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Resumo

De Freitas, Karine Elise Janner. Caracterizacdo genémica de genes de sintese de
amido e elementos repetidos e suas aplicagcdes no melhoramento genético
vegetal. 2021. 123f. Tese (Doutorado) - Programa de Pdés-Graduacdo em
Biotecnologia. Universidade Federal de Pelotas, Pelotas.

A disponibilidade de sequéncias de genomas vegetais nos bancos de dados publicos
tem permitido a elaboracdo de estudos que trazem importantes conhecimentos sobre
a evolucdo das espécies e gque auxiliam os programas de melhoramento genético
visando a tolerancia a estresses ambientais que, ndo somente diminuem a producao,
mas também afetam a qualidade de grdo. Ainda assim ha muito a se entender,
principalmente no que tange a evolucdo de sequéncias repetitivas em genomas
acessorios e em genes relacionados com qualidade do grdo em arroz sob estresses
abidticos. Aqui 4 estudos sdo apresentados, trazendo novas informacfes nas
referidas areas. O primeiro deles trata da abundancia, distribuicdo e evolucédo dos
microssatélites (SSRs) em genomas mitocondriais de plantas e algas. Os resultados
oferecem importantes insights sobre a evolu¢cdo dos SSRs nos grupos de plantas. Em
um dos outros estudos séo oferecidos 26 iniciadores para amplificagdo de SSRs nos
genomas plastidiais de Aveia que possibilitam a distincdo de espécies e populacdes
do género Avena. Um estudo sobre a qualidade de grédo do arroz foi elaborado
também, caracterizando 19 importantes genes que atuam na sintese e modificacdo
do amido em 11 espécies de Oryza. Nesse estudo, sugere-se que as
delecBes/mutacdes de aminoacidos em sitios ativos resultam em variacbes que
podem afetar negativamente etapas da biossintese do amido no endosperma, o que
pode ser bastante util em programas de melhoramento de gendétipos de arroz visando
qualidade de grdo a partir de espécies selvagens. E por ultimo, foi proposta uma
estratégia, através da identificacdo de um SNP, para ser testada e utilizada em
programas de melhoramento para tolerancia aos principais estresses que afetam a

gualidade do grao em arroz.

Palavras-chave: SSRs, mtDNA, cpDNA, SSRGs, CREs, arroz.



Abstract

De Freitas, Karine Elise Janner. Genomic characterization of starch synthesis
genes and repeated elements and their applications in plant genetic
improvement. 2021. 123f. Tese (Doutorado) - Programa de Poés-Graduagdo em
Biotecnologia. Universidade Federal de Pelotas, Pelotas.

The availability of plant genome sequences in public databases has allowed the
development of studies that bring important understanding regarding the evolution of
species. This has helped genetic improvement programs aiming at tolerance to
environmental stresses that not only reduce yield, but also affect grain quality. Still,
there is a lot to understand, especially regarding the evolution of repetitive sequences
in accessory genomes and in genes related to grain quality in plants under abiotic
stresses. Here, five studies are presented, bringing new information in those areas.
The first one deals with the abundance, distribution, and evolution of microsatellites
(SSRs) in plant and algae mitochondrial genomes. The results provide important
insights into the evolution of SSRs in plant groups. In the other study, 26 primers are
offered for the amplification of SSRs in the plastid genomes of Oat that allow the
distinction of species and populations of the Avena genus. Study for rice grain quality
was conducted, characterizing 19 important genes that act in the synthesis and
modification of starch in 11 species of Oryza. In this study, it is suggested that amino
acid deletions/mutations in active sites in wild species result in variations that can
negatively affect stages of starch biosynthesis in the endosperm, which can be very
useful in rice breeding programs aiming at grain quality a from wild species. Finally, a
strategy was proposed, through the identification of a SNP, to be tested and used in

breeding programs for tolerance to the main stresses that affect rice grain quality.

Keywords: SSRs, mtDNA, cpDNA, SSRGs, CREs, rice.
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1 INTRODUCAO GERAL

As condicbes ambientais adversas, como seca, salinidade e temperaturas
extremas, encontradas pela planta durante o seu ciclo de vida, impdem limitacdes
severas ao crescimento, reproducao vegetal, producao e qualidade de gréo (Gull et
al., 2019).

Nesse sentido, uma caracteristica importante a ser estudada, e que vem sendo
foco dos estudos nos centros de pesquisa em melhoramento de arroz irrigado é a
qualidade de grdos, sendo o amido um dos principais componentes do grdo que
fornece proteinas, vitaminas e minerais, além de possuir baixo teor de lipidios para o
consumo. Além disso, as caracteristicas como teor de amilose (AC) e temperatura de
gelatinizacédo (GT), que tem grandes efeitos na qualidade do cozimento (QC) e no
consumo, sdo controlados pelas propriedades fisico-quimicas do amido no
endosperma do grao (Walter et al., 2008). Por ser amplamente consumido em todo o
mundo, o arroz tem diferentes formas de preparacdo, tornando o conceito de
qualidade algo diferente em cada pais. Considerando o aumento da demanda por este
grao para os mercados de exportacdo internacionais, 0s aspectos que envolvem a
gualidade estdo sendo cada vez mais visados para estudo.

Em relacdo a base genética da qualidade do grao, a acdo coordenada de
enzimas tem relacé@o direta com a sintese de amido, sendo os grupos AGPase (ADP
- glicose pirofosforilase), SS (amido sintase), SBE (enzima de ramificacdo do amido)
e DBE (enzima de desramificacdo do amido), os que tém maior impacto neste
processo. Sabendo disso, torna-se importante o conhecimento estrutural e funcional
dos genes envolvidos nas rotas de sintese e degradacdo do amido em arroz, o que
facilitaria a modificacdo de tais processos.

Além disso, a investigacao relacionando o comportamento dos genes de amido
(SSRGs) frente a diferentes estresses que podem acometer a planta, bem como os
elementos presentes no promotor desses genes € importante no sentido de trazer
informacgdes relevantes sobre aspectos que podem ser utilizados em programas de
melhoramento genético. Assim, os elementos de acdo cis (CRES) presentes nos
promotores de genes séo a fechadura para ativar ou reprimir genes em resposta a
sinalizacdo devido a fatores externos desafiantes, como estresses biodticos e abioticos,

0 que também altera as propriedades fisico-quimicas do amido no endosperma do
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gréo de arroz que podem refletir na aceitacdo pelo consumidor (Wittkopp & Kalay,
2012). Nesse sentido, € necessario destacar os motivos de DNA provavelmente
relacionados a modificacao da expressao de genes envolvidos nas vias relacionadas
ao amido a fim de auxiliar no entendimento da regulacdo dos SSRGs em plantas sob
estresse. Além disso, é importante detalhar e discutir a cascata de sinalizacao que
envolve esses genes identificando assim, possiveis usos para o melhoramento
relacionado a qualidade.

Outros motivos, neste caso repetidos, sdo 0s microssatélites ou SSRs (Do
inglés, Simple Sequence Repeats). Essas sequencias de 1 a 6 nucleotideos repetidos,
estdo presentes em genomas nucleares, plastidiais e mitocondriais de plantas e
animais. Discute-se muito a funcao destes genes os quais podem ser utilizados como
uma ferramenta com diversas aplicacdes na biologia e biotecnologia (Devey et al.,
2009). Nos genomas acessorios, estudos comparativos conduzidos a fim de
caracterizar a distribuicdo e possiveis funcdes dos SSRs sédo realizados (George et
al., 2015; Rajendrakumar et al., 2005) e contribuem para o entendimento da evolucdo
desses elementos e principalmente demonstram a diversidade de motivos que temos
nos genomas. No entanto, o impacto da presenca e variacdo dessas sequencias ao
longo da evolucdo, principalmente nos pequenos genomas acessoérios, como o
mitocondrial (MtDNA), merece atencdo. O genoma mitocondrial € conhecido por
codificar proteinas associadas ao metabolismo energético e, pouco se sabe sobre as
mutacBes devido ao deslizamento da polimerase como mecanismo causal de
polimorfismo.

Por outro lado, o alto nivel de transferibilidade de marcadores SSRs e a grande
guantidade e dispersdo nos genomas em genoétipos de gramineas sao 0s principais
atributos, que tornam os SSRs uma potente ferramenta a ser utilizada em programas
de melhoramento (Oliveira et al., 2006). Na aveia (Avena sativa L.), graminea de
inverno, os SSRs sdo importantes na distincdo de diferentes haplotipos através do
uso de iniciadores SSRs, ndo somente nucleares, mas também plastidiais. Ja que, ha
uma necessidade crescente de estudar diversas variedades de aveia em termos de
suas caracteristicas de importancia agronémica e de buscar novos gendtipos que
possam servir de base para o desenvolvimento de novas variedades com alta
produtividade e resisténcia a doencgas (Gagkaeva et al., 2018). Por isso, faz-se
necessario a caracterizagdo dos SSRs nos genomas plastidiais e o desenvolvimento

de iniciadores para amplificacéo das regiées que os contém.
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2 REVISAO BIBLIOGRAFICA

2.1 A culturado arroz e a qualidade do gréo

O arroz (Oryza sativa L.) € um dos alimentos mais importantes para a nutricao
humana, sendo o principal alimento para mais da metade da populagdo mundial, que
o utiliza como fonte de energia diariamente. Além disso, desempenha um importante
papel tanto no ambito social e econdmico quanto cultural, caracterizado como o
segundo cereal mais cultivado e produzido no mundo, ap6s o milho (Vanlalsanga e
Yengkhom, 2019). O arroz € uma excelente fonte de energia, devido a alta
concentracdo de amido, fornecendo também proteinas, vitaminas e minerais, e possui
baixo teor de lipidios. Nos paises em desenvolvimento, o arroz € um dos principais
alimentos da dieta, sendo responsavel por fornecer, em média, 715 kcal per capita por
dia, 27% dos carboidratos, 20% das proteinas e 3% dos lipidios da alimentagcdo. No
Brasil, o0 consumo per capita é de 108 g por dia, fornecendo 14% dos carboidratos,
10% das proteinas e 0,8% dos lipidios da dieta (Walter et al., 2008). Portanto, devido
a importancia do arroz na dieta de grande parte da populagcdo, sua qualidade
nutricional afeta diretamente a saide humana.

Por outro lado, o género Oryza € composto por 23 espécies (Stein et al.,
2018), e destas, somente duas sao cultivadas, a O. sativa, também chamada de arroz
asiatico por ter sido domesticado h& 10.000 anos na Asia e, a Oryza glaberrima Steud.,
também chamado de arroz africano, além de 21 parentes silvestres. Essas espécies
apresentam 11 tipos diferentes de genoma (AA, BB, CC, BBCC, CCDD, EE, FF, GG,
KKLL, HHJJ, HHKK) e tém uma distribuicdo pan-tropical, crescendo em uma ampla
gama de ambientes (Atwell et al., 2014). Uma vez que O. sativa foi domesticada a
partir de um numero limitado de gendtipos de O. rufipogon (seu parente selvagem
mais préximo) estima-se que apenas 10-20% da diversidade genética encontrada em
espécies selvagens esta presente no germoplasma do arroz tradicionalmente
cultivado, sendo o O. sativa dividido em somente duas subespécies, indica e japbnica,
as quais apresentam propriedades fisico-quimicas do grdo bastante diferentes,

influenciando diretamente caracteristicas de cozimento (Feng et al., 2017).
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Asia
| Common ancestor

Tropical Africa Asia

West Africa | Oryza barthii Oryza rufipogon / Oryza nivara
(i) Introgression from wild rice (i) Introgression from wild rice
(i) Selection (i) Selection
(iii) Ecological diversification (ili) Eco-geographic diversification

O. glaberrima O. sativa

Figura 1. Diagrama esquematico dos eventos de domesticacdo no arroz cultivado.
(Hasan & Henry, 2020).

Especificamente, a qualidade do arroz € uma caracteristica subjetiva e sujeita
aos padroes estabelecidos nos diferentes paises, que por sua vez, sao afetados pelos
padrdes culturais e pela sua forma de utilizacdo na alimentacdo. A preferéncia do
consumidor por esse cereal, geralmente, estd associada a aspectos econdmicos,
tradicionais, variando de pais para pais e até mesmo de regido para regido dentro de
um mesmo pais (PEREIRA et al., 2007). De forma geral, pode-se dizer que o termo
qualidade é aplicado largamente, para categorizar o comportamento do amido contido
no endosperma do gréo e as suas dimensoes (Castro et al., 1999).

As espécies selvagens de Oryza e outras espécies de gramineas geralmente
demonstram caracteristicas agronémicas pobres, entre essas caracteristicas, temos
o menor rendimento e qualidade inferior de graos. Curiosamente, essas espécies
contém muitos genes benéficos de interesse para caracteristicas relacionadas ao
rendimento e a qualidade. No entanto, um grande numero desses genes ainda
permanece inexplorado devido a dificuldade de transferéncia em arroz cultivado, e
devido a poucos estudos relacionados a essas caracteristicas de qualidade para
genes nas especies selvagens (Hasan & Henry, 2020). Sendo, portanto, as espécies
selvagens, uma excelente fonte para exploragéo de novos alelos.

Em vista disso, os programas de pesquisa e melhoramento genético de arroz
irrigado conduzidos no Brasil e no mundo tem adotado estratégias metodoldgicas que
agrupem biotecnologia e melhoramento convencional, visando desenvolver, além de
genaotipos comerciais de alta produtividade e estabilidade (adaptadas aos sistemas de
cultivo; resistentes estresses bidticos; tolerantes a estresses abidticos), também

genodtipos com qualidade de grédos que atendam a preferéncia, inicialmente do
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mercado interno e posteriormente, do mercado externo (EMBRAPA CPACT, 2012).
Lembrando que, um arroz com alta qualidade, traz maiores retornos aos produtores
devido a alta demanda de consumo.

A qualidade de gréos € uma caracteristica complexa, definida por diferentes
variaveis e controlada por varios genes em interacio com o ambiente. O
melhoramento convencional para qualidade de grédos geralmente enfrenta grandes
obstaculos. Esta dificuldade advém do estagio de desenvolvimento da planta em que
€ possivel selecionar para qualidade de gréos. Ao contrario de outras caracteristicas
da planta, que podem ser selecionadas antes do florescimento, favorecendo o ganho
de selecdo por ciclo, a selecdo para qualidade de gréos s6 pode ser realizada apés a
maturacao, colheita e avaliacdo dos grdos. Um dos obstaculos refere-se a avaliacao
de qualidade, pois esta necessita de quantidade razoavel de grédos. Sendo que nas
fases iniciais de um programa de melhoramento a quantidade de gréos obtida por
linhagem é limitada. Em geral, avaliagGes de qualidade de grdos s6 ocorrem na fase
final do programa, quando maiores quantidades séo disponiveis.

Portanto, utilizar métodos que facilitem e/ou aumentem a eficiéncia de selecéo
para qualidade de grdos, contornando estes obstaculos, é de extrema importancia
para os programas de melhoramento genético. Por isso, torna-se fundamental e
necessario ter um maior conhecimento da composicao quimica, fisiologia, bioquimica

e do controle genético do caracter para alcancar este objetivo.

2.2 Propriedades de qualidade em Oryza sativa L. e as enzimas envolvidas

na sintese de amido em arroz

O amido representa a maior parte do carboidrato estocado no grao de arroz,
uma vez que armazenam este nutriente para suprir as necessidades energéticas
durante a germinag¢do. Uma vez que o teor de amido influencia diretamente no valor
calorico do alimento, a quantificacdo de seus teores podera ser utilizada como
indicativo indireto de valor nutricional. A quantidade de amido no gréo de arroz pode
variar entre diferentes gendtipos devido a fatores genéticos, do ambiente e das
interacdes genotipo versus ambiente. Além disso, o processamento também influencia

o percentual de amido. Todos estes fatores tém impacto na composi¢cdo do amido e
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influenciam profundamente as propriedades fisico-quimicas do arroz causando

variagao na proporcao de amilose e amilopectina.

O amido no endosperma do arroz é formado por amilose e amilopectina. Sendo
o teor de amilose no amido do endosperma uma das caracteristicas importantes,
correlacionada com as propriedades texturais, como maciez, coesao, cor, brilho e
volume de expansao (Pandey et al., 2012). E as diferencas varietais na estrutura da
amilopectina existem predominantemente devido a variacdo do comprimento da
cadeia de ligacdes a-1,4 e a-1,6 que também desempenham um papel critico na
determinacdo das propriedades fisico-quimicas do amido no endosperma. Além da
qualidade de cozimento (CQ), o conteudo de amilose (AC) e temperatura de
gelatinizacdo (GT) sdo as principais medidas para avaliar a qualidade do graos de
arroz. Sendo que AC determina a firmeza e a natureza pegajosa do arroz cozido,
enquanto o arroz com alto GT requer temperatura mais alta, mais 4gua e tempo para
cozinhar do que aqueles gendtipos com GT baixo ou intermediario. Como o GT esta
diretamente correlacionado ao tempo necessario para cozinhar o arroz, portanto, arroz
com GT intermediério sédo preferidos sobre aqueles com GT alto ou baixo. Estas duas
propriedades tém maior efeito na qualidade do grdos de arroz cozido e, portanto,
desempenham um papel importante em influenciar a preferéncia do consumidor. Em
varios estudos, ambos AC e GT foram encontrados altamente associados com

alimentacao e propriedades culinarias do arroz (Pandey et al., 2012).

As variacbes da estrutura da amilopectina e amilose surgem devido a
expressao diferencial de varias isoformas das enzimas que sintetizam o amido. Quatro
classes de enzimas catalisam as reacdes de sintese do amido e seus genes séo
chamados de SSRGs: AGPase, SS, SBE e DBE. As enzimas ADP - glicose
pirofosforilase (AGPase) catalisam a producdo do substrato comum (ADP-glicose),
para a sintese da amilose e da amilopectina, mesmo sendo estas sintetizadas por vias
diferentes. As enzimas ramificadoras do amido (SBE) atuam na ramificacdo das
cadeias de glicose, enquanto enzimas desramificadoras do amido (DBE) atuam na
linearizagao das cadeias de glicose. O grupo das amido sintases (SS), dividem-se em
amido sintase ligada ao granulo do amido (GBSS — amido sintase insolavel), controla
a sintese de amilose no endosperma do arroz, enquanto a amido sintase soluvel (SS)
juntamente com as SBE e DBE atuam no controle da sintese da amilopectina.

Algumas destas enzimas possuem multiplas isoformas, codificadas por diferentes
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locos da familia génica localizados em cromossomos distintos, sendo que cada loco
desempenha um papel distinto na biossintese do amido. Além disso, todas estas
isoformas das enzimas atuam juntas coordenadamente e formam uma rede de
regulacéo para controlar a sintese de amido no endosperma de arroz que afetam tanto
a produtividade quanto a qualidade de gréaos (Fasahat et al., 2014; Pandey et al., 2014;
Hirose & Terao, 2004; Yu et al., 2011).

Estudos envolvendo a evolucédo e estrutura dos genes e proteinas SSRGs
existem, porém ndo consideram todos os 19 genes, e muito menos investigam e
discutem a variacdo das estruturas entre as espécies selvagens de Oryza (Tian et al.,
2009; Ohdan et al., 2005; Yu et al., 2011). Além disso, sabe-se que a qualidade é
controlada por fatores decisivos, como ja apontado, e, reside nos préprios genomas.
Por isso, atualmente, temos disponivel no banco de dados Ensembl Plants, 11
genomas de espécies de Oryza completamente sequenciados, sendo entdo fonte para
diversos estudos. Assim, é necessario que pesquisas de base sejam desenvolvidas
no sentido de fornecer insights para programas de melhoramento genético visando
qualidade de grdo, porém deve-se preconizar, que de forma previsivel, possa ser
possivel alterar componentes de qualidade. Especificamente, a melhoria na qualidade
do amido no endosperma de arroz, especialmente para aumentar o nivel de amilose,
€ extremamente importante para que nos programas de melhoramento, sejam
selecionadas novas cultivares de qualidade, alto rendimento industrial e aceitacdo dos

padrdes culinarios de consumo, principalmente no Brasil e também no mundo.

2.3 Estresses abiéticos/bidticos afetam a qualidade do grdo de arroz

Como apontado anteriormente, enquanto os produtores e 0os processadores
exigem estabilidade de rendimento de gréaos e uniformidade de produto, o desafio do
momento é manter a qualidade do grao frente a padrées climaticos variaveis. Ser
capaz de prever a natureza fisico-quimica geral do amido como resultado do status
de crescimento € um passo em diregcdo a agricultura "precisa” necessaria para o
século 212 (Beckles & Thitisaksakul, 2014).

Nesse sentido, fatores decisivos, como 0 genoma, sao a chave para o controle
da qualidade no gréo de arroz. Porém, o ambiente externo pode afetar, na maioria das
vezes, de forma negativa a qualidade do gréo. Fatores bidticos como pragas e
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doencas, e fatores abidticos, como temperatura, agua, salinidade, fertilidade, entre
outros podem alterar as cadeias de formacao da amilose e amilopectina levando a
severa perda de qualidade (Beckles & Thitisaksakul, 2014). Além disso, nos proximos
anos as mudancas ambientais se tornardo cada vez mais imprevisiveis (Battisti &
Naylor, 2009). Os produtores, em ambito mundial, ja enfrentam mudancas nas épocas
de plantio, temperaturas noturnas mais altas do que a média, diminuicdo da
disponibilidade de agua e deterioracdo da qualidade do solo, que pode alterar o
acumulo de amido e as caracteristicas fisicas, tornando a qualidade do grdo e da
farinha menos desejavel para alguns usos posteriormente pretendidos (Hatfield et al.,
2011). Antecipar essas mudancas pode ajudar cada grupo ao longo da cadeia de
abastecimento a planejar e direcionar os mercados adequados para esses “produtos
estressados”. Porém a melhor forma de evitar perdas na lavoura ainda €, e sempre
vai ser, o uso de gendtipos tolerantes oriundos em programas de melhoramento
genético.

As cultivares de arroz precisam ser melhoradas para que suportem o aumento
na capacidade de adaptacédo a ambientes novos e estressantes, bem como ciclo curto
juntamente com maior producao, qualidade nutricional superior e resisténcia a tensdes
ambientais. Cultivares aprimoradas sdo necessarias para combater essas ameacas,
permitindo que haja rendimento/capacidade para alimentar a crescente populagéao
global. Espécies de arroz selvagem tornam-se uma enorme fonte de genes valiosos
gue podem resistir a muitas tensfes. Numerosos genes, especialmente para
estresses bidticos e abidticos de arroz selvagem foram incorporados ao arroz
cultivado para produzir novas variedades de elite. Essas variedades mostram
resisténcia a fungo de planta marrom, virus do tungro, crestamento bacteriano e
tolerancia a salinidade, seca e sulfato acido entre outros. Desta forma, a seguranca
alimentar pode ser alcancada através da busca de variacdo natural em espécies de
arroz, identificando novos alelos e genes necessarios para o desenvolvimento de

variedades de arroz (Ricachenevsky et al., 2016).

