrereererrr rrerrerrererr ree I NRERRER [
CAUAAAUCGUUUAAUUAAUGAUAUCU AUGAACACCUCGA AGU UG AG AAGGGUAG UCcuu A
AA U U \ --- UCu UAU» AUAACUAAG
180 170 160 150 100 20
110 120
AU - A

UCACA GUUUUUGU A
FEEEE TEEErnd
AGUGU CAARAACG C
G- U U
140 130

SEQ18 CCUCAUUCCAAACAUCAUCUAA
Gm09:16565935-16566025, 91nt, (-)
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GUUUGCUAGAGGUGUUUGGGAUGAGAGAAUAGAAUUUUUUCAAAUGCUUGAAAGUGAUCUCUUCCCUCAUUCCAAACAUCAUCUAACACAC
Structure 1 Folding bases 1 To 91 of 10Sep29-18-04-30 Initial dG = -36.30

10 20 30 40
U c - A U AUU A
GU UG UAGA GGUGUUUGGGAUGAG GAA AGA  UUUUCAA U
LU e rerrererrer e e il RENRNN
CA AC AUCU CUACAAACCUUACUC CUU UCU  GAARAGUU G
cC A A C C AGU C
90 80 70 60 50

SEQ19 UGAAGAUUUGAAGAAUUUGGGA

Gml15:16900161-16900327, 167nt, (+)
UGAAGAUUUGAAGAAUUUGGGAGAAGGACGCCGUCAAGGUCGAGGGUUUCGUGACUACAGCUUCUGAAGCACGUCAUCUUCACAUAAAUAAGACGCGUUUCAGAAGUUGUAGUCACGAAACUCUCGACCUAGACCGC
AGCCCUUCUCCCAAAUUCUUCAAAUCUUCA

Structure 1 Folding bases 1 To 167 of 10Sep29-18-07-13 Initial dG = -119.10
10 20 30 40 50 60 70 80

U AC-| C A A AUCUUCA
GAAGAUUUGAAGAAUUUGGGAGAAGG GC GUC AGGUCGAGGGUUUCGUGACUACAGCUUCUGAAGC CGUC Cc
FEPETEETEr el FEEE e e e e e e e e e e e e e et el
CUUCUAAACUUCUUAAACCCUCUUCC CG CAG UCCAGCUCUCAAAGCACUGAUGUUGAAGACUUUG GCAG A

A CGA* C A c AAUAAAU

160 150 140 130 120 110 100 90

SEQ20 CAUCGUUGACGCUGACUGUACG
SEQ20 (iso) CAUCGUUGACGCUGACUGU
Gm04:35428794-35428950, 157nt, (-)

UUUUCUAGUGGUCGCCGCAUCGUUGACGCUGACUGUACGUACUUCAUCUCCUUCAGAAUUCGGAAGGAUGCCAUAAACAAGCCACAUUAUGGUAUAGAAAUUUUUGGGAGUAAGGGUACGUCCCGUCAGUG
UCAAAGAUGUGGCGAAUACUAGAAAA

Structure 1 Folding bases 1 To 157 of 10Sep29-18-11-54 Initial dG = -75.00
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10 20 30 40 50 60
U G G UGU CAU uc |G
UUUCUAGUG UCGCCGCAUC UUGACGCUGAC ACGUACUU CUCCU AGAAUU--C G
PEEEEEEEr reeeeeerrr veeetrrrren ARRRREE [ I I
AAAGAUCAU AGCGGUGUAG AACUGUGACUG UGCAUGGG GAGGG UUUUAA G A
A A A Cccc AAU U- \ A
150 140 130 120 110 100

70 80
G-- ACAA
AUGCCAUAA G
FEEEEEnd
UAUGGUAUU c
AGA ACAC
90

SEQ21 CUGAAGGAUCGAUGUAGAAUGCU
Gm02:39825520-39825641, 122nt, (+)
GACCGUCUUAGAAUGCUCAGCAUUCUGCAAAGGUUCUUCAACAACCGUCGUAGAAUGUUGAGUUUUCUACAUCGAUCACAACUGAAGGAUCGAUGUAGAAUGCUGAGCAUUCUAAGACGGUC

Structure 1 Folding bases 1 To 122 of 10Sep29-18-13-11 Initial dG = -70.70

10 20 30 40 50
AR ACAAC---| UC UGUU
GACCGUCUUAGAAUGCUCAGCAUUCUGCA GGUUCUUCA CG GUAGRAA \
Frerrerrrrereerrrerrerrererer e [Ny
CUGGCAGAAUCUUACGAGUCGUAAGAUGU CUAGGAAGU GC CAUCUU G
AG CAACACUA* UA UUGA
120 110 100 90 80 70

SEQ22 CAUCUGAAGGAUAGAACACAUA

Gm09:29816467-29816705, 239nt, (+)
CCUAAAAUUAUUUGUAAUAUUUGUGUUCUAUCCUUCAAAUGACUUCCUCAAUAAUAAACUUCGGACUUUGGUAUACAAAGAAAAAACUAUAAACCAAAUUUAUGGUAAAGUCCGAAGUUACCAAAUAAUGUUUACCA
UAAAUUUGGUUUAUAGUUUUUUCUUUGUAUACCAAAGUCCGAAAUUUAUUAUUGAGGAAGUCAUCUGAAGGAUAGAACACAUAUAUUACAAAUAAUUUUAGG

Structure 1 Folding bases 1 To 239 of 10Sep29-18-15-19 Initial dG = -153.80
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10 20 30 40 50 60 70 80 90 100 110
U A c GUCCGAAGUU
CCUAAAAUUAUUUGUAAUAU UGUGUUCUAUCCUUCA AUGACUUCCUCAAUAAUAAA UUCGGACUUUGGUAUACAAAGAAAAAACUAUAAACCAAAUUUAUGGUAAA \
Frerrererrereerererr reerererrereer et rrerrer e e e e e e et re e e e e e e e e e e e e e e e e e e e e e
GGAUUUUAAUAAACAUUAUA ACACAAGAUAGGAAGU UACUGAAGGAGUUAUUAUUU AAGCCUGAAACCAUAUGUUUCUUUUUUGAUAUUUGGUUUAAAUACCAUUU A

U c A GUAAUAAACC
230 220 210 200 190 180 170 160 150 140 130

SEQ23 AGUUUCGUGACUACAACUUCUGAA
Gml15:16900193-16900294, 102nt, (-)
GUCUAGGUCGAGAGUUUCGUGACUACAACUUCUGAAACGCGUCUUAUUUAUGUGAAGAUGACGUGCUUCAGAAGCUGUAGUCACGAAACCCUCGACCUUGAC

Structure 1 Folding bases 1 To 102 of 10Sep29-18-22-02 Initial dG = -63.30
10 20 30 40 50
U A A A uvA A

GUC AGGUCGAG GUUUCGUGACUACA CUUCUGAA CGCGUC UUU U
CEE e eeerer e et reerrerr el I
CAG UCCAGCUC CAAAGCACUGAUGU GAAGACUU GUGCAG AAG G

U C cC c UAG U
100 90 80 70 60

SEQ24 AUGAAAAUCAUUCAUUAUGAUAUC
Gml6:28536014-28536181, 168nt, (-)

CACGUCAUCACAGACAUCAUAAUGAAUGAUUUUCAUGUUUAUAUUUAAAUUAGUUGUUAUAUGUUUGUCAUUUGAAUUUGACACUUAAUUUGUUCAAAUUUAUACUUACAUACAACAAAUUUAAACAGAGACAUGAA
AAUCAUUCAUUAUGAUAUCCGUGAUGACGUG

Structure 1 Folding bases 1 To 168 of 10Sep29-18-24-25 Initial dG = -73.40
10 20 30 40 50 60 70 80
A C AUA A UAU UU CAUU C UuvA

CACGUCAUCAC GA AUCAUAAUGAAUGAUUUUCAUGUUU  UUUARAUU GUUGU AUGU GU UGAAUUUGA AC  \
FPEEEEErerer te rrer e ee e el FEEEEEEE 1l el FEEEEEEEE 1
GUGCAGUAGUG CU UAGUAUUACUUACUARAAGUACAGA  AAAUUUAA CAACA UACA CA AUUUAAACU UG A
c a GAC A --- uU U--- - UuU
160 150 140 130 120 110 100 90
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SEQ25a GAAAAUGAAUGAUGAGGAUGGGGA
Gml1:7787358-7787494, 137nt, (+)
GUAACUCUUUUAGAGUUACUUCUCAUCCUCACCAUUCAUUUUUUUAAGAUCUAAUGGUUAAAAUUAGUUACUUAUUACAACCAUUAGAUUUUAAGAAAAUGAAUGAUGAGGAUGGGGAGUAACUCUAAAAAAGUUAC

Structure 1 Folding bases 1 To 137 of 10Sep29-18-26-31 Initial dG = -77.60
10 20 30 40 50 60
C c AA U U

GUAACU UUUUAGAGUUACUUCUCAUCCUCA CAUUCAUUUUUUUAAGAUCUAAUGGUU AAU AG \

FEEVEE trrereerererrereerererrr tererrerereerereerereererer el

CAUUGA AAAAUCUCAAUGAGGGGUAGGAGU GUAAGUAAAAGAAUUUUAGAUUACCAA UUA UC U
A A CA U A
130 120 110 100 90 80 70

SEQ25b GAAAAUGAAUGAUGAGGAUGGGGA
Gml1:7821070-7821206, 137nt, (-)

GUAACUCUUUUAGAGUUACUCCUCAUCCUCACCAUUCAUUUUCUUAAGAUGUAAUGGUUAAAAUUAGUUACUUAUUACAACCAUUAGAUUUUAAGAAAAUGAAUGAUGAGGAUGGGGAGUAACUCUAAAAA
AGUUAC

Structure 1 Folding bases 1 To 137 of 10Sep29-18-27-35 Initial dG = -79.00
10 20 30 40 50 60
C c G AA U U

GUAACU UUUUAGAGUUACUCCUCAUCCUCA CAUUCAUUUUCUUAAGAU UAAUGGUU AAU AG \

FEEree treereeerrerrereerererrr rerererrerrerererr reererer rek

CAUUGA AAAAUCUCAAUGAGGGGUAGGAGU GUAAGUAAAAGAAUUUUA AUUACCAA UUA UC U
A a G cA U A
130 120 110 100 90 80 70
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Identification of homologues miRNAs of other plant species

gma-MIR170 UAUUGGCCUGGUUCACUCAGA

Gm02:4014001-4014153, 153nt, (-)
AUGAAGUAGUUAUUGUGAUAUUGGCCUGGUUCACUCAGACAUGUAUACCACGGCACGGUUGUGUCCUUGCUAGAAAGAUUUAAAACAAAAUACAUGUUGUGAUUGUGGUUUUGGGUUUGAUUGAGCCGUGCCAAUAU
CUCAGUGCUAUUUCAU

Structure 1 Folding bases 1 To 153 of 10Sep29-18-30-26 Initial dG = -61.30

10 20 30 40 50 60 70
U U o C AUGUAU - GG - cc c--| A
AUGAAGUAG UAUUG GAUAUUGGC UGGUUCA UCAGAC ACCACGG CAC U UGUGU UUG UAGA A
FEEPEEEEr rreer rerrereer terrert el FEEEErr e et 1l Il
UACUUUAUC GUGAC CUAUAACCG GCCGAGU AGUUUG UGGUGUU GUG G ACAUA AAC AUUU G
- U U U GGUUU- A UUU A- AAA* A
150 140 130 120 110 100 20 80

gma-MIR395a CUGAAGUGUUUGGGGGAACUC
Gm01:4818581-4818690, 110nt, (+)
UCAGGUUUUCCCUAGAGUUCCCCUGAACGCUUCAUUAAAGGGCUUUAUUAUCAUAUAGUCCCAAGUUAGUCCAUACUGAAGUGUUUGGGGGAACUCCCGGUGAUACUUGA

Structure 2 Folding bases 1 To 110 of 10Sep29-18-31-25 Initial dG = -47.50

10 20 30 40 50
U UC UA UG U RA| UUAUUAUCAUA
UCAGGU U CC GAGUUCCCC AACGCUUCA UA GGGCU \
Feerer e rreererrr rrererrer re el
AGUUCA A GG CUCAAGGGG UUGUGAAGU AU CCUGA U
U GU CC GU c Aa-+ UUGAACCCUGA
100 90 80 70 60
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gma-MIR395b CUGAAGUGUUUGGGGGAACUC
Gm02:1723449-1723543, 95nt, (-)
UCCCUAGAGUUUCCCUGAACACUUCAUUAAAGGGCUUUAUUGAAAUAUAAUCCAAAGUUAGUCUAUACUGAAGUGUUUGGGGGAACUCCUGGUGA

Structure 1 Folding bases 1 To 95 of 10Sep29-18-34-15 Initial dG = -38.30

10 20 30 40
-1 UA UG U AA UUA-  AAAU
UC CC GAGUUUCCC AACACUUCA UA GGGCU uuG A
FErE rreereerr rrereerer e el 11
AG GG CUCAAGGGG UUGUGAAGU AU UCUGA ARC U
U* uUc GU C A- UUGA  CUAA
20 80 70 60 50

gma-MIR395¢c CUGAAGUGUUUGGGGGAACUC
Gm08:40840226-40840312, 87nt, (+)
CCUAGAGUUCCCCUUAAUGCUUCAUUGAGGAUUCUGUUUAGGUCCAAUUUAACUAGUCCCUACUGAAGUGUUUGGGGGAACUCCGGG

Structure 1 Folding bases 1 To 87 of 10Sep29-18-35-47 Initial dG = -38.30
10 20 30 40
| UA 9) U A CuU U GU

CC GAGUUCCCCU AAUGCUUCA UG GGAUU GUU AG C

R N R R N R

GG CUCAAGGGGG UUGUGAAGU AU CCUGA CAA UU C

~ GC U c c U- U AA
80 70 60 50

gma-MIR397a UCAUUGAGUGCAGCGUUGAUG
Gm08:4639046-4639153, 108nt, (-)
AGAGAAACAUCAUUGAGUGCAGCGUUGAUGAAGUUUCACUCUCAUCUCAGGUAGAUGCUUAAUUUAUAGUGUUAUUGUCAUCGACACUGCACUCAAUCAUGUUUUUCU

Structure 1 Folding bases 1 To 108 of 10Sep29-18-37-16 Initial dG = -46.10
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10 20 30 40

c c - Uy CU---=-—-- I ca
AGAGAAACAU AUUGAGUGCAG GUUGAUGA AGU CACU CAUCU \
FEETEEEErr tereer e teererer ree rrn I
UCUUUUUGUA UAACUCACGUC CAGCUACU UUA GUGA GUAGA G

c A G UU UAUUUAAUUC UG

100 90 80 70 60

gma-MIR397b UCAUUGAGUGCAGCGUUGAUG
Gm13:34382999-34383120, 122nt, (-)

GGAGAAACAUCAUUGAGUGCAGCGUUGAUGAAGUCCUAAAUAGUAAAUAGCAACUACCCCUCGUGUUUCUCAGGUAGAUGCUUAAAUGGUUUUAUUGACGCUGCACUCAAUCAUGUUUUUUU

Structure 1 Folding bases 1 To 122 of 10Sep29-18-40-16 Initial dG = -51.10
10 20 30 40 50 60
C UG U UAAAUAGUAAAU A CCUCGU
GGAGAAACAU AUUGAGUGCAGCGU AUGAAG CC AGCA CUACC G
FEEEEEErer veerrerrererr e reeeer i FEEE el
UUUUUUUGUA UAACUCACGUCGCA UAUUUU GG UCGU GAUGG U
C GU - UAAAU------- A ACUCUU
120 110 100 920 80 70
gma-MIR408a AUGCACUGCCUCUUCCCUGGC
gma-MIR408a (iso) UGCACUGCCUCUUCCCUGGC

Gm02:837416-837548, 133nt, (+)
GAGACAGGACAAAGCAGGGGAACAGGCAGAGCAUGGAUGGAGCUAUCAACACAAUAUUGUCAAGAAACUGAGAGUGAGAGGAGAAAUAUGUUGUGGUUCUGCUCAUGCACUGCCUCUUCCCUGGCUCUGUCUC

Structure 1 Folding bases 1 To 133 of 10Sep29-18-42-13 Initial dG = -58.30

10 20 30 40 50 60 70
GACAA A C A GA U (o7.V.1 G- AAGAA UG
GAGACAG AGC GGGGAA AGGCAG GCAUG UGGAGCUA CAACA UAUU UC ac \
RERRER CEE e reeeer reerr rrerrerr el el Il
CUCUGUC UCG UCCCUU UCCGUC CGUAC GUCUUGGU GUUGU AUAA AG UG A

————— G C A ucC - -—- AG GAGAG AG
130 120 110 100 90 80
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gma-MIR408b-5p CUGGGAACAGGCAGGGCACG
gma-MIR408b-3p AUGCACUGCCUCUUCCCUGGC

Gm03:44626696-44626827, 132nt, (-)
GACAAAGGCUGGGAACAGGCAGGGCACGAAUGGAGCUAUCAACAGAAAAUGGUAAAGUGAGAAUGAAAGGAGAGAGAGAGAGAGAGAUCUGUUGUGGCUACGCUCAUGCACUGCCUCUUCCCUGGCUCUGUC

Structure 1 Folding bases 1 To 132 of 10Sep29-18-43-09 InitialdG = -45.36
10 20 30 40 50 60
AA - c G C A G U AAAUGGUAAAGUGAGAAUGA
GACA GGCU GGGAA AGGCAG GCA GA UG AGCUA CAACAGA \
FEEErrer cerer rreree e re re rereer rerennd
CUGU UCGG CCCUU UCCGUC CGU CU GC UCGGU GUUGUCU A
C- U Cc A A C A - AGAGAGAGAGAGAGAGAGGA
130 120 110 100 90 80 70
gma-MIR408c AUGCACUGCCUCUUCCCUGGC
gma-MIR408c (iso) UGCACUGCCUCUUCCCUGGC

Gml10:36557005-36557130, 126nt, (-)
GACAAAGCAGGGGAACAGGCAGAGCAUGGAUGGAGCUAUCAACACAAUAUUGUCAAGAAAGUGAGAAAGUGAGAGGAGAAAUCUGUUGUGGUUCUGCUCAUGCACUGCCUCUUCCCUGGCUUUGUC

Structure 1 Folding bases 1 To 126 of 10Sep29-18-44-58 Initial dG = -59.60
10 20 30 40 50
A Cc A GA U .-A| AUA G AG

GACAAAGC GGGGAA AGGCAG GCAUG UGGAGCUA CAAC ca Uu UCA A

rereere vererr vereer reerr rrerrerr e Il AR
CUGUUUCG UCCCUU UCCGUC CGUAC GUCUUGGU GUUG GU AA AGU A

G C A uc - \ -~ GA- G GA
120 110 100 90 70 60

AGA G

GGA A

Il

UcU A

--- A

80
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gma-MIR2218a-5p GGAGAUGGGAGGGUCGGUAAAG

gma-MIR2218a-5p (iso) GGAGAUGGGAGGGUCGGUAA

gma-MIR2218a-3p UUGCCGAUUCCACCCAUUCCUA

Gml0:48574017-48574137, 121nt, (-)
GAGCUUGAGGAAGUGAUGGGAGAUGGGAGGGUCGGUARAGGAUAACAGCGUCUCUAUGAUUAAUUGUUGUGUUGUUUATUCUUUUGCCGAUUCCACCCAUUCCUAUGAUUUUCUTUGGUUC

Structure 1 Folding bases 1 To 121 of 10Sep29-18-46-18 Initial dG = -52.00

10 20 30 40 50
U G G A - U--| UCUCU GA
GAGCU GAGGAAGU AUGGGA AUGGG GG GUCGGUAAAGGA  AACAGCG AU \
FEEEE terrerer ceerrr terer e reererrernd NARARL Il
CUUGG UUCUUUUA UAUCCU UACCC CC UAGCCGUUUUCU  UUGUUGU UA U
) G - AU UAU# GUUGU AU
110 100 20 80 70
gma-MIR2218b-5p GGAGAUGGGAGGGUCGGUAA
gma-MIR2218b-3p UUGCCGAUUCCACCCAUUCCUA

Gm20:35349741-35349881, 141nt, (+)
GAGCUUGAGGAAGUGAUGGGAGAUGGGAGGGUCGGUAAAGAAUAUAUCUGAGACUCGACUCAAUCUCGAUCUCUCUCAGUGUUGUGUUGUUUUGUUUAUCCUUUUGCCGAUUCCACCCAUUCCUAUGAUUUCCUUCG
GUUC

Structure 2 Folding bases 1 To 141 of 10Sep29-18-46-46 Initial dG = -53.80
10 20 30 40 50 60 70
U G G A - AAU| UC uc U - C UC