2.4 O que se sabe sobre as caracteristicas de qualidade nas espécies

selvagens?

Até o momento, ndo se sabe muito sobre a composi¢do quimica e nutricional

dos gréos nas espécies selvagens e fatores genéticos que podem ser (teis para o
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melhoramento da qualidade de graos, embora esta abordagem possa ter um grande
potencial. Porém, os poucos estudos disponiveis apontam que as caracteristicas que
influenciam a aparéncia do gréao, valor nutricional, qualidade funcional (por exemplo,
caracteristicas de cozimento) e desempenho de processamento podem ser
provenientes de espécies selvagens. Os genes Uteis disponiveis incluem muitos
controles de tamanho e forma de grdo, cor de grdo e propriedades de amido
relacionados aos genes de sintese e outras caracteristicas de qualidade, sendo que
0S avancos na tecnologia genémica estdo tornando essa diversidade genética mais
facilmente disponivel das espécies selvagens para uso no melhoramento genético do
arroz cultivado, além de apenas aumentar a produtividade (Hasan et al., 2020).

Os efeitos ou resultado dos principais estresses abiéticos, desidratacao, frio e
salinidade, sob a qualidade de grao pode ser observada, principalmente por reduzir o
acumulo de amido em até 40%, levando a mudancas na composi¢cdo do amido,
estrutura e funcionalidade. Estudos tem mostrado isso em arroz e trigo (Gunaratne et
al., 2011 e Liu et al., 2010). Outras espécies como a cevada, sdo mais resistentes
(Brooks et al., 1982).

Nesse sentido, pesquisas envolvendo o estudo dos loci que codificam amido
sintetases e proteinas de armazenamento de sementes, bem como seus reguladores
de acdo cis e trans, é algo de substancial relevancia. Sendo, esses dois Ultimos, os

elementos que afetam altamente a atividade desses genes em diferentes condicdes.

2.5 Elementos de regulacdo cis (CREs) podem fornecer novas

possibilidades para a engenharia genética

Através de modificacdes nos padrbes de expressbes génicas, as células
conseguem se adaptar a todo momento sob diferentes condigdes ambientais. E
possivel observar que nem todos 0s genes Sao expressos N0 mesmo momento
(LAMBERT, 2018). Para que um organismo se desenvolva e sobreviva & necessario
gue ocorra o controle da expresséo de genes (CASTRILLO et al., 2011). A introducéo
de novos genes via transgenia ou a alteracdo de alelos via edicdo génica sao
ferramentas biotecnolégicas que podem auxiliar no controle da expressao de
caracteristicas de interesse agronémico (ZHANG, et al., 2005). A expressao génica

s6 é possivel devido a presenca de proteinas, que sdo conhecidas como fatores de
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transcricdo (FT) que fazem ligacdo a elementos de acéo cis (CRES), presentes nos
promotores dos genes, para ativar ou reprimir um gene (TAN et al., 2020). E essa
regulacdo ocorre tanto em condi¢cdes favoraveis a planta, quanto em condicdes

adversas.

Os CREs, como potenciadores ou promotores, controlam o desenvolvimento e
a fisiologia pela regulacédo da expressédo génica. Mutacdes na sequéncia dos CREs
que afetam a funcdo desses elementos contribuem para a diversidade fenotipica
dentro e entre as espécies, 0 que torna esses elementos alvo de muitos estudos
utilizando a engenharia genética. Com muitos estudos de caso mostrando atividade
regulatoria divergente na evolucao fenotipica, que puderam ser provados através de
abordagens que incluem analise funcional detalhada de CREs individuais e
comparacdo de mecanismos de regulacdo génica entre espécies usando as

ferramentas gendmicas recentes (Wittkopp & Kalay, 2012).

Promotor proximal

~
’ ~

<4  Regido Distal R A

Sequéncia
codificadora
de proteina

Motivos Cis regulatorios

Figura 2. Diagrama representativo de um tipico promotor eucariético. Esquema
adaptado de VENTER & BOTHA (2010).

Nesse contexto, 0S avangos nas pesquisas e na precisao de seus resultados
em perfis de expressdo do transcriptoma tem levado a identificagcdo de varias
combinagdes de atuacgéo (cross-talk) dos elementos cis, nas regidées promotoras de
genes induzidos por estresses como a desidratacdo, temperaturas extremas, e
condig¢des do solo, entre muitos outros. E envolvidos com respostas hormonais. Existe
a regiao core que é definida como a porcdo minima necessaria para direcionar a
transcricdo. Nesta porcao estédo localizados elementos regulatdrios importantes como

o TATA box, com a sequéncia consenso TATAAA, e o iniciador (Inr) a montante do
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ponto de inicio da transcricdo. Ainda podemos ter o elemento promotor a jusante
(DPE, do inglés, downstream promoter elemento) (VENTER & BOTHA, 2004).

Os sitios de ligagdo compreendem a menor parte dos nucleotideos dentro de
uma regido promotora, a qual é geralmente intercalada por regiées maiores sem sitios
de ligacdo. Os espagamentos entre os sitios de ligacdo de fatores de transcri¢céo
podem apresentar grandes variacbes de tamanho, dependendo das interacdes
proteicas que ocorrem durante a ligacdo aos elementos cis (WRAY et al., 2003). O
reconhecimento de CREs essenciais para as plantas na tolerancia a estresses
abidticos, bem como interessantes alvos para a edi¢céo ja foram relatados (Swinnen et
al., 2019).

Nos promotores dos genes da qualidade do arroz, nenhum estudo abordando
as vias de transducédo de sinal e o incremento dos CREs nas espécies selvagens foi
realizado. Os estudos mais recentes ainda estdo tentando compreender a complexa
rede de regulacdo que ocorre na formacao do amido, avaliando a expresséo temporal
dos genes envolvidos (Pandey et al.,, 2012; Yu et al.,, 2011), aspectos gendmicos
estruturais (De Freitas et al., 2021; Batra et al., 2017; Georgelis et al., 2008), entre
outros estudos, inclusive utilizando a engenharia genética no nocaute ou mutacao dos
genes de sintese de amido para obtencdo de mutantes mais assertivos e eficientes
na producao da proporcéo amilose/amilopectina (Sun et al., 2010; Shufen et al., 2019;
Xu et al., 2020). Apesar do grande esfor¢co na compreensado da via de sintese do
amido, ainda é necessario compreender e explorar as divergéncias na evolucéo
fenotipica através do estudo dos CREs nos promotores SSRGS nas espécies
selvagens de Oryza, para mais tarde, permitir que se altere efetivamente o padrao de
expressdo desses genes de maneiras especificas, criando fenétipos tolerantes as

pressfes ambientais sem alterar negativamente a qualidade do grao.

2.6 Microssatélites ou SSRs

Ainda sob o contexto dos avangos da tecnologia do DNA, principalmente o
sequenciamento gendmico, foi possivel tornar disponivel nos bancos de dados uma
ampla gama de sequéncias para uso em diversos estudos, entre esses destaca-se 0s
estudos para a compreensdo da evolucdo das espécies atraves de sequéncias

especificas do genoma.
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Uma classe de sequencias alvo de estudos nos ultimos 20 anos, sdo 0s
chamados elementos repetidos, dentre eles podemos citar os microssatélites, também
conhecidos como SSRs (sequencias de 1 a 10 nucleotideos) repetidos né&o
aleatoriamente no genoma. Minissatélites (> 10 nucleotideos) sao subcategorias de
repeticdes em tandem (TRs). Além destas, as repeti¢cdes intercaladas predominantes
(ou remanescentes de elementos transponiveis), constituem regifes repetitivas
gendmicas. Os TRs sado evolutivamente relevantes devido a sua instabilidade. Em
geral, eles sofrem mutacéo a taxas entre 103 e 106 por geracao de células, ou seja,
até 10 ordens de magnitude maiores do que as mutacdes pontuais (Vieira et al., 2016).

De maneira geral, pode-se afirmar que a ocorréncia de SSRs € menor em
regides génicas, devido ao fato de os SSRs apresentarem uma alta taxa de mutacao
gue pode comprometer a expressao génica. Estudos indicam que em regides
codificantes ha predominancia de SSRs com motivos génicos do tipo tri e
hexanucleotideo, resultado da pressédo de selecdo contra mutagbes que alterem o
quadro de leitura (Zhang et al., 2004). O surgimento de novos alelos ocorre devido as
mutacOes escaparem da correcdo pelo sistema de reparo de incompatibilidade de
DNA. Por esse motivo, diferentes alelos podem existir em um determinado locus SSR,
0 que significa que SSRs sdo mais informativos do que outros marcadores
moleculares, incluindo SNPs.

A importancia desses elementos ocorre devido serem 0s marcadores mais
amplamente usados para genotipagem de plantas nos udltimos 20 anos pois séo
marcadores geneéticos multialélicos altamente informativos, codominantes, que séo
experimentalmente reprodutiveis e transferiveis entre espécies relacionadas (Mason,
2015). Especificamente, os SSRs sdo Uteis para espécies selvagens (i) em estudos
de diversidade medida com base na distancia genética; (ii) estimar o fluxo génico e as
taxas de cruzamento; e (iii) em estudos evolutivos, sobretudo para inferir relacdes
genéticas intraespecificas. Por outro lado, para plantas cultivadas, os SSRs séo
comumente usados para (i) construir mapas de ligacéo; (ii) mapear loci envolvidos em
caracteristicas quantitativas (QTL); (iii) estimar o grau de parentesco entre genotipos;
(iv) realizar selecao assistida por marcador; e (v) definir as impressoes digitais de DNA
de cultivares (Jonah et al., 2011; Kalia et al., 2011).

Evolutivamente, apesar da ampla aplicabilidade dos SSRs como marcadores
genéticos desde sua descoberta na década de 1980 (Tautz e Renz, 1984), pouco se

sabe sobre a importancia biolégica dos SSRs, especialmente em plantas. Um alta
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frequencia de SSRs existe em regides transcritas de diversas espécies,
especialmente em regides ndo traduzidas - UTRs (Morgante et al.,, 2002).
Curiosamente, existem dados substanciais indicando que as expansfes ou
contracdes de SSR em regides de codificacdo de proteinas podem levar a um ganho
ou perda da funcdo do gene por meio de mutacdo de frameshift ou mMRNAs toxicos
expandidos. Além disso, as variacfes de SSR em 5'-UTRs podem regular a expressao
génica afetando a transcricdo e a traducdo, mas as expansdes has 3'-UTRs causam
deslizamento da transcricdo e produzem mRNA expandido, que pode interromper o
splicing e pode interromper outras fungdes celulares. Os SSRs intronicos podem
afetar a transcricdo do gene, o splicing do mRNA ou a exportagdo para o citoplasma.
SSRs tripletos localizados em UTRs ou introns também podem induzir o silenciamento
de genes do tipo mediado por heterocromatina. Todos esses efeitos podem
eventualmente levar a mudancas fenotipicas (Li et al., 2004).

Por isso, diversos estudos ja foram conduzidos no sentido de identificar SSRs
em espécies prospectando iniciadores para serem utilizados na caracterizacao de
espécies/populacdes e diversidade genética em diferentes espécies de plantas de uso
econdmico ou inclusive aquelas espécies que carecem de estudos moleculares. Além
disso, outros estudos focam no entendimento da importancia desses elementos e o
impacto das variagOes durante a evolucao (Vieira et al., 2016).

O estudo desses elementos em genomas acessorios de plantas se torna ainda
mais importante, ja que esses genomas geralmente sao pequenos e apresentam forte
pressédo de selecdo para variagdes. Adicionalmente, o impacto da variacdo de um
SSR em um genoma mitocondrial ou plastidial pode ter reflexos extremamente
negativos durante a evolugéo. Alguns estudos comparativos ja foram conduzidos em
genomas acessorios e revelaram aspectos evolutivos importantes como grande
ndamero de repeticdes de monémeros em comparacdo com dimeros e trimeros;
repeticdes di-, tri-, tetra-, penta-, hexameros estao presentes em todos 0s genomas
de plastidio investigados; e organismos mais basais como as algas mostram ampla
variacdo de numero e distribuicdo de SSRs entre os genomas (George et al., 2015).
Porém ainda ha a necessidade de revelar novos aspectos através de estudos
comparativos entre as espécies principalmente relacionados a evolucdo desses
elementos no MmtDNA das plantas, que codificam proteinas associados ao

metabolismo energético.
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2.7 Avena sativa L.

Aveia (Avena sativa L.) é um alimento saudavel e bastante consumido no
mundo, devido conter no seu grao teores de beta-glucano, uma fibra que pode reduzir
ativamente o nivel de colesterol de lipoproteina de baixa densidade e diminuir o risco
de doenca cardiaca coronaria (EFSA, 2010). Por isso, é cultivada podendo ser util
como pasto para gado, como fertilizante verde para o solo e para a producéo de graos.
Até recentemente, a producéo de aveia no Brasil era baixa devido principalmente a
auséncia de -cultivares bem adaptadas. Programas de melhoramento foram
implementados para aumentar a adaptabilidade, rendimento de graos e contetdo de
proteinas (Pedo et al., 1998). Adicionalmente a preservacéo e o uso de germoplasma
de espécies de aveia selvagem sdo essenciais para o melhoramento da aveia
cultivada, sendo necessario o desenvolvimento de marcadores moleculares.

Recentemente, foram sequenciados e publicados os genomas plastidiais de 26
espécies de Avena (Liu et al., 2020 e Fu, 2018), que estdo disponiveis em bancos de
dados publicos para além de estudos de evolucdo do genoma da aveia, também
conservacgao e utilizacdo de germoplasma de aveia em programas de melhoramento.
Estudos tem revelado a importancia dos marcadores baseados em SSRs plastidiais
(Da Silva et al., 2011 e Li et al., 2008).
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3 HIPOTESE E OBJETIVOS

3.1 Hipoteses

A distribuicdo dos microssatélites pode explicar a evolugdo dos genomas

mitocondriais em plantas através da analise de numero e distribuicdo de SSRs;
e As espécies selvagens de arroz podem oferecer genes e alelos que ajudem a

melhorar a qualidade de grdo das espécies cultivadas;

e Variacdes no conteudo de amido frente diferentes ambientes podem ser
controladas através das CREs dos genes de sintese de amido em arroz;
e A amplificagdo de SSRs de genomas plastidiais constituem potencial

ferramenta para distincdo de populacdes e espécies de Aveia.

3.2 Objetivo Geral

Contribuir com informacfes acerca das sequéncias microssatélites em genomas
acessorios e genes de sintese de amido que possam ser Uteis para entender a
evolucdo dos genomas e compor pesquisas especificas e estratégias para o

melhoramento genético para qualidade de grao e tolerancia a estresses em arroz.
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3.3 Objetivos Especificos

Revelar o numero, abundancia e densidade de microssatélites nas diferentes
regides dentro dos genomas mitocondriais comparando e discutindo o0s
resultados entre 204 espécies de plantas e algas.

Identificar, caracterizar a estrutura, localizacdo e filogenia dos SSRGs nas
espécies cultivadas e selvagens do género Oryza.

Revelar os CREs relacionados a estresses abidticos/bioticos, hormonios,
amilose e desenvolvimento celular nos promotores dos SSRGs relacionando
alteracdes no contetdo de amido frente a, principalmente, estresses bibticos e
abibticos e as possiveis funcbes dos CREs ja relatadas na mitigacdo dos
efeitos dos estresses.

Propor uma estratégia, através da identificacdo de um SNP, para ser testada e
utiizada em programas de melhoramento para tolerancia aos principais
estresses que afetam a qualidade do grao (desidratacéo, frio e salinidade) em
arroz.

Identificar os microssatélites e propor iniciadores para as regides SSRs nos
genomas plastidiais nas espécies do género Avena disponiveis nos bancos de

dados.
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4 CAPITULOS

4.1 Artigo 1 — An empirical analysis of mtSSRs: Could microsatellites

distribution patterns explain the evolution of mitogenomes in plants?

Artigo publicado na revista Functional and Integrative Genomics (Springer)
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Abstract

Microsatellites (SSRs) are tandem repeat sequences in eukaryote genomes, including plant cytoplasmic genomes. The
mitochondrial genome (mtDNA) has been shown to vary in size, number, and distribution of SSRs among different plant
groups. Thus, SSRs contribute with genomic diversity in mtDNAs. However, the abundance, distribution, and evolutionary
significance of SSRs in mtDNA from a wide range of algae and plants have not been explored. In this study, the mtDNAs of
204 plant and algal species were investigated related to the presence of SSRs. The number of SSRs was positively correlated
with genome size. Its distribution is dependent on plant and algal groups analyzed, although the cluster analysis indicates
the conservation of some common motifs in algal and terrestrial plants that reflect common ancestry of groups. Many SSRs
in coding and non-coding regions can be useful for molecular markers. Moreover, mitochondrial SSRs are highly abundant,
representing an important source for natural or induced genetic variation, i.e., for biotechnological approaches that can
modulate mtDNA gene regulation. Thus, this comparative study increases the understanding of the plant and algal SSR
evolution and brings perspectives for further studies.

Keywords Simple sequence repeats - Repetitive DNA - Mitogenomes - Land plants - Algae

Introduction

Microsatellites or SSRs (simple sequence repeats) are tan-
dem repeats that have a high mutation rate, exhibiting expan-
sion or contraction, mainly due to replication errors caused
by DNA polymerase slippage (Levinson and Gutman 1987;
Schlotterer and Tautz 1992; Tautz and Schlotterer 1994; Gao
et al. 2013); besides that, recombination events can allow
diversification through rearrangement mainly in tracheo-
phytes (Hecht et al. 2011).

SSRs are continuously used as robust molecular mark-
ers, marker-assisted selection, QTL mapping, population
genetics, positional cloning of target genes, and DNA fin-
gerprinting (Vieira et al. 2016). SSRs are present in both
eukaryotic and prokaryotic genomes (Li et al. 2009; Oliveira
et al. 2006). Moreover, they are found not only in nuclear
genomes (Zhao et al. 2014) but also in cytoplasmic genomes
such as plastidial (Provan et al. 2001; Devey et al. 2009;
Plant Genomics and Breeding Center, Technology Sonah et al. 2011; Jiang et al. 2012; George et al. 2015)
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Raju et al. 2015). SSRs are abundant in mitochondrial
genomes (mtSSRs), presenting a non-randomized intra- and
intergenic distribution (Hancock 1999; Bajaj et al. 2015).
Also, variation in SSR length can be observed (Soranzo
et al. 1999; Kuntal and Sharma 2011; Filiz 2014) contribut-
ing to genome diversity.

The mtDNASs available in the GenBank database (NCBI
Genome Information) indicate a wide range in sizes across
different taxonomic groups of plants that tend to have large
genomes when compared to metazoans (Gissi et al. 2008)
and fungi (Fauron et al. 2004). In plants, some factors inter-
fere with the mtDNA complexity, such as presence of introns
and repeated elements. In addition, mtDNA experiences fre-
quent gene gain/loss/transfer/duplication, and genome rear-
rangements (Kitazaki and Kubo 2010), which agree with the
large number of variations in genome size.

Plant mtDNAs are known to have genes that encode pro-
teins associated with energy metabolism (Race et al. 1999).
However, little is known about mutations due to DNA
polymerase slippage as a causal mechanism of mtDNA
polymorphisms. Thus, investigating the distribution and
consequences of variations and mutations in mtDNAs may
provide new insights into mtSSRs in plants. Different studies
have identified mononucleotides (George et al. 2015; Kun-
tal et al. 2012), dinucleotides (Rajendrakumar et al. 2006;
Anand et al. 2019), and trinucleotides (Filiz 2014) as the
most abundant type of SSR in mtDNA of different groups of
plants. On the other hand, SSRs are often disrupted by sin-
gle base substitution; therefore, short mononucleotides (>6
nt) and these types also were mined in mtDNA of specific
groups of plants (Rajendrakumar et al. 2006), and as already
reported, abundant in plant chloroplast genomes (George
et al. 2015).

The importance of SSRs in generating genomic variabil-
ity and in evolution of mtDNAs may be more pronounced
than previously thought. Considering such hypothesis and
seeking to assess the importance of mtSSRs of a wide range
of existing plant and algal species, this study aimed to locate
and compare the abundance and distribution of SSRs in
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complete mtDNAs of plants and algae. Our results provide
a comparative diagnosis of mtSSRs in different plant taxo-
nomic groups, discussing the findings in terms of evolution
of land-based plants.

Results

SSR1 (mononucleotides) in algal and plant mtDNAs:
features and overrepresentation

The different taxonomic groups differed in their specific rep-
etitions in mononucleotide type (SSR1- motif composed of
one nucleotide A, or T, C, G, repeated more than six times)
(Supplementary file 1 - Tables S1 and S2). SSR1s were
found in higher number in groups such as algae, mosses,
Marchantiophyta, Anthocerophyta, Lycophyta, and ferns.
In mtDNAs of gymnosperms and angiosperms, SSR1 types
were the second most abundant type of SSR. Among the
SSRI1 types, poly (A) or (T) was much more abundant than
poly (C) or (G) (Supplementary File 1- Table S2). Poly (C)
or (G) was detected in higher numbers in ferns, gymno-
sperms, and Lycophyta (Figure 1). In algae, a lower G/C
content was observed.

The species selected for the analysis, identified by their
respective genome serial numbers in text and tables, showed
wide variation in mtDNA size (algae: 12,998-56,574
bp; Anthocerophyta: 184,908-209,482 bp; Marchan-
tiophyta: 106,358-186,609 bp; mosses: 100,725-141,276
bp; Lycophyta: 413,530 bp; ferns: 364,070-372,339 bp;
gymnosperms: 346,544-978,846 bp; flowering plants:
191,481-1,999,602 bp) (Supplementary file 1 — Table S1).
Thus, to facilitate the comparison among genomes of dif-
ferent sizes, we standardized SSRs per 1 kilobase (kb) of
genome. Relative abundance and relative density were calcu-
lated. Relative abundance (RA) gives the number of motifs
per genome kb, while relative density (RD) gives the total
length (in nucleotide) that contributes to 1 kb SSR of the
genome (see “Material and methods™).