GAGCU GAGGAAGU AUGGGA AUGGG GG GUCGGUAAAG AUA UGAGAC GAC CRAU CU GA U
Ferre rerereer reerer reerr re rererrrrd R e NN R R
CUUGG UUCCUUUA UAUCCU UACCC CC UAGCCGUUUU UAU GUUUUG UUG GUUG GA CU C
c G - AU cc-~ UU - U U - cu
130 120 110 100 90 80
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gma-MIR3522a AGACCAAAUGAGCAGCUGA

gma-MIR3522a (isol) GAGACCAAAUGAGCAGCUGA

gma-MIR3522a (iso2) UGAGACCAAAUGAGCAGCUGA

gma-MIR3522a (iso3) UCGUCCUGAGACCAAAUGAGC

Gml15:4318787-4318873, 87nt, (+)
AGGAUCGUCCUGAGACCAAAUGAGCAGCUGACCACAUGAUGCAGCUAUGUUUGCUAUUCAGCUGCUCAUCUGUUCUCAGGUCGCCCU

Structure 1 Folding bases 1 To 87 of 10Sep29-18-49-35 Initial dG = -40.20

10 20 30 40
AU U cC a CCACAUGAU G
AGG CG CCUGAGA CA AUGAGCAGCUGA GCA C
FEE e e re rerererrrrnd 1
UCC GC GGACUCU GU UACUCGUCGACU UGU U
c- U U c UAUCGUU-- A
80 70 60 50

Identification of conserved soybean miRNAs

gma-MIR156d UUGACAGAAGAUAGAGAGCAC
Gm08:3891365-3891489, 125nt, (+)
AAGGUUGUUGACAGAAGAUAGAGAGCACAGAUGAUGAUAUGCAUAUUAUAUAAUAUAUAGCAGGGAACUCAUGAUGAAUUGUGCAUCUUACUCCUUUGUGCUCUCUAUACUUCUGUCAUCACCUU
Structure 1 Folding bases 1 To 125 of 10Sep29-10-05-37 Initial dG = -50.60
10 20 30 40 50
U U - U - U .=U| a
AAGG UG UGACAGAAG AUAGAGAGCACAGA GA UGA AUGCAUA UAUAU \

FEEE e reerererr rerrererrererr re rer reernd RN
UUCC AC ACUGUCUUC UAUCUCUCGUGUUU CU AUU UACGUGU AUAUA A

- U A c c c \ -2 U
120 110 100 90 80
60
GC-------- G
AG G
Il
uc a
UAAGUAGUAC A
70
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gma-MIR156g (iso) UUGACAGAAGAUAGAGAGCAC
Gm19:8895390-8895493, 104nt, (+)
GAGAAGUACAUUGACAGAAGAUAGAGAGCACAAAACUGCUCACACACAAAAGCUUUUUUGGGUAUGAUCACCUGUGCUCUCUAUCUUCUGUCAACAAACUGUUC

Structure 1 Folding bases 1 To 104 of 10Sep29-10-13-50 Initial dG = -45.30
10 20 30 40 50

| A ACA AAAC C C A G

GAG AGU UUGACAGAAGAUAGAGAGCACA UG UCA AC CAAAA C

L RN RRERERRERRERY! FErrr e e

CUU uca AACUGUCUUCUAUCUCUCGUGU AC AGU UG GUUUU U

~ G AAC cc-- U A G U

100 90 80 70 60

gma-MIR156h UUGACAGAAGAUAGAGAGCAC

Gm02:7812526-7812628, 103nt, (+)
GGUGAUGCUGUUGACAGAAGAUAGAGAGCACAGAUGAUGAAAUGCAAGAAAGGAAAUGGCAUCUUACUCUUUUGUGCUCUCUAGUCUUCUUGUCAUCAUCAUU
Structure 1 Folding bases 1 To 103 of 10Sep29-09-32-40 Initial dG = -41.80

10 20 30 40 50
| CUGU - - U - A ARGAAA
GGUGAUG UGACA GAAGAU AGAGAGCACAGA GA UGA AUGC \
RERREN FEErE rereer reerereererr e rer 1
UUACUAC ACUGU CUUCUG UCUCUCGUGUUU CU AUU UACG G
. U--- U A U c c GUARAG
100 90 80 70 60

gma-MIR156i UUGACAGAAGAUAGAGAGCAC
Gm05:38621690-38621813, 124nt, (+)
AAGGUUGUUGACAGAAGAUAGAGAGCACAGAUGAUGAUAUGCAUAUUAUAUAAAAAGCAGCUAGGGAACUCAUGAAUUGUGCAUCUCACUCCUUUGUGCUCUCUAUACUUCUGUCAUCACCCUU

Structure 1 Folding bases 1 To 124 of 10Sep29-09-41-56 Initial dG = -53.40
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10 20 30 40 50 60

U u - U -1 U UUAUAUARAAAG GCU G
ARGG UG UGACAGAAG AUAGAGAGCACAGA GA UGA AUGCAUA CA AGG
FEEE e reererrer reererrererrer v rer reern Il Il
UUCC AC ACUGUCUUC UAUCUCUCGUGUUU CU ACU UACGUGU GU UCaA
cu A c cr c UAA---—=--=-- AC- A
120 110 100 90 80 70

gma-MIR156j UUGACAGAAGAGAGUGAGCAC
Gm06:4699149-699240, 92nt, (+)
GAAAUUGACAGAAGAGAGUGAGCACACAGAGGCACUUGGUAUAGUAUAUAUACUAUUGCUUUUGCGUGCUCACUUCUCUUUCUGUCAACUUC

Structure 1 Folding bases 1 To 92 of 10Sep29-09-45-47 Initial dG = -51.00
10 20 30 40
A - - A Ccu GU
GAA UUGACAG AAGAG AGUGAGCAC CAGAGGCA UGGUAUA \
FEErrererr reere rereererr reererrr rrerrd
CUU AACUGUC UUCUC UCACUCGUG GUUUUCGU AUCAUAU A
C U us c U- AU
920 80 70 60 50

gma-MIR156k UUGACAGAAGAUAGAGAGCAC
Gm07:9347139-9347259, 121nt, (+)
GGUAAGGUUGUUGACAGAAGAUAGAGAGCACAGAUGAUGAUAUGCACAUAUACAUGGAACAGGAAUUUAAGCAAUUGCAUCUCACUCCUUUGUGCUCUCUAAGCUUCUGUCAUCCACCUCC

Structure 1 Folding bases 1 To 121 of 10Sep29-09-47-04 Initial dG = -45.60

10 20 30 40 50 60
| ua UGU A- U - U CAUAUACAUGGAAC
GG AGGU UGACAGAAG UAGAGAGCACAGA GA UGA AUGCA \
AR Feererrer o rererrerrerer e vt
CC UCCA ACUGUCUUC AUCUCUCGUGUUU CU ACU UACGU A
A ccu GA c c c UAACGAAUUUAAGG
110 100 90 80 70
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gma-MIR1561 UUGACAGAAGAUAGAGAGCAC
Gm09:37843750-37843864, 115nt, (-)
AGGGUUGUUGACAGAAGAUAGAGAGCACAGAUAGUGAUAUGCAUAAAAAUAUGGAACGGGAAAGCAAUUGCAUCUCACUCCUUUGUGCUCUCUAGGCUUCUGUCAUCCACACCUU

Structure 1 Folding bases 1 To 115 of 10Sep29-10-08-02 Initial dG = -49.30
10 20 30 40 50

- U- A- U-| U UAAAAAUAUGGA
AGGGU UG UGACAGAAG UAGAGAGCACAGA AGUGA AUGCA \
FEEEr e rereererr o rererrererrer reerr reend
UUCCA AC ACUGUCUUC AUCUCUCGUGUUU UCACU UACGU A

CcC cCu GG ccA C UAACGAAAGGGC

110 100 20 80 70 60

gma-MIR156m UUGACAGAAGAGAGUGAGCAC
Gml14:10664512-10664600, 89nt, (-)
AAAUUGACAGAAGAGAGUGAGCACAAAGAGGCACUUGAUAUAAUUCUAUAUCACUGCUUUUGUGUGCUCACCACUCUUUCUGUCGGUUU

Structure 1 Folding bases 1 To 89 of 10Sep29-10-09-55 Initial dG = -44.90
10 20 30 40
- A-| A CU A
AAAUUGACAG AAGAG GUGAGCACA AGAGGCA UGAUAUA U
Creereerer eeeer rereererr reerertr  rerrrn
UUUGGCUGUC UUCUC CACUCGUGU UUUUCGU ACUAUAU U
U ACH G c- C
80 70 60 50

gma-MIR156n UUGACAGAAGAGAGUGAGCAC
Gml7:37759446-37759535, 90nt, (+)
AAAUUGACAGAAGAGAGUGAGCACAAAGAGGCACUUGAUAUAAAUCUAUAUCACUGCUUUUGUGUGCUCACUACUCUUUCUGUCGGUUUU

Structure 1 Folding bases 1 To 90 of 10Sep29-10-11-28 Initial dG = -47.80
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10 20 30 40
- - - A Cu A
AAAUUGACAG AAGAG AGUGAGCACA AGAGGCA UGAUAUA A

FEEErereer reere tererrerer eeerrer rerrrn
UUUGGCUGUC UUCUC UCACUCGUGU UUUUCGU ACUAUAU U

U U Ar G C- c
80 70 60 50

gma-MIR159a-5p GAGCUCCUUGAAGUCCAAUUG Gm09 37672410 37672586
gma-MIR159a-5p (iso) GAGCUCCUUGAAGUCCAAUU Gm09 37672410 37672586
gma-MIR159a-3p UUUGGAUUGAAGGGAGCUCUA Gm09 37672410 37672586
gma-MIR159a-3p (isol) UUUGGAUUGAAGGGAGCUCU Gm09 37672410 37672586
gma-MIR159a-3p (iso2) UUGGAUUGAAGGGAGCUCUA Gm09 37672410 37672586
gma-MIR159a-3p (iso3) UGGAUUGAAGGGAGCUCUA Gm09 37672410 37672586

Gm09:37672410-37672586, 177nt, (+)
GUGGAGCUCCUUGAAGUCCAAUUGAGGAUCUUACUGGGUGAAUUGAGCUGCUUAGCUAUGGAUCCCACAGUUCUACCCAUCAAUAAGUGCUUUUGUGGUAGUCUUGUGGCUUCCAUAUCUGGGGAGCUUCA
UUUGCCUUUAUAGUAUUAACCUUCUUUGGAUUGAAGGGAGCUCUAC

Structure 1 Folding bases 1 To 177 of 10Sep29-10-28-08 Initial dG = -85.40

10 20 30 40 50 60 70 80

GA Uy AUCU --—-—- UG U G C uc Uy -| UCARUA
GUGGAGCUCCUU AGUCCAA GAGG UACU GGG AAU GAGCU CUUAG UAUGGA CCACAG CUACC CA A
Frereerererr e e Il e e e eeerr reeeer reeerr e
CAUCUCGAGGGA UUAGGUU UUCC AUGA UCC UUA UUCGA GGGUC AUACCU GGUGUU GAUGG GU G

AG uc ARUU UAUU GU C G U uc Cu U~ UUUCGU

170 160 150 140 130 120 110 100 90

gma-MIR159b-5p GAGUUCCCUGCACUCCAAGUC Gm07 5386107 5386292
gma-MIR159b-3p AUUGGAGUGAAGGGAGCUCCA Gm07 5386107 5386292

Gm07:5386107-5386292, 186nt, (-)

AAACCCAACUUGGAGUUCCCUGCACUCCAAGUCUGAAAGGAUAUGAUGGUAAACCUCUACUGCUAGUUCAUGGAUACCUCUGACUUCUUAACAACAUGCGUUCGAAGUCAAGGGUUUGCAUGCCCUGGGAG
AUGAGUUUACCUUGAUCUUUUGGUAUUGGAGUGAAGGGAGCUCCAGAGGGUAUUC
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Structure 1 Folding bases 1 To 186 of 10Sep29-10-15-16 Initial dG = -83.80

10 20 30 40 50 60 70 80 90

AR--| AAC G GU G AUGAU C UA G Uy GAU UC UU  AAC
ACCC  UUGGAGUUCCCU CACUCCAA CU AAAGGAU GGUAAAC UC CU CUAG CAUG ACC UGACUUC AAC \
RN FEErerrereer reererer e et Frerrer e e e 1l et 1l
UGGG  GACCUCGAGGGA GUGAGGUU GG UUUUCUA CCAUUUG AG GA GGUC GUAC UGG ACUGAAG UUG A

CUUA* A-- A AU - GUU-- - VA G cc GUU GA c- CGU
180 170 160 150 140 130 120 110 100

gma-MIR159e-5p GAGCUCCUUGAAGUCCAAUU Gm07 9524917 9525127

gma-MIR159e-3p UUUGGAUUGAAGGGAGCUCUA Gm07 9524917 9525127

gma-MIR159e-3p (isol) UUUGGAUUGAAGGGAGCUCU Gm07 9524917 9525127

gma-MIR159e-3p (iso2) UUUGGAUUGAAGGGAGCUC Gm07 9524917 9525127

gma-MIR159e-3p (iso3) UUGGAUUGAAGGGAGCUCUA Gm07 9524917 9525127

gma-MIR159e-3p (iso4) UGGAUUGAAGGGAGCUCUA Gm07 9524917 9525127

Gm07:9524917-9525127, 211lnt, (-)

CAAAGGGGGUUAUGGAGUGGAGCUCCUUGAAGUCCAAUUGAGGAUCUUACUGGGUGGAUUGAGCUGCUUAGCUAUGGAUCCCACAGUUCUACCCAUCAUUAAGUGCUUUUGUGGUAGUCUUGUGGCUUCCA
UAUCUGGGGAGCUUCAUUUGCCUUUAUAGUAUUAUCCUUCUUUGGAUUGAAGGGAGCUCUACACCCUUCUCCCCUUUUGU

Structure 1 Folding bases 1 To 211 of 10Sep29-10-19-50 Initial dG = -108.00

10 20 30 40 50 60 70 80 90 100
- UUAU- A GA Uy cu ---—— UG U G c uc uu -| UCAUUA
CAAAGGGGG GG GUGGAGCUCCUU AGUCCAA GAGGAU UACU GGG GAU GAGCU CUUAG UAUGGA CCACAG CUACC CA A
BERRNREN Fereeeereererr reeerer reeerr e Ceerrereree eeerr reeeer rereer rreer 1l
GuuuuUccce CC CAUCUCGAGGGA UUAGGUU UUCCUA AUGA UCC UUA UUCGA GGGUC AUACCU GGUGUU GAUGG GU G
1Y) ucuuc A AG uc uu UAUU GU C G U uc cu U~ UUUCGU
200 190 180 170 160 150 140 130 120 110
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gma-MIR159f-5p GAGUUCCCUGCACUCCAAGUC

gma-MIR159£-3p AUUGGAGUGAAGGGAGCUCCA

Gm16:2794128-2794307, 180nt, (-)

ACCCAAGUUGGAGUUCCCUGCACUCCAAGUCUGAAAGGAUAUGAUGGUAAACCUCUGCUGCUAGUUCAUGGAUACCUCUGGCCUCGUAACAACAUGCGUUCGAAGUCAAGGGUUUGCAUGACCUGGGAGAU
GAGUUUACCUUGACCUUUUGGUAUUGGAGUGAAGGGAGCUCCAGAGGGU

Structure 1 Folding bases 1 To 180 of 10Sep29-10-34-39 Initial dG = -85.60

10 20 30 40 50 60 70 80 90
| ARG G GU UG AUAUGAU C UG G U GAU UC C U BRAC
ACCC  UUGGAGUUCCCU CACUCCAA C AAAGG GGUAAAC UC CU CUAG UCAUG ACC UGGC UCG AAC  \
L1 Frererrereer rerrerer 1t FErrerr e e reer 1t POt e il
UGGG  GACCUCGAGGGA GUGAGGUU G UUUCC CCAUUUG AG GA GGUC AGUAC UGG ACUG AGC UUG A
A A-- A AU GU AGUU--- - VA G c GUU GA A - cCcGU
170 160 150 140 130 120 110 100

gma-MIR162a UCGAUAAACCUCUGCAUCCAG
Gm06:20176238-20176339, 102nt, (-)
GUGAAGUCACUGGAUGCAGCGGUUCAUCGAUCUCUUCCUGAAUCGUUGUUUAACAUCAGAACCAUGAAUCGAUCGAUAAACCUCUGCAUCCAGCGCUCACUC

Structure 1 Folding bases 1 To 102 of 10Sep29-10-38-42 Initial dG = -43.20

10 20 30 40 50
--] A CA C o UC C AA GU- UU
GUGA GU CUGGAUGCAG GGUU AUCGAUC UUC UG UC UG \
I T I o O o I O A N e I'l
CACU CG GACCUACGUC CCAA UAGCUAG AAG AC AG AC U
cu~ - cC- U A CU U CA ACU 2Aa
100 90 80 70 60

gma-MIR162b UCGAUAAACCUCUGCAUCCAG
Gm05:7692594-7692698, 105nt, (-)
GGUGAAGUCACUGGAGGCAGCGGUUCAUCGAUCUCUUCCUGAAUUUGGUUGUGGAAGAACACAAAGCAAGAAUCGGUCGAUAAACCUCUGCAUCCAGCGCUCACU

Structure 1 Folding bases 1 To 105 of 10Sep29-10-36-20 Initial dG = -41.80
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10 20 30 40 50

| A CA G C C UC C AAUUUGG GA
GGUGA GU CUGGA GCAG GGUU AUCGAUC UUC UG UUGUG A
PEEEE e e rert rere rererrr ree I
UCACU CG GACCU CGUC CCAA UAGCUGG AAG AC ARCAC G
. - C- A U A CU A GA----- AR
100 20 80 70 60
gma-MIR162c UCGAUAAACCUCUGCAUCCAG
Gm17:10181489-10181607, 119nt, (+)

GAGAUGAGGUGAAGUCACUGGAGGCAGCGGUUCAUCGAUCUCUUCCUGAAUUUGGUUGUGGAAGAACACAAAGCAAGAAUCGGUCGAUAAACCUCUGCAUCCAGCGCUCACUUUGCCUC

Structure 1 Folding bases 1 To 119 of 10Sep29-10-40-19 Initial dG = -48.40

10 20 30 40 50 60
| AU A CA G o c UC C AAUUUGG GA
GAG GAGGUGA GU CUGGA GCAG GGUU AUCGAUC UUC UG UUGUG A
CEErrerrer ee reeer reer e reererr e [
CUC UUUCACU CG GACCU CGUC CCAA UAGCUGG AAG AC AACAC G
A CG - C- a U A CU A GA----- AR
110 100 90 80 70
gma-MIR166a-5p GGAAUGUUGUCUGGCUCGAGG
gma-MIR166a-3p UCGGACCAGGCUUCAUUCCCC

Gml6:1912570-1912715, 1l46nt, (-)
ACGGAAGCUUUGUCUUUUGAGGGGAAUGUUGUCUGGCUCGAGGACCCUUCUUCAUCUUGAUCUUGUGUAGACUACUAUGCUUGUGGUCAAGGAAUACAUAGUGUUGUCGGACCAGGCUUCAUUCCCCCCAA
UUAUAUGCUUCCAAA

Structure 1 Folding bases 1 To 146 of 10Sep29-10-59-40 Initial dG = -62.10

10 20 30 40 50 60 70
AC- UU CUU A uU CU G C UCUUCA- uU--| a
GGAAGC UGU UUG GGGGAAUG GUCUGG CGA GAC CU UCUUGAUC GUGUAG C
e Feereeererr reeee e el BERRERN RENRN
CCUUCG AUA  AAC CCCCUUAC CGGACC GCU UUG GA GGAACUGG CGUAUC U
ARA U- UU- C Uy AG G U UACAUAA UGUU* a
140 130 120 110 100 90 80
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gma-MIR166c-5p GGAAUGUCGUCUGGUUCGAG

gma-MIR166c-3p UCGGACCAGGCUUCAUUCCCC

Gm02:14340767-14340863, 97nt, (+)
GUUGAGGGGAAUGUCGUCUGGUUCGAGACCAUUCAUGCAAGUAGUCUCAGACAUGACUCUUCUGAGUGAUUUCGGACCAGGCUUCAUUCCCCUCAGC

Structure 1 Folding bases 1 To 97 of 10Sep29-10-43-46 1Initial dG = -57.00

10 20 30 40 50
| uc C UGC U uca
GUUGAGGGGAAUG GUCUGGUUCGAGA CAUUCA AAG AGUC G
FEEEEErerrer  rrerrereererr el 1
CGACUCCCCUUAC CGGACCAGGCUUU GUGAGU UUC UCAG A
. Uy A c-- - UAC

20 80 70 60

gma-MIR166d-5p GGAAUGUUGUUUGGCUCGAGG
gma-MIR166d-3p UCGGACCAGGCUUCAUUCCCG
Gm08:14990547-14990731, 185nt, (+)

GGAUGAUGGGAAUGUUGUUUGGCUCGAGGUAACUGCAUGGUCUUAAUUUUGUUCAUCUUUUGAAGCUUUAAUUUAUUUAUGGGUUUCAAUCUUUUUUGAUCCCUUGAAACAGAAAAAGCUUUAAAGGUUGG
AUUUUGAGGCUAUCCCUUUAUGUGAUCUCGGACCAGGCUUCAUUCCCGUCAACC

Structure 1 Folding bases 1 To 185 of 10Sep29-10-45-36 Initial dG = -72.60
10 20 30 40 50 60 70 80 90
A uu CU A UGC----- | Uuuu U AAUUUA U uu uc
GG UGAUGGGAAUG GUUUGG CGAGGU AC AUGGUCUUAA GUUCA CUUUUGAAGCUUU UUUA GGG UCAA U
LErreererrere eeeere rererr (NEERRNREN FEEEr rrerrerrrrend FEEE e et
CC ACUGCCCUUAC CGGACC GCUCUA UG UAUCGGAGUU UAGGU GGAAAUUUCGAAA AAGU CCC AGUU U
A uu AG G UAUUuUCccH U--- U AAGACA U U- uu
180 170 160 150 140 130 120 110 100

gma-MIR166e-5p GGAAUGUUGUUUGGCUCGAGG
gma-MIR166e-3p UCGGACCAGGCUUCAUUCCCG
Gml15:3688764-3688931, 168nt, (-)
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GGUUGAUGGGAAUGUUGUUUGGCUCGAGGUAACUAUGCAUGGUCUUAAUUUUGUUCAUCUUUGAAGCUUUAAUUUAUGGGUUUCGAUCUCUUUGAUCCCUUGAAACAAAGAAAGCUUUAAAGGUUGGAUUU
UGAGGCUUUCUCGGACCAGGCUUCAUUCCCGUAAACC

Structure 1 Folding bases 1 To 168 of 10Sep29-10-51-35 Initial dG = -63.90

10 20 30
G uu CU | A
GGUU AUGGGAAUG GUUUGG CGAG--GUA C

CEer reeeeeeer et e 1l
CCAA UGCCCUUAC CGGACC GCUC CGU U

A uU AG \~ A
160 150

40 50 60 70 80

AU Uuuy - AA---- U Uuu uc
GGUCUUAA GUUCA UCUUUGAAGCUUU UUUA GGG UCGA \
EEARERN FEEEE TEEEErerrenl e e il
UCGGAGUU UAGGU GGAAAUUUCGAAA AAGU CCC AGUU U

uu U--- U GAAACA U U- uc

140 130 120 110 100 20

gma-MIR166f UCUCGGACCAGGCUUCAUUCC

gma-MIR166f (iso) UCUCGGACCAGGCUUCAUUC

Gm20:43105394-43105500, 107nt, (-)
AGGAGUUGAGGGGAAUGGUGUCUGGUUCGAGACCAUUCUUCUGAAGCAAAGAUCAUCAUCAUCACCCUUGAGAAUGAUCUCGGACCAGGCUUCAUUCCCCCUAGCUC

Structure 1 Folding bases 1 To 107 of 10Sep29-11-01-57 Initial dG = -52.70
10 20 30 40 50
AG| A U C CuG CAAA CAU
GAGUUG GGGGAAUGG GUCUGGUUCGAGA CAUUCUU AAG GAU \
FEEEre rererrere rerrererr et rerernd [ Il
CUCGAU CCCCUUACU CGGACCAGGCUCU GUAAGAG uuc cua C
- C U A -—- CCa- cua
100 20 80 70 60
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gma-MIR167c UGAAGCUGCCAGCAUGAUCUG

Gm07:39778512-39778886, 375nt, (+)

UUUGAGAGGUUGAAGCUGCCAGCAUGAUCUGGUAAAUCACAUACUUUUUUUUUUCUCACCUCUCAUGCCUAAUUUUUAAGCACCAGUCAUUAGAGAAAAUAAUGGUGAAAAAUCCAUCUAUUCAAUUUUUU
UUUUCAAAUUCAAGGUUUCCAGUAUGUAUCACUAAUGGUGAAAAAAGUGAUGGAAUUUUGUAGAACAUGGGUUAAAUUUACUUUUUUUUUUUUUGAGUUUUCAUUUUCUUCAAGUUUCUGAGCCAAGAAAUAAAAGA
GACUUAUAAAUUGGAAUUAAUACUUAAAGGAAACCCACCAGAAGGGCAAUUUGGUUAUCAUAAGAUGUGGUUUCCAUCAGGUCAUCUUGCAGCUUCAAUCACUCAAU

Structure 1 Folding bases 1 To 375 of 10Sep29-11-04-02 Initial dG = -97.70
10 20 30 40 50 60 70 80
19 A c C -- A Uuuuuuuucuc ucuca .—AA --| A
UUGAG GGUUGAAGCUGC AG AUGAUCUGGU AAAUCACAU CUU ACC UGCCU UUUUUAA GC C
FELEE TRErrrrrerer re eeerereret  rerererer 1l I [ARRN (ARARER R
AACUC CUAACUUCGACG UC UACUGGACUA UUUGGUGUA GAA UGG ACGGG AGAGAUU UG C
U A U - cc - UACUAU----- UUUA- \ - ACM A
370 360 350 340 330 320 90
100 110 120 130 140 150 160
AAAUAA .—AAA -—= UUCAAUUUUUUUUUUCAAAUU U G GUA-- UA
UGGUG AAUCCA ucua CAAGGUU CCA UAU UCAC \
(ARRN (RERNN (RN FEEEEEE LD 1 (RN
ACCAC UUGGGU AGAU GUUUUAA GGU GUG AGUG A
AAG--- \ - ACA  -—---—-mmmmmmmmmmm—— - A AAAAA GU
310 200 190 180 170
210 220 230 240 250
AAAUUUACUUUULU @000 ——-—- U cuuc GAGCCAA
UUUUUUUUGAGU UuuCA UUU AAGUUUCU \
(ARRRERRRERE! FErer 1l [ARARARE!
AAAGGAAAUUCA AAGGU ARAA UUCAGAGA G
CC---—=——=——= UAAUU U UA-- AAAUAAA
300 290 280 270 260
(ARRRERRRERE! FErer 1l [ARARARE!
AAAGGAAAUUCA AAGGU ARAA UUCAGAGA G
CC---—=——=——= UAAUU U UA-- AAAUAAA
300 290 280 270 260

gma-MIR167g(iso) UGAAGCUGCCAGCAUGAUCUG
Gm10:39044877-39044954, 78nt, (+)
CAGCAGUUGAAGCUGCCAGCAUGAUCUGAGUUUACCUUCUAUUGGUAAGAACAGAUCAUGUGGCUGCUUCACCUGUUG

Structure 1 Folding bases 1 To 78 of 10Sep29-11-14-32 Initial dG = -44.90
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10 20 30
U U G AG uuc
CAGCAG UGAAGC GCCA CAUGAUCUG UUUACC \

FEEEEE treere teer rereererr et
GUUGUC ACUUCG CGGU GUACUAGAC GAAUGG U

C 9) - AA uva
70 60 50
gma-MIR167h UGAAGCUGCCAGCAUGAUCUG

Gm20:44765096-44765173, 78nt, (+)
CAGCAGUUGAAGCUGCCAGCAUGAUCUGAGUUUACCUUCUAUUGGUAAGAACAGAUCAUGUGGCUGCUUCACCUGUUG

Structure 1 Folding bases 1 To 78 of 10Sep29-11-16-29 Initial dG = -44.90
10 20 30
| U U G AG uuc

CAGCAG UGAAGC GCCA CAUGAUCUG UUUACC \

CEEREE trrere terr reeeererr et

GUUGUC ACUUCG CGGU GUACUAGAC GAAUGG U

. C U - AR UUA
70 60 50

gma-MIR168a UCGCUUGGUGCAGGUCGGGAA
Gm09:41353226-41353350, 125nt, (-)
CACUGUGCGGUCUCUAAUUCGCUUGGUGCAGGUCGGGAACCGGUUUUCGCGCGGAAUGGAGGAGCGGUCGCCGGCGCCGAAUUGGAUCCCGCCUUGCAUCAACUGAAUCGGAGGCCGCGGUGAAL

Structure 1 Folding bases 1 To 125 of 10Sep29-11-19-40 Initial dG = -66.20

10 20 30 40 50 60
---| GU UA o U A uc - AA-- GA
CACU GCGGUCUC AUUCG UUGGUGCAGG CGGGA CCGGUUU GCGC GG UG G
O e reere reeererrer reerr reeerer vl Il
GUGG CGCCGGAG UAAGU AACUACGUUC GCCCU GGUUAAG CGCG CC GC G
CAA* -- GC c C A c- G GCUG GA
120 110 100 90 80 70
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gma-MIR168b UCGCUUGGUGCAGGUCGGGAA
Gm01:48070311-48070420, 110nt, (-)
CGGUCUCUAAUUCGCUUGGUGCAGGUCGGGAACCGGUUUUCGCGCGGAAUGGAGGAACGGUCGCCGGCGGCGAAUUGGAUCCCGCCUUGCAUCAACUGAAUCGGAGGCCG

Structure 1 Folding bases 1 To 110 of 10Sep29-11-18-03 Initial dG = -60.40

10 20 30 40 50
UA o U A - G AA--| GA
CGGUCUC AUUCG UUGGUGCAGG CGGGA CCGGUUU UCGC CGG UG G
FEEEEEr rerer rrerrer e rerer tererer reer Il
GCCGGAG UAAGU AACUACGUUC GCCCU GGUUAAG GGCG GCC GC G
GC C C A c - GCUG* AA
100 90 80 70 60

gma-MIR169a CAGCCAAGGAUGACUUGCCGG
Gm09:35771804-35771924, 121nt, (+)
AAGAGGAAGAGAGAGUGAUGCAGCCAAGGAUGACUUGCCGGCGUUAUUAUUUGCUCAUGUUCAUGCUCACCGGUUUCCUUGCCGGCAAGUUGUGUUUGGCUAUGUUUUGCUCUCUUCUUCU

Structure 1 Folding bases 1 To 121 of 10Sep29-12-01-27 Initial dG = -57.20
10 20 30 40 50 60
A AGU GC G UG UUAUU --| CU G
AGAGGAAGAGAG GAU AGCCAAG A ACUUGCCGGCG AUU UG CAU U
(RERRRRRERRN e reeerre o rererrrrend e e
Ucuucuucucuc UUG UCGGUUU U UGAACGGCCGU UGG AC GUA U
- GUU UA G GU UCCUU Ccc~ Uc C
120 110 100 90 80 70
gma-MIR169f-5p UAGCCAAGAAUGACUUGCCGG
gma-MIR169f-3p UUUCGACGAGUUGUUCUUGGC
Gm02:46876643-46876727, 85nt, (-)

GUAGCCAAGAAUGACUUGCCGGAAUGCAUGCAUUUAUUAGGUACCAAGGUGUAUUGUAUGAUUUCGACGAGUUGUUCUUGGCUAC
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Structure 1 Folding bases 1 To 85 of 10Sep29-11-50-35 Initial dG = -39.10

10 20 30 40
| UG Cc G uU- AGGU
GUAGCCAAGAA ACUUG CGGAAU CAUGCA UAUU \

FEEREErErrr  eeerr tereer 1l Il
CAUCGGUUCUU UGAGC GCUUUA GUAUGU  GUGG A

~ GU A - UAU AACC
80 70 60 50

gma-MIR169g CAGCCAAGAAUGACUUGCCGG

gma-MIR169g (iso) AGCCAAGAAUGACUUGCCGG

Gm09:5263992-5264096, 105nt, (+)
GAGUGAUUUGCAGCCAAGAAUGACUUGCCGGAAUGCUUGCAUUAGGCAUAAUAUAUAGUUGUAUACUUUAUAAUCCGGCAAGUUGUUUUUGGCUACACUUUUUUC

Structure 1 Folding bases 1 To 105 of 10Sep29-11-54-56 Initial dG = -42.90

10 20 30 40
U UU C UG I c
GAG GA UG AGCCAAGAA ACUUGCCGGA--AUGCUUG \
Fee e e reeeererr rreererrrr  rerernd
CUU UU AC UCGGUUUUU UGAACGGCCU UACGGAU A
U Uc A GU \ A U
100 20 80

50 60
AR U UG
UAUA AGU \
ENA RN
AUAU UCA U
A- U UA
70
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gma-MIR169h CAGCCAAGAAUGACUUGCCGG

gma-MIR169h (iso) AGCCAAGAAUGACUUGCCGG

Gm14:5324798-5324911, 1l4nt, (+)
GAGUGAUUUGCAGCCAAGAAUGACUUGCCGGAAUGCAUAUAUAUGCAUUAGGUACCAACAUAUAUAGUUGUAUUGUAUAAUUUCGGGCAAGUUGUUUUUGGCUACAUUUAUCUC

Structure 4 Folding bases 1 To 114 of 10Sep29-11-57-42 Initial dG = -40.60

10 20 30 40 50
UGAUU C UG G UuGC| U - G ccC
GAG UG AGCCAAGRAA ACUUGCC GAA  AUAUA AUGCA UUA GUA A
11 Errererrer e 1l FEEEE e rer 1l
cuc AC UCGGUUUUU UGAACGG CUU UAUGU UAUGU GAU UAU A
UAUUU A GU G UAA” - U A AC
110 100 90 80 70 60

gma-MIR169i CAGCCAAGGAUGACUUGCCGG

Gm10:40332790-40332926, 137nt, (-)

AGAGAGUGUAGUGCAGCCAAGGAUGACUUGCCGGCAUUAGCCAAGUGAAUGAGCAUCAUAUAUAUAUAUAUAUAUAUAUAUAUAUAUAUGACUCAUGUUCUUGUCGGCAAGUUGGCCUUGGCUAUAUUGGA
CUCUCU

Structure 1 Folding bases 1 To 137 of 10Sep29-12-03-25 Initial dG = -71.40

10 20 30 40 50 60 70
G o AU UU  CAAGUGA ca a
AGAGAGU UAGUG AGCCAAGG GACUUGCCGGCA AGC AUGAG UCAUAUAUAUAUAUAU U
Crereer reere rererrer  rererrrrerrr FEEEE PRl
UCUCUCA GUUAU UCGGUUCC UUGAACGGCUGU UUG UACUC AGUAUAUAUAUAUAUA A
G A GG uc - -- U
130 120 110 100 90 80
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gma-MIR169j CAGCCAAGGAUGACUUGCCGG

Gml13:368441-368563, 123nt, (-)
GAAAGUAGAGUGCAGCCAAGGAUGACUUGCCGGAGCAAUAAGCAAUAAUAUCUAUCUAUUUUAUCUUUCUUUUCUUCUUAUUCUUUCACGCCGGCAAGUUGUUCUUGGCUACAUUUUGUUUUC

Structure 1 Folding bases 1 To 123 of 10Sep29-12-06-19 Initial dG = -44.80

10 20 30 40 50 60
o UG AGCAAU C UAUCUAUCUAUUUU
GAAAGUAGAGUG AGCCAAGGA ACUUGCCGG AAG AAUAA \
FEErrererrer eeererrer  rerrrrend LT
CUUUUGUUUUAC UCGGUUCUU UGAACGGCC UUC UUAUU A
A GU GCACU- - CUUCUUUUCUUUCU
120 110 100 90 80 70

gma-MIR169k CAGCCAAGGGUGAUUUGCCGG
Gml15:14150069-14150183, 115nt, (+)
GGAGUGCAGCCAAGGGUGAUUUGCCGGCACAGGCACUAAUUAGUUCAAUAUUGAAUAGUUAGUUCUGUUUGAUUGAUUUACUUCUGUGCCGGCAAGUUUCUCUUGGCUACAUUUC

Structure 1 Folding bases 1 To 115 of 10Sep29-12-10-27 Initial dG = -56.80

10 20 30 40 50
C U CACU c uu AG
GGAGUG AGCCAAGGG GAUUUGCCGGCACAGG ARUUAGUU AAUA GRAU \
FEEEEE Lreereerer tererrer e FEErreer el
CUUUAC UCGGUUCUC UUGAACGGCCGUGUCU UUAGUUAG UUGU CUUG U
A U UCAU U -- AU
110 100 920 80 70 60

gma-MIR1691 CAGCCAAGGAUGACUUGCCGG

Gml7:4861816-4861963, 148nt, (-)

AGAGGUAGAAAGUAGAGUGCAGCCAAGGAUGACUUGCCGGAGCAAUAAGAAUAAACAAUAAAAUGUAUCUAUUUAUAACAUUCUUCUUCUUCUUCUUCUUCUUUCACGCCGGCAAGUUGUUCUUGGCUACA
UuuUGUUUUCUUCUUCU

Structure 1 Folding bases 1 To 148 of 10Sep29-12-14-23 InitialdG = -52.80
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10 20 30 40 50 60 70

U o 1S e R et lc U UAAACAAUAA AUCUA
AGAGG AGAAAGUAGAGUG AGCCAAGGA ACUUGCCGG AG AA AAGAA ARUGU \
FEEEE Terrererrerer eeeererer  reerernnd AR I
UCUUC UCUUUUGUUUUAC UCGGUUCUU UGAACGGCC UC UU UUCUU UUACA U

U A GU GCACUU* - C CUUCUUCUUC AUAUU

140 130 120 110 100 90 80

gma-MIR171d UUGAGCCGUGCCAAUAUCACG
Gm06:48920631-48920715, 85nt, (-)
CGGGAUAUUGGUCCGGUUCAAUAAGAAAGCAAUGCUCAAAAUGUUAUUGGGUCCUGUUUUUUCAUUGAGCCGUGCCAAUAUCACG

Structure 1 Folding bases 1 To 85 of 10Sep29-12-17-50 Initial dG = -39.80
10 20 30 40
| G ucC A AU AAU

CG GAUAUUGG CGGUUCAAU AGAAAGCA GCUCAA  \

CErrererrr reererrer eeerrerr e

GC CUAUAACC GCCGAGUUA UUUUUUGU UGGGUU G

~ A GU c cc AUU
80 70 60 50

gma-MIR17le CGAUGUUGGUGAGGUUCAAUC
Gml3:26271135-26271232, 98nt, (+)
GAGAAAGCGAUGUUGGUGAGGUUCAAUCCGAAGACGGAUUUACAUGUAGAAGCAGUAAAAUACGAUCUCAGAUUGAGCCGCGCCAAUAUCACUUUAUC

Structure 1 Folding bases 1 To 98 of 10Sep29-12-19-16 Initial dG = -41.20
10 20 30 40
G C A caA - GA-| A A

GA AAAG GAUGUUGGUG GGUUCAAUC G AGA CG UUUAC UGU G
FErrer reereerere rereererr e FEEEr 1l
CU UUUC CUAUAACCGC CCGAGUUAG C UCU GC AAAUG ACG A
A A G A - A AUA" - A
90 80 70 60 50
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gma-MIR171f CGAUGUUGGUGAGGUUCAAUC
Gml17:9101701-9101798, 98nt, (-)
GAGAAAGCGAUGUUGGUGAGGUUCAAUCCGAAGACGGAUUUACAUGUAGAAGCAGUAAAAUACGAUCUCAGAUUGAGCCGCGCCAAUAUCACUUUAUC

Structure 1 Folding bases 1 to 98 of 100ctl10-16-34-43 Initial dG = -41.20
10 20 30 40
G C A CA - GA-| A A

GA AAAG GAUGUUGGUG GGUUCAAUC G AGA CG UUUAC UGU G

FErrer reerereere rererrerr e R 1l
CU UUUC CUAUAACCGC CCGAGUUAG C UCU GC  AAAUG ACG A

A A G A - A AUAN - A
90 80 70 60 50
gma-MIR172b-5p GUAGCAUCAUCAAGAUUCAC
Gm13:40401688-40401809, 122nt, (-)
GCGGAUGUAGCAUCAUCAAGAUUCACAUGCAAAUGAAGGUGGGUGGGACUAUGAUGCAAUCCAAGUGCUCUGCCAAUCCAUCGGUCUUUUUGAUGUGAGAAUCUUGAUGAUGCUGCAUCAGC
Structure 1 Folding bases 1 To 122 of 10Sep29-12-45-16 Initial dG = -57.40
10 20 30 40 50 60
G A - U- A-| G ACUAU U AUC
GC GAUGUAGCAUCAUCAAGAUUC CAUG CAAA GA GGUGGGU GG GA GCA \
Ceorreererrereererrererr reer eeer e rererrr Il
CG CUACGUCGUAGUAGUUCUAAG GUGU GUUU CU CUACCUA CC CUCGU C
A A A uu GG* A GU--- - GAA
120 110 100 90 80 70
gma-MIR172c GGAAUCUUGAUGAUGCUGCAG
gma-MIR172c (iso) GAAUCUUGAUGAUGCUGCAG

Gml18:2968986-2969138, 153nt, (+)
AAAUCAGUCACUGUUUGCCGGUGGAGCAUCAUCAAGAUUCACAAGCUUUAGGGGCAUUAAUUUGUUUGAGGUGGUUCCUUAUUGCUCCAAAACCAAUUAGCCCUUUUGCUAUGGGAAUCUUGAUGAUGCUGCAGCAG
CAAUAAAUGACUAAUA

Structure 1 Folding bases 1 To 153 of 10Sep29-12-47-32 Initial dG = -61.40
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10 20 30 40 50 60 70
ARAUC CUGU CGG G A -| UUU AU UG- AG UG UC
AGUCA UUGC UG AGCAUCAUCAAGAUUC CA AGC AGGGGC URAUU UUUG G GU \
ARy [l PO TR e rnl FEErer e e 1l
UCAGU AACG AC UCGUAGUAGUUCUAAG GU UCG UUCCCG AUUAA AARAC C UA C
AUAA- ARAU ACG G G A* UU- -- cca CU GU UU
150 140 130 120 110 100 20 80

gma-MIR172d(isol) GGAAUCUUGAUGAUGCUGCAG
gma-MIR172d (iso2) GAAUCUUGAUGAUGCUGCAG

Gml14:5548752 - 5548901 150nt  (+)

AAAACAGUCGCUGAUUGCAGAUGGAGCAUCAUCAAGAUUCACAAGCUUCAGGGGUUUUUUGUUUGGGGUGGUCCCUUAUUGCUCCCAAAUGAAUUAAGCCCUUUGAUAUG GGAAUCUUGAUGAUGCUGCAGCAGCAA
UAAACGACUAACA

Structure 1 Folding bases 1 To 150 of 10Sep29-12-46-31 InitialdG = -66.90
10 20 30 40 50 60 70
AAAAC CUG AGA G A AGCU - -- UG -]UG cC