WA/T-Non Coding ®C/G-Non Coding ®A/T-Coding ®C/G-Coding

— Angiosperms

Figure 1 Mononucleotide (SSR1) distribution in the mitochon-
drial genome for the different taxonomic groups of plants and algae.
Groups of plants and algae are represented with f. The serial number
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(SN) below the bars represents the species according to Supplemen-
tary file 1 - Tables S1-S4
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A total of 142,417 mononucleotide repeating more than
6 times (SSR1> 6) were distributed in the mtDNA of all
204 analyzed species (Supplementary file 1 - Table S1).
When comparing the mtDNA from plants and algae, a
wide variation in the number of SSR1> 6 was observed.
For example, in angiosperms and gymnosperms, the
minimum numbers identified were 406 SSR1 in Brassica
carinata (SN 9) and 757 in Ginkgo biloba (SN 95). The
maximum numbers of SSR1 were observed in Corcho-
rus capsularis (SN 22) with 2,883 SSR1 and 1,421 SSR1
in the lycophyte Phlegmariurus squarrosus (SN 97). On
the other hand, in algae, the lowest incidence was of five
SSR1 in Polytoma uvella (SN 185) and Chlamydomonas
leiostraca (SN 154), whereas 1030, the highest detected,
was found in Roya obtusa (SN 195). These differences
in SSR1 number among the algal species also extend
to relative abundance values (minimum RA: 0.29 SSR/
kb in Polytoma uvella) (maximum RA: 14.83 SSR/kb in
Roya obtusa), and relative density (minimum RD: 1.83
nt/kb in Polytoma uvella) (maximum RD: 103.87 nt/kb
Roya obtusa) in the same species (Supplementary file 1
- Table S1). However, the higher RA (Figure 2) and RD
values were observed in mosses (RA: 5.43, range 4.19 to
5.94 SSR/kb) (RD: ranged 28 to 43 nt/kb) and some liver-
wort species (RA: 4.35, range 3.15 to 5.82 SSR/kb) (RD:
42 nt/kb) (Supplementary file 1 - Table S1).

In order to assess whether SSR1s were over- or under-
represented in plant and algal mtDNA, an analysis of the
expected number of SSR1 was performed. The observed
number of SSR1 was overrepresented in 0.25-6.72 times,
i.e., higher than the expected number of SSR1, as cal-
culated by De Watcher’s equation (Watcher 1981) (see
Eq. 1). Supplementary file 1 - Table S1 (Z-score) presents
the statistical significance of the O/E ratio. The largest
overrepresentation of SSR1 occurred in the algal species
Klebsormidium nitens (SN 169) and Lobosphaera incisa
(SN 170). Underrepresentation was also detected in five
species of algae, being Chlamydomonas leiostraca (SN

* 3 85 =

Relative abundance of mononucleotide
> rcguls

- Angiosperms

Figure 2 Graphical representation of the relative abundance of
mononucleotide SSRs (SSR1) in the mitochondrial genome of spe-
cies among the different taxonomic groups of plants and algae. The
groups of plants and algae are represented with different colors. The
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154) the one showing the highest underrepresentation
(—=3.30) (Supplementary file 1 - Table S1).

To identify correlations between genomic features
(genome size and GC content) and among repeated
sequences (SSR1, RA, and RD), a linear regression was per-
formed (Table S6 - A). A strong positive correlation between
SSR1 number and genome size (R? = 0.79, P <0.05) was
detected; however, a very low positive correlation with GC
content (R2 = 0.08, P <0.05) was observed. Furthermore,
it was noted that RA of SSR1 was low positively correlated
with genome size (R*> = 0.21, P <0.05) and with GC con-
tent (R* = 0.46, P <0.05). Similarly, SSR1 RD presented a
low correlation with genome size (R2 =0.21, P <0.05) and
with GC content (R> = 0.41, P <0.05) (Supplementary file
1 - Table S6 - A).

Features of SSR2-6 in the mitochondrial genome
of plants and algae

A total of 188,007 SSR2-6 repeating more than 3 times
(SSR2-6> 3 times) have been identified in plant and algal
mtDNAs. SSR2-6 repetitions were more abundant in angio-
sperms, gymnosperms, ferns, and Anthocerophyta (Figure 3
and Supplementary file 1 - Table S1).

Dinucleotides (SSR2-motif composed of two nucleotide
AT, TC, GC..., repeated more than three times) showed the
higher number and abundance in angiosperms and gymno-
sperms, and were the second type showing higher number
and abundance in ferns, Lycophyta, and Anthocerophyta.
In mosses, Marchantiophyta, and algae, SSR1 followed by
trinucleotides (SSR3-motif composed of three nucleotide
repeated more than three times) presented the highest RA.
However, when comparing the groups, tetranucleotides
(SSR4-motif composed of four nucleotide repeated more
than three times) and pentanucleotides (SSR5-motif com-
posed of five nucleotide repeated more than three times)
were more abundant in ferns (Figure 4 and Supplementary
file 1 - Table S2).

\ i
i + w l

T,

— Gymnosperms = Lycophyte —— Mosses —— Marchantiophyta ——Anthocerophyta ——Algae

serial number below the bars represents the species according to Sup-
plementary file 1. The mean relative abundance is represented by a
trace on the bars of the graph
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ndance
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Genome serial number
wos RA SSR2-6 s RA ¢SSR === RA Mononucleotide repeats

- Angiosperms

Figure 3 Graphical representation of the relative abundance of dinu-
cleotide, trinucleotide, tetranucleotide, pentanucleotide, and hexa-
nucleotide-SSRs (SSR2-6), composite SSRs (cSSR) and for com-
parative perspective mononucleotide (SSR1), in the mitochondrial

= Gymnosperms = Lycophyte =———Mosses == Marchantiophyta ———Anthocerophyta ——Algae

genome of different plant and algal groups. The groups of plants and
algae are represented with different colors. The serial number below
the bars represents the species according to Supplementary file 1 -
Table S1

Angiosperms SSR2 > SSR5 > SSR6 > SSR7>
Gymnosperms SSR2 > SSR5 > SSR6> SSR7>
Ferns - SSRI> SSRS5 > SSR9 > SSR6>
Lycophytes SSRI > SSR5 > SSR8 > SSR6> SSR7 >

Anthocerophyta SSRI > SSR5 > SSR6 > SSR9 >
Mosses | SSRI> SSRS > SSR6 > SSR7>
Marchantiophyta SSRI > SSR5 > SSR9 > SSR6 >
Algae SSRI > SSR4> SSR6 > SSR7>

Figure4 Most abundant range of types SSR among different groups of plants and algae

The highest number of SSR2-6 was observed in the large
genomes as Corchorus capsularis mtDNA (5408 SSRs) (SN
22) (Supplementary file 1 - Table S1) what is according to
the correlation analysis below. Few variations in SSR2-6
were detected in bryophytes; values ranging from 259 in the
liverwort Codriophorus laevigatus (SN 140) to 693 in the
moss Funaria hygrometrica (SN 107) were detected. The
algal group showed the smallest number of SSR2-6, 26 in
Polytomella piriformis (SN 189). Also, the algal group pre-
sented a wide variation in RA (ranging from 0.25 SSR2-6
(SN 152) to 5.16 SSR2-6 (SN 191)) (Supplementary file
1 - Table S1).

Still, some features of SSR1 and SSR2-6 (SSRs motifs
from two to six nucleotides repeated more than three
times) were conserved between mosses and Marchantio-
phyta. High SSR1 RD was observed in these two taxa pos-
sibly due to the smaller size of mtDNA and larger sizes
of SSR1 motifs (Supplementary file 1 - Table S1- col-
umns R to Z). Similarly, SSR1 RA and SSR2-6 RA values
were higher due to the higher number of SSR and smaller
genome size of moss and Marchantiophyta mtDNA. The
SSR3 type was the second most abundant type in these
two taxa, and SSR6 (motif composed of six nucleotide
repeated more than three times) and SSR4 types were
very poor and sometimes absent in the non-coding region.

@ Springer

Finally, the most common repeated motif AT/TA was not
shared with the sister group (Anthocerophyta).

Using a linear regression analysis, we detected that the
number of SSR2-6 (Table S6 - B) was strongly positively
correlated with genome size (R* = 0.93, P <0.05) and
weakly positively correlated with GC content. RA has a
low positive correlation with genome size (R* = 0.03, P>
0.05) and GC content (R2 = 0.02, P <0.05). Similarly,
RD has a low positive correlation with genome size (R?
= 0.04, P> 0.05) and GC content (R* = 0.02, P <0.05)
(Supplementary file 1 - Table S6 - B).

To verify the preference of dimer type in the studied
groups, an analysis of preferential motifs was performed.
It was possible to observe that there was variation between
the different plant groups (Supplementary file 1 - Table S2
— column AH to AM). For example, on average in angio-
sperms and ferns, AG/GA and CT/TC dinucleotide motifs
were preferred, while in algae, Marchantiophyta, moss,
Lycophyta, and gymnosperms AT/TA was the most
common. The CT/TC and AG/GA dimer repeats were
the most common repeat motifs between the two horn-
wort species. The least common repeat motifs among the
groups, in order of lowest occurrence, were CA and TG/
GT, respectively.
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Cluster analysis of mitochondrial SSR2-6 confirms
differences between non-vascular and vascular
plants

The Kullback-Leibler symmetrized divergence analysis
based on the SSR2-6 percentage clearly reveals the distinc-
tion of avascular plants, except for the Anthocerophyta that
were grouped with the vascular plants (Figure 5). Also, six
species of algae (SN 197, 165, 173, 195, 198, and 196) were
grouped with vascular plants. The Marchantiophyta were
grouped with the moss species forming two large clusters.
The ferns formed a distinct clade together with Lycophyta,
flowering plants, and gymnosperms, with these plants stand-
ing out from all other land plants. When compared to the
profile of all repetitive DNAs found in the main strains of
terrestrial and Chlorophyta plants, it is evident that the pro-
files show congruence with taxonomy, such as monocots and
dicots together. However, some inconsistencies have been
observed, such as Anthocerophyta, Marchantiophyta, and
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Figure 5 Cluster analysis based on dinucleotide, trinucleotide, tetra-
nucleotide, pentanucleotide, and hexanucleotide-SSRs (SSR2-6) in
the mitochondrial genome of plants and algae. Kullback-Leibler sym-

mosses in the same clade with Populus sp., as a sister clade
for other angiosperms. These inconsistencies do not diverge
in relation to the current understanding of the phylogenetic
relationships of terrestrial plants; apparently, taxonomically
more distant groups have the same RE (repetitive elements)
profile, such as bryophytes and Populus (supplementary
file 2), since the entire terrestrial plant lineage has the same
ancestry. This result is very similar to the data related to SSR
in the present study (Figure 5).

SSR1 and SSR2-6 distributions in coding
and non-coding regions

To understand the effect of the presence of SSRs, the loca-
tion of these sequences in the coding and non-coding regions
of plant and algal mtDNAs was performed. In general, SSR1
and SSR2-6 placed in the coding portion of the genome rep-
resent only 12% of the total evaluated SSRs; and therefore,
most SSR repeats were distributed in the non-coding portion

metrized divergence analysis was used (Kullback 1951). The evolu-
tionary tree was built using the UPGMA method within the MEGA-X
software (Kumar et al. 2018)

@ Springer
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of the mitochondrial genome of plants and algae (Supple-
mentary file 1 - Tables S1, S2, S3, and S4). In Supplemen-
tary file 3, it is possible to observe the distribution of SSRs
in one species of each studied group.

Of the total SSR1 identified in all mtDNA species from
each group of plants and algae, 37%, 25%, 28%, and 14%
were placed in coding regions for algae, liverwort, moss,
and hornwort, respectively. Also, 17%, 12%, 5%, and 9% of
SSRs were placed in the coding regions of Lycophyta, gym-
nosperms, ferns, and flowering plants, respectively (Sup-
plementary file 1 - Tables S3 and S4).

On average, algae have the highest percentages of SSR1
and SSR2-6 in coding regions, followed by moss and March-
antiophyta (Figure 6). The most derived plants, such as flow-
ering plants and gymnosperms, presented higher numbers
of SSRs in non-coding regions. However, species such as
Utricularia reniformis (SN 81), Capsicum annum (SN 17),
Oryza minuta (SN 54), and Geranium maderense (SN 30),
beyond the genus Beta (SN 7 and 8) and Brassica (SN 9-13),
have high SSR1 numbers in coding regions when compared
to other flowering plant species (Supplementary file 1 -
Table S3). Regarding SSR2, in gymnosperms and flowering
plants that have the largest number of these elements, the
occurrence was mainly in the non-coding regions, except for
U. reniformis (SN 81) which has almost half of the SSR2 in
the coding region. Moreover, in general, this species showed
a high number of SSR1 and SSR3-6 in coding regions (Sup-
plementary file 1 - Tables S3 and S4). Furthermore, SSR1,
followed by SSR2 and SSR3, is the preferred motif in the
coding regions of the mtDNAs of plants and algae. However,
some species of flowering plants, gymnosperms, ferns, and
algae presented more SSR2 than SSR1 in coding regions
(Figure 6 and Supplementary file 1 - Tables S3 and S4).

Supplementary file 5 presents the structure of five mtDNA
from the algal group, three being from phylum Chlorophyta
(Chlorella variabilis, Microsporum stagnorum, Dunaliella

Figure6 SSR distribution based
on percentage in the coding and
non-coding regions of the mito-
chondrial genome of the eight
taxonomic groups of plants and
algae. SSR1, mononucleotide;
SSR2, dinucleotide; SSR3,
trinucleotide; SSR4, tetranucle-
otide; SSRS, pentanucleotide;
SSR6, hexanucleotide

viridis) and two from Charophyta (Roya obtusa and Nytella
hyaline), and shows the structural differences in mtDNA
between the two phyla analyzed beyond the structural dif-
ferences in the same phylum of Chlorophyta. The numbers
of genes, introns, and genome size were drastically different
among species, and reflect differences in SSR distribution,
number of SSRs, density, long motifs, overrepresentation of
SSRI1, and AT content.

Features of cSSRs in mitochondrial genomes
of plants and algae

A total of 26,538 composite simple sequence repeats
(cSSRs), also known as composite microsatellites, were
identified in all analyzed mtDNAs (Supplementary file 1
- Table S1). Most cSSRs were composed of “2-" or “3- dif-
ferent motifs” (data from IMEX software, not shown). Apart
from these, no cSSR expansion was observed in mtDNA
among species.

The angiosperm group presents the highest number of
¢SSRs mainly in large mtDNAs as that observed for Cor-
chorus capsularis (SN 22). It was confirmed through cor-
relation analysis since cSSRs were positively correlated with
genome size (R> = 0.67, P <0.05) and low positively cor-
related with GC content (R? = 0.06, P <0.05) (Supplemen-
tary file 1 - Table S6 - C). ¢SSR RA was more pronounced
in mosses and some Marchantiophyta possibly due to the
greater presence of SSR in coding regions (Supplementary
file 1 - Tables S3 and S4). As observed for SSR1 and SSR2-
6, algae presented greater variability in cSSR number and
RA. The highest cSSR RD was observed in some algae and
in Brassica nigra (SN 12), representing in these species the
longest cSSR sequence lengths. CSSR RA was poorly cor-
related with GC content and poorly correlated with genome
size. cSSR RD showed low correlation with genome size,

W 2 oo s s s sk 2227 Angiosperm
s Gymnosperm
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s Anthocerophyta
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and was poorly correlated with GC content (Supplementary
file 1 - Table S6 - C).

Long SSRs in the mitochondrial genome of plants
and algae

Of the 204 mitochondrial genomes analyzed from plant and
algal species, 111 showed SSR1 that repeat 13 times or more
(SSR1> 13 nt) (see “Material and methods”, similar values
from long SSR are used (George et al. 2015)). These com-
prehend 60 species of flowering plants; five species from
gymnosperms, ferns, and Lycophyta; 19 moss species; 9
Marchantiophyta; two Anthocerophyta; and 16 algae spe-
cies (Supplementary file 1 - Table S3). Of the total number
of long SSRs, 2.48% were placed within exons, 1.49% were
within open reading frames (ORFs), and 9.14% were within
intronic regions (Supplementary file 1 - Table S5). The total
number of SSR1> 13 nt ranged from 1 (47 species) to 18
(Liriodendron tulipifera (SN 46)). The longest SSR1 was
found in the hornwort Phaeoceros laevis (SN 145) which
presented 37 nt containing poly (G). Of the total long SSR1,
35 were located in coding regions, distributed in 31 species
between the groups (Supplementary file 1 - Tables S1 and
S3). The largest SSR1 located in the coding region had 19
nt, composed of poly (G), found in three genomes: Phoenix
dactylifera (SN 58), Treubia lacunosa (SN 144), and Phae-
oceros laevis (SN 145). Algae, ferns, and gymnosperms do
not have long SSR1 in their coding region. Mosses were
the group of plants with the longest SSR1 in the coding
region, with 15 species presenting these elements. Mosses
and Marchantiophyta were also the groups showing greater
occurrence of SSR2 > 10 bp in the mtDNA, among which
10 long SSR2 were located within introns, being Calypogeia
suecica (SN 138) and Calypogeia neogaea (SN 137) the
ones showing the longer repeated motifs, with the AT/TA
dimer repeated 29 times (Supplementary file 1 - Table S5).

Regarding the SSR3 type, long motifs were found in
small numbers when compared to SSR1 and SSR2 types
and the largest number occurred in angiosperm species.
The longest SSR3 was identified in Tripsacum dactyloides
species (SN 78), which presented a 40-fold repeated CTA
motif located 22,129 nt upstream of rrn26 gene sequence.
Two species of flowering plants had the longer trimer motifs
in the region containing an ORF of the putative protein
YP_004927816. The species Welwitschia mirabilis (SN 96)
from the gymnosperm group also had one of the longest
SSR3, a CGA motif repeated 18 times. Similarly, the AAG
motif was repeated 16 times in Closterium baillyanum algae
(SN 161), and was located in an ORF region of the putative
reverse transcriptase-maturase coding gene.

Long SSR4, SSRS, and SSR6 were present in large num-
bers in the mtDNAs of gymnosperm and fern species. Long
SSR4 were more frequent in ferns, and Psilotum nudum (SN

93) had 38 long SSR4 motifs. However, the longest SSR4
was found in the Anthocerophyta Nothoceros aenigmaticus
(SN 146), the TATG motif which was repeated 31 times.
Many SSR4 are part of the coding region; furthermore, long
SSR4 were distributed in the intronic region of the species
Chlorokybus atmophyticus (SN 159), Megaceros aenigmati-
cus (SN 146), Calypogeia suecica (SN 138), Ginkgo biloba
(SN 95), and Psilotum nudum (SN 93) (Supplementary file
1 - Table S5). Large numbers of long SSRS were observed in
angiosperms, but mainly in gymnosperms and ferns, and the
largest reason was found in Chlorokybus atmophyticus (SN
159) algal species (ATGCA = 39 upstream to cox/ gene).
Many of the long SSRS were distributed in intron and exon
regions.

The Anthocerophyta species and Lycophyta did not show
long SSR5. Long SSR5 were more abundant than any other
type in the mtDNA of plants and algae. Long SSR6 were
found mainly in flowering plant species. The longest SSR6
repeat was found in the Tripsacum dactyloides (SN 78) with
the ATAAGA motif that repeated 36 times. The mosses,
Marchantiophyta, and Lycophyta showed no long SSR6
(Supplementary file 1 - Table S5). In the coding region, the
largest expansion of SSR6 was 7 repeat units long.

Distribution of SSR7-10 and the long SSR7-10

In general, SSR7-10 (SSR motifs from seven nucleotides
to ten repeated more than three times) occur in all plant
groups (Supplementary file 1 - Table S2 and S5) but large
SSRs are facilitated in larger genomes such as gymnosperms
and angiosperms. Some of the SSR7-10 occur within ORFs
(1.21%), exons (3%), and important non-coding regions such
as introns (7.8%) in plant and algal mtDNA. Heptanucleo-
tides (SSR7s- motif composed of seven nucleotides repeated
more than three times) were identified in large numbers in
spermatophyte mtDNA, including Cucumis sativus (SN 24)
species that had 11 heptamers in its mtDNA. Zea peren-
nis (SN 89) presented the longest SSR7, the SSR TATAGT
A repeated 12 times. Octanucleotides (SSR8s) were more
frequent in flowering plant and algal mtDNA, and two spe-
cies showed SSR8s in intronic regions (Dunaliella salina
(SN 164) with AATGTTAT = 3 times and Dunaliella vir-
idis (165) with TAACTACC = 5 times). Two long SSR8s
were identified in Ulva linza (SN 201), GAGAAAGC =24
times, and GAGAAAGC = 12 times. Ferns were identi-
fied as having the greatest abundance of nonanucleotides
(SSR9s), with the species Ophioglossum californicum (SN
92) presenting 36 nonanucleotides, with the predominance
of SSR GGAGGAGTT in its mtDNA. The longest SSR9
was observed in the Lobosphaera incisa (SN 170), GAG
GGCTAC = 13 times. Five SSR9 (motif composed of eight
nucleotides repeated more than three times) were found
within genes, including rpsI0 and atp! in algal genomes,
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and rtl in Marchantiophyta. The other two nonamers were
found in intron regions of Ophioglossum californicum (SN
92). An increase in the number of decanucleotides (SSR10)
was observed in algae as well as a long decamer has been
found in Chlorokybus atmophyticus (SN 159) (ACTGCA
GTAA = 9 times). Some long SSR10s (motif composed
of ten nucleotides repeated more than three times) were
found within introns, exons, and ORFs in algae. Mosses
and Marchantiophyta had almost no SSR7-10 in mtDNA,
and further expansion in the coding region of these groups
occurs as SSR5s (Supplementary file 1 - Table S4). In algae,
the largest expansion occurred in a SSR9 (motif composed
of nine nucleotides repeated more than three times) motif,
repeated 3 times (Supplementary file 1 - Table S4).

cis regulatory element (CRE) analysis

From the identification of mtSSRs in genomes analyzed
in this study, we were able to verify the possible location
of these sequences in regulatory regions of genes. SSR3-6
showed large expansion upstream of mitochondrial genes,

Unknown

Cellular

near promoter regions (Supplementary file 1 - Table S5).
However, only a few conserved SSR3-6 were observed
upstream to homologous and orthologous genes among the
studied species. After identification of regulatory regions
containing SSRs, the possible presence and function of cis-
regulatory elements (CREs), which play an important role in
the regulation of gene expression, were analyzed. We identi-
fied 537 CREs distributed in the promoter regions contain-
ing SSR**% in the mitochondrial genes that were selected
in this study. The metabolic pathways in which CREs act
were grouped into different functional categories (Figure 7).
CREs, in either the (=) or (+) position, that are known as
responsive to cellular components were the most common
among plant and algal groups and had SSRs in promoter
regions, followed by those CREs involved in stress and hor-
monal regulation. Light-related CREs were found in greater
number. The identified CREs ranged from 2 to 12 bp in size
(data not shown).