AGUCG AUUGC UG AGCAUCAUCAAGAUUC CA UC AGGGGUUU UU UUUGGG G GU \

RN RN FETErrerrrrerrrrer i Lerrererrr e e
UCAGC UAACG AC UCGUAGUAGUUCUAAG GU AG UUCCCGAA AR AAACCC C UA C

ACAA- AAA ACG G G AU-- U UuuU GU U~GU UU
140 130 120 110 100 90 80

gma-MIR172e (isol) GGAAUCUUGAUGAUGCUGCAG
gma-MIR172e (iso2) GAAUCUUGAUGAUGCUGCAG

Gml11:35957808-35957960, 153nt, (-)
AAAACAGUCACUGUUUGCCGGUGGAGCAUCAUCAAGAUUCACAAGCUUUAGGGGGCAUUAAUUUGUUUGAGGUGGUCCCUUAUUGAUCCAAACCAAUUAGCCCUUUUGCUAUGGGAAUCUUGAUGAUGCUGCAGCAG
CAAUAAAUGACUAAUA

Structure 1 Folding bases 1 To 153 of 10Sep29-12-40-39 Initial dG = -58.30
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10 20 30 40 50 60 70 80
ARAAC CUGU CGG G A -| UUU AU U AGGU ccu
AGUCA UUGC UG AGCAUCAUCAAGAUUC CA AGC AGGGGGC UAAUU GUUUG Geuc  \
RNy [l FETErrererrererrer el FEETEEE e el I
UCAGU AACG AC UCGUAGUAGUUCUAAG GU UCG UUUCCCG AUUAA CAAAC CUAG U
AUAA- ARAU ACG G G A* U-- -- C -—— UUA
150 140 130 120 110 100 20

gma-MIR172g GCAGCACCAUCAAGAUUCAC
Gm10:31592576-31592689,114nt, (-)
GCAGGUGCAGCACCAUCAAGAUUCACAUGCAAUUUACACCCUAUAAGAGAUUUUUGACAAAAUUUCUUUCCUAGGAGAGUUUUGACUUGAGAAUCUUGAUGAUGCUGCAUCAGC

Structure 1 Folding bases 1 To 114 of 10Sep29-12-23-59 InitialdG = -45.20

10 20 30 40 50
A o} A UG- UUUACAC U--| U
GC GGUGCAGCA CAUCAAGAUUC CA  CAA CCUA  AAGAGAUUUU G
FE e reererrerer i 111 ARy RRARERRRN
CG CUACGUCGU GUAGUUCUAAG GU  GUU GGAU  UUCUUUAAAA A
A A A UCA UUGAGA- ccus C
110 100 90 80 70 60

gma-MIR172h-5p GCAGCAGCAUCAAGAUUCACA

gma-MIR172h-5p (iso) GCAGCAGCAUCAAGAUUCAC

gma-MIR172h-3p AGAAUCUUGAUGAUGCUGCAU

Gm10:43474733-43474823, 91nt, (+)
GCAGGUGCAGCAGCAUCAAGAUUCACACACAGAUUUACCUCCUUGGGGGCGUGUGUUUCGGUGCUGAGAAUCUUGAUGAUGCUGCAUCAGC
Structure 1 Folding bases 1 To 91 of 10Sep29-12-27-57 InitialdG = -44.10

10 20 30 40
A G A - A UU-- -| U
GC GGUGCAGCA CAUCAAGAUUC CA CAC GA UAC cucC \
FEreerrrrer ceerrrrerrr e rer o e
CG CUACGUCGU GUAGUUCUAAG GU GUG CU GUG GGGG U
A a A C G UUGU C*~ G
90 80 70 60 50
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gma-MIR172i GCAGCAGCAUCAAGAUUCACA

gma-MIR172i (iso) GCAGCAGCAUCAAGAUUCAC

Gml15:2892962-2893122, 16lnt, (-)
GCAGGUGCAGCAGCAUCAAGAUUCACACCGCCUAAUUUGCUAGGACUUCAGGACUGCACACGCUUAAUUAUACAUACAUAUAUACAUAUAUGUUAGCUCUUUGUGGAGUGCGGAAUAAAGUUCUAUUUUAG

AUGUGGGAAUCUUGAUGAUGCUGCAUCAGC
Structure 1 Folding bases 1 To 161 of 10Sep29-12-49-36 Initial dG = -60.10

10 20 30 40 50 60 70 80
| A G A CGC UUUGC CAGGA A-  UUAAUUAUACAU U
GC GGUGCAGCA CAUCAAGAUUC CAC  CUAA UAGGACUU CUGCAC CGC ACAUAUA A
FETEErererr reererrrrer i Il ENNRENN PR 1l RERRAN

CG CUACGUCGU GUAGUUCUAAG GUG GAUU AUCUUGAA GGCGUG GUG UGUAUAU C
~ A A G UA- uU--- AUAA- AG UUUCUCGAU--- A

150 140 130 120 110 100 90

gma-MIR172j GCAGCAGCAUCAAGAUUCACA
gma-MIR1727j (iso) GCAGCAGCAUCAAGAUUCAC

Gm20:40895747-40895836, 90nt, (-)
GCAGGUGCAGCAGCAUCAAGAUUCACACACAGAUUCCACCUCCUUGGGGGAGUGUUUAGGUGCUGAGAAUCUUGAUGAUGCUGCAUCAGC

Structure 1 Folding bases 1 To 90 of 10Sep29-12-51-11 Initial dG = -44.50

10 20 30 40
A G A -| AGAUUC CuU U

GC GGUGCAGCA CAUCAAGAUUC CA CAC CAC CC U

U TEerererr teerererer re By
CG CUACGUCGU GUAGUUCUAAG GU GUG GUG GG G
A A A C~ GAUUU- AG G

80 70 60 50

gma-MIR319a(iso) UUGGACUGAAGGGAGCUCCCU

Gm05:40832097-40832279, 183nt, (+)

AAGGUAAGAGAGCUUUCUUCAGUCCACUCAUGGGUGACAGUAAGAUUCAAUUAGCUGCCGACUCAUUCAUCCAAAUGUUGAGUGUAAGCGAAUAAAUAUACUCAGCAGAUGAGUGAAUGAUGCGGGAGACA
AAUUGAAUCUUAAGUUUCCUGUACUUGGACUGAAGGGAGCUCCCUUUUCCUU

Structure 1 Folding bases 1 To 183 of 10Sep29-13-02-53 InitialdG = -88.00
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10 20 30 40 50 60 70 80 90
U-| A uu cuc U AG AG- G AC UcC AA AGCG
AARGG AAG GAGCU CUUCAGUCCA AUGGG GAC UAAGAUUCAAUU CU CCG UCAUUCA CA UGUUGAGUGUA A
FEEE e rreeer rreerrrnrd PR e reererrernd FErer reererr re e
UUCC UUC CUCGA GAAGUCAGGU UGUCC UUG AUUCUAAGUUAA GA GGC AGUAAGU GU ACGACUCAUAU A
uu~ C GG uca U A- ACA G GU GA AG ARAU
180 170 160 150 140 130 120 110 100

gma-MIR319b (iso) UUGGACUGAAGGGAGCUCCCU

Gm08:1647811-1647990, 180nt, (-)

GGUAAGAGAGCUUUCUUCAGUCCACUUAUGGGUGACAAUAAGAUUUCAAUUAGCUGCCGACUCAUUCAUCCAAAUGCUGAGUGAAAGCGAAGAAAGAUACUCAGCAAAUGAGUGAAUGAUGCGGGAGACAA
AUUGAUUCUUAAGUUUCCUGUACUUGGACUGAAGGGAGCUCCCUUUUUC

Structure 1 Folding bases 1 To 180 of 10Sep29-13-05-47 InitialdG = -78.50
10 20 30 40 50 60 70 80 90
GGU-| A uu Cu U AA uu AG- G AC UC AA AAAGCG
AAG GAGCU CUUCAGUCCA UAUGGG GAC UAAGA UCAAUU CU CCG UCAUUCA CA UGCUGAGUG A
CEEreeee o rrereererr o eererr rer v reren FErree rererer e rerrrren
UUC CUCGA GAAGUCAGGU AUGUCC UUG AUUCU AGUUAA GA GGC AGUAAGU GU ACGACUCAU A
cuuur C GG uc U A- U- ACA G GU GA AA AGAAAG
170 160 150 140 130 120 110 100
gma-MIR319d UUGGACUGAAGGGAGCUCCUUC
gma-MIR319d (iso) GGACUGAAGGGAGCUCCUUC
Gm02:43885398-43885595, 198nt, (+)

GGGAAAGAGAGUGAAGGAGUUUCCCUCAGCCCAUUCAUGGAUAUAAUGAAAGAUUGGGUUGCUGAAUUAACUGAUUCAUUCAUACAAUAGUAUUCAAUUAGGGUAAUAUUGUGUGAAUGAAGAGAGUAUAGUAUCUA
UAUUGGAACCCCCUCUUUCUCUGUGCUUGGACUGAAGGGAGCUCCUUCUUUUUCUGUUCCC

Structure 2 Folding bases 1 To 198 of 10Sep29-12-55-08 Initial dG = -83.80
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10 20 30 40 50 60 70 80 20

- U C cC Uuu UAUAAU Uy G UG ------- | - GaA- G AR
GGGAA AGAGAG GAAGGAGUUUCC UCAG CCA CAUGGA GAAAGA GGGUU C A AUUA ACU  UUCAUUCAUACAAUA UAUUC \
FEEEE tererr reerererrert reer rer T Frerer o reerr 1| FEEE 1 FEETEEEETrrrerr el
CCCUU UCUUUU CUUCCUCGAGGG AGUC GGU GUGUCU CUUUCU CCCARA G U UGAU UGA  AAGUAAGUGUGUUAU AUGGG U

G U A A U —----- cc - GU AUAUCUA* A  GAG A AU

190 180 170 160 150 140 130 120 110 100
gma-MIR319e UUGGACUGAAGGGAGCUCCCU

Gm02:45704227-45704412, 186nt, (+)
AGUUGAAGAGAGCUUCCUUCAGUCCACUCAUGGAUGGGAAAGGGGUUUGAAUUAGCUGCUGACUCAUUCAUUCAAACACAAUAGAUUCGGCUUCAUGAUAUGUUAUUGUGAAUGUGUGAAUGAUGCGGGAGGUAAAU

UUCUUCCUUUUCUUGUCCUUGCUUGGACUGAAGGGAGCUCCCUCUAACU

Structure 1 Folding bases 1 To 186 of 10Sep29-12-58-00 Initial dG = -87.20
10 20 30 40 50 60 70 80 90
A A CuU U UG Uuu A G G AC U AA AU--| GC

AGUUG AG GAGCUUCCUUCAGUCCA CA GGA GGAAAGGGG GA UUA CU CUG UCAUUCAU CA CACAAUAG Uucc U

CEEEE e rereerererrererrr e ree e FETer e e reerrerr re reerrrn Y
UCAAU UC CUCGAGGGAAGUCAGGU GU CCU UCUUUUCCU UU AAU GA GGC AGUAAGUG GU GUGUUAUU AGU U

cC C uc u GU UCu A G G GU U AA GUAU”~ AC
180 170 160 150 140 130 120 110 100
gma-MIR319f UUGGACUGAAGGGGAGCUCCUUC
gma-MIR319f (iso) UGGACUGAAGGGGAGCUCCUUC
Gm04:46348798-46348991, 194nt, (+)

AAGAGAGUGAAGGAGCUUCCUUCAGCCCACGCAUGGGUUCGGGGGAUUGAAGGGUUGCUGAAGCAUCUGCUGACUCAUUCAUACACACAGAAUAGUGAUUCAAAUUGCUAAGGUAAUUGUGUGAAUGAAGC
AGGAGAUAUUUUGCAUCCCUCUUUCUUUGUGCUUGGACUGAAGGGGAGCUCCUUCUUUCUGUU

Structure 2 Folding bases 1 To 194 of 10Sep29-12-59-20 Initial dG = -84.40
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10 20 30 40 50 60 70 80 20 100

G U - (o] (o] UG UUC GG UUGAA U U GC G AC CACAGAA UG| U
AA AGAG GAAGGAGCU UCCUUCAG CCA GCA GG G GGA GGG UGC GAA AUCU CUG UCAUUCAUACA UAG AU C
1 T T T T A [ FEEtee e e rer e (R
UU UCUU CUUCCUCGA GGGAAGUC GGU CGU UU C UcCu CCC ACG UUU UAGA GAC AGUAAGUGUGU AUC UA A

G U G A U GU ---UU ——--—- U U A- G GA UAAUGGA GU~ A

190 180 170 160 150 140 130 120 110

gma-MIR319g UUGGACUGAAGGGAGCUCCCU
179nt, (+)

Gml11:1374020-1374198,
AGGUAAGAGAGCUCUCUUCAGCCCACUCAUAGGUGAUAAUAGGAUUUAAUUAGCUGCCGACUCAUUCAUACACAUGCUGAGUGAAUUAAUGAAUAAUACUCAGUAAAUGAGUGAAUGAUACGGGAGACAAAUUGAATU

CUUAUGUUUUCUGUACUUGGACUGAAGGGAGCUCCCUUUUCU

Structure 1 Folding bases 1 To 179 of 10Sep29-13-10-14 Initial dG = -74.20
10 20 30 40 50 60 70 80 20
| U A c cuc U A AG- G AC A CA GA AU

AGG AAG GAGCUCUCUUCAG CCA AUAGG GAUA UAGGAUUUAAUU CU CCG UCAUUCAU CA UGCUGAGU AUUA \

FEE e rrerrererrerr el PR e Teerrrrernnd FErer e e rererrer et
UCU UUC CUCGAGGGAAGUC GGU  UGUCU UUGU AUUCUAAGUUAA GA GGC AGUAAGUG GU AUGACUCA URAU G
A~ U C A UCA U - ACA G AU A AA -- AA

170 160 150 140 130 120 110 100

gma-MIR319h UUGGACUGAAGGGAGCUCCCU

Gml1:32902062-32902247, 186nt, (+)
AGUUUAAGAGAGCUUCCUUCAGUCCACUCAUGGAUGGGUAGAGGGUUUGAAUUAGCUGCUGACUCAUUCAUUCAAACACAAUAGAAUUAGUAUCAUGGUAUGCUAUUGUGAAUGUGUGAAUGAUG CAGGAG

GUAAAGUUCAUCCUUUUCUUGUCUUUGCUUGGACUGAAGGGAGCUCCCUUUUACU

Structure 1 Folding bases 1 To 186 of 10Sep29-14-00-51 Initial dG = -83.30
10 20 30 40 50 60 70 80 920

| UU A CuU U UG U 819) -- G G AC U AA AAUUA Cc
AGU AAG GAGCUUCCUUCAGUCCA CA GGA GG AGAGGG UGAAU UA CU CUG UCAUUCAU CA CACAAUAG GUAU A
LEr e reeeeererrereerer e e v rerrrr rerer ot re rre o rrrererr e rrrrrrd RN
UCA UUC CUCGAGGGAAGUCAGGU GU UCU UC UUUUCC ACUUG AU GA GAC AGUAAGUG GU GUGUUAUC UAUG U
A~ UU C Uuc u GU - U- AA G G GU U AA G---- G

180 170 160 150 140 130 120 110 100
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gma-MIR319i UUGGACUGAAGGGAGCUCCCU

Gm14:47959350-47959535, 186nt, (+)
AGUUGAAGAGAGCUUCCUUCAGUCCACUCAUGGAUGGGUAAGGGGUUAGAAUUAGCUGCUGACUCAUUCAUUCAAACACAAUAGAUCUGGCAUCAUGAUAUGCUAUUGUGAAUGUGUGAAUGAUGCGGGAG

GUAAAUUUCUUCCUUUUCCUGUCUGUGCUUGGACUGAAGGGAGCUCCCUCUAACU

Structure 1 Folding bases 1 To 186 of 10Sep29-14-03-37 Initial dG = -87.50
10 20 30 40 50 60 70 80 20
A A Cu U uu A G G AC U AA - -1 G

AGUUG AG GAGCUUCCUUCAGUCCA CAUGGAUGGG AAGGGG AGA UUA CU CUG UCAUUCAU CA CACAAUAG AUC UG C

FEErr e rereerererrereerr reereererr reeeer o rer rer v ree rererrer re rrrernd AN
UCAAU UC CUCGAGGGAAGUCAGGU GUGUCUGUCC UUUCCU UUU AAU GA GGC AGUAAGUG GU GUGUUAUC UAG AC A

cC C uc U uc A G G GU U AA GUA ur U
180 170 160 150 140 130 120 110 100
gma-MIR319j UUGGACUGAAGGGAGCUCCUUC
gma-MIR3197j (iso) GGACUGAAGGGAGCUCCUUC
Gm14:45953433-45953649, 217nt, (-)

GGAGGGAAAGAGAGUGAAGGAGCUUCCCUCAGCCCAUUCAUGGAGAUAACGAAAGAUUGGGUUGCUGAAUUAACUGCUAGCUCACACAUUCAUUCAUACAAUAGUAUUCAAUUAGGGUAAUAUUGUGUGAA
UGAAGCGGGAGUAUAUAGUAUCUAUAUUGGAACCCUCUUUCUCUGUGCUUGGACUGAAGGGAGCUCCUUCUUUUUCUGCUCCCUCC

Structure 1 Folding bases 1 To 217 of 10Sep29-14-05-19 Initial dG = -101.20
10 20 30 40 50 60 70 80 20 100 110
A-| U c c [019) UAACGA uu G UG AU AC - ACACA G AA
GGAGGGA AGAGAG GAAGGAGCUUCC UCAG CCA CAUGGAGA AAGA GGGUU C A UA UGCUA GCUC UUCAUUCAUACAAUA UAUUC \
Crrerrr rrerer eeeererrerrr reer rer e RN R N N R RN [ FEEErrrrrrrerrr renrl
CCUCCCU UCUUUU CUUCCUCGAGGG AGUC GGU GUGUCUCU UUCU CCCAA G U AU AUGAU UGAG AAGUAAGUGUGUUAU AUGGG U
cG* U A A e - - - GU AU CU AUA GGCG- A AU
210 200 190 180 170 160 150 140 130 120
gma-MIR319k UUGGACUGAAGGGAGCUCCUUC

gma-MIR319k (isol) UGGACUGAAGGGAGCUCCUUC
gma-MIR319k (iso2) GGACUGAAGGGAGCUCCUUC
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Gml7:9436178-9436279, 102nt, (-)
UGAAAGGUGCAGAAAUAGGAGUUCCCUUGCAGCCCAAAACACCCUGCAUGAACUACUUCAUGUUGUUUUGGACUGAAGGGAGCUCCUUCUUCUUCACUUUCA

Structure 1 Folding bases 1 To 102 of 10Sep29-14-06-49 Initial dG = -51.90

10 20 30 40 50
U] G C AU G cC cccu c
GAAAG UG AGAA AGGAGUUCCCUU CAG CCAAAACA GCAUGAA U
FEEEE e rer rrrererrer e eee rerrrnrd RERRER
CUUUC AC UCUU UCCUCGAGGGAA GUC GGUUUUGU UGUACUU A
A~ - U cu - A -—— cC
100 20 80 70 60

gma-MIR3191 UUGGACUGAAGGGAGCUCCCU

Gml18:4278883-4279072, 190nt, (-)

AUAGUUUAAGAGAGCUUCCUUCAGUCCACUCAUGGAUGGAUAGAGGGUUUGAAUUAGCUGCUGACUCAUUCAUUCAAACACAAUAGAACGGGUGUCAUGGUAUGCUAUUGUGAAUGCCUGAAUGAUGCAGG
AGGUAAAGUUCAUCCUUUUCUUGUCUGUGCUUGGACUGAAGGGAGCUCCCUUUUACUGU

Structure 1 Folding bases 1 To 190 of 10Sep29-14-08-20 Initial dG = -82.90

10 20 30 40 50 60 70 80 90
| Uu A cu UG AU uu -- G G AC UU AA AACGG UGU
AUAGU AAG GAGCUUCCUUCAGUCCA CAUGGA G AGAGGG UGAAU UA CU CUG UCAUUCA CA CACAAUAG G cC
N N N N N N N e e N e e e e N RN A NN R |
UGUCA UUC CUCGAGGGAAGUCAGGU GUGUCU U UUUCCU ACUUG AU GA GAC AGUAAGU GU GUGUUAUC U A
. Uu C uc GU CU -- AA G G GU CC AA GUA-- GGU
180 170 160 150 140 130 120 110 100
gma-MIR396a-5p UUCCACAGCUUUCUUGAACUG
gma-MIR396a-5p (isol) UCCACAGCUUUCUUGAACUG
gma-MIR396a-3p UUCAAUAAAGCUGUGGGAAG
gma-MIR396a-3p (isol) GUUCAAUARAGCUGUGGGAAG
gma-MIR396a-3p (iso2) GUUCAAUARAGCUGUGGGA
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Gml3:26338134-26338273, 140nt, (=)

UCAUGGCUCUCUUUGUAUUCUUCCACAGCUUUCUUGAACUGCAUCCAAAGAGUUCCUUUGCAUGCAUGCCAUGGCACUCUUACUCCCAAAUCUUGUUUUGCGGUUCAAUAAAGCUGUGGGAAGAUACAGAUAGGGUC
AAC

Structure 1 Folding bases 1 To 140 of 10Sep29-14-12-04 Initial dG = -61.90
10 20 30 40 50 60
uca Cc uc c .-uUcca| U UuU 9)
UGGCUCU UUUGUAU UUCCACAGCUUU UUGAACUGCA AAGAGU CC GCA G
FEEEEEE ceeeret reererrere e trereerend FEEEEE 1l 1
ACUGGGA AGACAUA AGGGUGUCGAAA AACUUGGCGU UUCUCA GG CGU C
CA- U GA U \ —===* C UAC A
130 120 110 100 80 70
90
ACUCC A
CAA \
Il
GUU U
UuU-- c
gma-MIR396b-5p UUCCACAGCUUUCUUGAACUU
gma-MIR396b-3p GCUCAAGAAAGCUGUGGGAGA
gma-MIR396b-3p (isol) CUCAAGAAAGCUGUGGGAGA
Gm13:26329931-26330056, 126nt, (+)

CUCAAGUCCUGGUCAUGCUUUUCCACAGCUUUCUUGAACUUCUUAUGCAUCUUAUAUCUCUCCACCUCCAGGAUUUUAAGCCCUAGAAGCUCAAGAAAGCUGUGGGAGAAUAUGGCAAUUCAGGCU

Structure 1 Folding bases 1 To 126 of 10Sep29-14-14-01 Initial dG = -49.30

10 20 30 40 50 60
CucCA U - c a UAU AUCUUAU U CCA
AG CCUG GUCAUG UUUUCCACAGCUUUCUUGA CUUCU  GC AUC CU C
RN FEEEEE rrrererrererrererer reend I'l Ay
UC GGAC CGGUAU AGAGGGUGUCGAAAGAACU GAAGA  CG UAG GA C
-—— - UUAA~ A c UCC AAUUU-- - CCU
120 110 100 90 80 70
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gma-MIR396c UUCCACAGCUUUCUUGAACUU
Gm13:43804777-43804893, 117nt, (+)
CAACAAGUCCUGUUAUGCUUUUCCACAGCUUUCUUGAACUUCUUAUGCCUAGUGCAAUUAUUGAUGUGGCAUAGAAGUUUAAGAAAAAUGUGGAAAAACAUGUCAAAUCUAGGACUU

Structure 1 Folding bases 1 To 117 of 10Sep29-14-16-58 Initial dG = -46.80
10 20 30 40 50
CAAC U------ | C GC U UAGUG U
AAGUCCUG UAUG UUUUCCACA UUUCUUGAACUUCU AUGCC CAA \
RERRERN! FEre reeerrerr  rrrerrrrerr e e 11
UUCAGGAU GUAC AAAAGGUGU AAAGAAUUUGAAGA UACGG GUU U
-———- CUAAACU” A AA - UGUA- A
110 100 20 80 70 60
gma-MIR396d-5p UUCCACAGCUUUCUUGAACUU
gma-MIR396d-5p (iso) UUCCACAGCUUUCUUGAACU
gma-MIR396d-3p (isol) GCUCAAGAAAGCUGUGGGAGA
gma-MIR396d-3p (iso2) CUCAAGAAAGCUGUGGGAGA

Gml17:9053051-9053155, 105nt, (-)
GUCAUGCUUUUCCACAGCUUUCUUGAACUUCUUAUGCAUCUUAUAUCUCUCCACUUCCAGCAUUUUAAGCCCUAGAAGCUCAAGAAAGCUGUGGGAGAAUAUGGC

Structure 1 Folding bases 1 To 105 of 10Sep29-14-30-13 Initial dG = -41.76

10 20 30 40 50
| C a UAU AUCUUAUAUCUCUCC
GUCAUG UUUUCCACAGCUUUCUUGA CUUCU  GC \
FEEREE PR er e e ereert el Il
CGGUAU AGAGGGUGUCGAAAGAACU GAAGA  CG A
. A o UCC AAUUUUACGACCUUC
100 90 80 70 60
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gma-MIR396e (isol) UUCCACAGCUUUCUUGAACUG

gma-MIR396e (iso2) UUCCACAGCUUUCUUGAACU

gma-MIR396e (iso3) UCCACAGCUUUCUUGAACUG

Gml7:35366535-35366668, 134nt, (-)

GGUCUUUUUCGUGAUCUUCCACAGCUUUCUUGAACUGUGUUGUGAGGCUUCUCUCCAAUGAAGGUUUAUACCCUAUGCAAAAGAAAUUCUAUGAGCACAAUUCAAGAUAGCUGUGGAAAAUCACUGAGAUG
AUC

Structure 2 Folding bases 1 To 134 of 10Sep29-14-32-05 Initial dG = -50.50

10 20 30 40 50 60
U c C U C - AGC CUCCA RA| U
GGUC UUUU GUGAU UUCCACAGCU UCUUGAA UGUGUU GUG G UUCU AUG GGU U
Feer e reere rererrerer reerrer reerrr rerr e I
CUAG AGAG CACUA AAGGUGUCGA AGAACUU ACACGA UAU U AAGA UAU CCA A
U U A U A G Ccu=aA AAACG C-* U
130 120 110 100 90 80 70

gma-MIR396f UCCACAGCUUUCUUGAACUG
Gm14:13971419-13971566, 148nt, (+)
GAAUGGUCUUUUUCGUGAUCUUCCACAGCUUUCUUGAACUGUGUUGUGUGAGGUUUCUCCAAGUGAAGGUUUAAGAUCCCUUAUGCAACAUAAAUUCUUUGAGCACAAUUCAAGAUAGCUGUGGAAAAUCA
CUGAGAUGAUCUCGUUC
Structure 2 Folding bases 1 to 148 of Gml4 Initial dG = -56.90
10 20 30 40 50 60

- U C Cc U Cc uu ---- AAG

GAAU GGUC UUUU GUGAU UUCCACAGCU UCUUGAA UGUGU--UGUGUGAGG UCU CcC \

Ceee reer ceee eeeer reerrererr reererr reeer rreererrr el I
CUUG CUAG AGAG CACUA AAGGUGUCGA AGAACUU ACACG ACGUAUUCC AGA GG U

cu U U A U A \ CU AUUU AAG
140 130 120 110 80 70

90

A| UARA

ca \

I

GU U
A~ UUCU

100

116



gma-MIR396g UUCCACAGCUUUCUUGAACUU

gma-MIR396g (iso) UUCCACAGCUUUCUUGAACU

Gml5:556702 - 556796 95nt Frame: +1/-1
UGUUAUGCUUUUCCACAGCUUUCUUGAACUUCUUAUGCCUAAUGCAGCUAUUGAUGUGGCAUUGAAGUUUAAGAAAAAUGUGGAAAAACAUGUCA

Structure 1 Folding bases 1 To 95 of 10Sep29-14-20-45 Initial dG = -39.00
10 20 30 40 50
U|U Cc GC uu UAAU GCU

G UAUG UUUUCCACA UUUCUUGAACUUC AUGCC GCA A

Frrre cerererrr eeererrerrerr v 11
C GUAC ARAAAGGUGU AAAGAAUUUGAAG UACGG UGU U

A”U A AA U- -———- AGU
90 80 70 60
gma-MIR396h-5p UUCCACAGCUUUCUUGAACUG
gma-MIR396h-5p (isol) UUCCACAGCUUUCUUGAACU
gma-MIR396h-5p (iso2) UCCACAGCUUUCUUGAACUG
gma-MIR396h-3p GUUCAAUAAAGCUGUGGGAAG
gma-MIR396h-3p (isol) UUCAAUAAAGCUGUGGGAAG
gma-MIR396h-3p (iso2) GUUCAAUAAAGCUGUGGGA
Gm17:9044850-9044984, 135nt, (+)

UGGCCCUCUUUGUAUUCUUCCACAGCUUUCUUGAACUGCAUCCAUAGAGUUCCUUUGCAUGCAUGCCAAGGCACUCUUGCUCCCACACCUUGUUUUGCGGUUCAAUAAAGCUGUGGGAAGAUACAGAUAGGGUCA

Structure 2 Folding bases 1 To 135 of 10Sep29-14-22-31 Initial dG = -63.10

10 20 30 40 50 60
U C uc o UCCAU A| UCCUUU UGCA C
GGCCCU UUUGUAU UUCCACAGCUUU UUGAACUGCA AG GU Gca UGC A
FEErer reeerer rerrerereer e tererrerrl Il Y Il
CUGGGA AGACAUA AGGGUGUCGAAA AACUUGGCGU uc ca CGU ACG A
A U GA U UUUGU -~ CACCCU UCUC G
130 120 110 100 90 80 70
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gma-MIR482a-5p (isol) AUUUGUGGGAAUGGGCUGAUUGG

gma-MIR482a-5p (is02) GGAAUGGGCUGAUUGGGAAGC
gma-MIR482a-5p (iso3) GAAUGGGCUGAUUGGGAAGC
gma-MIR482a-5p (iso4) AAUGGGCUGAUUGGGAAGC

Gm02:7783819-7783913, 95nt, (+)
UCAGAAUUUGUGGGAAUGGGCUGAUUGGGAAGCAAUGUGUGCUGGUGCAAUGCAUUUAAUUUCUUCCCAAUUCCGCCCAUUCCUAUGAUUUCUGA

Structure 1 Folding bases 1 To 95 of 10Sep29-14-34-28 Initial dG = -49.50
10 20 30 40
U UG U- C GU- | UGGU

UCAGAA U UGGGAAUGGGC GAUUGGGAAG AAU GUGC \

FEEEEE - rreerererrr reererrerr el RN
AGUCUU A AUCCUUACCCG UUAACCCUUC UUA  UACG G

U GU Ccc U AUU~ UAAC
920 80 70 60 50

gma-MIR482b-5p UAUGGGGGGAUUGGGAAGGAAU
gma-MIR482b-5p (isol) UAUGGGGGGAUUGGGAAGGAA
gma-MIR482b-5p (iso2) UAUGGGGGGAUUGGGAAGGA
gma-MIR482b-5p (iso3) AUGGGGGGAUUGGGAAGGA
gma-MIR482b-3p UCUUCCCUACACCUCCCAUACC
Gm20:35360312-35360406, 95nt, (+)

GGGGGAAGGCAUGGGUAUGGGGGGAUUGGGAAGGAAUAUCCAUAAGCAAAAUAUGCUAUUUCUUCCCUACACCUCCCAUACCACUGUUUUUCCUC

Structure 1 Folding bases 1 To 95 of 10Sep29-14-40-10 InitialdG = -50.40
10 20 30 40
UG AUU- | ucC AGC

GGGGGAAGGCA GGUAUGGGGGG GGGAAGGAAUA CAUA  \
FEETEErerer  rerrerrenrl Frerrererrr
CUCCUUUUUGU CCAUACCCUCC CCCUUCUUUAU GUAU A
cA ACAU~ c- ARA
90 80 70 60 50
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gma-MIR482c AUUUGUGGGAAUGGGCUGAUUGG
Gml18:61452904-61453003, 100nt, (-)
GCAAUCAGAAUUUGUGGGAAUGGGCUGAUUGGGAAGUAAUGAGAUUGAGCAAUACAUUUAAUUUCUUCCCAAUUCCGCCCAUUCCUAUGAUUUCUGAUGC

Structure 1 Folding bases 1 To 100 of 10Sep29-14-35-41 Initial dG = -48.10
10 20 30 40 50
| A U UG U- GUAAU CAA
GCA UCAGAA U UGGGAAUGGGC GAUUGGGAA GAGAUUGAG \
FEETereer o reerreerrer  rerrerrtd NRRRRERN
CGU AGUCUU A AUCCUUACCCG UUAACCCUU CUUUAAUUU U
A - U GU cc @ -———- ACA
20 80 70 60
gma-MIR482d-5p UAUGGGGGGAUUGGGAAGGAAU
gma-MIR482d-5p (isol) UAUGGGGGGAUUGGGAAGGAA
gma-MIR482d-5p (iso2) UAUGGGGGGAUUGGGAAGGA
gma-MIR482d-3p UCUUCCCUACACCUCCCAUACC
Gml10:48569629-48569723, 95nt, (-)

GGGGGAAGACAUGGGUAUGGGGGGAUUGGGAAGGAAUAUCCAUAAGCAAAAUAUGUUAUUUCUUCCCUACACCUCCCAUACCACUGUUUUUCCUC

Structure 1 Folding bases 1 To 95 of 10Sep29-14-37-51 Initial dG = -51.10
10 20 30 40
UG AUU- | uc AGC

GGGGGAAGACA GGUAUGGGGGG GGGAAGGAAUA CAUA \

FEEEErrerer  rerrerrenrl Freerererrr
CUCCUUUUUGU CCAUACCCUCC CCCUUCUUUAU GUAU A

CA ACAU# U- AAA
920 80 70 60 50
gma-MIR1507a UCUCAUUCCAUACAUCGUCUGA

gma-MIR1507a (isol) UCUCAUUCCAUACAUCGUCUGAC
gma-MIR1507a (iso2) UCUCAUUCCAUACAUCGUCUG
gma-MIR1507a (iso3) UACUCAUUCCUACAUCGUCU
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gma-MIR1507a (iso4) UCUCAUUCCARUACAUCGUC

gma-MIR1507a (iso5) UCAUUCCAUACAUCGUCUGA

gma-MIR1507a (iso6) CAUUCCAUACAUCGUCUGA

gma-MIR1507a (iso7) CAUUCCAUACAUCGUCUGACGA

Gml13:25849777-25849883, 107nt,
CAGUGUUUGGCAGAGGUGUAUGGAGUGAGAGAAGGGAAAGGGUAUUUUCCGAUUCUGUCGUUACUCUCUUCCCUCUCUCAUUCCAUACAUCGUCUGACGAACGUAUC

Structure 1 Folding bases 1 To 107 of 10Sep29-14-43-01 Initial dG = -54.70

10 20 30 40 50
CAG- G - A - uuuuC U
UGUUUG CAGA GGUGUAUGGAGUGAGAGA GGGAA AGGGUA CGAU \
FEEEEE tere tererrerrere e e e 1t (NN
GCAAGC GUCU CUACAUACCUUACUCUCU CCCUU UCUCAU GCUG C
CUAU A G - c U---- U
100 20 80 70 60

gma-MIR1507b UCUCAUUCCAUACAUCGUCUG

gma-MIR1507b (isol) UCUCAUUCCAUACAUCGUCUGAC

gma-MIR1507b (iso2) UCUCAUUCCAUACAUCGUCUGA

gma-MIR1507b (iso3) UCUCAUUCCAUACAUCGUCU

gma-MIR1507b (iso4) UCUCAUUCCAUACAUCGUC

gma-MIR1507b (iso5) UCAUUCCAUACAUCGUCUGA

gma-MIR1507b (iso6) CAUUCCAUACAUCGUCUGA

gma-MIR1507b (iso7) CAUUCCAUACAUCGUCUGACGA

Gml7:6190604-6190701, 98nt, (+)
GUUUGACAGAGAUGUAUGGAGUGAGAGAAGGGAAAUGAUAUUUUCCGAUCCCAUCGUUACUCUCUUCCCUCUCUCAUUCCAUACAUCGUCUGACGAAC

Structure 1 Folding bases 1 To 98 of 10Sep29-14-45-20 Initial dG = -47.70

10 20 30 40 50
A - A AU UAUUUUC UC
GUUUG CAGA GAUGUAUGGAGUGAGAGA GGGAA GA CGA \
FEEEE rerr reerererrereererer reeer vl I
CAAGC GUCU CUACAUACCUUACUCUCU CCCUU CU GCU C
A G* - CU CAUU--- AC
90 80 70 60
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gma-MIR1508a (isol) CUAGAAAGGGAAAUAGCAGUUG

gma-MIR1508a (iso2) CUAGAAAGGGAAAUAGCAGU

gma-MIR1508a (iso3) UAGAAAGGGAAAUAGCAGUUG

gma-MIR1508a (iso4) AGAAAGGGAAAUAGCAGUUG

gma-MIR1508a (iso5) GAAAGGGAAAUAGCAGUUG

Gml6:32903737-32903831, 95nt, (+)
AAUUGCUAUCCAACUGCUAUUCCCAUUUCUAAACCUUGUUACACGAGCAUCUUGAUCAAUGGUCUAGAAAGGGAAAUAGCAGUUGAGUGGUGCUU

Structure 1 Folding bases 1 To 95 of 10Sep29-16-03-59 Initial dG = -37.10
10 20 30 40
AAUU uc -1 A A - UUACA C
GCUA CAACUGCUA UUCCC UUUCUA ACC UUG CGAG \
FEEE Teerreerr reeer rerrer e i RN
UGGU GUUGACGAU AAGGG AAAGAU UGG AAC GUUC A
UucG GA Ar - Cc U UA--- U
20 80 70 60 50
gma-MIR1508b UAGAAAGGGAAAUAGCAGUUG

gma-MIR1508b (isol) AGAAAGGGAAAUAGCAGUUG

gma-MIR1508b (iso2) GAAAGGGAAAUAGCAGUUG

Gm09:28530168-28530271, 104nt, (+)
GUUGAAUCGCUACUCAACUGCUAUUUUCCUUUUUGAACCUUGUUACCUUGAGCAUCUUGAUCAAUUGUUUAGAAAGGGAAAUAGCAGUUGAGUAGUGCUUCAAC

Structure 1 Folding bases 1 To 104 of 10Sep29-16-02-07 Initial dG = -52.40

10 20 30 40 50
1Y) C-| UUACC UG C
GUUGAA CGCUACUCAACUGCUAUUUUCCUUUUUGAAC UUG U AG \
LRV trrerrerrrerrereererrerererrerr il Il
CAACUU GUGAUGAGUUGACGAUAAAGGGARAGAUUUG AAC A UCA
c UU* U---- GU U
100 90 80 70 60
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gma-MIR1509a UUAAUCAAGGAAAUCACGGUCG

Gm17:10099759-100998¢69, 11lnt, (+)
CUGCAUCUUCUUAAUCAAGGAAAUCACGGUCGCGUGUGUGCCGGAAAGAAAGUGGCCUGUGAUCUCCGGUUUCUCUUUCUCGACCGUGUUUCCUUGGUUAACGAUAUGUGC
Structure 1 Folding bases 1 To 111 of 10Sep29-16-05-32 Initial dG = -42.00

10 20 30 40 50
cu CU- - U CGUGUGU--~ ARGAA-| U
GCAU  UC UUAAUCAAGGAAA CACGGUCG GCCGGA AG G
N FETErrerrererrr terernnd AENRN Il
CGUG AG AAUUGGUUCCUUU GUGCCAGC UGGCCU uc G
-- UAU C - UCUUUCUCUU CUAGUG” C
110 100 20 80 70 60

gma-MIR1509b (iso) UUAAUCAAGGAAAUCACGGUUG
Gm05:7774098-7774206, 109nt, (-)
CUGCAUCUUUUUAAUCAAGGAAAUCACGGUUGAGUGUGAAGGAGAGAAAGUGGCUUCAGAUUUCCGGGUUUUCCUUCUCCACUGUGUUUCCUUGGUUAAAGAUAUGUGC

Structure 1 Folding bases 1 To 109 of 10Sep29-16-06-55 Initial dG = -40.40
10 20 30 40 50
CU| Cc U U GUGU AAAG cuuc

GCAU UUUUUAAUCAAGGAAA CACGGU GA GAAGGAGAG UGG A
FEEE rreereerererrer tererr il LT I
UGUA AGAAAUUGGUUCCUUU GUGUCA CU CUUCCUUUU elele G
cG~ U - c ---- GG--  UUUA
100 20 80 70 60

gma-MIR1510a (isol) UGUUGUUUUACCUAUUCCACCC

gma-MIR1510a (iso2) UGUUGUUUUACCUAUUCCACC

gma-MIR1510a (iso3) UGUUGUUUUACCUAUUCCAC

gma-MIR1510a (iso4) UGUUGUUUUACCUAUUCCA

gma-MIR1510a (iso5) UUGUUUUACCUAUUCCACCCAUU

gma-MIR1510a (iso6) UUGUUUUACCUAUUCCACCCAU

Gml6:31518908-31519000, 93nt, (+)
UUAUGGAACUGGAGGGAUAGGUAAAACAAUGACUGCUGUAUAAGUAAUUGUUAUAGUUAGUUGUUGUUUUACCUAUUCCACCCAUUCCAUGUA
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Structure 1 Folding bases 1 To 93 of 10Sep29-16-12-02 Initial dG = -46.30
10 20 30 40
U- CuU A UG - - G
UAUGGAA GG GGGAUAGGUAAAACAA ACU GCUGU AUAA U
FEEEEEr e rerrererrererrer ree reeer el
GUACCUU CC CCUUAUCCAUUUUGUU UGA UGAUA UGUU A
AU AC A GU U us A
20 80 70 60 50

gma-MIR1510b-5p AGGGAUAGGUAAAACAACUACU

gma-MIR1510b-5p (isol)
gma-MIR1510b-5p (iso2)
gma-MIR1510b-5p (iso3)
gma-MIR1510b-5p (iso4)
gma-MIR1510b

gma-MIR1510b-3p(isol)

GGGAUAGGUAAAACAACUAC
GAUAGGUAAAACAACUACU

AGGGAUAGGUAAAACAACUAC

AGGGAUAGGUAAAACAACUA

UGUUGUUUUACCUAUUCCACC

UGUUGUUUUACCUAUUCCACCA

gma-MIR1510b-3p(iso2) UGUUGUUUUACCUAUUCCAC

gma-MIR1510b-3p(iso3) UGUUGUUUUACCUAUUCCA

Gm02:6599299-6599392, 94nt, (+)
UUUAUGGAAGUGGAGGGAUAGGUAAAACAACUACUUCUGUAAAAGUAAUUGUUAUAGUUAGUUGUUGUUUUACCUAUUCCACCAAUUCCAUCUA