The CREs that are part of SSRs in the promoter
regions of the genes chosen for analysis are described in
Table 1. Through the analysis of the presence of SSR3-6

Anaerobic response element
Drought

Elicitors responsive elements (defense)
Light

Low-temperature

Pollen specific activation
Wound responsive

ABA responsive
Auxin-responsive

Cytokinin metabolism
Ethylene responsive
Gibberellin-responsive

Iron metabolism

Methyl jasmonate responsive
Oxygen metabolism

Sugar related

Sulfate metabolism

Cell cycle regulation

Cell nucleus

Embryogenesis related
Endosperm expression

High transcription levels
Meristem

Mesophyll expression

Plant polyadenylation signal related
Root specific element

TATA Box related

Transcriptional activator or a repressor
involved in diverse plant-specific
biological processes

Xylem specific

Unknown

Stress response

RRRRRRRRRRRRRRNRRNRAAA

Figure 7 Graph presenting the cis regulatory elements found in promoter regions of plant genes and algae containing trinucleotide, tetranucleo-

tide, pentanucleotide, and hexanucleotide- SSRs (SSR3-6) in those regions
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Table 1 Table of cis regulatory elements (CREs) that are part of trinucleotide, tetranucleotide, pentanucleotide, and hexanucleotide- SSRs

(SSR3-6) in putative plant and algal gene promoters

Functional category CREs Sequence Occurrence Function

Stress response ANAERO2CONSENSUS AGCAGC AlgaeTRI Anaerobic responsive

Cell development RYREPEATVFLEB4 CATGCATG AlgaeTETRA Endosperm

Cell development RYREPEATLEGUMINBOX CATGCAY AlgaeTETRA Endosperm

Stress response REALPHALGLHCB21 AACCAA AlgaePENTA Light regulated

Stress response MYBIAT WAACCA AlgaePENTA Dehydration responsive

Hormonal regulation CAREOSREP1 CAACTC AlgaecHEXA Gibberellin responsive

Stress response POLLENILELATS52 AGAAA AngTRI Pollen specific

Cell development CAATBOX1 CAAT AngPENTA Common cis-acting element in promoter
Cell development ROOTMOTIFTAPOX1 ATATT AngHEXA Root specific

Cell development CACTFTPPCAL YACT AngHEXA Mesophyll expression

Cell development NODCON1GM AAAGAT AngHEXA Root specific

Cell development OSEIROOTNODULE AAAGAT AngHEXA Root specific

Cell development DOFCOREZM AAAG AngHEXA Transcriptional activator or a repressor
Stress response GT1CONSENSUS GRWAAW AngHEXA Light

Stress response IBOXCORE GATAAG AngHEXA Light

Stress response GATABOX GATA AngHEXA Light

Cell development MARTBOX TTWTWTTWTT FernTRI Scaffold attachment region

Cell development POLASIG1 AATAAA FernTRI Plant polyadenylation signal

Cell development TATA BOXS TTATTT FernTETRA Tata Box region

Cell development MARA BOX1 AATAAAYAAA FernTETRA Cell nucleus

Cell development POLASIGI AATAAA FernTETRA Plant polyadenylation signal

Stress response GATA BOX GATA FernHEXA Light

Cell development ARRIAT NGATT BryoPENTA Transcriptional activator or a repressor
Algae, algae; Ang, angiosperm; Fern, ferns; Bryo, bryophytes

in CREs, it was possible to observe that many of these Discussion

elements are involved in fundamental processes such as
cell development, stress responses, and hormonal signal-
ing. In addition, they are part of the binding site of tran-
scription factors such as DOFs (DOFCOREZM), bZIPs
(RYREPEATVFLEB4), and MYBs (MYB1AT) that play
an important role in plant growth and development, and
in response to biotic and abiotic stresses.

Many of the SSR3-6 identified in the promoters can
possibly act as regulatory elements (Supplementary file
4A) while others contain regulatory elements (Supple-
mentary file 4B). Supplementary file 4A shows the SSR
SSC trimer, which can act as a regulatory element located
in the mttB (SecY-independent transporter) gene pro-
moter; its product plays a role in intracellular transmem-
brane transport mediating protein transport. This CRE
called ANAERO2CONSENSUS/AGCAGC responds to
anaerobic conditions. In Supplementary file 4B, a TCT
TTA hexamer repeat SSR region can be seen which con-
tains several CREs at the (—) position of the rpll6 (ribo-
somal protein L16) promoter region.

Here, we present a complete comparative diagnosis of
mtSSRs in different taxonomic groups of plants and algae.
The data presented show the large number of SSRs exist-
ing in mtDNAs of plants and algae with potential involve-
ment in increasing genotypic and phenotypic diversity
among the species.

SSR1 and SSR2 features demonstrate bias in plant
groups

In this study, we showed that the number of mtSSRs is
directly related to genome size as also observed before
(Rajendrakumar et al. 2008); however, the groups of
plants and algae demonstrated some bias for specific
types of SSRs (Figure 4) as already described (Kuntal
and Sharma 2011). We demonstrated that SSR1s were
the most abundant (RA) type in non-vascular plants and

@ Springer



Functional & Integrative Genomics

algae, Lycophyta, and ferns as indicated in Figures 1 and
2, and Supplementary file 1 - Tables S1 and S3. Higher
abundance of SSR1 was previously reported in mtDNAs
of some plant and algal species (Kuntal and Sharma 2011).
SSR1s have as profile occurrence mainly in non-coding
regions (Supplementary file 1 - Table S1) (Kuntal and
Sharma 2011). Overrepresentation of SSR1 occurred
in most mtDNAs, mainly in mosses and Marchantio-
phyta, and in some algal species (Supplementary file 1
- Table S1). It is suggested that the frequent increase and
deterioration of SSR1 may occur in the plastid genomes of
above taxa, as they have a high replacement rate (George
et al. 2015; Ceplitis et al. 2005; Jakobsson et al. 2007). An
overrepresentation of SSR1 in mtDNAs may occur as in
the plastid genome, although the variation in the replace-
ment rate of mt SSR1 is unknown. Bias was also observed
for moss, Marchantiophyta, and Anthocerophyta in rela-
tion to the high SSR1 overrepresentation, reflecting also
high RA and high density (RD) in coding regions (Figure 6
and Supplementary file 1 - Table S3). SSR1s also have
larger sizes (>8 nt) in these small genomes; for example
in these three plant groups cited above, the longest SSR1
for all species was found in Phaeoceros laevis (Supple-
mentary file 1 - Table S1). It has already been observed
in plastid genome of these species (George et al. 2015).
SSR1s that are in coding regions may also be under some
selection pressure (Kuntal and Sharma 2011), and are
useful as molecular markers. mtDNAs of flowering plants
have a significant frequency of long SSR1 possibly in non-
coding regions, mainly in Malvaceae species (Supplemen-
tary file 1 - Table S1). This is in line with previous studies
that have shown that longer motifs in Gossypium species
are common and usually composed of A/T (Wang et al.
2015). Thus, despite their abundancy and the fact that long
SSR1s have been identified in mtDNASs, their mutation
rate is a cause of concern, although their use as molecular
markers has already been reported (Rajendrakumar et al.
2008). In spermatophytes, SSR2 was the most abundant
type (RA) of SSRs, as observed in the mtDNA of most
analyzed grasses (Figures 3, 4, and 6 and Supplementary
file 1 - Table S2) (Filiz 2014). This type also is abun-
dant in coding regions (Filiz 2014) (Supplementary file
1 - Table S4), mainly Brassica. In some species of sper-
matophytes, it was frequent in large intergenic (Victoria
et al. 2011) as well as non-coding regions such as introns
(Srivastava et al. 2019). This is in accordance with the
correlation between the size of mtDNA and the abundance
of dinucleotides (Rajendrakumar et al. 2008). Moreover,
this type of SSR is characterized by high mutation rates,
contributing to its high density (RD of SSR2-6 - Supple-
mentary file 1 - Table S1) in non-coding regions in sper-
matophytes, facilitated by low pressure selection mainly
in regions of introns and intergenic regions. In addition,
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this low pressure facilitates the occurrence of other long
motifs, such as observed in Tripsacum dactyloides, that
presented the largest trinucleotide repeat (Supplementary
file 1 - Table S5).

The possible reasons that certain types of motifs are more
abundant in certain groups of plants can be explained by a
set of genomic events and preference/selectivity of certain
motifs that occurred during evolution, e.g., rearrangements,
gene gains/losses, and number of introns (Cole et al. 2018).
Preference for certain repeats composed of A/T or C/G was
also cited (Tian et al. 2011; Qin et al. 2015). For SSR 1, Toth
et al. (Sousa et al. 2020) suggested that the poly(A) tails
of densely scattered retroposed sequences and processed
pseudogenes are responsible for this higher proportion of
A/T-rich repeats, which may be the evolutionary driver of
A/T mononucleotide SSRs. For Karlin and Burge (Karlin
and Burge 1995), SSR2 abundance appears to reflect the
species-specific properties of DNA modification, replication,
and repair mechanisms and Da Maia et al. (Maia et al. 2009)
complement that this bias is common in expressed regions
of grass genes. For use, markers based on SSR2 were more
polymorphic than those based on SSR3 as cited by Oliveira
et al. (Oliveira et al. 2006).

Another relevant issue is that most mtDNAs are distinct
from plastid genomes (George et al. 2015), since abundance
does not decrease with increasing SSR motif size (Figure 4).
This evidence became clear also when observed SSR3 that
were more abundant than SSR2 in moss, Marchantiophyta,
and algae; SSR4 and SSR5 were more abundant than SSR3
in ferns and gymnosperms. This profile marks a distribution
bias of mtSSR in plant analyzed species.

A/T content is an important genomic trait because it is a
factor in determining the frequency of SSRs in genomes; the
percentages of AT motifs in SSRs increase with increasing
genome AT content, GC content being therefore not cor-
related with SSRs (Tian et al. 2011; Kalia et al. 2011; Mor-
gante et al. 2002) (Supplementary file 1 - Table S6A and B).
In general, SSR1 containing A/T was more frequent in cod-
ing and non-coding regions of the analyzed species, except
for the ferns and gymnosperms, which presented higher
G/C frequency. High G/C content has also been observed
in plastid and nuclear genomes of ferns and gymnosperms
(George et al. 2015; Kuntal and Sharma 2011; Kalia et al.
2011) (Supplementary file 1 - Table S2 and Figure 1). AT/
TA was the most common type of dimer among gymno-
sperms, Lycophyta, and non-vascular plants, although the
preference for this type of motif has changed to other motifs
such as CT/TC and AG/GA in Anthocerophyta, ferns, and
flowering plants. The same was reported in mtDNAs (Kuntal
and Sharma 2011), but not in the nuclear genome (Qin et al.
2015). AG/TC is the most common type of SSR2 in mtDNA
of mono- and dicotyledons (Kuntal and Sharma 2011; Victo-
riaetal. 2011). GC/CG was uncommon in plant mtDNA and
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less frequent in algae, presenting the same profile in plastid
genomes (George et al. 2015). However, in nuclear genomes,
it occurs quite often, especially in non-vascular plant species
(Victoria et al. 2011).

Can mitochondrial SSR features reflect the evolution
of organisms from algae to land plants?

The distribution of SSRs could be tracked according to
the plant taxonomic group, and reflects the several ancient
divergences of land plant evolution (Figures 1, 2, 3, 4, 5,
and 6 and Supplementary file 1). Each analyzed plant group
has a non-random distribution and particular traits on the
mtDNA structure and the number and distribution of SSRs
reflect these features. This bias was described by Song et al.
(Song et al. 2021) in gene-coding sequences. Despite being
a cytoplasmic genome such as the chloroplast genome, mito-
chondrial genome of plants and algae sometimes differs in
many features from chloroplast regarding SSR distribution
(George et al. 2015).

Initially addressing to the algae, among this group of spe-
cies, few conserved features and great variation from high
to low number, abundance, and density of SSR that do not
occur in other plant species are observed in Figures 2 and 3.
It may be a result of differences in the mtDNA and in selec-
tion pressure on SSR sequences. Algae have special features
with respect to the other taxonomic groups: (1) abundance
and variation of SSR1 (Figure 2) but few long SSR1> 13
and species showing no overrepresentation (Supplementary
file 1- Tables S1 to S4); (2) greater cSSR and SSR2-6 varia-
tion (Figure 3) and some species showing large SSRS5 repeti-
tions; (3) algae have large repeats of SSR10s (supplementary
file 1- Table S6), being curious since there is a tendency, as
the smaller the motif size the higher its frequency (George
et al. 2015); (4) large number of SSR in the coding portion
(Figure 6). These large variations among species reflect the
lack of distribution pattern and the clustering observed in
Figure 5. That fact can be attributed to the distinct evolution-
ary pattern of mtDNA, not only between the Chlorophyta
and Streptophyta, but also the species within the Chloro-
phyta. One of the evolutionary patterns shows genomes
with ancient characteristics (Gray et al. 1999) that have kept
clear traces of eubacterial ancestry, and the derived pattern
(Pombert et al. 2006) has been attributed to Chlorophyta
mtDNAs that radically deviate from the ancestral pattern,
with little or no evidence of their traits. Such patterns imply
radical changes in structure, gene content, gene organization,
amount of introns, and variation in genome size, all these
locations and their variations determining the frequency
in coding and non-coding regions, abundance, and size of
the SSR. This evidence was clearly detected in our study
because features and genome organization of mtSSR of Cha-
rophyta not only are different from those of the other phylum

Chlorophyta, but also these differences extend among
Chlorophyta species (Supplementary file 5), for example,
Dunaliella viridis that have high G/C content even compara-
ble to gymnosperms besides high dinucleotide number, and
the same occurs in Microspora stagnorum; this aspect being
completely different from other charophyte species being
positioned with the spermatophytes. In chloroplast, differ-
ences in SSR distribution were reported in green algae, red
algae, and apicomplexans (George et al. 2015). Algae have
extensive regulatory gene flexibility that allows this basal
group to inhabit distinct environments and survive fluctua-
tions in nutrient availability (Grossman et al. 2007). In addi-
tion, there is still the bias factor already widely discussed in
repetitive elements in several other organisms, such as fish
and amphibians (Cabaiias et al. 2020; Wang et al. 2019) as
well as in plants that show very similar characters and ongo-
ing low recombination in mtDNAs in all aspects (Dong et al.
2019). These peculiarities may be reflecting the clustering
distribution patterns between algae (such as Dunaniella and
Microspora) or Anthocerophyta and angiosperms. It may
explain the difference in the features of SSRs presented by
algae, showing a great dynamism of SSRs, which may play
an important role in the existence and evolution of these
organisms.

The different types of SSRs were conserved in the bry-
ophyte group in genome size, number of SSRs, and con-
sequently RA and RD (Figures 1, 2, 3, 4, and 5 and Sup-
plementary file 1). A few SSR expansions were observed,
except for SSR1 in coding regions (Supplementary file
1- Table S3). Also, few expansions were observed in non-
coding regions, as observed with long SSR2 repeats in
intron region of Calypogeia species (Supplementary file
1- Table S5). This complex conservation can be a reflex
of the preferential and selective inclusion of SSRs during
evolution, i.e., occurred due to the evolutionary advantage
that they confer to mtDNA. Conserved profile characterizes
the bryophyte species and is different from the events in
spermatophytes (Zhao et al. 2016; Liu et al. 2016). This can
be explained by the fact that bryophytes still retain many of
the structural and molecular traits that made possible the
origin of land plants, which during the transition process
underwent significant changes in structure and function.
All of these adaptations were accompanied by changes in
genome sequence (Rensing et al. 2007) that remained dur-
ing evolution.

Another striking point is related to similar distribution
and abundance of SSR1, SSR2-6, cSSR, and SSR7-10 (Fig-
ures 2, 3, 4, 5, and 6) in mosses and Marchantiophyta, only
that corroborates the Setaphyta monophyly (Sousa et al.
2020). Among these features, few long SSR2-6 repeats were
observed between these two groups, except few dinucleo-
tides (Supplementary file 1 — Table S5). The implications
of excess short repetitions (<8 repeated units) are extremely
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important for genetic stability and the evolution of addi-
tional genomic traits such as codon usage. The bryophyte
lato sensu group is currently divided into two clades, divi-
sions in which the Anthocerophyta are the sister group of
Setaphyta clade (mosses + Marchantiophyta). Meanwhile,
species of Anthocerophyta differ in their SSR traits, even
being more similar to angiosperms as can be seen in the
phylogenetic analysis (Figure 5). This may reflect the con-
servation of SSRs during evolution, keeping them under
constant selective pressure, as they possibly play a funda-
mental role in the efficient adaptive evolution of these two
groups of plants. This agrees with the single event origin
hypothesis for all land plant lineages (Zhong et al. 2015;
Vries et al. 2016; Bowles et al. 2020). The issue of ances-
try is still very controversial under a phylogeny based on
tree-thinking approaches; we may even speculate that from
the philosophical point of view, Arabidopsis may be more
ancestral than Marchantiophyta, considering the greater
similarities between the genomes of these flowering plants
and the Anthocerophyta (Rich and Delaux 2020). In addi-
tion, unlike Anthocerophyta, mosses and Marchantiophyta
have not been recombined since the Devonian Period (Xue
et al. 2010; Liu et al. 2011; Field and Wills 1998), which
may explain the similar distribution of SSRs. An evolution-
ary gap has already been pointed out between the Marchan-
tiophyta/moss relative to the Anthocerophyta. This can be
explained by the wide extinctions between Anthocerophyta
and moss during evolution (Zhao et al. 2016). On the other
hand, if we interpret the Setaphyta clade as monophyletic
(Sousa et al. 2020), this gap is a new argument held in favor
to the hypothesis of Anthocerophyta as a sister group for all
other bryophytes. However, the scarcity of genomic data
representing Anthocerophyta and Marchantiophyta makes
it difficult to further assess this issue. Repetitive DNA ana-
lyzes joint mosses to groups of land plants that are not taxo-
nomically close. Physcomitrella patens and Populus have
greater similarity in the distribution of their RE than that
of Anthocerophyta and Marchantiophyta (Supplementary
file 2). This could be explained by the higher occurrence
of polyploidy in mosses, especially in the Funariaceae fam-
ily, where Physcomitrium is classified (Medina et al. 2018),
polyploidy being an ancient event in poplar (Sterck et al.
2005). However, it is necessary to analyze more genomes to
have an accurate answer on this topic. In addition, introns are
sites known for their high SSR density (Zhang et al. 2006).
The intron distribution between the bryophyte groups is a
specific trait of each of the three strains, forming an individ-
ual set of introns that is not shared among the strains. Loss
of three mitochondrial introns ensures Marchantiophyta
monophyletic origin as the sister group of embryophytes,
which consistently occurs in other strains (Knoop 2010).
Thus, it is possible that different evolutionary mechanisms
act on the Anthocerophyta mtDNA and may be responsible
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for distinguishing mitochondrial SSR features between the
Anthocerophyta and the other bryophyte strains.
Furthermore, a separation between nonvascular and vas-
cular plants is seen, that is why in ferns and their sister group
Lycophyta, the distribution of SSR1, SSR2-6, SSR7-10, and
¢SSR (Figures 2, 3, 4, and 5) is similar to spermatophytes,
and the highest abundance of SSRS5, and long SSR4, SSRS5,
and SSR6 are observed only in the first group including
gymnosperms (Supplementary file 1- Tables S1 to S4).
DNA polymerase slippage during the replication process
is the major factor for SSR sequence expansion (Levinson
and Gutman 1987). As already observed (Qin et al. 2015),
SSR sequence expansion needs further study, as the dif-
ferent features of SSRs may reflect the different fidelity of
DNA polymerase between ferns and the other groups. On
the other hand, mtDNA of ferns has abundant expansions of
SSR4, SSR5, and SSR6, mainly in introns (Supplementary
file 1- Table S5), and which are shared with the gymno-
sperm species Welwitschia mirabilis. The large number of
mitochondrial introns in ferns (Guo et al. 2017), and the
mixed structural features that ferns share with Lycophyta
and gymnosperms (Guo et al. 2016) make them a transition
group. In this context, ferns contributed evolutionarily to the
structural diversity observed in gymnosperms and angio-
sperms, also facilitating the abundance and expansions of
SSR2-6 in mtDNA as observed in our analysis (Guo et al.
2016, 2017). According to Toth et al. (Toth et al. 2000),
strand-slippage theories alone cannot explain SSR distri-
bution in the genome as a whole; enzymes and other pro-
teins involved in various aspects of DNA-processing (i.e.,
replication and repair) and chromatin remodeling may be
responsible for the taxon specificity of SSR abundance. And
Harr et al. (Harr et al. 2002) comment that the mismatch
repair system may have an important role in shaping genome
composition. On the other hand, in this study, it was possible
to observe bias in SSR distribution in all plant groups, but
some other additional features (bias in SSR4, SSR5, SSR6
and the great introns that accumulate long SSRs — result of
numerous intron gains due to recombinations (Hecht et al.
2011; Wynn and Christensen 2019; Kozik et al. 2019) —
added to our clustering analysis) can give clues that rear-
rangement occurred impacting mtSSR mainly between
ferns and gymnosperms as commented by Cole et al. (Cole
et al. 2018). Evidence of genome rearrangement can be also
observed among closely related species of angiosperm as
Beta, Zea, and Silene as commented by Cole et al. (2018)
but it does not seem to have impacted SSR distribution as
observed in our agrupament analysis. The number of SSRs
is correlated with genome size while RA and RD were not
correlated possibly because specific regions of mtDNA as
introns and some non-coding regions present more SSRs.
On the other hand, as occurred with SSR1 in mosses, the
highest RA and RD occurred possibly to the greatest number
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of mitochondrial genes and to a preferential and selective
inclusion in these genes.