Structure 1 Folding bases 1 To 94 of 10Sep29-16-09-45 Initial dG = -43.30
10 20 30 40
uuu G A U U- -] G
AUGGAA UGG GGGAUAGGUAAAACAAC ACU CUGUAA AA U
CErerr e eeerrereererrerer eer rererr b
UACCUU ACC CCUUAUCCAUUUUGUUG UGA GAUAUU UU A
AUC A A U uu G~ A
20 80 70 60 50
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gma-MIR1511 (iso) AACCAGGCUCUGAUACCAUGG
Gml18:21161236-21161334, 99nt, (+)
UCAGCCGUGGUAUCAGGUCCUGCUUCAUCAAGUGGUCUUGUGUUCAAAUCCAGCCUCAAGCACAUGGUUAACCAGGCUCUGAUACCAUGGUGAAUAUAA

Structure 1 Folding bases 1 To 99 of 10Sep29-16-13-47 Initial dG = -38.60

10 20 30 40
—————— | G GU c cC A GU U- CAA
UCA CCGUGGUAUCAG CCUG UU AUCA GUG CUUG GUU \
e reerereerert eeee eereer ree reer
AGU GGUACCAUAGUC GGAC AA UGGU CAC GAAC CGA A
AAUAUA® - uc cu A -- uc ccu
90 80 70 60 50

gma-MIR1512b UAACUGGAAAUUCUUAAAGCAU
Gm02:8618692-8618781, 89nt, (-)
UUGAUACCUAACUGGAAAUUCUUAAAGCAUUCCCAUCAUCAAAAUGAUGUGAAAAUUAGGAAUGCUUUAAGAAUUUCAGUUAUGCAUCA

Structure 1 Folding bases 1 To 89 of 10Sep29-16-15-43 Initial dG = -35.30

10 20 30 40
U ACC G memmm—e——— I c
UGAU  UAACU GAAAUUCUUAAAGCAUUCC CAUCAU A
L1 FEEEE TR AR
ACUA  AUUGA CUUUAAGAAUUUCGUAAGG GUAGUA A
- CGU - AUUAAAAGU A
80 70 60 50

gma-MIR1513a UGAGAGAAAGCCAUGACUUAC
Gm07:43245809-43245901, 93nt, (+)
GGAUCAGAUAUGAGAGAAAGCCAUGACUUACACACACAUUGAAAUCUUAGUUUUAAAUGUGUAUAAGUCAUGGUUUUCUCUCAUAUCUAAUCC

Structure 1 Folding bases 1 To 93 of 10Sep29-16-21-09 Initial dG = -53.30
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10 20 30 40
| cC C ca C
GGAU AGAUAUGAGAGAAAGCCAUGACUUA ACACA UUGAAAU U
FEEE P errerer e e e e e e reeer 1t
CCUA UCUAUACUCUCUUUUGGUACUGAAU UGUGU AAUUUUG U
A A a A- a
20 80 70 60 50

gma-MIR1513b UAUGAGAGAAAGCCAUGAC
Gml17:1401433-1401523, 91nt, (-)
GAUCUGAUAUGAGAGAAAGCCAUGACUUACACACGCAUUGAAAUCUAAGUUAAAUAUGUGUGUAAGUCAUGGCAUUAUCUCAUAUCUAAUC

Structure 1 Folding bases 1 To 91 of 10Sep29-16-18-55 Initial dG = -43.80

10 20 30 40
| cu G A C  GAAAUC
GAU GAUAUGAGA AA GCCAUGACUUACACACG AUU \
et er rrereer e
CUA CUAUACUCU UU CGGUACUGAAUGUGUGU UAA U
~ AU A A A  AUUGAA
90 80 70 60 50

gma-MIR1513c AAAGCCAUGACUUACACACGC

Gm20:223679-223766, 88nt, (-)
GUUUCUAUGCGUUUGUAAAUCAUGACUUUCUCUUGUAUCUCAUCUGAGUAUAUGAGAGAAAGCCAUGACUUACACACGCAUAUGAAAC
Structure 1 Folding bases 1 To 88 of 10Sep29-16-17-18 Initial dG = -44.70

10 20 30 40
- U A A UG -| A
GUUUC UAUGCGU UGUAA UCAUG CUUUCUCU UAU CUC U
Freee eerreer e eeeer reeerrrr rer
CAAAG AUACGCA ACAUU AGUAC GAAAGAGA AUA GAG C
U c c c GU U~ U
80 70 60 50
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gma-MIR1514a (iso) UUCAUUUUUAAAAUAGGCAUUG
Gm07:43175810-43175908, 99nt, (-)
CUUUGCUAUUUUCAUUUUUAAAAUAGGCAUUGGGGUCCCUUCUUGUUCCUCCUUUUCCUUUCCUAUCCCAAUGCCUAUUUUAAAAUGAAAACAACGAUA

Structure 1 Folding bases 1 To 99 of 10Sep29-16-22-57 Initial dG = -31.80

10 20 30 40 50
CU| CuUA U UCCCUUCUUGUUCC
UUG  UUUUCAUUUU AAAAUAGGCAUUGGGG U
Il FEEREEEErr terrrrer el
AGC  AAAAGUAAAA UUUUAUCCGUAACCCU c
AU~ BAAC - AUCCUUUCCUUUUC
20 80 70 60

gma-MIR1523 (iso) UAUGGGAUAAAUGUGAGCUC
Gm02:12253303-12253397, 95nt, (-)
AGGACCCAUUAUGGGAUAAAUGUGAGCUCAGGAGCGAUGAAUAAAUCCUUUCAUCACUCCUCAUUACUCCCGAGCUCACAUUUAUUUCAAAAUGA

Structure 1 Folding bases 1 To 95 of 10Sep29-16-24-01 InitialdG = -42.80
10 20 30 40
AGGACC A G 0 e | C UAA
CAUU UG AUAAAUGUGAGCUC AGGAG GAUGAA A
FEEE L el FEEEE Tt
GUAA AC UAUUUACACUCGAG UCCUC CUACUU U
A--——- A UU CCCUCAUUAC* A ucc
90 80 70 60 50
gma-MIR2109a-5p (isol) UGCGAGUGUCUUCGCCUCUGA
gma-MIR2109a-3p GGAGGCGUAGAUACUCACACCU
gma-MIR2109a-3p (isol) GGAGGCGUAGAUACUCACACC
gma-MIR2109a-3p (iso2) GGAGGCGUAGAUACUCACAC
gma-MIR2109a-3p (iso3) AGGCGUAGAUACUCACACC
Gm04:28532441-28532537, 97nt, (-)

AGCCAGUGAAAUCGGUGCGAGUGUCUUCGCCUCUGAGAGAGAUACUAUGAGAUCUCAAGCCUCGGAGGCGUAGAUACUCACACCUCUUUUUCUGGCU

Structure 1 Folding bases 1 To 97 of 10Sep29-16-25-45 Initial dG = -54.50
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10 20 30 40
U uc o U A---| ACU
AGCCAG GARA GGUG GAGUGUCU CGCCUCUGAG GAGAU A
FEEEEE teer reer reereer e trrerernnd I
UCGGUC UUUU CCAC CUCAUAGA GCGGAGGCUC CUCUA U
U Cu A U CGAA* GAG
20 80 70 60 50

gma-MIR4345 (isol) AGACGGAACUUACAAAGAU

gma-MIR4345 (iso2) ACUUACAAAGAUUGUUCAGGUAGA

Gm14:49069099-49069193, 95nt, (+)
GGAAGCUAAGACGGAACUUACAAAGAUUGUUCAGGUAGACAUUUGAGAAUAAAUGUCUGUCUUGAACAAUCUUUUUAAGUUUCGUCUUAACUUUC
Structure 1 Folding bases 1 To 95 of 10Sep29-16-27-25 Initial dG = -51.80

10 20 30 40
Cc c - A
GGAAG UAAGACGGAACUUA AAAGAUUGUUCAGG UAGACAUUUG G

FEEEE TERErr e e rerree e e et rerrerrrn
CUUUC AUUCUGCUUUGAAU UUUCUAACAAGUUC GUCUGUARAAU A

A 9) us A
90 80 70 60 50
gma-MIR4376-3p AGCAUCAUAUCUCCUGCAUAG
Gm13:40845925-40846034, 110nt,

AAGGUUUGCUACGCAGGAGAGAUGACGCUGUCCCUUGCACCCAUCCUAGCUUCCCUUGAGUAGGUAAGAGCAAGGCCAGCCAGCAUCAUAUCUCCUGCAUAGUAAACCUU
Structure 1 Folding bases 1 To 110 of 10Sep29-16-33-31 Initial dG = -52.40

10 20 30 40 50
c G C uc---| ACCCAU G cc
AAGGUUUGCUA GCAGGAGA AUGA GCUG CCUUGC CCUA CcUU \
PLEEEErErer rerererr reer 1l BERRN! I
UUCCAAAUGAU CGUCCUCU UACU CGAC GGAACG GGAU GAG C
A A A CGACC* AGAAU- - uu
100 90 80 70 60
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gma-MIR4413b UAAGAGAAUUGUAAGUCACU
Gml13:5170460-5170527, 68nt, (+)
CAUCAAUAAGAGAAUUGUAAGUCACUUGAUUAGGAAAUUUUACGGAGACUUACAAUUCCGUAUUGAUG

Structure 1 Folding bases 1 To 68 of 10Sep29-16-35-09 Initial dG = -23.00
10 20 30
I AGA A - UUAG

CAUCAAUA GAAUUGUAAGUC CU UGA G

ERRERY FEEEEErerrer e 1l
GUAGUUAU  CUUAACAUUCAG GG AUU A

~ GC- A C uvaa
60 50 40
gma-MIR4413a AAGAGAAUUGUAAGUCACUG
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Structure 1 Folding bases 1 To 103 of 10Sep29-16-36-36 Initial dG = -45.40
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Structure 1 Folding bases 1 To 156 of 10Sep29-16-37-59 Initial dG = -63.90
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CAACUGCCAUUGAUUCUCAUCACAACAUGGUCCAG

Structure 1 Folding bases 1 To 172 of 10Sep29-16-39-07 Initial dG = -55.90
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Additional file 2. Predicted Glycine max mRNA targets for conserved miRNAs.

miRNA ID

Locus target?®

Target description®

miRNA/mRNA pairing®

gma-MIR156d,h,i,k,1 Glyma02gl3370

gma-MIR1567j,m, n

gma-MIR159a-3p

gma-MIR159b-3p

gma-MIR159e-5p

Glyma02g30670
Glyma03g27200
Glyma03g29900
Glyma04g37390
Glyma05g00200
Glyma05g38180
Glyma06gl17700
Glyma07g31880
Glyma08g01450
Glymallg36980
Glymal3g24590
Glymal3g35000
Glymal7g08840
Glymal8g36960
Glymal9g32800
Glyma02g13370
Glyma02g30670
Glyma03g27200
Glyma03g29900
Glyma04g37390
Glyma05g00200
Glyma05g38180
Glyma06gl7700
Glyma07g31880
Glyma08g01450
Glymallg36980
Glymal3g24590
Glymal3g35000
Glymal7g08840
Glymal8g36960
Glymal9g32800
Glyma04g10930
Glyma06g36770
Glymal3g04030
Glymal3g25720
Glymal5g33630
Glymal9g37570
Glyma20g11040
Glymal5g37290
Glymal4g40230
Glymal7g37900
Glymal8g01780

SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein
SBP-domain protein

SBP-domain protein

plant organelle RNA recognition domain

ankyrin repeat-containig
MYB-related protein

MYB-related protein

SF3 transcription factor X1-Like

protein tyrosine kinase

MYB-related protein

LRR-containing protein
hydrolase activity
hydrolase activity

hydrolase activity
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gma-MIR162a,b,c

gma-MIR166a-3p
gma-MIR166¢c-5p

gma-MIR166d-5p

gma-MIR168a,b

gma-MIR169f-5p

gma-MIR169k

gma-MIR170

gma-MIR171d

gma-MIR172b-5p

gma-MIR172c

gma-MIR172g

gma-MIR172h-3p

Glyma07g06590
Glyma05g06070
Glyma09g34720
Glymal7g21240

Glymal0g30650
Glymallg04200
Glymal4g01080
Glyma09g07960
Glymal3gl6770
Glymal5gl8970
Glymal7g05920
Glymal9g35620
Glyma08g41980
Glymal8gl3610
Glymal0g40780
Glymallgl7490
Glyma20g26510
Glyma01g39520
Glyma03g33470
Glyma05g09400
Glymallg05720
Glymallgl0790
Glymal4g01950
Glymal9g36200
Glyma01g39520
Glyma03g33470
Glyma05g18170
Glyma05g31790
Glyma08g15040
Glymallg05720
Glymallgl5650
Glymal2g07800
Glymal3g40470
Glymal5g04930
Glymal7gl18640
Glymal9g36200
Glyma06g15630
Glymal0g27970
Glyma01g39520
Glyma03g33470
Glymallg05720
Glymallgl5650
Glymal2g07800
Glymal3g40470
Glymal5g04930
Glymal9g36200

60S ribosomal protein L5
Myb-like DNA-binding domain
predicted calmodulin-binding protein

LRR-containing protein

Calcium-responsive transcription
coactivator

protein tyrosine kinase

PPR-
transcription
transcription
transcription

transcription

containig protein

factor NF-Y
factor NF-Y
factor NF-Y

factor NF-Y

alpha-related
alpha-related
alpha-related

alpha-related

ADP-ribosylation factor GTPase activator

iron/ascorbate family oxidoreductases

iron/ascorbate family oxidoreductases

serine/threonine protein kinase

GRAS family transcription factor

serine/threonine protein kinase

transcription factor activity

transcription factor activity

protein kinase C activation

transcription factor activity

RNA-

A2L zinc ribbon domain

binding protein

transcription factor activity

AP2 domain-containing transcription factor

AP2 domain-containing transcription factor

AP2 domain-containing transcription factor

GTPase Rab2,

GTPase Rab2,

AP2
AP2
AP2
AP2
AP2
AP2

AP2

domain-containing
domain-containing
domain-containing
domain-containing
domain-containing
domain-containing

domain-containing

transcription
transcription
transcription
transcription
transcription
transcription

transcription

ubiquitin-protein ligase activity

ATP
AP2
AP2
AP2
AP2
AP2
AP2
AP2

AP2

binding cassette protein

domain-containing
domain-containing
domain-containing
domain-containing
domain-containing
domain-containing
domain-containing

domain-containing
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transcription
transcription
transcription
transcription
transcription
transcription
transcription

transcription

small G protein superfamily

small G protein superfamily

factor
factor
factor
factor
factor
factor

factor

factor
factor
factor
factor
factor
factor
factor

factor



gma-MIR172h-5p

gma-MIR2118b-5p

gma-MIR395a,b, c

gma-MIR396a-3p

gma-MIR396a-5p

gma-MIR396b-3p

gma-MIR396b-5p

gma-MIR396f

Glyma06g13450
GlymalOg08730
GlymalOg30570
Glymallg05580
Glymallg06830
Glymal5gl2600
Glyma02g36360
Glymal7g08320
Glyma06gl11150
Glymal0g38760
Glymal7gl0050
Glymal8g02240
Glymal8g03110
Glyma20g28980
Glymallgl2580
Glymal2g04790
Glymal6g00260
Glyma01g34650
Glyma01g44470
Glyma03g02500
Glyma03g35010
Glyma04g40880
Glyma06g13960
Glyma07g04290
Glyma09g07990
Glymal0g07790
Glymallg01060
Glymallgll1820
Glymal2g01730
Glymal3gl6920
Glymal3g21630
Glymal4gl0090
Glymal5g19460
Glymal6g00970
Glymal7g05800
Glymal7g35090
Glymal9g37740
Glyma02g01370
Glymal3gl2120
Glymal6g03560
Glymal2g30730
Glymal7g08020
Glymal8g01000
Glyma04g14970
Glyma08g37250

Glymal8g01030

putative ATP-dependent Clp-type protease
nitrate, fromate, iron dehydrogenase
targeting protein for Xklp2
GTP-binding ADP-ribosylation factor
ubiquitin-protein ligase

protease inhibitor

replication termination factor 2
replication termination factor 2
sulfate transporter

ATP sulfurylase

gibberellin regulated protein

sulfate transporter

phospholipase C-related

ATP sulfurylase

adenylate cyclase-associated protein
adenylate cyclase-associated protein
core-2/I-branching enzyme
growth-regulating transcription factor
growth-regulating transcription factor
growth-regulating transcription factor
growth-regulating transcription factor
growth-regulating transcription factor
growth-regulating transcription factor
growth-regulating transcription factor
growth-regulating transcription factor
growth-regulating transcription factor
growth-regulating transcription factor
growth-regulating transcription factor
growth-regulating transcription factor
growth-regulating transcription factor
growth-regulating transcription factor
growth-regulating transcription factor
growth-regulating transcription factor
growth-regulating transcription factor
growth-regulating transcription factor
growth-regulating transcription factor
growth-regulating transcription factor
AMP dependent ligase/synthetase
anticodon binding domain
PPR-containing protein

stress responsive A/B Barrel Domain
heat shock protein 70KDa

rubber elongation factor protein

drug transporter-related

SEL-1-Like proteins

protein binding
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gma-MIR396h-3p

gma-MIR397a,b

gma—-MIR408a

gma-MIR408b-5p

gma-MIR1508b

gma-MIR1510b

gma-MIR1512b

gma-MIR1513a

Glymal8g47180
Glymallgl2580
Glymal2g04790
Glymal2g28570
Glymal6g00260
Glyma0lg26750
Glyma02g38990
Glyma03gl14450
Glyma03g15800
Glyma07g16080
Glyma07g17170
Glyma08g47380
Glymallg07430
Glymallgl4600
Glymal2g06480
Glymal4g37040
Glymal8g02690
Glymal8g38710
Glymal8g40070
Glymal8g41910
Glyma03g26060
Glyma04g42120
Glyma06gl12680
Glyma07g13840
Glymallg20520
Glymal2g08080
Glymal4g02680
Glymal6g28020
Glymal9g43790
Glyma02g04750
Glyma04g39740
Glyma09g38390
Glymal3g25440
Glymal3g26230
Glymal3g26250
Glymal6g22620
Glymal6g23800
Glymal7g02100
Glymal9g07660
Glymal9g07700
Glyma20g26970
Glymal3g43710
Glymal5g01650
Glyma08gl1l0360
Glyma08g27820

Glyma08g27850

SEL-1-Like proteins

adenylate cyclase-associated protein
adenylate cyclase-associated protein
core-2/I-branching enzyme
Core-2/I-branching enzyme
multicopper oxidases
multicopper oxidases
multicopper oxidases
multicopper oxidases
multicopper oxidases
multicopper oxidases
multicopper oxidases
multicopper oxidases
multicopper oxidases
multicopper oxidases
multicopper oxidases
multicopper oxidases
multicopper oxidases
multicopper oxidases
multicopper oxidases
plastocyanin-like domain
plastocyanin-like domain
plastocyanin-like domain
plastocyanin-like domain
transcription factor HEX
transcription factor HEX
Ca2+/calmodulin-dependent protein kinase
PPR-containig protein

protein phosphatase

ATP binding

transmembrane receptor activity
oxidoreductase activity
LRR-cointaing protein
LRR-cointaing protein
LRR-cointaing protein

ATP binding

LRR-cointaing protein

F-box domain-containing protein
LRR-cointaing protein
LRR-cointaing protein

predicted E3 ubiquitin ligase
CASC3/Barentsz eIF4AIII binding
CASC3/Barentsz eIF4AIII binding
F-box domain-containing protein
F-box domain-containing protein

F-box domain-containing protein
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gma-MIR1513b

gma-MIR1513c

gma-MIR4376a-3p

gma-MIR4413a

gma-MIR4413b

gma-MIR4415a-3p

Glyma08g27950
Glymal0g26670
Glymal8g52630
Glyma08gl0360
Glyma08g27950
Glymal5gl8380
Glymal3g00200
Glymal7g06290
Glyma02gl6510
Glyma08gl0360
Glyma08g27850
Glyma08g27950
Glymal7g02100
Glyma02g07160
Glyma02g15650
Glyma05g01180
Glyma07g32780
Glymal6g26110
Glyma09g07290
Glymal3g30610
Glymal3g36030
Glymal6g25410
Glymal6g27600
Glyma08g47900
Glyma09g07290
Glymallg07490
Glymal3g30610
Glymal4g04000
Glymal6g25410
Glymal6g27600
Glymal7g03670
Glyma08g43800
Glyma08g44150
Glyma08g44170
Glymal3g03650
Glymal8g08590
Glyma20g12150
Glyma20g12230

F-box domain-containing protein
F-box domain-containing protein
protein geranylgeranyltransferase
F-box domain-containing protein
F-box domain-containing protein
transcription factor activity
transcription factor activity
transcription factor activity
F-box domain-containing protein
F-box domain-containing protein
F-box domain-containing protein
F-box domain-containing protein
F-box domain-containing protein
Predicted membrane protein
inositol 5-phosphatase
ribosomal protein S4

inositol 5-phosphatase
predicted membrane protein
PPR-containing protein
ATP-dependent RNA helicase

GH3 auxin-responsive promoter
PPR-containing protein
PPR-containing protein
multifunctional chaperone
PPR-containing protein
transcriptional repressor activity
ATP-dependent RNA helicase
isomerase activity
PPR-containing protein
PPR-containing protein
N-acetyltransferase activity
importin alpha-related
RNA-binding protein

RNA-binding protein

multicopper oxidases
RNA-binding protein

multicopper oxidases

multicopper oxidases

a

indicates a

Watson-Crick base pairing;

":" is a G:U base pairing, and

"
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Additional file 3. The soybean transcript loci which were identified as new-
mMiRNA families target by degradome sequencing. The miRNA target site is

indicated in red and underlined while the degradome sequence is highlighted.