Non-vascular plants show tendency to adaptive
evolution verified through the c¢SSRs

The largest variation in cSSR abundance occurred in algae,
and species representing non-vascular plants showed the
highest cSSR abundance values (Figure 3 and Supplemen-
tary file 1- Table S1). A similar trend was observed in plastid
genome of basal plants (George et al. 2015), which showed
the adaptive evolution possibly due to the reduced number
of genes involved in DNA repair, since the absence of DNA
polymerase repair may increase the rate of change in SSRs.
cSSRs are believed to originate from imperfections follow-
ing eukaryotic SSRs (Chen et al. 2011). However, the repair
activity as well as the genes involved in the repair process
seems to have gradually increased when we look at the back-
bone of plant evolution with respect to the number of cSSR
(Supplementary file 1 - Table S1). Our data also indicate
that the RA of ¢SSR is greater where the RA of SSR1 is
higher, indicating that many cSSRs may be composed of
SSR1 as observed mainly in mosses (Supplementary file 1-
Table S1). In addition, cSSRs were the least abundant SSR
type among all plant groups when compared to SSR2-6 and
SSR1. This seems to be a trend in cytoplasmic genomes as
it has also been observed in plastids (George et al. 2015).

Presence of SSRs in coding regions is related
to plant and algal evolution

The understanding of SSR distribution in coding and non-
coding regions can help elucidate the possible role of SSRs
in gene regulation and genome organization. Also, abundant
markers for genetic, genomic, and evolutionary studies can
be obtained. The majority of SSRs detected here show pref-
erence for the non-coding fraction of embryophyte genomes
(Figure 6); despite the fact many algae present a high num-
ber of SSR1 and SSRs2-6 in the coding region, it is possible
that these SSRs are related to CDS and RNA processing
(Zhao et al. 2014). Thus, there is a relationship between the
presence of SSRs in the coding region of mtDNAs and plant
evolution; the more recent the evolution of a given plant,
the lower the percentage of SSRs in the coding region of
mtDNA (Figure 6). This fact can be attributed to the nega-
tive selection that occurred during the plant evolutionary
process against reading frame mutations in coding regions.
In addition, the decay of SSRs in the coding region occurs
due to natural selection (Gao et al. 2013). Despite this, SSRs
within genes may be subjected to severe restrictive selec-
tion on plant mtDNAsS, possibly due to the potential harm of
mutations (Metzgar et al. 2000) causing changes in sequence
of important cell respiration chain genes. Significant

differences in the occurrence of mitochondrial SSRs also
exist even among closely related species mainly in algal and
vascular species, suggesting that the abundance of SSR1 and
SSR2-6 may change relatively fast during evolution (Sup-
plementary file 1- Table S1). Still, in the coding region of
mtDNAs, the higher frequency is due mainly by SSR1, fol-
lowed by SSR2 and SSR3, although there are exceptions
as noted in Brassica and Beta genera (Supplementary file
1 —table S4). This pattern was previously reported in the
plastid genome (George et al. 2015), indicating that acces-
sory genomes are rich in SSR1 and SSR2 even in the coding
region, unlike the nuclear genome where motifs multiple of
three in the coding region are more frequent (Li et al. 2004).
In this study, regardless of the repetition class, long SSRs
were also present in the coding region of mtDNAs (Sup-
plementary file 1 ~Table S5), in which one trimer was the
longest SSR observed. Many genes, such as NADH genes,
are associated with cellular respiration, and may be under
strong selective pressure. Modifications in mtDNA gene
structure may lead to important plant changes, as reported
in rice (Mignouna et al. 1987). The presence of many SSRs
in ORFs, especially in algae, shows how this group reacts
to fluctuations in the environment and its high adaptation
dynamics (Li et al. 2004). It also shows that SSRs in ORFs
act as a molecular device for adaptation to environmental
stresses.

Minisatellites are frequent in important mtDNA
regions

In mtDNA, SSR7-10s are present in all plant groups, but
occurrences of these types are widely variable within and
among families. Many SSR7-10s are present in exons,
introns, and ORFs (Supplementary file 1- Table S5), pos-
sibly being that these larger motifs play an important role
in the mtDNASs of the studied species mainly in genera-
tion of polymorphism as reported by Merritt et al. (Mer-
ritt et al. 2015). In plastid genomes, SSR7-10s are observed
only in algae and are not present in coding regions (George
et al. 2015). The possible functions of these motifs are still
unknown, but taking into account the importance of these
regions for polymorphism generation, it is suggested to use
them for the study of genetic diversity. Despite the reported
decrease in efficiency of DNA polymerase in PCR analysis
as it is considerably large, it can be compensated by the bet-
ter discrimination power of the alleles and greater accuracy
in the genotypic identification of individuals (Kocaman et al.
2020).

Long SSR7-10> 5 observed only in algae, except for the
12-fold occurrence of an angiosperm heptamer, shows that
selection pressure operates against long SSR7-10 types.
This effect was previously reported by our group (Maia
et al. 2009) in monocot and dicot EST regions but appears
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to occur in the mtDNA of a wide range of plant species.
SSR7-10 is the less abundant SSR type in mtDNAs and its
occurrence does not appear to have a clear pattern.

SSRs can act as cis regulatory elements and can
affect gene expression

cis regulatory elements (CREs) are essential regulatory
units required for gene transcription and help coordinate
environmental stimulus being associated with response to
various stresses (Zhang et al. 2006). Also, SSRs evolve rap-
idly, indicating that they provide an opportunity for rapid
adaptive change in these regulatory regions or have a spe-
cific role in gene regulation. The possible functions of SSRs
in mitochondrial gene promoter regions have not yet been
shown. Here, most CREs that were close to SSR are related
to cell development response and stress. In addition, many
of the CRE:s are part of SSRs identified in the mitochondrial
gene promoter regions. Our analyses suggest that the expan-
sion of SSR motifs in the promoter region of mitochondrial
genes may affect the expression of these genes in response
to certain conditions and may potentiate or inactivate them.
Certain SSRs may act as CREs, controlling gene expression
through transcription factor binding. In Triticum aestivum,
it has been reported that perfect tandem repeats, when pre-
sent in multiple copies on the TaALMTI promoter, control
the expression of a gene that is associated with tolerance to
aluminum by enhancing TaALMT]I expression (Gao et al.
2013). Similarly, the waxy genes from Oryza sativa contain
an SSR motif (CT) in the 5'UTR region and SSR polymor-
phism is associated with amylose content (Li et al. 2004).
Considering the importance of CREs for plant breeding,
it is suggested that certain long SSR motifs identified in the
mtDNA promoter regions may act as CREs and increase
gene expression; however, experiments should be performed
to validate this hypothesis. Male sterility in the plants may
be associated with inactivation of a mitochondrial gene by
variation of an SSR sequence that acts as CREs (Mignouna
et al. 1987). In Oryza sativa lines, this phenomenon assists
in the commercial production of hybrid seeds (Ishii et al.
2001). It is also emphasized that altering the normal func-
tioning of mitochondria in plants, i.e., a mutation altering
or silencing the expression of a gene, can lead to changes in
nuclear gene expression, causing serious damage to the plant
and delaying stress signaling (Rhoads and Subbaiah 2007).
Indeed, it should be noted that if an SSR motif is maintained
during evolution to regulate transcription of a gene or to
target a binding protein for one or more nuclear processes
(such as chromatin organization, replication, transcription,
and DNA recombination), its abundance and distribution are
controlled (Zhang et al. 2006); and therefore, these regions
that possess SSR may be under strong selective pressure.
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Mitochondrial SSRs can be efficient for use
as molecular markers

Despite the low mutation rate, plant mtDNAs underwent
major changes that affected genome features during evolu-
tion. As observed above, these changes can influence dis-
tribution of SSR between vascular and non-vascular plants,
but in the evolutionary dynamics in each group of plant and
algae as observed in cluster analysis. Cluster analysis based
on SSR2-6 in mtDNAs of 204 plant species indicates that
SSR sequences have regular distribution relative to plant
groups. It means that they follow the evolution of the main
lineages of green plants, including lineages that remain more
conserved since the origin of land plants, as in the case of
the Anthocerophyta, where the RE and SSR profiles are
more similar to the flowering plants. mtSSRs from plants
also appear to have accumulated mutations during evolu-
tion. This is evident when we observe the position of some
species of algae grouped with the mosses or flowering plants
(Figure 5).

In general, despite that mtDNAs do show a high rate of
sequence reorganization during evolution mainly in algae,
gymnosperms, and angiosperms (Agarwal et al. 2008) which
would make SSR markers not interesting for phylogenetic
analyses, we show through cluster analysis that its use is pos-
sible. Since many SSRs have accumulated mutations that are
conserved at the family level, and some even at sister groups
(Figure 5), variable long motifs were detected among spe-
cies: in Racomitrium genus, the (TA)12 motif with variation
of 3 nt in the gene cox!I. Also, variations in (AT)15 inside
an NADH intron were detected in some Calypogeia species.
Variations in (GTTTT)4 upstream of matR were detected in
some Gossypium species (Supplementary file 1 - Table S5).
The large number and abundance of mtSSRs among mtD-
NAs, in addition to overrepresentation of SSR1, can be used
as a possible source of variation as molecular markers. Sev-
eral other studies have already successfully indicated the
use of mtSSR regions in phylogenetic studies (Gupta and
Varshney 2000; Rajendrakumar et al. 2008; Uthaipaisan-
wong et al. 2017; Madhav et al. 2015) and studies of genetic
structure (Sakaguchi et al. 2018), and also there are reports
of use to distinguish CMS aberrant lines in pigeon pea.

An important issue related to mtSSR markers and chlo-
roplast SSRs is that mtSSR markers may not show as
much diversity as chloroplast SSRs in Oryza, which can
be extended to other plant species in certain loci as well
(Nishikawa et al. 2005). That conserved profile can be
observed especially in genetic regions (Supplementary file
1 - Tables S3 and S4), being therefore more interesting the
use of intergenic mtSSR markers for phylogenetic studies
and differentiation of populations (Agarwal et al. 2008).
On the other hand, mtSSRs present in coding regions of
mtDNAs are extremely advantageous because they are
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compatible among species due to the conservation of tran-
scribed regions (Varshney et al. 2005). In comparison with
conventional marker genes, SSRs may, at some point of
view, be more advantageous as they provide greater levels
of variation (Merritt et al. 2015). Taking these trends into
account, markers based on mtSSRs may be useful in distin-
guishing closely related species. These findings point out
that SSR markers may increase their application in future
plant genetic and genomic studies.

Material and methods

Sequences of mitochondrial genomes of plants
and algae

A total of 204 complete mitochondrial genomes of plant
and algal species deposited in GenBank (NCBI Genome
Information) were assessed. Of this total of mitochondrial
genomes, 91 are from species of flowering plants, 3 gymno-
sperms, 2 ferns, 1 Lycophyta, 48 species of bryophyte sensu
lato (35 mosses, 11 Marchantiophyta, 2 Anthocerophyta),
and 58 algae species (50 Chlorophyta, 6 charophyte, 2 strep-
tophyte). The accession number, genome size, and GC con-
tent of mitochondrial genomes are showed in Supplementary
file 1 - Table S1. The annotation file (CDS feature) was used
to differentiate SSRs in coding and non-coding regions. The
total number of SSRs in non-coding regions was determined
by subtracting the total number of SSRs in the mitochondrial
genome from the total number of SSRs in the coding region.

Identification and investigation of SSRs

The microsatellite (SSRs) search was performed using the
SSR Locator software, a computational tool with an inter-
face for Windows users (Maia et al. 2008). The algorithm
used for perfect and imperfect SSR searches was written in
Perl and consists of the generation of a matrix that mixes
A (adenine), T (thymine), C (cytosine), and G (guanine)
in all possible composite arrangements between 1 and 10
nucleotides. The script instructions perform readings on
fasta files, searching all possible arrangements in each data-
base sequence (Maia et al. 2008). Initially, it was developed
for mining SSRs in EST\cDNAs sequences but can be effi-
cient for accessory genomes. Mono- to decanucleotideos
can be identified, as well as perfect to imperct motifs (Maia
et al. 2008). Perfect and imperfect SSR mononucleotides
(SSR1), di-, tri-, tetra-, penta-, and hexamers (SSR2-6)
and perfect hepta-, octa-, nona-, and decamer (SRR7-10)
minisatellites have been identified in mitochondrial plant
genomes. This software identifies SSRs at a distance of 100
bp, but in this case because they are smaller genomes this
value has been set to 10 bp. Only those repetitions where

the motif was repeated continuously for 3 or more times
for SSR2-6 and SSR7-10, and repeated 6 or more times
for SSR1, were considered. Similar threshold values have
been previously used in plastid and mitochondrial genomes
(George et al. 2015; Rajendrakumar et al. 2006). SSRs are
defined as perfect, imperfect, and composite. The perfect
SSRis a tandem repeat of exact copies of an SSR. SSRs are
often interrupted by substitutions or indels resulting in an
imperfect SSR sequence. A composite SSR is a region that
contains two or more different perfect/imperfect SSRs that
are overlapped or separated by a few nucleotides. In this
study, composite SSRs were examined using the advanced
mode of IMEX software (Mudunuri and Nagarajaram 2007).
Some parameters have been set to - repeat type: perfect;
- size of repetition: all; - minimum number of repetitions:
6,3,3,3,3,3; - maximum allowable distance between two
SSR (dMAX) set to 10. This same threshold was used by
other reports (Alam et al. 2017). Long SSRs were considered
mononucleotide> 13, dinucleotide> 10, trinucleotide> 7,
tetranucleotide> 5, pentanucleotide> 4, hexanucleotide> 4.
Long SSR7-10s were considered> 5. As for composite SSRs
(cSSR), they were called m1_xn_m?2 “2-microsatellites” and
ml_xn_m2_xt_m3 “3-microsatellites” (Chen et al. 2011).
The analysis of preferred dimer motifs was performed by
counting each specific dimer motif in each genome and then
transformed into percentages.

Calculation of expected number of SSR1s

The expected number of SSRs has been estimated for SSR1
due to their greater abundance in the analyzed genomes.
Thus, seeking to assess whether SSR1s were over- or under-
represented in the mitochondrial genome of plants, we com-
pared the observed number of SSR1 (0O) with the expected
number of SSR1 (F) as an O/E ratio. The statistical signifi-
cance of the O/E representation was accessed using the Z
score defined as (O —E) / \/ E (Mrazek 2006). The expected
number of SSR' is Mt (M is an SSR motif with repeat num-
ber f, and its size is L) in a genome of size G calculated using
Eq. 1, described by De Watcher (Watcher 1981):

Exp Mt) = f(M) t [1 = f(M)] [G'(1 - f(M))] + 2L (1)

Where Exp (Mt) is the expected number of Mt, and f'(M)
is the probability of M.
G ' defined as:

6= 6 —.—20.¢1

A Python script was developed to automatically calculate
the expected number of SSR1 from all 204 species analyzed.
The script sums the total number and also each base type of
the parsed sequence, then checks to see if the sum of all bases
equals the total bases, therefore calculating the frequency of
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each base of the sequence. The expected number of SSR!
is given for each repetition (1-13) by the sum for each base
frequency (fA, fT, fG, fC) using the equation (Frequency **
1Repetition) * (1-Frequency) * ((BasesGenome -1Repeat-1) *
(1-Frequency) +2). Thus, the script output identifies the spe-
cies under analysis, the genome size, and the expected number
of mononucleotide from 1 repeat to 13.

Statistical analyses

To enable comparison between genomes of different sizes (rel-
ative abundance - RA) (Eq. 2), the total number of SSR classes
was normalized to the number of SSRs per sequence kb. The
estimated relative density (RD) (bp/kb) for each genome is
defined as the sum of the total size (in nucleotides) contribut-
ing to each SSR per 1000 nucleotides of the genome analyzed
(Eq. 3).

N°SSR

Relative Abundance : —————— X 1000 )
genomesize
TSR
Relative Density : ——— X 1000 3)
genomeszze

To identify the correlation between genomic characteristics
and repeated sequences, linear regression was used with the
aid of the Microsoft Office Excel 2007 program.

Analysis of cis regulatory elements (CREs)

The long SSR3-6 located upstream to the gene, in promotor
regions, were evaluated regarding the presence of cis regula-
tory elements (CREs) using the software PlantCARE (Rom-
bauts et al. 1999) and SOGO (New PLACE) (Higo et al. 1999).
Mitochondrial genes that contained tri, tetra-, penta-, and hexa-
nucleotide in the promoter of mitochondrial genes in algae,
bryophytes (moss, Marchantiophyta, and Anthocerophyta),
ferns (Lycophyta and ferns), and spermatophytes (seed plants)
were considered for analysis, representing all plant groups. A
total of 14 promoter regions (4 from algae, 2 from bryophytes,
4 from ferns, and 4 from flowering plants) were analyzed. Only
those SSR regions located less than 1500 bp from the gene
transcription start site (TSS) were considered for analysis. In
bryophyte species, only 2 promoters were selected, as we no
longer have SSR species in the promoters with less than 1500
bp. Only elements with Matrix score > 5 were considered.

Cluster analyses of SSRs in plant and algal
mitochondrial genomes

The cluster analysis was constructed using SSR2-6s from

mitochondrial genomes of plants and algae of different spe-
cies with symmetric Kullback-Leibler divergence analysis
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(Kullback 1951). The difference between two species was
quantitatively measured with the percentage of SSRs [p (x)
and ¢ (x)] in two species respectively (Eq. 4).

Nog PP 5 Tom 299 Yoy, 1
(Z,rp(l) log 0 +X,q(x)log p(x)> X 3 4)

where x represents the SSR class (di-, tri-, tetra-, penta-,
and hexanucleotide). Peer-to-peer analyses were performed
among the 204 species resulting in a matrix of distances.
Clustering analysis was conducted using the UPGMA
method with the MEGA-X software (Kumar et al. 2018)
according to the symmetrized Kullback-Leibler divergence
analysis. After the creation of the clustering tree, it was
adjusted in the iTOL online platform (Letunic and Bork
2016).

Graphical maps of mtDNA were prepared (Supplemen-
tary file 3). The graphical representation of the distribu-
tion of SSRs in the genomes (inner part of the maps) was
performed using GenomeVx software (Conant and Wolfe
2008). On the outside of the maps, the genes of each spe-
cies that were obtained using the OGDRAW software are
displayed (Lohse et al. 2007). Linear graphical map of five
mtDNAs from algal group (Supplementary file 5) was per-
formed with OGDRAW software (Lohse et al. 2007). In the
left inside, rectangles were inserted showing characteristics
of the mtSSRs of each analyzed species, and above the linear
maps the legend referring to the mitochondrial genes.

In order to make comparisons between the most represent-
ative repetitive elements in the genomes of the strains chosen
for the present work, global analyses of repetitive DNA in
all genomes and in mitochondrial genomes were performed.
Mitochondrial raw reads were mapped from genomic reads
of the main lineages of plant species, obtained at the NCBI/
SRA, as follows: Chlamydomonas nivalis (SRX7092453);
Anthoceros agrestis (ERX3577695); Marchantia polymor-
pha (SRX1669110); Physcomitrium patens (SRX1528135);
Selaginella tamariscina (SRX3337410); Ginkgo biloba
(SRX2319321); Populus nigra (SRX8743786); Arabidop-
sis thaliana (SRX972170); Oryza sativa (PRINA702010).
The repetitive DNA element profiles for each lineage were
obtained using the RepeatProfiler pipeline (Novak et al.
2017; Negm et al. 2020).

Conclusion

This study is the first large-scale analysis of SSR in mito-
chondrial genomes of plants and algae, where we included
more than 200 species. Our comparative analysis shows that
the distribution of mitochondrial SSRs depends on plant
group analyzed, since the clustering places some species
of algae and vascular plants together when assessing the
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distribution of SSRs, reflecting the conservation of some
common motifs in algae and terrestrial plants, making evi-
dent the ancient divergences of land plant evolution. In addi-
tion, each group of plants has SSR bias of types and distri-
bution, showing algae as a very diverse group and vascular
plants, presenting numerous and long motifs reflecting the
large size of their mtDNA. The use of mtSSR markers from
coding and non-coding regions makes them amenable to dis-
tinguishing closely related species. In general, mitochondrial
SSRs are highly abundant and may represent an important
source for the study of genetic variation and biotechnologi-
cal studies since they can be associated to the gene regu-
lation of mtDNA. Thus, this comparative study increases
the understanding of the evolution of mtSSRs in plants and
algae and brings perspectives for further studies.
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Table Si1. Overview of various mitochondria genomes and total number, relative abundance, density of
microsatellites, and expected number of SSR! in the selected genomes. Table S2. Distribution of repeats types in
mitochondria genomes. Table S3. Distribution of SSR! repeats in coding region of genome and non-coding. Table
S4. Distribution of SSR21° types in coding region of genome. Table S5. Distribution of long SSR2-¢in mitochondria
genomes from various plants groups Table S6. Linear correlation between genome size and GC content with SSR
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Supplementary file2. A. A tree shows the relationships among main green plants genomes inferred from
variant signals in the profiles B. Position and depth of repetitive DNA in the main genome of an organism
representing algae and an organism for each plant group.
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Supplementary file3. Distribution of SSRs in the mitochondrial genome of an organism representing algae and
an organism for each plant group. A: Chara vulgaris (algae); B: Marchantia polymorpha (liverwort); C: Physcomitrium
patens (moss); D: Phaeoceros laevis (hornwort); E: Phlegmarius squarrous (lycophyte); F: Ophioglossum californicum
(fern); G: Cycas taitungensis (gymnosperm) and H: Oryza sativa (flowering plant).
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Supplementary file4. Microsatellite identified by being part of or acting as a cis regulatory element. A: It has an
AGC trimer motif that acts as a cis regulatory element in the mitochondrial mttB gene promoter of the Closterium
baillyanum algae species. B: It has a TCTTTA hexamer motif that contains several cis regulatory elements in its
structure. This microsatellite motif is found in the mitochondrial gene promoter rpli6 in the angiosperm species
Tripsacum dactiloides.
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Supplementary file 5: Linear graphical map of five mtDNA from algae group. In the left inside rectangles are
inserted the characteristics of the mtSSRs of each analyzed species, and above the linear maps the legend referring

to the mitochondrial genes.
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Abstract: Cooking quality is an important attribute in Common/Asian rice (Oryza sativa L.) varieties,
being highly dependent on grain starch composition. This composition is known to be highly
dependent on a cultivar’s genetics, but the way in which their genes express different phenotypes
is not well understood. Further analysis of variation of grain quality genes using new information
obtained from the wild relatives of rice should provide important insights into the evolution and
potential use of these genetic resources. All analyses were conducted using bioinformatics approaches.
The analysis of the protein sequences of grain quality genes across the Oryza suggest that the
deletion /mutation of amino acids in active sites result in variations that can negatively affect specific
steps of starch biosynthesis in the endosperm. On the other hand, the complete deletion of some
genes in the wild species may not affect the amylose content. Here we present new insights for Starch
Synthesis-Related Genes (SSRGs) evolution from starch-specific rice phenotypes.