Glymal3g01690

miR-Seq01

Glymal6g26070

miR-Seq06

Glyma04g01020

miR- Seq07

Glymal9g27280

miR- Seq07

Glymal5g13500

miR-Seqll

Glyma09g02600

miR-Seqll

Glyma08g20670

miR- Seql2

Glyma07g01260

miR- Seql2

Glymal7g20860

miR-Seqlé6

Glyma05g09440

miR-Seqlé6

TCCTGATGGTCTACCTGAGACTGATCTGGATGCCACACAGGATATTCCTTCCC

SEEEEEEErr =«
19 ACAGAUGGACUCUGACAGG 1

GAGGGGCAGGGCACGAGGTTCCACTTCATAAACCCCG

FEETI=T=T= 0= rrrnd
20 CGTCCGGAGITTCAAGGIGA 1

TTCTGCTACTCTTCTCAAGTCATCTCCTGTTCTTGACAAGT

FEEI=T= b=t
20 GATGTGGAGAGTTCAGTAAA 1

GTAGCTGCATTTTTTAGGTCATTTAATTTCTTGTTATTCAGA

[l ettt LT
20 GATGTGGAGAGTTCAGTAAA 1

TGTGATGCATCAGTTTTGTTGAACAACACTGCCACCATAG

AN R AR RN
21 GTIGTTGTCAAAATAGCTTGTT 1

GTGACGCATCAGTTTTGTTGAACAACACTGCCACCATAG

Pl =TTt rrnl
21 GTGTTGTCAAAATAGCTTGTT 1

TTGGTGCATCATCTAGGATTAAGAGTACATGCATCTATGGTG

SRR AN A R
21 TGTAGTAGATCTTAGTTCTCT 1

TTGGTGCATCATCTAGGATTAAGAGTACATGCATCTATGGTG

SEEEELEEE e riihl-
21 TGTAGTAGATCTTAGTTCTCT 1

TTTCAATTCCAGATGTCTGATTATAAAATTGTGGTGACTTCA

FETTEETTEEr =11
21 TAAGGTCTACAGTCTGATATT 1

TTTCAATTCCAGATGTCTGATTATAAAATTGTGGTGACTTCT

FEETEEEEEEr =1ttt
21 TAAGGTCTACAGTCTGATATT 1
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Abstract

MicroRNAs (miRNAs) are endogenous and small non-coding RNAs that
regulate the expression of protein-coding-genes at the post-transcriptional level. Plant
miRNAs are thought to largely regulate transcripts by single, highly complementary
target sites. Consequently, plant miRNAs are predicted to have only a limited number of
messenger RNA (mRNA) targets. In plants, the majority of annotated MIRNA are
family- or species-specific, however little is known about their targets and the biologic
pathways in which they are involved. Employing 5’RACE and RT-gPCR we
investigated the candidate target for a soybean-specific MIR4415, which was previously
detected by our group using high-throughput sequencing. We observed that MIR4415
expression profile varied between different soybean genotypes submitted to water-
deficit and asian soybean rust stresses. In the present study, the ascorbate oxidase (AO)
MRNA was shown to be regulated by MIR4415. AO is an apoplastic enzyme that
catalyses the oxidation of ascorbic acid (AA) to monodehydroascorbate, a radical which
rapidly degrades to dehydroascorbate, playing a major role in controlling the redox state
of the apoplast. In our study we observed that AO is induced in both genotypes when
infected by P. pachyrhizi, providing evidence that it is a component of the oxidative

stress pathway to be considered in studies of soybean-rust interaction.
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Introduction

MicroRNAs (miRNAs) are endogenous and small non-coding RNAs that
regulate the expression of protein-coding-genes at the post-transcriptional level. In
plants, MIRNA genes are transcribped by RNA polymerase Il enzymes (Pol II)
generating primary miRNA (pri-miRNA). The pri-miRNA forms an imperfect fold-
back structure, which is processed into a stem-loop precursor (pre-miRNA) by nuclear
RNaselll-like enzymes called DICER-LIKE proteins (e.g., DCL1) [1]. The resulting
pre-miRNA contains a mIRNA:miIRNA* intermediate duplex, formed by a self-
complementary fold-back structure. A mature miRNA sequence can range from 19 to
24 nucleotides (nt) in length and act as a regulatory molecule in post-transcriptional
gene silencing by base pairing with target mRNAs. This leads to mRNA cleavage or
translational repression, depending on the degree of complementarity between the
miRNA and its target transcript [2, 3]. Plant miRNAs are thought to largely regulate
transcripts by single, highly complementary target sites [1]. Consequently, plant
miRNAs are predicted to have only a limited number of messenger RNA (MRNA)
targets.

In plants, a minority of annotated MIRNA gene families are conserved between
plant families, while the majority are family- or species-specific, suggesting that most
known MIRNAs genes arose relatively recently in evolutionary time [4]. A high
proportion of species-specific or nonconserved MIRNA genes were also observed in
Physcomitrella patens, Selaginella moellendorffii, Oryza sativa, Medicago truncatula,
and Glycine max [5-12]. Actually, data from additional plant genomes indicate that the
majority of the species subjected to high-throughput smMRNA sequencing have been
found to possess non-conserved miRNAs (www.mirbase.org; [13]). Given that a large
number of miIRNA families are specie-specific or restricted to closely related species, it
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is reasonable to suggest that plants harbor relatively large numbers of recently spawned
MIRNA loci.

Usually species-specific miRNAs target mRNAs have a wider range of functions
than the targets of conserved miRNAs. For example, only about 1/9 of a newly
discovered set of non-conserved miRNAs in arabidopsis target transcription factors;
instead, their targets include genes involved in metabolism, signal transduction, protein
modification, and RNA or carbohydrate binding [14, 15]. It will be interesting to learn
about these miRNAs biological roles, since it is known that miRNAs are involved in a
variety of biological and metabolic process, such as development, hormone signaling,
abiotic stress responses, and pathogen responses [5, 16-20].

In Glycine max, the MIR4415 that was identified by Joshi et al [10] and also by
our group using high-throughput sequencing technology [11] is an example of species-
specific miRNA. In our previous work, we identified that this mature miRNA was
originated from two different loci localized in different soybean chromosomes [11].
MIR4415 are highly specific, since copies of this mIRNA were not observed in other
species, indicating their recently origin. Their precursors have large fold-back
sequences, which are also highly conserved. We observed that MIR4415 expression
profile varied between different soybean genotypes submitted to water-deficit and asian
soybean rust stresses.

Since soybean is one of the most economically important cultures, investigation
of the different reactions that occur at a molecular level can improve our knowledge
about how these plants cope with different stresses that affect their development. For
this reason, employing modified 5’RACE and RT-qPCR, we performed the validation
of the predicted MIR4415 target gene, and also attempted to understand the biological

relevance of this miRNA during water and soybean rust stress.
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Material and Method

Plant materials and treatments

Water deficit assay

For water deficit treatment, we used the soybean (Glycine max (L.) Merrill)
cultivars ‘Embrapa 48 as a drought-tolerant standard and ‘BR 16’ as a sensitive
standard [21]. Plants were grown in a greenhouse at Embrapa-Soybean (Londrina,
Brazil) using a hydroponic system compound for plastic containers (30 liters) and an
aerated pH 6.6-balanced nutrient solution. Seeds were pre-germinated on moist filter
paper in the dark at 25°C + 1°C and in 65% * 5% relative humidity. Plantlets were then
placed in polystyrene supports so the roots of the seedlings were completely immersed
in the nutrient solution. Each seedling tray was maintained in a greenhouse at 25°C +
2°C and in 60% + 5% relative humidity under natural daylight (photosynthetic photon
flux density (PPFD) =1.5 x 10° umoles m? s™) for a 12 h day. After 15 days, seedlings
with the first trifoliate leaf fully developed (V2 developmental stage) [22] were
submitted to different water-deficit treatments according to Martins et al. [23]. The
nutrient solution was removed from each plastic container where the roots were kept in
the tray in the dark without nutrient solution or water for 0 minutes (TO or control) and
125 minutes (T125 or treated). At the end of each water-deficit period, the roots of the
seedlings were immediately frozen in liquid nitrogen and stored at -80°C until RNA
extraction. The experimental design was a factorial (cultivars x duration of water
deficit) with three replicates. Each replicate was composed of five plantlets that were
sampled in bulk. So the respective samples analyzed by RT-gPCR for the water deficit-
stress are: roots of drought-sensitive seedlings submitted to O minutes of stress

(Drought-Sensitive Root Control (DSRC)); roots of drought-sensitive seedlings
141



submitted to 125 minutes of stress (Drought-Sensitive Root Treated (DSRT)); roots
from drought-tolerant seedlings submitted to O minutes of stress (Drought-Tolerant
Root Control (DTRC)); and roots of drought-tolerant seedlings submitted to 125

minutes and 150 minutes of stress (Drought-Tolerant Root Treated (DTRT)).

Asian Soybean Rust assay

The ASR reaction was evaluated in soybean plants in a greenhouse at Embrapa-
Soybean (Londrina, Brazil) using a field population of Phakopsora pachyrhizi collected
from soybean fields in the state of Mato Grosso, which were maintained for over 10
generations on the susceptible cv. BRSMS-Bacuri. ASR identification was confirmed
by ITS-sequencing analysis as described by Silva et al. [24], and it revealed a similarity
to the MUT Zimbabwe isolate. The soybean plants were grown in a pot-based system.
The ‘Embrapa 48’ genotype was used as a susceptible host plant, which develops a
susceptible lesion (TAN) after Phakopsora pachyrhizi infection. The ‘PI561356’
genotype was used as the resistant host, which carries an ASR resistance gene mapped
onto linkage group G (Ricardo V. Abdelnoor, EMBRAPA Soja, personal
communication) and develops a reddish-brown (RB) lesion with few or no spores.

Urediniospores were collected from infected BRSMS-Bacuri plants in a separate
greenhouse by tapping infected leaves over a plastic tray. The urediniospores were then
diluted in distilled water with 0.05% Tween-20 to a final concentration of 3 x 10°
spores/mL. This spore suspension was sprayed onto three plants per pot at the V2 to V3
growth stages [22]. A solution without the spores was used for the mock inoculations.
Following the ASR or mock inoculations, water-misting bags were placed over all
plantlets for one day to aid the infection process and to prevent cross-contamination of

the mock-infected plants. The third trifoliolate leaves of six plants were collected 12
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hours after inoculation (hai) for RNA extraction. The experiment followed a completely
randomized design with the three replicates as blocks and a full factorial treatment
structure consisting of three treatment factors: hai (12 hours), genotype (resistant or
susceptible), and inoculation type (ASR or mock). The samples analised were: leaves of
rust-susceptible seedlings with mock inoculation (Rust-Susceptible Leaf Control
(RSLC)); leaves of rust-susceptible seedlings with rust-spore inoculation (Rust-
Susceptible Leaf Treated (RSLT)); leaves of rust-resistant seedlings with mock
inoculation (Rust-Resistant Leaf Control (RRLC)); and leaves of rust-resistant seedlings

with rust-spore inoculation (Rust-Resistant Leaf Treated (RRLT)).

RNA extraction and cDNA synthesis

For each treatment, total RNA was isolated by extraction with Trizol,
(Invitrogen) and the quality was evaluated by electrophoresis on a 1.0% agarose gel.
The cDNA synthesis for miRNA analysis was carried out by multiplex technique [25,
26] from approximately 2 pg of total RNA. Each reaction was primed with a pool of 0.5
MM 10 gene-specific stem-loop primers [27] (IDT). The cDNA synthesis for mRNAs
we employed 1 puM of oligonucleotide dT24V (Invitrogen) per reaction. Before
transcription, RNA and primers were mixed with RNase-free water to a total volume of
10 pL and incubated at 70°C for 5 minutes followed by ice-cooling. Then, 6 pL 5x RT-
Buffer (Promega), 1 pL of 5 mM dNTP (Ludwig) and 1 uL MML-V RT Enzyme 200 U
(Promega) were added for a final volume of 30 pL. The synthesis for miRNAs and
MRNAs cDNA were performed at 42°C for 30 minutes and 40°C for 60 minutes
respectively on a Veriti Thermal Cycler (Applied Biosystem), and inactivation of the
enzyme was completed at 85°C for five minutes. All cDNA samples were 50-fold

diluted with RNase-free water before being used as a template in RT-gPCR analysis.
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The stem-loop primers, used for mMiRNAs cDNA synthesis, were designed according to
Cheng et al. [27]. The stem-loop sequence consists of 44 conserved and six variable
nucleotides that are specific to the 3’ end of the miRNA sequence (5’
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACNNNNNN

3.

Prediction of miRNA targets

Target prediction for miRNAs is straightforward because it is assumed that most
of them match their targets with almost perfect complementarities [1, 3]. The putative
target genes for MIR4415ab-3p and -5p were searched for by using the web-based
computer psRNA Target Server (http://plantgrn.noble.org/psRNATarget/) [28] which
can identify putative targets that may be regulated at post-transcriptional or at
translational levels. The total scoring for an aligment was calculated based on the
miRNA length, and the sequences were considered to be miRNA targets if the total
score were less than 3.0 points (mismatch=1 and G:U=0.5). Results from these analyses
were individually inspected in the soybean genome on the Phytozome web server

(http://www.phytozome.net/), where the loci and protein annotation were obtained.

Cleavage site mapping of target mRNA

Total RNA was extracted from root and leaves of soybean seedlings with trizol
and posterior purified using FastTrack™ MAG Micro mRNA Isolation Kit (Invitrogen).
A Gene-Racer kit (Invitrogen) was used for 5’RACE (5’ rapid amplification of cDNA
ends), except the decapping protocol was not carried out, and the adapter was linked
directly to mRNA. Two nested gene-specific reverse oligonucleotides were used for 5’

RACE. The PCR products were resolved on 2% agarose gels and detected by ethidium
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bromide staining. The products from the second (nested) round of 5’RACE were gel
purified using a Wizard preps PCR purification kit (Promega) and ligated into pGEM-T
easy (Promega). Plasmids were transformed into Escherichia coli DHS5a cells and
purified. Clones were investigating with colony PCR to verify they contained inserts of
the correct size and were sequenced. Primers used for this analysis are shown in

Supplementary file 1.

Reverse transcription quantitative PCR reaction (RT-gPCR)

All quantitative PCR were performed in a BIO-RAD CFX384 Real-time PCR
Detection System (BIO-RAD) using SYBR Green | (Invitrogen) to detect double-strand
cDNA synthesis. Reactions were done in a volume of 10 pL containing 5 puL of diluted
cDNA (1:50), 1X SYBR Green I (Invitrogen), 0.1 mM dNTP, 1X PCR Buffer, 3 mM
MgCl,, 0.25 U Platinum Tag DNA Polymerase (Invitrogen) and 200 nM of each reverse
and forward primers. The employed primers for the RT-gPCR analysis are listed in
Supplementary file 1. The miRNA primers were designed based on the fully tested
miRNA sequence (forward), and the reverse primer was the universal reverse primer for
miRNA [27]. All samples were analyzed as technical quadruplicates with a no-template
control also included. The conditions were set as the following: an initial polymerase
activation step for 5 min at 94°C, 40 cycles of 15 sec at 94°C for denaturation, 10 sec at
60°C for annealing and 25 sec at 72°C for elongation. At the end of cycling protocol, a
melting-curve analysis was included and fluorescence measured from 65 to 99°C.
Threshold and baselines were manually determined using the BIO-RAD CFX
Manager™ Software. We used MIR156b and MIR1520d as reference genes [29].To

-AACt
2

calculate the relative expression of the miRNAs, we used the method. Student’s t-
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test was performed to compare pair-wise differences in expression and the means were

considered significantly different when P < 0.05.

Results and Discussion

Prediction and validation of MIR4415-target mMRNA

The potencial miRNAs targets were predicted by the psRNA-target server using
both MIR4415ab-3p and -5p as queries against the soybean transcriptome. The results
of the analysis pointed to a Glycine max ascorbate oxidase transcript. We selected the
binding site sequence and submitted to a BLAST in the Phytozome. The results
revealed three different transcripts of ascorbate oxidase enzyme, which are originated
from the respective genes: Glymal3g03650; Glyma20g12150 and Glymal4g04530.
These three genes are highly conserved, and an exact binding site for the MIR4415 was
observed in Glymal3g03650 and Glyma20g12150, while a single nucleotide mismatch
was observed to Glymal4g04530 (Figure 1 -B). This nucleotide is localized at the last
position of the 5’end in the mRNA binding site, which theoretically could not affect the
potential mMiIRNA binding activity.

The next step was to confirm the cleavage site in vivo using the modified
5’RACE technique. Since the conservation among the three transcripts is really highly,
it was very difficult to design gene-specific (employed in the first round of PCR) and
nested primers (used in the second PCR) for this step. Since the position for these
primers should be fixed, the primers could hybridize in all three different genes.
However, after the cloning and sequencing of the correct bands amplified by PCR, we
performed a blast and identified only sequences from Glymal3g03650 being originated
from the MIR4415 cleavage (Figure 1 — A). Using 5’RACE, we amplified cDNA

corresponding to this mRNA fragment. Sequence analysis of 19 independent cDNA
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clones produced identical results and placed the 5° end of the cleaved fragment at
nucleotide 319 of the Glymal3g03650 mRNA. This nucleotide position is located in the
first exon at 5’extremity of Glymal3g03650 mRNA (Figure 1).

The experimental validation of a plant miRNA target usually relies on the
detection of the endonucleolytic cleavage guided by the small RNA. Many AGO
proteins, such as arabidopsis AGO1 [30], cleave the target RNA between positions 10
and 11 of the miRNA 5’ end [31, 32]. Here we provide evidence showing that MIR4415
directs Glyma13g03650 mRNA cleavage in vivo between the 10" and 11" nucleotides
of the complementary MIR4415 binding site (Figure 1 — B). This result is consistent

with previous findings of others soybean miRNAs and their respective targets [10, 12].

Expression profile of MIR4415 and respective targets during water deficit and
asian soybean rust stress

To confirm the results from 5’RACE analysis we performed RT-qPCR in order
to quantify the relative expression of mature MIR4415 and the transcripts of
Glymal3g03650, Glyma20g12150 and Glymal4g04530. Employing the gPCR
technique, our goal was to investigate the miRNA and mRNAs profiles, once the
miRNA and its presumptive target mMRNA accumulation are usually inferred to be
inversely correlated. However, for all RNAs samples it was not possible to amplify
Glymal4g04530, and for this reason it will not appear in the expression profile
analyses.

In a previous study, MIR4415 showed to be differently expressed in different
genotypes under water deficit and asian soybean rust stress [11] and for this reason we
reproduced the investigation of this miRNA plus Glymal3g03650 and Glyma20g12150

under the same conditions.
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In the water deficit assay, we observed that the expression patterns of MIR4415
presented an effective rise in its expression level in the sensitive plants, while this
higher level was also observed in the tolerant genotype under control condition and after
water stress (Figure 2). Surprisingly Glymal3g03650 and Glyma20g12150 presented
the same profile in the sensitive genotype that the MIR4415 and an equivalent increase
was observed in the tolerant genotype under stress. Glymal3g03650 was more
expressed than Glyma20g12150, but the expression pattern for all conditions was
similar. This result was unexpected, and revealed that is not possible to predict the
function of a miIRNA only validating the cleavage sites in a determined mRNA.

The RT-gPCR analyses during asian soybean infection (Figure 3) showed a
strong decrease of MIR4415 during the rust infection when compared with the control
in the susceptible plants. In this same condition, Glymal3g03650 and Glyma20g12150
were up-regulated when the plants were under pathogen infection. This scenario fits
with those of genes down or upregulated by miRNAs, and was expected, since
Glymal3g03650 and Glyma20g12150 were validated as MIR4415 target. Nevertheless,
the same prognostic was not confirmed in the resistant genotype. While the MIR4415
didn’t vary significantly, Glymal3g03650 and Glyma20g12150 presented an increased
expression level in the stressed condition comparing to the mock. This intriguing
situation, allow to consider that a different mechanism take place in the resistant
genotype, with other factors than MIR4415 being involved in the pathogen recognition
and molecular responses. This hypothesis might be quite likely since the two genotypes,

susceptible and resistant, produce different responses after the pathogen infection.

The role of MIR4415 target
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The discovery of a miRNA target and the validation of the in vivo cleavage is an
important achievement, but the identification of which biological process it is being
involved is the crucial question. In this way, employing 5’RACE and RT-qPCR
technologies, we identified a new target for the specie-specific MIR4415ab.