Keywords: Leersia perrieri; phylogeny; starch synthesis; cooking quality

1. Introduction

Common rice (Oryza sativa L.) is a food of great importance worldwide, especially in
Asian countries, where it is an important part of local culture. Being widely consumed
and having different forms of preparation makes “quality” something different in each
country around the world. Nevertheless, no matter what grain quality means, its demand
is increasingly becoming a priority for international export markets worldwide.

Today, cooking has become one of the most important research components in several
rice breeding programs, where characteristics such as amylose content (AC) and gelatiniza-
tion temperature (GT), which have major effects on cooking quality (CQ) and consumption,
are controlled by physicochemical properties of starch in rice grain endosperm [1].

The ratio of amylase to amylopectin as well as the structure of amylopectin itself can
vary greatly between different rice genotypes [2]. Generally, grains with higher amylose
content present a harder non-sticky texture after cooking, being preferred in several coun-
tries. Such feature is usually evaluated during grain development in different cultivars [3].
However, the genetic events that lead to this type of grain are not well understood, and
genotypes that deliver such grains are not easily obtained. That is the reason it is so
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important to understand the behavior of grain-quality-related genes, which enable more
efficient and precise breeding applications.

The 27 known Oryza species span over 15 million years of evolution which we can
take advantage of, since it constitutes a rich source of genetic variation. Though a better
understanding of the genomic differences between these species is essential for such
purpose, the recent publication of the genomes of 13 rice species has opened the door to a
series of new studies that make it possible to enrich the germplasm that can be used for
breeding [4,5]. The possibility of using these wild species to improve grain quality should
also be considered, but what would be the first genes to start such an analysis?

The answer to this question is directly linked to the formation of amylose and amy-
lopectin, which are two types of polysaccharides that form starch granules, and both have
very complex biosynthesis processes. The ratio of these polysaccharides has a major influ-
ence on the appearance and structure of starch granules and consequently affects the quality
of food production and industrial applications [1,6]. Starch Synthesis-Related Genes (SSRGs)
are involved in this complex starch biosynthesis process, and can be divided into four
classes: ADP-glucose pyrophosphorylase (AGPase), starch synthase (SS), starch branching
enzyme (SBE) and starch de-branching enzyme (DBE). A very simplified explanation can
be described, and this begins in cytosol for synthesis of amylopectin, in which AGPase
synthesizes ADP-glucose from Glc1P and ATP through AGPSs (AGPS2a), which plays
a catalytic function, while AGPLs (AGPL1, AGPL3, AGPL4) are mainly responsible for
modulating the allosteric regulatory properties [7,8]. Already in plastid, the elongation of
glucan chains occurs through 8 SS enzymes: SSI plays a role in short chains; SSII1/2/ALK
in medium chains; SSIII1/2 in long chains; and SSIV1/2 in terminal chains for formation of
1,4-a-D-glycosyl [9,10]. Meanwhile, the other SS enzymes, GBSSII and Waxy, synthesize
amylose (10). After the formation of 1,4-a-D-glycosyl, the enzymes from SBE class, SBE1
and SBE3 [9], work by branching the chains until the formation of 1,6-a-D-glycosyl. From
there, the enzymes from DBE class—PUL [11], ISA [12] and DPEI1 [13]—de-branch short
external chains of glucans and also influence the activity of x-amylase and 3-amylase [6].

In the first studies with SSRGs, it was identified that the Waxy gene (Granule-bound
starch synthase I—from SS class) is directly involved with AC [13], while ALK (Starch
synthase II-3—from SS class) is involved with TG [9]. The following studies contributed to
the understanding that each SSRG is involved with one of the main starch-related quality
characteristics (AC, GT, CQ) [9]. Despite this, it is also known that all SSRGs act in a
coordinated way, forming a fine regulatory network in which the absence or change in the
performance of a gene can ultimately lead to grain malformation [6,14], making it difficult
to predict the nature of the starch resultant from biotechnological modifications. This makes
it necessary to gain more in-depth knowledge about each of these genes through Targeted
and Open-Ended Approaches [15]. Some of these have already been studied in some rice
genotypes, achieving high-amylose content by: (1) transgenic knockdown of SBEI, SBEIla
and SBEIIb [16]; (2) CRISPR/Cas9-Mediated targeted mutagenesis of Starch Branching
Enzymes [17]; (3) editing of rice isoamylase gene ISA1 [18]; and (4) downregulating of
SSII2 caused lower AC in the endosperm [19]. Despite that, many studies regarding the
variation of isozyme show that some variations in gene structure may not be so beneficial,
mainly the non-synonymous substitutions that can affect the active domain of the isozyme.
As presented through TILLING, in which mutations in the region of the exon 9/intron and
exon 10 caused AGPL subunit (AGPase class), mutants severely shriveled with low weight
and starch content [7].

Considering the importance of SSRGs in the control of CQ and the limited exploration
of the information recently made available to the scientific community on Oryza genomes,
an evolutionary analysis is needed to reveal the role of adaptive mechanisms before and
after rice domestication. It will thus help to understand the complexity of the evolution
of enzymes involved in the starch synthesis pathways, and further provide the basis for
approaches that can generate new phenotypes through new strategies to modify starch
synthesis. We therefore selected a set of SSRGs according to Zeng et al. [20], to explore
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their molecular evolution across the genus Oryza in which we observe differences in the
structure of genes and proteins that can imply changes in the content of amylose and
amylopectin. Table S1 presents all SSRGs identified in 11 Oryza species and Leersia perrieri,
which is the nearest outgroup of the genus Oryza.

2. Results
2.1. AGPase Subunits

The phylogenetic tree of the ADP-glucose pyrophosphorylase (AGPase genes), which
includes both large (AGPL1, AGPL3, AGPL4) and small (AGPS2a) subunits, identified
48 genes across the Oryza and the outgroup (L. perrieri), which revealed three different
groups (Figures 1 and 2). The first group is formed by the AGPS2a genes with both large
exon and intron structures (Figure 2B). This group is believed to have the highest similarity
to the ancestor of every Oryza AGPase gene. O. meridionalis (AA) also contains the same
large exon structure in the second group formed by AGPL4 and, likewise, in the third clade

which is a mixture formed by AGPL3 and AGPLI, respectively (Figure 2A).

1

R :
AGPL3 AGPL1

AGPase | SS‘II‘iY

“Duplicated gene ====Translocated Duplicated and translocated

Figure 1. Gene localization and phylogeny of SSR proteins. Center. Circular map of SSRGs in a single
representation from chromosomes 1 to 10 in Oryza species. Duplicated genes are marked with an
asterisk. Around the map. Phylogenetic analysis of DBE (De-branching enzymes) (represented by
DPE1 (Disproportionating enzyme), ISA (Isoamylase), PUL (Pullulanase); SBE (Starch branching
enzymes) (represented by SBE1 and SBE3); SS (Starch synthase) (represented by SSI, SSII1, SSII2,
ALK (Starch synthase 1I-3), SSIII1, SSIII2, SSIV1, SSIV2, Waxy (Granule-bound starch synthase I),
GBSSII (Granule-bound starch synthase II); and AGPase proteins. Clade groups are indicated by
different colors followed by the name.

Positive selection pressure was identified in the AGPS2a gene (Figure 2B). The con-
served motifs of the four analyzed AGPase subunits form a signature pattern, revealing
that motifs 9 and 10 are not detectable in the NTP transferase domain of AGPS2a; the same
occurs for motifs 8 and 9 in AGPL4; 7, 8 and 9 in AGPL1; and 3, 6, 8 and 9 in AGPL3, which
are not found in some Oryza species (Figure 2C,D).
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Figure 2. Phylogenetic relationship, genetic structure and analysis of conserved motifs in AGPase genes of species of the
genus Oryza. (A) Phylogenetic protein tree. The branches of the AGPS2a, AGPL4, AGPL3 and AGPL1 proteins are marked
in dark green, purple, light blue and light green, respectively. The bootstrap values are indicated in the phylogenetic tree.
(B) Exon-intron structure of the AGPase genes in Oryza. (C) Protein motifs indicated in different colors. (D) Protein domain
shared by AGPase proteins.

Recombination analysis based on the alignment does not show any evidence of recom-
bination in the AGP partition. On the other hand, positive selective pressure (AN/dS > 1)
was detected in some sites of sequence alignments, suggesting diversifying selection
(Figure S1).

In relation to gene position, all Oryza species have AGPS2a positioned in Chr. 8; of
note, we observed that OMERAGPS2A and ONIVAGPS2A are located on two different
chromosomes (i.e., Chr. 9 and Chr. 4, respectively (Figure 1)). Possible differential Mo-
bile Element Insertion (MEI) events related to these loci was investigated, a region of
50 kb up- and downstream of these genes were aligned, showing high similarity between
OMERAGPS2A (AA) to AGPS2a of other species, which means that this change in position
probably did not occur through transposable element (TE) insertion (Figure S2).

2.2. Starch Synthesis (SS) Genes

A total of 92 protein coding starch synthase (SS) genes (SSI, SSII1, SSI12, ALK, SSIII1,
SSI2, GBSSII, Waxy, SSIV1 and SSIV2) were found across the 12 genomes data set, while its
phylogenetic analysis allowed the identification of nine different clades based on sequence
similarity. Clades I, II, III, IV, V, VI, VII, VIII and IX typically represent SSIV1, SSI, Waxy,
SSIII1, SSIIN2, GBSSIL/ ALK, SSII2, SSII1 and SSIV2, respectively (Figures 1 and 3).

Some genes that have long exons near the 5 or 3 UTRSs, as observed in few SS proteins
of L. perrieri, O. longistaminata, O. brachyantha and O. meridionalis, seem to be ancestors of
other species SSs (Figure 3A,B). The duplication of gene OMERSSIV1_2D (Clade) is a
probable result of a sub-functionalization since it does not contain motifs 4, 7 and 8, which
represent the catalytic domain of starch synthase (Glyco_transf_5) and (Glyco_transf_1)
(Figure 3C,D).
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Figure 3. Phylogenetic relationship, genetic structure and conserved motifs/domain analysis in SS genes of Oryza species.
(A) Phylogenetic protein tree and bootstrap values of SSI, SSII1, SSII2, ALK, SSIII1, SSIII2, GBSSII, Waxy, SSIV1 and SSIV2.
(B) Exon-intron structure of SS genes in Oryza. (C) Arrangement of the 10 most frequent motifs found in the analyzed
proteins. (D) Composition and distribution of domains and conserved motifs of SS proteins.

In addition to OMERSSIV1_2D, another recent duplication was identified in the O.
meridionalis SSIII1 gene, but in this case both the original and duplicated copies look
functional, containing all the motifs that are part of its characteristic domain. However,
the large size of OMERSSIII1_1D (7844 bp longer than the original copy) is something that
deserves more investigation, especially when we take into account the highly conserved
profile of these genes (Figure 3A—C). It is also important to notice that the same large
domain occurs in duplicated copies of SSII2 and Waxy in the outgroup L. perrieri.

Some Oryza species and L. perrieri show changes in chromosome position of the SS
genes relative to O. sativa (Figure 1), such as OMERSSII1 from Chr. 10 to 4 (Figure S3),
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OMERSSII2 from Chr. 2 to 6, ONIVSSII2 from Chr. 2 to 6 (Figure S4) and OLONSSIV2
from Chr. 5 to 9 (Figure S5). An alignment analysis shows that, for OMERSSII1 and
OMERSSII2, the change did not occur through a differential TE insertion, since an analysis
of 50kb upstream and downstream of each gene shows a lack of or just partial synteny
(fragments from approximately 40 Kb) between the other Oryza loci. In case of partial
synteny, a significant presence of TEs in this region was not identified using that with
RiTE-DB. Interestingly, OMERSSII2 contains an inverted region of 50 kb that denotes an
unusual rearrangement by translocation and inversion of blocks up- and downstream of
the gene (Figures S3 and S4).

Recombination events are found in both ALK and Waxy gene copies (Figures S6 and
S7), while for Waxy stronger evidence of breakpoints can be identified (Figure S6). However,
the same was not observed for the other SS copies, where 117 were found to be under
positive selection (Figure S8) with no recombination events detected.

2.3. De-Branching Enzymes (DBE)

The DBE (De-branching enzymes) genes are classified as DPE1, PUL and ISA. In total,
35 DBE genes were identified in Oryza and L. perrieri in the 12 genomes data set (Figures 1
and 4). The phylogenetic analysis showed that the DBE proteins can be grouped in two
clades, one that comprises DPE1 (Group I) and the other consisting of a mixed group
composed of PUL and ISA proteins (Group II) (Figure 4A).
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Figure 4. Phylogenetic relationship, genetic structure and conserved motifs /domain analysis in DBE genes of Oryza species.
(A) Phylogenetic protein tree and bootstrap values of DPE1, PUL and ISA with branches marked in orange, blue and green,
respectively. (B) Exon-intron structure of DBE genes in Oryza. (C) Arrangement of the 10 most frequent motifs found in the
analyzed proteins. (D) Compositions and distributions of domain structures and conserved motifs of DBE proteins.

DPEI1, despite forming a conserved clade, presents some variations in its two sub-
groups. First, O. meridionalis (AA) shows the longest gene structure, with more than eight ex-
ons, being the longest in its 5 UTR, something that contrasts with the usual short structure
of DPE1 genes (Figure 4B). Furthermore, OMERDPE1, OBARDPE1 and OLONDPET lack
motif 9, which is part of glycoside hydrolase family 77 domain (Glico_transf_77), a domain
responsible for cleaving the starch granule into smaller glucan molecules (Figure 4C,D).



Plants 2021, 10, 1057

7 of 15

0,37

064

0,98

0,261

OPUNSBE3 L8488 8 444818 A0 L = 32
OLONSBE3
07%-omersBES
~——OGLUSBE3 I} _ 5 _438 8 4 __ 348 4 3 40 1) _ B 28

OsJAPSBE3I

0,97 ORUFSBE3
0,78
0,33 p g7 U.y_bE

0.85 {OGINBSBESIL A 488 5 4 AN 48 30 1 B AR

OGLASBE3 U A& 4— —MI— 4 A U828

OBARSBE3

ONIVSBE3
OERASBE1 EEALE & (1NN 18-
OERASBE3 BNl _ 8§ 108 _8_§ 348 _ 3 S5 00 08 _ B —

LPERSBET | M|

On the other hand, ISA, different from PUL, contains long and frequent introns in its
gene structure; besides this, it also possesses every single motif that forms the formerly
discussed protein signature (Figure 4B,C). We identified an eventin O. glaberrima where PUL
(Figure 1) is duplicated and translocated from Chr. 4 to Chr. 6 (Figure S9). Recombination
analysis was performed, but no recombination could be inferred (Figure S10).

2.4. Starch Branching Enzymes (SBE)

In total, 24 SBE (Starch Branching Enzymes) genes were identified in Oryza and L.
perrieri (Figures 1 and 5). According to the position of L. perrieri in the phylogenetic tree,
SBEs are defined as a mixed clade, which presents a very conserved gene structure and
protein signature that comprises SBE3 and SBE1 (Figure 5A—C). Although the conserved
motif analysis showed that motif 9 is not present in OPUNSBE3 and OMERSBES3, they
contain many more exons than the SBE3s of other Oryza species (Figure 5C).
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Figure 5. Phylogenetic relationship, genetic structure and conserved motifs /domain analysis in SBE genes of Oryza species.
(A) Phylogenetic protein tree and bootstrap values of SBE1 and SBE3 with branches marked in green and blue, respectively.
(B) Exon-intron structure of SBE genes in Oryza. (C) Arrangement of the 10 most frequent motifs found in the analyzed
proteins. (D) Compositions and distributions of domain structures and conserved motifs of SBE proteins.

SBE proteins are characterized by a modular architecture composed of an N-terminal
domain with a carbohydrate-binding module family 48 (CBM48), a central x-amylase
domain, as well as a x-amylase C-terminal domain (Figure 5D).

Positive selection can be seen through the alignment of these genes, with 64 sites un-
dergoing a diversification process (Figure S11), but no recombination events were detected.

3. Discussion
3.1. AGPase Subunits

In Oryza and other plants, the AGPase protein subunit is characterized by a core
region that is important for catalytic activity, called the nucleotidyl transferase domain
(NTP transferase) that is important in providing the substrate for starch biosynthesis. The
absence of specific motifs can affect the endosperm starch synthesis limiting the reaction
converting Glucose 1-Phosphate (Glc-1-P) and Adenosine triphosphate (ATP) to ADP-
glucose and inorganic pyrophosphate (PPi) in amyloplasts, directly reflecting the control

64
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of carbon flux into the starch accumulation pathway, consequently causing a shrunken
endosperm in rice [1,6,21].

The evolution of the subunits of ADP proteins in Oryza is notably different from that
reported in the literature for counterparts in other plant species [22]. This is probably due
to different rates of selective pressure between species, which makes even more complex
the study of the diversification of AGPS2a (Figure 2B).

In other plant species, such as dicots, the small subunits are under higher purification
selection, thus remaining more conserved over time than the large subunits, which are
primarily responsible for most of the diversification of AGPase genes [22,23]. The large
subunits concentrate most of the positive selection, showing a great variability. However,
in our results, when comparing the AGPase copies only inside Oryza genus, the opposite
is observed. One explanation for this would be that in AGPase genes the large subunits
concentrate most of the duplications [24]. However, Non-Homologous Recombination
(NHR) cannot yet be ruled out, since both our data and previous reports indicate that NHR
can be more frequent than MEI in Oryza species [25]. On the other hand, contrasting evolu-
tionary patterns are expected between paralogues, and in the case of AGPase in Oryza, some
duplications are already known and accompanied by a change in cell compartmentalization
(from plastids to cytosol) and in their regulating properties [26].

In relation to gene position change, Non-Homologous Recombination (NHR) is likely
to have occurred, placing this OMERAGPS2A large block (upstream + gene + downstream)
in Chr. 9. The locus from O. nivara in Chr. 4 has only a small ortholog block that corre-
sponds to the end of the upstream region and the start of the downstream region. Small
up- and downstream fragments similar to specific LTR-TEs were found using the Rice
Transposable Elements database (RiTE-db), but it is unlikely that these are responsible for
a translocation event. As previously reported, the most frequent events responsible for
changing copy number variations and gene position to other chromosomes are mediated by
either transposable elements, through MEI or NHR, for both Oryza and Arabidopsis [23,27].

3.2. Starch Synthesis (SS) Genes

The phylogenetic analysis showed that, in most Oryza species, SS isoforms have
undergone different degrees of gene duplication, something that is also observed in most
plant species. Oryza clades I, IV, V, IX possess a different genetic origin from clades II,
I, VI, VII and VIII and, since paralogous genes tend to slowly accumulate variations
over time, it is easy to notice a large variation when we compare SS genes between these
two clades [28-31]. The distinct spatial pattern of starch deposition within a caryopsis,
which is also related to differences in the temporal expression pattern between early (SSIII1,
SSI12, GBSSII) and late (ALK, SSIII2, Waxy) expressed genes [10], is probably the result
of variations accumulated over time. Overall, the phylogenetic tree analysis reveals a
highly conserved structure for both gene and amino acid sequences, suggesting a strong
evolutionary relationship between species in each SS.

Taking into account that sequence variation in SSRGs have a great influence in rice
amylose content, gelatinization temperature and amylopectin chain length [32], although
important, it is hard to understand the roles of each SS isoform in each of the characters,
due to the high sequence variation among these genes. Furthermore, it is even more
complicated when we consider its diversity of genes in starch biosynthesis. The structural
features of the genes and duplicated copies denote that wild Oryza species can be used as
a rich source of variability that can improve starch quantity and quality, mainly through
modifications of amylopectin synthesis chains [1].

Expressed specifically in the developing rice endosperm and leaves, SSIII 1 and 2
include three other repeated domains in addition to the starch synthase domain. An
N-terminal Carbohydrate-Binding Module (CBM) domain is a contiguous amino acid
sequence within a carbohydrate-active enzyme with carbohydrate-binding activity (Figure
3C,D). Although no lack of protein motifs was observed that could affect the catalytic
domain in SSIII, in O. sativa this domain synthesizes long chains, and a deficiency in
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SSIII1, that is, the second major enzyme [33], can indirectly enhance both the SS-I and
GBSS-I gene transcripts. On the other hand, a survey of amino acid motifs of SS isoforms
reveals that certain motifs are absent in certain Oryza species, as it is possible to notice
in OsINDSSIV1, OLONSSIV1, OBARSSII2 and OMERSSII2, which are part of the two
C-terminal domains. This may affect the catalytic performance of the chain-elongation
reaction of «-1-4-glucosidic linkage, which can further complicate the interplay between
SS, SBE and DBE [34,35].

Waxy is believed to be the main enzyme that controls high amylose content in Oryza
species and, with GBSSII, presents tissue-specific expression in a complementary manner
between endosperm and non-endosperm tissues, causing different characteristics with
respect to amylose content, and branch length distribution in amylopectin [36]. Thus, the
differential action of these two enzymes affects the final amylose content in the endosperm.
Despite this, the absence of GBSSII (Table S1) does not influence the high content of amylose
in the endosperm (about 35%) of O. meridionalis [37]. Despite the evolutionary advantage
that the presence of the two enzymes (Waxy and GBSSII) confer for starch biosynthesis,
Waxy enzymes without GBSSII seem to be enough for high amylose accumulation in Oryza
endosperm, something that brings new perspectives for the improvement of this complex
network [15,36,38].

On the other hand, the loss of SSIV2 in O. glaberrima during evolution does not
eliminate the ability of chloroplasts in producing starch granules, since features in the
N-terminal extension of SSIV enable the interaction with other proteins contributing to
granule initiation. In Arabidopsis, when the SSIV glucosyl transferase domain is absent, a
significant reduction of starch synthesis is observed [39,40].

The only SS genes that show evidence of having undergone recombination are ALK
and Waxy. This agrees with previous reports, in which the diversification in SS genes was
suggested to be driven by many duplication events instead of recombination events [41].

3.3. Debranching Enzymes (DBE)

DPE1 is a protein part of Group 1, which comprises enzymes that act in the initial
phase of endosperm development [9], playing an important role in grain quality improve-
ment programs [20]. A total absence of DPE1 was observed in O. nivara and O. brachyantha.
Although there is not much clarity about the performance of DPE1 in Oryza chloroplasts,
it is known that Arabidopsis plants lacking the plastidic DPE1 accumulate maltooligosac-
charides (maltotriose-maltoheptaose), but not maltose, an important carbohydrate in
starch formation [42].

Completely different from DPEI], regarding its phylogenetic position and structure,
but also showing an important influence in the final portion of the starch synthesis pathway
in Oryza, the enzymes PUL and ISA catalyze different reactions, but both have a conserved
gene structure. Although they play unique roles in regulating the crystallization and
degradation of starch, the enzymes have a close relationship in Oryza and share, as expected,
the N-terminal O-Glycosyl hydrolase (CBM_48) and central domain alpha-amylase (Aamy),
in which both degrade amylopectin. However, in some species like O. sativa v.g. japonica
and O. longistaminata, there is still an absence of the C-terminal domain DUF_3372 domain
(Figure 4D), which characterizes the Pullulanase, and usually cleaves the «-1,6-linkages
of polyglucans in pullulan. This absence may affect the final endosperm amylose content.
The main gene that controls amylose is Waxy, but as starch synthesis is a fine regulatory
network, together with other enzymes like PUL, AGPase, SSI, ALK, and SSIII2, they control
the final content of amylose (AC). However, in the absence of pullulan degradation, the
final starch content may be lower, and consequently the AC is lower as well [15]. Exactly
what is perceived in the O. sativa ssp japonica genotypes is that they have amylose content
around 10-22% (low AC) while O. sativa ssp indica show 18-32% (high AC) [43,44].

Regarding the events of changing gene positions in chromosome of DBE genes, NHR
constitutes a relatively frequent event in Oryza genomes, one might think that MEI could
also be the responsible for such duplication and translocation, since these events frequently
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generate syntenic failures between homologue chromosomes when comparing different
species [45]. Here we show (Figure S9) that it is not possible that MEI insertion could
have occurred in these PUL genes. The same event could also have occurred in the
other genes that have different chromosome positions (Figure 1). No recombination
inference was found. However, 43 sites were observed to be under positive selection
(Figure S10) in DBE, ISA and PUL gene copies phylogeny. Both Nougué et al. [41] and Qu
et al [6] reported DBE homologue diversification through the detection of strong positive
selection over these genes, once again denoting the complex evolutionary history of starch
biosynthesis pathway.

3.4. Starch Branching Enzymes (SBE)

Oryza species present multiple SBE isoforms, more than shown here, but these are the
major genes involved in the synthesis of amylopectin [20]. In modular architecture, both
C and N termini play important roles in determining the substrate preference, catalytic
capacity and chain length transfer [46]. The importance of SBE1 in synthesis of B1, B2, B3
chains of amylopectin has been reported in rice mutants [47,48], while others show that
SBE3 has a role in the synthesis of 1-6 branching linkage [49]. In Oryza, these two enzymes
are in the same clade. Some residues of binding sites for maltopentaose and glucose were
not conserved between SBEI and SBEII isoforms; however, these residues were mainly
found in SBEIII, which seems to be the reason for such a close proximity between SBE1 and
SBE3 in Oryza [6].

4. Materials and Methods
4.1. DNA/RNA Sequencing and Gene Prediction

DNA sequences used in this study were obtained from the complete genome se-
quencing of O. rufipogon (Cultivar: W1943; Gramene accession: PRJEB4137), O. nivara
(IRGC:100897; AWHD00000000), O. glumaepatula (GEN1233; ALNU00000000), O. glaberrima
(IRGC:96717; ADWL00000000), O. barthii (IRGC:105608; ABRL00000000), O. meridionalis
(OR44 (W2112); ALNW00000000), O. punctata (IRGC:105690; AVCL00000000), O. brachyan-
tha (IRGC:101232; AGAT00000000), O. longistaminata (unnamed accession; PRINA545798)
and Leersia perrieri (A. Camus) Launert (IRGC:105164; ALNV00000000). Sequencing, as-
sembly and annotation of these species are part of the IOMAP initiative in which Next
Generation Sequencing (NGS) was used for obtaining both genomic and transcriptomic
sequences.

4.2. Identification of SSR Genes in the Oryza Genus

The Starch Synthesis-Related (SSRGs) used in this study were chosen according to
Zeng et al., [22]. Initially, the SSRGs of O. sativa ssp. japonica were obtained through the
RAP-DB (The Rice Annotation Project Database) (https:/ /rapdb.dna.affrc.go.jp/index.html
(accessed on 29 April 2021)). The similarity of these SSRGs of O. sativa ssp. japonica to
sequences of other Oryza species was evaluated through the BLAST tool [50], available
in the ENSEMBL PLANTS database (http://plants.ensembl.org /index.html (accessed on
29 April 2021)). Only SSRGs that had the high score (values > 0) associated with high
coverage (values > 0) and low e-value (value < 0) were selected for analysis (Table S1).
Duplicated genes were identified with these same parameters but in this case in other
locations in relation to the original gene. All genes and protein SSRG sequences are
available in Supplementary Files S1 and S2.

4.3. Phylogenetic Analysis

The 19 resulting SSRGs were subjected to ClustalW [51] global alignment, generating
an initial tree built through Neighbor-joining method [52] with 10,000 bootstrap replicates,
with the aid of the Molecular Evolutionary Genetics Analysis 7—MEGA 7 [53] using the
Gonnet matrix. The best replacement model was obtained through analysis in MEGA?7.
The appropriate model was selected for use in Bayesian analysis using Bayesian Evolution-
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ary Sampling Trees—BEAST [54] with 1,000,000 bootstrap replicates. The resulting tree
was plotted in FigTree (http:/ /tree.bio.ed.ac.uk/software/figtree/ (accessed on 29 April
2021)). Leersia perrieri was used as the outgroup. The ratio between non-synonymous
and synonymous substitutions (ANS/dS) for each SSRG was estimated using the Single
Likelihood Ancestor Counting (SLAC) method, to infer the evolutionary force at work in
each Open Reading Frame (ORF). The MEME test (Mixed Effects Model of Evolution) was
applied to detect branches that are proportionally in higher positive selection pressure
based in the Likelihood ratio test for episodic diversification (LRT). To evaluate the pres-
ence of recombination in each gene partitions used in this study, the Genetic Algorithm
for Detection of Recombination (GARD) was applied; such recombinant sequences can
cause misinterpretation in the phylogenetic relationships because recombination selection
inference often leads to a significant increase in false positives. All analyses are available at
Datamonkey [55] with p-value threshold of 0.1. The AUGUSTUS annotation software [56]
was used to construct the structure of SSRGs and for GSDS 2.0 visualization [57]. The
identification of the SSRG protein motifs was performed using Multiple Motif In Elicita-
tion version 4.11.1 (MEME; http://meme-suite.org/tools/meme (accessed on 29 April
2021)) [58], considering the maximum number of motifs equal to 10. Protein domain
analysis was performed in SMART database (http:/ /smart.embl-heidelberg.de/ (accessed
on 29 April 2021)) [59].

4.4. Translocation Event Analysis

To understand the origin of ONIVAGPS2a, ONIVISA, ONIVPUL, ONIVSSII2, OGLAPU
L_2D, OMERAGPS2a, OMERISA, OMERSSII1, OMERSSII2, OLONAGPL4 and OLONSSIV2,
which could have occurred due to translocation events, we performed the alignment of
regions corresponding to 50 Kb upstream and 50 Kb downstream from these genes in all
the analyzed Oryza species, using Mauve [60]. We also used the RiTE database [61] to verify
if this possible event occurred due to the translocation of transposable elements (TEs).

4.5. Chromosome Position Analysis

A circular MapChart-based plot was created in which the location of each gene
can be seen. For the correct positioning of the gene of each species on the respective
single/common chromosome, a simple percentage calculation was performed in order to
establish a proportion relation when comparing the location of the genes in homoeologous
chromosomes, according to the following equation:

gene location(bps) x 100
chr size(bps)

= Relative position of the gene

5. Conclusions

In summary, we identified and characterized SSRG homologs in the wild relatives of
Price. Using phylogenetics and comparative genomics analyses we offer insights for the use
of their gene variations in plant breeding. We confirmed the relative conservation of SSRGs
between species within the AA-, BB- and FF-genomes, but structural analysis of these
proteins suggest that deletions/mutations of amino acids in some active sites can result
in structural variation that may negatively affect specific phases of starch biosynthesis.
Direct modification of the endosperm, as usually observed in O. sativa ssp. japonica, which
possesses lower AC, can likely be related to the absence of PUL C-terminal domain. The
complete deletion of some genes appears not to affect the final composition of starch in the
endosperm, as observed for GBSSII in O. meridionalis, SSIV2 in O. glaberrima, and DPE1 in
O. brachyantha and O. nivara.

The analysis of structural features points to both absence of and duplicated copies of
some motifs that can modify metabolic activity, denoting that the use of different Oryza
species can be a rich source of variability for starch-targeted improvement in rice. These
genes should now be further investigated by phenotyping different mutants and through
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the characterization of starch content of both wild Oryza genotypes and near isogenic lines
(NILs) of O. sativa containing introgressions of these wild relatives. Such an analysis will
help us to reveal the role of each variation of these genes, thereby contributing greatly to
the simplification of the improvement processes that involve this complex path.

Supplementary Materials: The following are available online at https://www.mdpi.com/article /
10.3390/ plants10061057/s1, Table S1: Table S1. Full information about each of the Starch Synthesis-
Related Genes (SSRGs) analyzed. Figure S1: Positive selection and Mixed Effects Model of Evolution
(MEME) in AGPS-AGPL genes. A total of 34 sites were found under positive/diversifying selection
based in the Likelihood ratio test statistic for episodic diversification (LRT). Figure S2: Alignment of
the promoter region (1500 bps upstream) of AGPS2a genes, showing possible translocation events
between ONIVAGPS2a and OMERAGPS2a. Figure S3: Alignment of the promoter region (1500 bps
upstream) of SSII1 genes, showing possible translocation events between OMERSSIIT and other
Oryza species. Figure S4: Alignment of the promoter region (1500 bps upstream) of SSII2 genes,
showing possible translocation events between OMERSSII2 and ONIVSSII2 and other Oryza species.
Figure S5: Alignment of the promoter region (1500 bps upstream) of SSIV2 genes, showing possible
translocation events in OLONSSIV2 and other Oryza species. Figure S6: Genetic Algorithm for
Recombination Detection (GARD) for Waxy genes. Comparing the AICc score of the best fitting
GARD model, that allows for different topologies between segments (21,426.8), and that of the
model that assumes the same tree for all the partitions inferred by GARD the same tree, but allows
different branch lengths between partitions (21,430.9) suggests that because the multiple tree model
cannot be preferred over the single tree model by an evidence ratio of 100 or greater, some or all of
the breakpoints may reflect rate variation instead of topological incongruence. Figure S7: Genetic
Algorithm for Recombination Detection (GARD) for ALK genes. Comparing the AICc score of the
best fitting GARD model, that allows for different topologies between segments (32,200.2), and that
of the model that assumes the same tree for all the partitions inferred by GARD the same tree, but
allows different branch lengths between partitions (32,211.2) suggests that because the multiple
tree model can be preferred over the single tree model by an evidence ratio of 100 or greater, at
least of one of the breakpoints reflects a true topological incongruence. Figure S8: Positive selection
and Mixed Effects Model of Evolution (MEME) in SS genes. A total of 117 sites were found under
positive/diversifying selection based in the Likelihood ratio test statistic for episodic diversification
(LRT). Figure S9: Alignment of the promoter region (1500 bps upstream) of PUL genes, showing
possible translocation events in OGLAPUL_2D and other Oryza species. Figure S10: Positive selection
and Mixed Effects Model of Evolution (MEME) in DBE, ISA and PUL genes. A total of 117 sites were
found under positive/ diversifying selection based in the Likelihood ratio test statistic for episodic
diversification (LRT). Figure S11: Positive selection and Mixed Effects Model of Evolution (MEME)
in SBE genes. A total of 46 sites were found under positive/diversifying selection based in the
Likelihood ratio test statistic for episodic diversification (LRT). File S1: Sequence of all SSRGs used in
this study.
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Supplementary materials:

Table S1. Full information about each of the Starch Synthesis-Related Genes (SSRGs) analyzed.

Locus # Of. RAP-DB/Ensembl Location  Start End Size (pb) ID  E-value
name Transcripts 1D
AGPL1 1 0s05g0580000 Chr.5 28871811 28877272 5462
AGPL3 2 0s03g0735000 Chr.3 30099369 30104572 5204
AGPL4 1 0s07g0243200 Chr.7 7983125 7989283 6159
AGPS2a 4 0s08g0345800 Chr.8 15666389 15672583 6248
ALK 1 050690229800 Chr.6 6748398 6753302 4916
DPEI 1 0s07g0627000 Chr.7 25980423 25984853 4431
GBSSllI 2 0s07g0412100 Chr.7 12916883 12924202 7320
ISA 1 050890520900 Chr.8 25893657 25900576 6920
PUL 1 0s04g0164900 Chr.4 4408357 4418889 10533
SBE1 4 0s06g0726400 Chr.6 30897378 30905803 8426
SBE3 1 050290528200 Chr.2 19355790 19367127 11338
SSI 1 0s06g0160700 Chr.6 3079296 3086808 7513
SSIi1 1 0Os10t0437600 Chr.10 15673243 15681075 7833
SSlI 2 2 0s02g0744700 Chr.2 31233292 31238210 4929
SSII 1 2 050490624600 Chr.4 31751600 31759420 7821
SSII 2 1 050890191433 Chr.8 5353697 5363276 9580
SSIV1 4 0s01g0720600 Chr.1 30032428 30041425 8998
SSIV 2 2 050590533600 Chr.5 26485770 26493983 8214
Wx 2 0s06g0133000 Chr.6 1765622 1770653 5032

AGPL1 1 ORUF105G29020 Chr.5 25558424 25561810 3387  100.0 0.0
AGPL3 1 ORUFI103G34620 Chr.3 28543622 28547924 4303  99.8 0.0
AGLP4 1 ORUFI107G08660 Chr.7 7250572 7256218 5647  99.9 0.0
AGPS2a 2 ORUFI108G13010 Chr.8 13811400 13817275 5876  100.0 0.0
ALK 1 ORUF106G08580 Chr.6 6231488 6236538 5051 995 0.0
DPEI 2 ORUF107G24050 Chr.7 22751548 22756102 4555 100 0.0
GBSSII 1 ORUFI107G11630 Chr.7 11317247 11324432 7186  99.1 0.0
ISA 1 ORUF108G23320 Chr.8 23528272 23535101 6830  99.9 0.0
PUL 1 ORUF104G02940 Chr.4 3519334 3532236 12903 98.3 0.0
SBE1 5 ORUF106G29940 Chr.6 27526184 27533602 7419  99.8 0.0

73



SBE3 1 ORUF102G19870 Chr.2 18185004 18195898 10895 100.0 0.0

SSI 1 ORUF106G04040 Chr.6 2791984 2798799 6816  99.9 0.0
SSIl1 3 ORUFI10G11670  Chr.10 13668717 13679236 10520 99.7 0.0
SSII 2 2 ORUFI102G33990 Chr.2 29295244 29299474 4231  99.8 0.0
SSII 1 1 ORUFI104G27570 Chr.4 27123710 27130905 7196  99.9 0.0
SSII 2 3 ORUFI108G05900 Chr.8 4762126 4775482 13357 994 0.0
SSIvV1 3 ORUF101G32260 Chr.1 27539416 27547732 8317  99.9 0.0
SSIV 2 2 ORUF105G25430 Chr.5 23281640 23290019 8380 99.8 0.0

Wx 2 ORUF106G02030 Chr.6 1559398 1564292 4895  99.9 0.0

AGPL1 1 OGLUMO05G28600  Chr.5 29490471 29492029 3389  99.7 0.0
AGPL3 1 OGLUMO03G32900  Chr.3 31084033 31088270 4238  99.6 0.0
AGPL4 1 OGLUMO07G07800  Chr.7 7504668 7510317 5650  99.6 0.0
AGPS2a 1 OGLUMO08G12560  Chr.8 13673152 13677206 4055  99.8 0.0
ALK 1 OGLUMO06G08830  Chr.6 6894230 6899271 5050  99.5 0.0
DPEI 2 OGLUMO07G22950  Chr.7 24895289 24899871 4583  99.7 0.0
GBSSlI 2 OGLUMO07G10960  Chr.7 12170159 12177340 7182  99.7 0.0
ISA 1 OGLUMO08G22090  Chr.8 24554177 24560987 6811  99.9 0.0
PUL 3 OGLUMO04G01860  Chr.4 2886872 2900509 13638 985 0.0
SBE1 7 OGLUMO06G29370  Chr.6 31128403 31137352 8950  99.8 0.0
SBE3 1 OGLUMO02G19180  Chr.2 20189625 20200539 10915 99.7 0.0
SSI 1 OGLUMO06G04130  Chr.6 2892170 2898982 6821  99.1 0.0
SSI1 2 OGLUM10G10900 Chr.10 14772075 14780343 8269 974 0.0
SSII 2 2 OGLUMO02G32940  Chr.2 32627141 32631778 4638  99.5 0.0
SSii1 3 OGLUMO04G25800 Chr.4 28951767 28958958 7192  98.0 0.0
SSII 2 2 OGLUMO08G05570  Chr.8 4670325 4683755 13441 994 0.0
SSIv1 2 OGLUMO01G33230 Chr.1 32640551 32648862 8312 995 0.0
SSIV 2 2 OGLUMO05G25180  Chr.5 26994912 27002552 7641  98.2 0.0
Wx 2 OGLUMO06G02020  Chr.6 1469264 1474035 4772 99.9 0.0

74



AGPL1 1 OBART05G27050 Chr.5 23324094 23326305 3384  99.8 0.0
AGPL3 1 OBART03G33230 Chr.3 27626346 27630535 4190  99.7 0.0
AGPL4 1 OBARTO07G08590 Chr.7 7013571 7017866 4296  99.8 0.0
AGPS2a 2 OBART08G11760 Chr.8 11861898 11867788 5891  99.3 0.0
ALK 1 OBARTO06G08250 Chr.6 6050736 6055714 4979  99.6 0.0
DPEI 2 OBART07G22910 Chr.7 20754611 20758640 4030  98.2 0.0
GBSSlI 2 OBART07G11410 Chr.7 10578751 10585992 7142  99.5 0.0
ISA 1 OBART08G20830 Chr.8 20404034 20410832 6699  99.7 0.0
PUL 1 OBART04G02210 Chr.4 2180683 2193763 13081 99.6 0.0
SBE1 2 OBART06G27990 Chr.6 25397160 25403370 6211  99.6 0.0
SBE3 1 OBART02G18870 Chr.2 17066878 17077468 10591  99.7 0.0
SSI 1 OBART06G04010 Chr.6 2754467 2761274 6808 994 0.0
SSI1 2 OBART10G11180  Chr.10 12596913 12604730 7818  99.8 0.0
SSII 2 1 OBART02G32300 Chr.2 27493261 27497466 4206  99.5 0.0
SSii 1 1 OBART04G26440 Chr.4 24614479 24621672 7194  99.6 0.0
SSli 2 3 OBART08G05320 Chr.8 4222533 4234438 11906 99.6 0.0
SSIv1 2 OBART01G29190 Chr.1 25014283 25022599 8317  99.6 0.0
SSIV 2 4 OBART05G23810 Chr.5 21216867 21225276 8310  99.5 0.0
Wx 1 OBART06G02000 Chr.6 1521439 1525491 4094  99.6 0.0

AGPL1 1 OPUNCO05G24670  Chr.5 30120865 30121813 3375  96.7 0.0
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SSIV 2 1 KN542368.1_FG001 Chr.9 3065269 3071676 8426  98.6 0.0
Wx 1 KN539033.1_FG002 Chr.6 2346028 2348767 3075  99.7 0.0
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Figure S1: Positive selection and Mixed Effects Model of Evolution (MEME) in AGPS-AGPL genes. A total of 34
sites were found under positive/diversifying selection based in the Likelihood ratio test statistic for episodic
diversification (LRT).
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Figure S2: Alignment of the promoter region (1,500 bps upstream) of AGPS2a genes, showing possible
translocation events between ONIVAGPS2a and OMERAGPS2a.
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Figure S3: Alignment of the promoter region (1,500 bps upstream) of SSII1 genes, showing possible translocation

events between OMERSSII1 and other Oryza species.
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Figure S4: Alignment of the promoter region (1,500 bps upstream) of SSII2 genes, showing possible translocation
events between OMERSSII2 and ONIVSSII2 and other Oryza species.
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Figure S5: Alignment of the promoter region (1,500 bps upstream) of SSIV2 genes, showing possible translocation
events in OLONSSIV2 and other Oryza species.
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Figure S6: Genetic Algorithm for Recombination Detection (GARD) for Waxy genes. Comparing the AICc score of
the best fitting GARD model, that allows for different topologies between segments (21,426.8), and that of the model
that assumes the same tree for all the partitions inferred by GARD the same tree, but allows different branch lengths
between partitions (21,430.9) suggests that because the multiple tree model cannot be preferred over the single tree
model by an evidence ratio of 100 or greater, some or all of the breakpoints may reflect rate variation instead of
topological incongruence.
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Figure S7: Genetic Algorithm for Recombination Detection (GARD) for ALK genes. Comparing the AICc score of
the best fitting GARD model, that allows for different topologies between segments (32,200.2), and that of the
model that assumes the same tree for all the partitions inferred by GARD the same tree, but allows different branch
lengths between partitions (32,211.2) suggests that because the multiple tree model can be preferred over the single

tree model by an evidence ratio of 100 or greater, at least of one of the breakpoints reflects a true topological
incongruence.
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Figure S8: Positive selection and Mixed Effects Model of Evolution (MEME) in SS genes. A total of 117 sites were

found under positive/diversifying selection based in the Likelihood ratio test statistic for episodic diversification

(LRT).
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Figure S9: Alignment of the promoter region (1500 bps upstream) of PUL genes, showing possible translocation
events in OGLAPUL_2D and other Oryza species.
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Figure S10: Positive selection and Mixed Effects Model of Evolution (MEME) in DBE, ISA and PUL genes. A total
of 117 sites were found under positive/diversifying selection based in the Likelihood ratio test statistic for episodic
diversification (LRT).
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Figure S11: Positive selection and Mixed Effects Model of Evolution (MEME) in SBE genes. A total of 46 sites were

found under positive/diversifying selection based in the Likelihood ratio test statistic for episodic diversification

(LRT).
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Abstract

Rice (Oryza sativa L.) is a crop of great importance and widely consumed worldwide. Although grain quality is
something of extreme importance, the concept of quality varies from population to population, according to local
culinary and culture. The comparison of quality components among different cultivars and environmental
cultivation conditions reveals significant variation. Considering that genetic differences and environmental
influences on gene regulation can alter grain quality, it is important to analyze DNA variations among the different
species of the Oryza genus, paying special attention to their regulatory regions. In this sense, the study of loci that
encode starch synthetases and seed-storage proteins, as well as their cis- and trans-acting regulators, is something
of substantial relevance. In this study DNA motifs that are probably related with modification of the expression of genes
involved in starch-related pathways are highlighted, helping the understanding of Starch Synthesis-Related Genes (SSRGSs)
regulation in plants under stress. The role of cis-acting regulators (CREs) of SSRGs as well as the signaling cascade involving

these genes are discussed indicating possible uses for quality-related breeding.