Ascorbate oxidase (AO) is an apoplastic enzyme that catalyses the oxidation of
ascorbic acid (AA) to monodehydroascorbate, a radical which rapidly degrades to
dehydroascorbate, playing a major role in controlling the redox state of the apoplast [33,
34]. Ascorbic acid is considered to be the most abundant antioxidant in the apoplast:
the apoplast contains up to 5% of the leaf’s ascorbate pool [35], a pool which is
generally highly oxidized in contrast to the symplastic pool. Regulation of the
apoplastic ascorbate pool occurs via transport of ascorbate and dehydroascorbate
between the cytosol and the apoplast [34, 36-38].

Since the ascorbic acid oxidase was discovery by Albert von Szent-Gydrgyi in
1931 [39], more than 80 years have passed, however the clear biological function of AO
remains controversial. Several studies that were developed during this time have
different hypothesis for AO function. The most widely opinion prevailed that AO plays
a role in cell elongation because of its extracellular localization and its high activity in
rapidly expanding tissues [40, 41].

Further studies on the effects of AO in tobacco have shown that this enzyme has
a role in the perception of the environment or stress responses [38, 42] and may be
linked to the cellular ascorbate redox state (defined as the ratio of reduced to total
ascorbate).The ascorbate redox state has been shown to control processes including
stomatal function [43], cell division [40, 44] and changes as a result of stress [34, 45].
Studies focusing light-induced expression of AO support the hypothesis of a mechanism

acting to remove excess oxygen produced in the photosynthetic process [46]. Besides

149



this, Ballestrini et al. [47] showed that the expression of a Lotus japonicus AO gene is
induced in the symbiotic interaction with both nitrogen-fixing bacteria and arbuscular
mycorrhizal fungi. In this framework, high AO expression is viewed as a possible
strategy to down-regulate oxygen diffusion in root nodules, and a component of AM
symbiosis [47].

In soybean, a study involving the detection of genes that were inducted during
infection with Pseudomonas syringae showed AO were among the genes up-regulated
during the interaction plant-pathogen. The transcripts of ascorbate oxidase gene were
inducted in both compatible and incompatible interaction, and the author proposed that
GmAO could represent a new class of pathogenesis-related protein [48]. Although this
study was conducted with the bacteria P. syringae, the results regarding to the induction
of AO when the plant is infected by the pathogen resemble our results regarding the
induction of AO, which also was observed in the compatible and incompatible
interaction P. pachyrhizi-soybean.

Other work that corroborates in part with our findings was performed by Soria-
Guerra et al. [49]. Employing transcriptome profiling analysis they were looking for
genes controlling resistance to soybean rust. The experiment was conducted in resistant
and susceptible Glycine tomentella genotypes triggered by P. pachyrhizi infection.
Among 38,400 genes monitored using a soybean microarray, ascorbate oxidase was
significant up-regulated in the resistant genotype when infected with P. pachyrhizi at
12hpi. The rust-susceptible genotypes demonstrated an inverse regulation [49].

The results show clear evidence that AO is differentially expressed in infected
and control conditions. However, to understand the role of this enzyme in the
establishment of the pathogen on the host is still something to be defined; most

intriguing is to understand how the MIR4415 is involved in this pathway. Looking at
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our results, we can observe that AO is induced in both genotypes when infected by P.
pachyrhizi. Thinking about the activity of AO, it is known that the level of AA is
diminished when AO is induced. Because ascorbic acid is a major antioxidant buffer
and free-radical scavenger, consequently it also acts as a barrier against pathogen attack
[38]. Susceptible plants with reduced accumulation of AA in the apoplast can be one of
the factors that facilitate the establishment of the fungus on the leaf tissue, because
production of reactive oxygen species and host-cell killing is a prerequisite for
successful fungal development and pathogenesis of necrotrophic nourishment [50, 51].
And why this scenario would not be seen on the resistant genotype? One possibility
would be the presence of major genes for resistance (R genes) that have a specific and
differentiated response to infection by the fungus. Nevertheless this hypothesis needs

additional approaches to be clarified.

Conclusion

The detection of cleaved products of miRNA target genes is necessary in the
study of mechanisms by which miRNAs regulate their target genes. Employing
5’RACE and RT-gPCR techniques, we validated a new target of specie-specific
miRNA. In the present study, Ascorbate oxidase mMRNA was showed to be degraded by
MIR4415, and apparently this mechanism is significantly affected by the asian soybean
rust infection in a susceptible genotype. However, additional studies have yet to be

performed in order to clarify how this regulation occurs in soybean.
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Figure legends

Figure 1 — Prediction and the cleavage assay for the potential mMRNA target
of MIR4415. A) Results from the 5’RACE PCR. The products from first (1st) and
nested (2nd) rounds of PCR were analyzed by agarose gel electrophoresis. DNA from
the expected size PCR products were gel purified before cloning, and clones were then
sequenced and mapped in Glymal3g03650 gene (data from Phytozome version 9.0). B)
Predicted cleavage site confirmed by 5’RACE into the Glymal3g03650 transcript.
Numbers in bold indicate the proportion of clones out of the total number analyzed that
mapped to the canonical MIR4415 cleavage position (indicated by arrow). Pairing
obtained in psRNATarget Server: "|" indicates a Watson-Crick base pairing; ":" is a G:U

base pairing, and "o" indicates a mismatch.

Figure 2 - Differential relative expression of MIR4415 and the respective
target genes Glymal3g03650 and Glyma20g12150 during deficit water stress assay.
For the water deficit-stress assay, the four different samples are: DSRC (drought-
sensitive seedlings root control); DSRT (drought-sensitive seedlings root treated);
DTRC (drought-tolerant seedlings root control) and DTRT (drought-tolerant seedlings
root treated). Note: (*) samples that significantly differ between control and stressed

conditions (P < 0.05) according to a Student t-test statistical analysis.
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Figure 3 - Differential relative expression of MIR4415 and the respective
target genes Glymal3g03650 and Glyma20g12150 during asian soybean rust stress
assay. For the rust-stress assay, the four samples are: RSLC (rust-susceptible seedlings
leaves mock inoculation); RSLI (rust-susceptible seedlings leaves with rust-spore
inoculation); RRLC (rust-resistant seedlings leaves with mock inoculation) and RRLT
(rust-resistant seedlings leaves with rust-spore inoculation). Note: (*) samples that
significantly differ between control and stressed conditions (P < 0.05) according to a

Student t-test statistical analysis.

Supplementary file 1. Primer sequences and amplicon characteristics for all

genes analyzed.
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Figure 2
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Supplementary file 1. Primer sequences and amplicon characteristics.

. Forward Primer Sequence Reverse Primer Sequence Amplicon
P ID . F
rimer (5" - 37) (5" - 37) Size (bp) unction
Gene-secific primer - 233 5'RACE 1st PCR
TGCACACTGTGAGATGGCAGCA
nested primer - 130 5'RACE 2nd PCR
CCTCGGTGAAAAGCTTGTTGG
200 RT-gPCR (R0)
Glymal3g03650 TGATCAGAAAGCCAGATTGC TGAGATGGCAGCAGTACCA
Glyma20gl12150 282 RT-gPCR (AO)
AGCACATTTGTCCCTTGGAG GCCTCTCCTGGGTTTATAGCA
Glymal4g04530 255 RT-gPCR (AO)
GTTGCAACTATCTCTAGGAGCTG GAAATGGCAGCAGTTCCATC
MIR4415ab GTGCAGGGTCCGAGGT 71 RT-gPCR (miRNA)
TTGATTCTCATCACAACATGG
MIR156b TGACAGAAGAGAGAGAGCACA " 71 RT-gPCR (miRNA)
MIR1520d ATCAGAACATGACACGTGACAA " 72 RT-gPCR (miRNA)
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CAPITULO VI

Consideracoes Finais

Como uma das principais commodities e em rapida expansdo, a soja € a cultura
agricola brasileira que mais cresceu nas ultimas trés décadas e corresponde a 49% da
area plantada em gréos do pais. O aumento da produtividade esta associado a inimeros
fatores como manejo e eficiéncia dos produtores. Porém, além dos fatores tradicionais,
deve-se destacar o amplo avanco tecnologico que estudos envolvendo a genética da soja
e a implementacdo de ferramentas biotecnologicas propiciaram para o franco
desenvolvimento desta cultura.

Estresses abioticos e bidticos podem reduzir significativamente os rendimentos
das lavouras e restringir as latitudes onde espécies comercialmente importantes podem
ser cultivadas. As implicacGes sdo enormes, uma vez que prejuizos em grandes culturas
acabam afetando o mercado econdmico e consequentemente a sociedade em geral.
Portanto, entender a tolerancia e a resisténcia das plantas a seca e a patdgenos
respectivamente, devem ser julgadas ndo s6 como problemas de ordem genética ou
fisiologica, mas também como importante meta de significancia econémica e politica.

A proposta ao desenvolvimento das atividades de pesquisa que culminaram
nesta tese de doutorado foi identificar novos miRNAS de soja e caracterizar a expressao
dos mesmos em relacdo aos processos de deficiéncia hidrica e FAS. Assim, 0s
resultados obtidos e apresentados na presente tese foram estruturados de forma que
assuntos especificos fossem abordados em diferentes artigos, 0s quais aqui estdo

disponibilizados nos diferentes capitulos, mas que de uma forma geral ndo deixaram de
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estar conectados, uma vez que, exceto pelo capitulo 111, os demais trabalhos foram
dependentes daqueles previamente realizados.

Por exemplo, um primeiro aspecto e imprescindivel, quando se trabalha com a
expressao de genes, é o conhecimento de bons normalizadores. Desta forma o capitulo
I11 relatou a busca e identificacdo de quais seriam os melhores genes normalizadores a
serem utilizados nas analises de RT-gPCR envolvendo miRNAs em soja. Neste estudo
foi observada uma clara diferenca entre a estabilidade na expressdao dos miRNAs e dos
genes codificadores de proteinas comumente utilizados como normalizadores em
trabalhos de expressdo génica. Utilizando os softwares GeNorm and NormFinder a
expressdao de miRNAs e genes de mRNA foi analisada em diferentes tecidos vegetais,
diferentes genotipos, além de dois estresses distintos, deficiéncia hidrica e ferrugem
asiatica. Ao final desta analise foi observado que os miRNAs foram mais estaveis que
0s genes de mRNAs em todas as condi¢des amostradas. Embora tenha ocorrido alguma
discrepancia entre os dois softwares, é importante salientar que os miRNAs ocuparam a
primeira colocacdo no ranking com relacdo a maior estabilidade em ambas analises.
Este foi o primeiro estudo a avaliar o potencial dos miRNAs como normalizadores em
plantas (ja haviam sido realizados trabalhos como este em humanos), e abriu portas para
explorar uma nova possibilidade para o uso destes genes além das técnicas de
silenciamento.

O quarto capitulo desta tese, abordou a identificacio de novos mMIRNAs
envolvidos em estresses abidtico e biotico, e relatou um ndmero massivo de novos
miRNAs descobertos em soja. O uso do sequenciamento de alto desempenho (Solexa)
foi eficiente para permitir a identificacdo de um total de 256 miRNAs. Destas analises,
foram encontradas 24 novas familias, seis familias que ja haviam sido detectadas em

coniferas, embridfitas e magnoliofitas, e 22 familias que ja eram conhecidas em soja.
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Entretando, acredita-se que o nimero de miRNAs detectado poderia ter sido maior, uma
vez que os filtros utilizados no processamento dos dados foram bastante restritivos,
como em relagdo ao indice de qualidade dos reads obtidos no sequenciamento, além das
buscas no genomas serem restringidas a matchs ndo maiores que cinco vezes. Outro
ponto que nao foi abordado no artigo publicado, mas que aqui cabe salientar, é que as
buscas foram feitas no genoma sequenciado da soja, que pertence a cultivar americana
Williams, e nossas bibliotecas foram construidas a partir de trés cultivares brasileiras,
EMBRAPA48, BR16 e PI1561356. A questdo aqui levantada é que durante nossas
buscas, ndo foram permitidos mismatches (erros) entre os reads e o genoma de
referéncia, e desta forma podemos ter perdido algum polimorfismo que possa existir
entre as diferentes cultivares. Esta ideia pode até ser refutada, devido o fato dos
miRNAs serem altamente conservados entre diferentes espécies de planta, podendo
alegar que seriam ainda mais conservados entre gendtipos de uma mesma espécie, 0 que
faz sentido. Entretanto, ndo ha descoberta sem investigacdo, e este € um dos aspectos
que poderia ser modificado ou agregado em novos experimentos que envolvam
sequenciamento de ultima geracédo para deteccdo de novos miRNAS.

Outro aspecto importante a ser ressaltado no artigo apresentado no capitulo 1V,
foi o relato de isomiRNAs encontrados durante a andlise das bibliotecas. Foram
detectados um total de 121 isomiRNAs. H& algum tempo, nenhuma atencao especial era
dada a estas variacdes da sequéncia de miRNA maduro, e por anos foi considerado ser
resultado de clivagens errbneas da enzima DCL-1, envolvida no processamentos dos
miRNAs maduros. Entretanto, atualmente mudou-se a visdo sobre estas variantes de
miRNAS, 0s quais se acredita serem preferencialmente expressos em determinadas
condices. A prova desta mudanca com relacdo aos isomiRNAs, € que o miRBase,

principal banco de depdsito de miRNAs, esta catalogando a abundancia das diferentes
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formas de pequenos RNAs derivados de pre-miRNAs, os isomiRNAs, em algumas
espécies. Em soja ainda ndo foram estruturadas estas isoformas com relagdo aos seus
precursores, mas acredito que seja apenas uma questdo de tempo até serem organizadas
todas estas informagdes.

Ainda com relacdo ao capitulo IV, as analises por RT-gPCR de alguns miRNAs
com relacdo a deficiéncia hidrica e a ferrugem da soja, forneceu novas informacdes
quanto ao padrédo de expressdo de miRNAs de soja quando exposta a estes estresses. De
uma forma geral, observou-se que os miRNAs variaram quanto a resposta ao estresse
dependendo do gendtipo de soja. Por exemplo, varios miRNAs foram induzidos durante
0 estresse hidrico em geno6tipos sensiveis, entretanto durante 0 mesmo estresse o padrédo
de expressdo foi diferente no gendtipo tolerante a seca. Esta mesma variacdo foi
observada nos experimentos com o fungo P. pachyrhyzy, onde em geral os miRNAs
foram reprimidos durante a infeccdo no genotipo suscetivel, e ndo variaram entre a
condicdo controle e infectada nas plantas resistentes a ferrugem. Particularmente
acredito que este cenario aponte para um aspecto importante na via dos miRNAs: estar
submetidos a um controle bastante refinado. Embora muitos aspectos com relacdo a
regulacdo génica por miRNAs ja tenham sido caracterizados através da identificacdo e
validacao de seus alvos, pouco ainda se conhece com relacéo a regulagdo dos miRNAs,
como promotores, cis-elementos responsaveis por sua transcricdo, e ainda fatores e co-
fatores envolvidos na biogénese destes pequenos RNAs.

No capitulo V estd descrita a busca no entendimento de um miRNA espécie-
especifico que demonstrou ser diferencialmente expresso entre os diferentes gendtipos
submetidos a deficiéncia hidrica e a ferrugem da soja. O MIR4415, o qual foi apenas
encontrado em soja até o momento, foi identificado no trabalho apresentado ainda no

capitulo 1V e sua validacdo via RT-gPCR mostrou claramente que este miRNA era
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induzido ou reprimido conforme a condicdo de estresse em que os particulares
genotipos se encontravam. Este comportamento, despertou o interesse de ir além e
investigar o possivel alvo do mesmo. Pela predicdo computacional chegou-se a0 mMRNA
de uma enzima: a ascorbato oxidase (AO). O passo seguinte foi investigar se apenas um
transcrito seria o alvo deste miRNA. Ao realizar-se BLAST no genoma da soja
(disponivel do banco de dados Phytozome), descobriu-se entdo que havia trés
transcritos de AO que apresentavam além do mesmo sitio de ligacdo do miRNA, uma
sequéncia bastante conservada ao longo de todo transcrito. Este fator, dificultou muito
na elaboracdo dos oligonucleotideos que deveriam ser utilizados nas técnicas para
validacao do alvo. No caso do 5 RACE ndo houve como projetar primers diferentes, e
assim os dois primers necessarios para os distintos PCRs hibridizavam em uma regiao
conservada nos trés transcritos. Mesmo tendo a capacidade de hibridizar em todos os
candidatos alvos, o sequenciamento dos clones demonstraram que apenas o transcrito
Glymal3g03650 era clivado pelo MIR4415 (pelo menos na condi¢cdo em que foram
extraidas as amostras para o 5° RACE). Os resultados da clivagem foram bastante
consistentes, um grande nimero de clones apresentou 0 mesmo sitio sendo clivado pelo
miRNA. Mesmo com a comprovagdo de apenas Glymal3g03650 via 5’RACE, foram
realizados os RT-qPCR para os demais transcritos. Glyma20g12150 apresentou um
padrdo de expressdo semelhante a Glymal3g03650 em todas a condicdes testadas,
entretando Glymal4g04530 falhou na amplificacdo. Como dito anteriormente, ja era
conhecida a expressdo diferenciada de MIR4415 nos diferentes gendtipos sob estresse
hidrico e FAS e, por este motivo, reproduziu-se a investigacdo deste miRNA mais
Glymal3g03650 e Glyma20g12150 sob as mesmas condicdes.

Durante o ensaio de déficit hidrico, ndo se observou qualquer correlacdo inversa

entre 0 miIRNA e ambos transcritos de AO (o que é esperado em padrbes de expressao
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de alvo e miRNA). Entretanto durante as andlises de RT-qgPCR com infecgdo pelo
fungo P. pachyrhizi, foi observado o padrdo de expressdo tipico de um miRNA e seu
alvo. O MIR4415 foi reprimido durante a infeccdo pelo patdgeno no genotipo
suscetivel, enquanto ambos os alvos, Glymal3g03650 e Glyma20g12150, tiveram uma
inducdo na sua expressdo. Entretanto esta mesma relagdo nao foi observada no genétipo
resistente, o que leva a pensar-se que a interagdo MIR4415 e AO-mRNA possa ser
bastante especifica, podendo até ser relacionada a suscetibilidade de cultivares de soja.
N&o existem muitas informacdes com relacdo a atividade de AO em relagdo a ferrugem
da folha. Como relatado no capitulo V, muitos estudo ja foram realizados com esta
enzima, mas ainda nao esta totalmente claro seu papel nos casos de estresses em plantas.
Tentando tracar um raciocinio l6gico na relacdo AO versus ataque fungico, pode-se
direcionar 0 pensamento ao &cido ascorbico (AA). Sabe-se que o nivel de AA ¢é
diminuido quando AO € induzido, sendo AA uma barreira contra o ataque de patdégenos,
plantas suscetiveis com reducdo no acumulo de AA no apoplasto poderiam ter como
consequéncia o estabelecimento do fungo sobre o tecido foliar facilitado. E por que esse
cenario ndo seria visto no gendtipo resistente? Uma possibilidade, seria devido a
presenca dos genes maiores de resisténcia (genes R), que contam com uma resposta
especifica e diferenciada a infeccdo pelo fungo. Antes de finalizar os comentarios, é
importante esclarecer, que quando afirma-se da possibilidade de interacdo MIR4415-
AO ser um dos fatores envolvidos na resposta de suscetibilidade, ndo se quer de forma
alguma simplificar a ampla complexidade existente nas interacdes planta-patégeno.
Entretanto, este € mais um mecanismo a ser observado com maior atencdo na busca de
novas vias e fatores que colaborem com os estudos de resisténcia e suscetibilidade em

plantas.
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Em suma, espera-se que as descobertas que foram relatadas nesta Tese, bem
como as perguntas que ainda permanecem em alguns pontos, sejam de alguma forma
fonte para novas pesquisas que estdo por vir. Espero que os resultados aqui
apresentados possam colaborar com futuros estudos que, como este, sdo fontes de

formacé&o para pesquisadores brasileiros.
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Anexo 1 - Nomenclatura segunde o bance de dados miRBase para os novos miRNAs descritos no capitulo I

Anexo

Codigo — miRBasze

cadigo - artigo

Sequéncia do niBNA madurc

gma-MIR5368
gma-MIR5368
gma-MIRE26a
gma-MIRE26k
gma-MIRS0

gma-HMIRS50

néo classificado

gma-MIRS537
gma-MIR5044

gma-MIR5371-5p
gma-HMIRS3

gma-MTIRES3

gma-MIRE373
gma-MIR4412-5p

gma-MTIRES0

oo

gma-MIRS
gma-HMIR403a
gma-MIR403kb
gma-MIR5374
gma-MIR5375

gma-MIR150

gma-MIRS3

gma-MIR4
gma-HMIRS3

gma-HMIRS3

gma-MIR49938

gma-HMIRS3

gma-HMIR5380a

gma-MIER-Seq0l
gma-MIR-3eq03

gma-MIR-Seglia
gma-MIR-Segl4ib
gma-MIR-3eq0d
gma-MIR-Seq0é
gma-MIR-S5eq07
gma-MIR-S5eq08
ma-MIR-Seq09

gma-MIR-5eq10-5p

gma-MIR-5eq10-3p
gma-MIR-5eqll
gma-MIR-Seql2
gma-MIR-5eql3
gma-MIR-Seglda
gma-MIR-5Segldk
gma-MIR-SeqlSa
gma-MIR-Seqglshk
gma-MIR-3eqlé

gma-MIER-3eql7
gma-MIR-3eqlt
gma-MIER-3eqld
gma-MIR-Seq20
gma-MIR-5eq2l
gma-MIR-Seq22
ma-MIR-Seq23
gma-MIR-5eq24

gma-MIR-Seq25a
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