Key words: cold, dehydration, salt, starch synthetases, seed-storage proteins.
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List of abbreviations

SSRGs: Starch Synthesis-Related Genes
TFs: Transcription Factors

CREs: Cis Regulatory Elements

RAP-DB: The Rice Annotation Project Database
MEME: Multiple Em for Motif Elicitation
TFBSs: Transcription Factor Binding Sites
SNP: Single Nucleotide Polymorphism
AGPL: ADP-glucose Pyrophosphorylase Large Subunit
SS: Starch Synthase

GBSSII: Granule-Bound Starch Synthase 11
WAXY:: Granule-Bound Starch Synthase 1
ALK: Starch Synthase Il1

SBE: Starch Branching Enzyme

PUL: Pullulanase

ISA: Isoamylase

DPEZ1: Disproportionating Enzyme 1

DBE: Debranching Enzyme

ABA: Abscisic Acid

SA: Salicylic Acid

SEBF: Silencing Element Binding Factor
GT: Gelatinization Temperature

AC: Amylose Content

GA: Giberellin

IAA: Indole-3-Acetic Acid

JA: Jasmonate

ET: Ethylene

1. Introduction

Asian rice (Oryza sativa L.) is a worldwide staple food, although still predominant in Asian countries,
where it is part of local culture. Being widely consumed and having different forms of preparation, the idea of rice
grain quality can be different, according to each population. The concept of quality is subjective especially when
we talk about grains, in which it covers physical, biochemical and physiological properties. It is also important to
notice that starch and proteins are two of the main components of rice endosperm and therefore constitute keys for
quality achievement (Ahmed et al. 2020).

Comparison of quality components reveal significant variation among cultivars grown in the same environment,
which indicates that some of the decisive factors controlling starch/protein content, and thus grain quality, lie in

rice genome itself. Besides that, grain quality is also affected by environmental conditions like water availability,
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temperature, fertility, and salinity (Cameron et al. 2008; Sharifi et al. 2009; Bao et al. 2000). In this sense, the
study of loci that encode starch synthetases and seed-storage proteins, as well as their cis- and trans-acting
regulators is something of substantial relevance. These elements highly affect the activity of these genes under
different conditions, (Adu-Kwarteng et al. 2003; Cameron and Wang 2005; Kang et al. 2006; Vidal et al. 2007).

Signal transduction pathways controlling grain quality remain largely unclear. Understanding the transcriptional
regulation of starch synthesis genes in Oryza species can allow one to effectively change the expression pattern of
these genes in specific ways, which can further provide new possibilities for plant genetic engineering to control
Starch Synthesis-Related Genes (SSRGs) and grain quality in plants grown under environmental stresses (de
Freitas et al., 2021; Zhu et al, 2011).

All seed-storage proteins and starch synthetase genes are strongly expressed during grain development, indicating
that they might share similar regulation mechanisms on the transcriptional level (Chen et al., 2012). Transcription
regulation involves association between transcription factors (TFs) and cis regulatory elements (CRES) of specific
genes. CREs are short regulatory motifs (520 bp) present in the promoter regions of target genes. These promoters
play important roles in controlling gene expression and multiple CREs, such as TATA box, GC box, and CAAT
box contain coupling sites for TFs, as well as other important elements required for proper spatiotemporal
expression of genes (Hasan et al., 2017; Lenka & Bansal, 2019).

CREs are essential regulatory units for genetic stress responses and its study in SSRGs promoters can lead to better
comprehension of the transcriptional expression of these genes. Understanding CREs role is one of the first steps
that we must focus on in order to find the main points of regulation and to design strategies to change gene
expression. Here we aim to find CREs responsible for altering the expression of SSRGs and to better understand

their possible impact in rice plants that are under stress.

2. Materials and methods

2.1 Selecting promoters of SSRGs

The SSRGs used in this study were selected according to Zeng et al., (2018). Initially, the SSRGs of

O. sativa ssp. japonica were obtained through The Rice Annotation Project Database (RAP-DB)

(https://rapdb.dna.affrc.go.jp/index.html).

The similarity of O. sativa ssp. japonica SSRGs to other Oryza sequences was evaluated through BLAST
(Altschul et al., 1990), using sequences already available in ENSEMBL PLANTS database
(http://plants.ensembl.org/index.html). Only SSRGs with high coverage (100%) and low e-value (zero) were
selected for further analysis (Table S1).

The promoter sequences (1.5 kbp upstream of translation start site) of each Oryza SSRG were extracted from
ENSEMBL PLANTS database and analyzed for CRE identification using Plant cis-acting regulatory DNA
elements (PLACE) database (http://www.dna.affrc.go.jp/htdocs/PLACE/). Also, MEME suite (Bailey and Elkan,
1994) was used in motif identification and PlantPAN 3.0 (Chow et al., 2019) in TF binding sites (TFBSs) detection.

2.2 Ontology

87


https://rapdb.dna.affrc.go.jp/index.html
http://www.dna.affrc.go.jp/htdocs/PLACE/

The ontology enrichment for SSRGs selected for this study was obtained from ShinyGo (Ge et al., 2020) and
adjusted for the 10 most highly represented GO terms that included biological process gProfiler (Rauduvere et al.,
2019) and visualized with RStudio script from REVIGO (Supek et al., 2011). A total of 100 GO terms were
significantly enriched among with adjusted p-value of < 0.05. Significantly over-represented biological processes

based on GO terms were visualized in REVIGO.

2.3 Transcriptional analysis

Genevestigator (https://genevestigator.com/gv/) (Zimmermann et al., 2004) was used for analyzing SSRGs

transcriptional expression in Oryza sativa. The “perturbations™ tool was used to determine in which experimental
conditions the selected genes were differentially expressed using plants under cold, dehydration and salt stresses,
according to the database obtained from Jain et al., (2007) (Experiment ID: OS-00008 GSE6801; MicroArray
data) Oryza sativa ssp. indica var IR64. Detailed treatment conditions: cold (IR64 seedlings, kept at 4 + 1°C for
3h/Untreated IR64 seedlings, kept in beaker containing water for 3h at 28 + 1°C), dehydration (IR64 seedlings,
dried between folds of tissue paper at 28 + 1°C for 3 hours/ Untreated IR64 seedlings, kept in beaker containing
water for 3h at 28 £ 1°C), salt (IR64 seedlings, transferred to a beaker containing 200 mM NaCl solution for 3h at
28 + 1°C/Untreated IR64 seedlings, kept in beaker containing water for 3h at 28 + 1°C). Transcriptional expression
was analyzed during the milk stage of endosperm formation. This data was used to establish a relationship between

previous described CREs and modification of the expression in rice under different conditions.
3. Results and discussion
3.1 Ontology Enrichment and Network Pathway Analysis for SSRGs in Oryza
Functional analysis of SSRGs copies was conducted to find in which pathways or processes these genes participate.

It is possible to observe six genes related with Starch metabolic processes and one related with amylopectin

biosynthesis (Figure 1). These roles in stress responses and CREs activation are discussed below.
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Figure 1. The scatterplot shows the cluster representatives (i.e. terms remaining after the redundancy reduction)
in a two dimensional space derived by applying multidimensional scaling to a matrix of the GO terms in Biological
Process for SSRGs genes copies selected for this study. Bubble color indicates the p-value (in log™?), according
to “value” legend seen at the bottom right, while its size indicates the frequency of the GO term according to

“bubble size” legend seen at the bottom right.
3.2 Presence of CRESs in SSRGs promoters

The search performed using PLACE reveals a total of 5,907 CREs in SSRGs (AGPL1, AGPL3, AGPL4, AGPS2a,
ALK, SBE1, SBE3, PUL, ISA, DPEL, SSI, SSII1, SSI112, GBSSII, SSIII1, SSI112, SSIV1, SSIV2, Waxy) promoters,
considering all the occurrences in the 11 analyzed Oryza species. CREs are grouped in different functional
categories as shown in Supplementary Table S2. “Cellular development” presents the highest number of different
types of CREs, followed by “abiotic and biotic stress”, “hormonal regulation” and “amylose related”. The
categories of CREs are organized from those with higher frequency to those with lower: “dehydration responsive”,
“common cis regulatory element”, “light responsive” and “root specific responses”. The total types of CREs in

each gene are shown in Figure 2.
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Figure 2. Frequency of cis regulatory elements identified in the upstream regions of starch synthesis-related genes
in Oryza sativa spp. japonica.

3.3 CREs involved in abiotic/biotic stress responses

SSRGs expression and starch functional properties are altered when plants need to cope with stressful
environmental conditions. Keeping yield stability and product uniformity will be challenging in an era of variable
weather patterns. Therefore, understanding SSRGs regulation in plants under adverse conditions is an important
part of our quest for achieving high quality rice. Elements associated with different stress responses can be
observed in promoters of SSRGs of O. sativa spp. japonica and CREs related to dehydration, light and pathogen
response are the most abundant (Figure 3).
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Figure 3. Starch synthesis-related genes and stress response. A. Stress perception and signal transmission, with
consequent changes in the synthesis of amylose and amylopectin in the endosperm. Blue - AGPase related genes;
Orange - starch synthase genes; Pink — SBE; Dark blue - DBE. B. Number of CREs found in promoter of starch
synthesis-related genes that respond to different environmental stresses.
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3.3.1 Dehydration responses

Among the most abundant CREs, those involved in dehydration responses, as MYCCONSENSUSAT,
MYBCORE and ACGTATERDI, are the most frequent in the SSRGs. From these, MYCCONSENSUSAT is
present in every species except for OMERSSII2 and OsJAPALK, evidencing its importance in abiotic stress
response, since it is also involved with other stresses and hormonal signaling (Abe et al., 2003). Other frequent
CRE, ACGTATERDYJ, is related to early response to dehydration and etiolation. Whereas the promoters contained
multiple dehydration regulatory elements in some groups of SSRGs in Oryza species, between them CRE related
to MYC site (MYCATRD22 and MYCATERD1) composed by bHLH proteins that are involved in the response
to injury, drought and salinity stress, regulation of seed germination, trichome and fetal development (Feller et al.,
2011) and CRE related to DREBs binding site (DRE1COREZMRAB17, DREDR1ATRD29AB,
DRECRTCOREAT and CBFHV). A CRE MYB related binding sites (MYB2CONSENSUSAT,
MYBCOREATCYCB1, MYBPZM, MYBCORE, MYBPLANT, MYB26PS, MYBATRD22, MYBLLEPR,
BOXLCOREDCPAL, MYBST1, MYB1AT, MYB2AT) presented the most diversity.

When plant cells sense the loss of water, many different genes downstream a signaling cascade are transcriptionally
activated, which will display a role in drought tolerance (Kuromori et al., 2014) The plant hormone abscisic acid
(ABA) is produced under water-deficit and regulates the expression of many drought-responsive genes. At this step,
regulatory elements such as MYB, MYC and ERD, play important role in adapting endosperm to the water deficit
and are activated upon ABA signaling in an ABA-dependent manner. ERD respond immediately to water deficit,
but the activation of MYB and MY C occurs through a DNA fragment found in promoters that contains two putative
recognition sites for a basic helix-loop-helix protein. Here the MYC and MYB proteins cooperate with each other
for the transcriptional activation of ABA-responsive gene expression (Abe et al., 1997), thus forming a protection
for plants and consequent normal SSRG expression for endosperm composition.

Water deficit in rice can reduce starch accumulation up to 40%, leading to changes in starch composition, structure,
and functionality (Thitisaksakul et al., 2012). The reduced starch levels lead to a significantly lower amylose
content, specifically increasing flour swelling power, peak viscosity, cohesiveness, gel hardness, and granular
breakdown. Possibly, this effect is due to changes in Waxy and GBSSII gene regulation, which presents higher
abundance of CREs in O. sativa ssp. indica but higher diversity in wild species. Also, it was possible to notice that
most of the major shared CREs (MYBCORE, MYCCONSESUSAT, ACGTATERD1) related to dehydration was
present in all genes indicating that the SSRGs share a remarkably similar regulatory network.

Knowing that starch pathway works in a fine regulation network (Qu et al., 2018), any alteration in correct
temporal expression of SSRGs due to stress, can affect the molecular network controlling starch biosynthesis.
Here, we find a great frequency in sequences associated with dehydration, mainly in O. barthi and O. brachyantha
promoters of AGPase, SS, DBE, and SBE (Supplementary table 2, 3, 4, 5 and 6). Less diversity can be found in O.

sativa ssp. japonica, once again highlighting the importance of the study of wild species aiming drought tolerance.

3.3.2 Light responses
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The second group of most abundant stress related CREs are those associated with light responses (Figure 2), these
are important since, as suggested by some authors, disease resistance can be related to light responses (Zhang et
al., 2016; Brodersen et al., 2002; Asai et al., 2000). GTLICONSENSUS, IBOXCORE, and GATABOX, which are
motifs that interact and stabilize the TFIIA-TBP-TATA complex, are frequent in all the Oryza species analyzed
here and are shared by all SSRGs. INRNTPSADB is a TATA box independent motif, able to quickly perform gene
activation. SORLIPs are motifs found in every SSRG, while some other light motifs are less frequent, like
GT1CORE, BOXIIPCCHS, GTIMOTIFPSRBCS that bind to box II; and IBOX, IBOXCORENT,
LREBOXIPCCHSL1 that can bind to box | (Supplementary table 2). HEXAT is a bZIP and G-box binding site that
is frequent only in promoters of SSI genes (Berendzen et al., 2012). In addition to motifs that activate genes in
response to light, there are also CREs (GT20SPHYA and BOXCPSASL) that have been identified to inactivate
genes in this same situation. Light is a predominant factor which controls the circadian rhythm of various life
processes such as growth, development, nitrate uptake, and stress responses. Both low and intense light can
influence rice endosperm formation, affecting starch deposition (Beckles & Thitisaksakul, 2012). These light-
associated motifs are essential for light-controlled transcriptional activity. The high frequency of these elements,
like what was observed for dehydration-responsive-elements in promoters of rice SSRGs, suggests that the
expression of these genes may have a fine regulation especially dependent on light and dehydration. Some other
gene families in rice have been shown to be regulated by light due to the presence of GT1 box and TGACG motifs

in their promoters, setting advantage against light stresses (Fukunaga et al., 2010).

3.3.3 Anaerobic responses

Few anaerobic responsive CREs were identified in SSRGs promoters of Oryza species (Supplementary Table 2).
Among these is CURECORECR, that coordinates gene expression in response to oxygen deficiency and in
response to copper. ANAEROCONSENSUS 1, 2 and 3, common motifs in the fermentative pathway, and the
GCBP2ZMGAPC4, which also responds directly to anaerobic conditions, could also be found (Niemeyer et al.,
2010). It is interesting to notice that, in O. sativa ssp. japonica, the presence of GCBP2ZMGAPC4 motif is found
only in AGPL1, which, being one of the first genes in starch biosynthetic pathway, acts in the cytosol.

It has been reported that under elevated CO, concentrations, rice normally has a clear trend of quality deterioration
and therefore lower commercial value (Wang et al., 2011). The low number of CREs related to anaerobiosis may
be a limiting component, which further suggests the importance of adapting cultivars for production in atmospheric
environments with high concentrations of CO», which is a future scenario, since the content of CO; in the
environment tends to increase. On the other hand, the stage that is more tolerant to anaerobiosis in rice is the
germination, being rice seeds more tolerant to anaerobiosis than oilseeds, due to their ability to maintain a higher

energy metabolism under oxygen deficiency (I1langakoon et al., 2018; Raymond et al, 1985).

3.3.4 Cold and heat stress

Other important CREs from abiotic stress that can affect rice germination in extreme temperatures are available in

Supplementary Table 2. Generally, there is an increase in the ratio of amylose/amylopectin in grains of rice grown
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under controlled low temperature (25°C), and, besides that, it generally causes a decrease in gelatinization and
pasting temperatures in most of the cooking analyzes (Beckles and Thitisaksakul, 2014; Asaoka et al., 1984).
Normally, SSII1, SSI12, SSI and SBEs, form an important complex for the biosynthesis of short and intermediate
amylopectin chains. However, these are the most affected genes by cold, therefore directly affecting the
gelatinization temperature. In general, SSI, SSII and SBE present low frequency of cold-responsive CREs, like
LTRE1IHVBLT49, LTRECOREATCOR15 and LTREATLTI78 that are frequent in the other SSRGs. Wild species
present the CRTDREHVCBF2 motif that can upregulate genes at temperatures below 25°C and which binding
activity gradually increases as the temperature decreases up to 0°C (Xue, 2003). This CRE has an advantage when
compared to LTRs, since these act in cold adaptation only when temperatures are below 12°C, when damage can
already be observed in the endosperm (Xue, 2003). On the other hand, regarding starch formation, it is known that
Waxy expression increases in response to low temperatures (18°C), resulting in greater amylose accumulation and
demonstrating that temperature does not alter negatively starch formation to a certain extent (Ahmed et al., 2008;
Hirano & Sano, 1998).

The CCAATBOX1, a heat shock element, could be found in almost every SSRG, being the unique heat responsive
CRE in the analyzed promoters. When high temperature peaks occur during growth and endosperm filling,
alterations in starch granule size, shape, and structure, can also occur, causing problems as pitting and fissures.
These problems can vary according to the period of exposure to the stress and to genotype-specific responses
(Zhen-zhen et al., 2015).

3.3.5 Biotic stress responses (herbivores and pathogens)

Plants respond to biotic stress through a well-regulated defense system and resistance to biotic stress can be
induced through specific chemical compounds and plant hormones as salicylic acid (SA), jasmonic acid (JA), and
ethylene (ET) which play central roles in cell signaling (Llorens et al., 2017). The different hormones are possibly
activated by a signaling cascade through some CREs as BIHD10S, which is an ethylene-responsive factor (ERF)
that interact with BELL homeodomain and activate all SSRGs in infected plants (Kaur et al., 2017; Luo et al.,
2005). ABA-related CREs that can participate in the responses to infections were also identified (Supplementary
table 2). Among them, MYB1LEPR, GCCCORE and CACGTGMOTIF that regulate defense-related gene
expression via GCC box, non-GCC box and G-box. WBOXNTERF3 is the unique element that activates genes in
wounding response, usually due to insect attack.

Some CREs were present in low quantity in SSRGs: GTIGMSCAMA4, which is associated with pathogen and salt;
WBOXNTCHNA48, an elicitor associated with virus infection; and ELRECOREPCRP1 other elicitor associated
with fungal infection. In contrast, the presence of the motif SEBFCONSSTPR10A in AGPL4, SSI, SlI1, SI12, S1112,
SIV2in O. sativa ssp. japonica and some wild species can repress these genes through a Silencing Element Binding
Factor (SEBF) between residues -52 and -27 in response to pathogen infection or elicitor treatment (Barsain et al.,
2019; Boyle et al., 2001) directly influencing starch synthesis. O. sativa ssp. indica presents more frequency of

defense related CREs as pathogen and wounding than other species.

3.3.6 Mineral responses
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CREs related to mineral responses were less frequent in SSRGs (Supplementary table 2). However, it is interesting
to note that mineral fertilization can cause pronounced effects in starch properties, altering pasting and thermal
properties. Also, it has already been described that mineral content in rice grains is related to cooking quality traits
(Singh et al., 2011; Li et al., 2013; Beckles and Thitisaksakul, 2014).

On the other hand, some wild species have a higher frequency of motifs related to nitrogen, salt and phosphate
responses. Variation in soil nitrogen (N) usually has direct consequences in grain starch/protein ratio, suggesting
ramifications that can affect starch functionality, possibly altering properties related to gelatinization and pasting
(Beckles et al., 2012; Beckles and Thitisaksakul, 2014). NODCON2GM acts regulating genes involved in nitrogen
fixation in soybean and it has already been reported that rice grown in soils with low N-concentration presents
higher amylose content in its grains (Singh et al., 2011). In agreement, here we identified this CRE in all the genes
of almost every wild species, while for O. sativa ssp. japonica, it was identified in only AGPL1 (involved in ADP
glucose biosynthesis), Waxy and GBSSII (responsible for amylose production).

SSRGs present two quite common CREs that are associated to salt stress, including GTLGMSCAM4, which also
responds to pathogen attack. However, the most frequent motif in Oryza SSRGs is ARR1AT. In agreement, it was
reported that grains of both salt tolerant and susceptible cultivars grown on saline soils have higher storage protein
contents, but less translucent grain, and lower starch and amylose content than those grown on normal soil (Rao
et al., 2013; Siscar-Lee et al., 1990).

High phosphorus fertilization is also known to alter starch functionality. However, available phosphate (Pi) is a
major limiting factor for plant growth, development, and productivity. P1BS, a motif that was identified in all the
analyzed species is an important CRE reported to be present in genes that collaborate to improve soybean tolerance
to low phosphorus conditions (Ni et al., 2012; Li et al., 2015).

In sulfur fertilization (S) both pasting and thermal properties of starch can be influenced (Li et al., 2013). Some
SSRGs present the SURECOREATSULTR11, an element associated with sulfur deficiency. It is suggested that
SURE core sequences may commonly regulate the expression of a gene set required for adaptation to soils with a
high sulfur content (Maruyama-Nakashita et al., 2005). S is a vital element for every organism due to its important
role in methionine and cysteine biosynthesis. S deficiency in rice is increasing each year since its availability
depends on soil temperature and moisture, which both influence organic matter decomposition rates (Lucheta et
al., 2012), therefore, presence of a CRE that promote rapid SSRGs response when the plant needs to face sulfur
deficiency is something advantageous.

The regulation of gene expression by intracellular calcium is crucial for plant defense against biotic and abiotic
stresses. The regulation of some SSRGs is also calcium dependent, but the number of genes known to respond to
these specific transient signals is limited (Kaplan et al., 2006). The calmodulin-binding/CGCG box element is
involved in multiple signaling pathways that are rapidly and differentially induced by environmental signals such
as extreme temperatures, UVB, wounding, hormones (ET and ABA), and signaling molecules (methyl jasmonate,
H>0O,, and salicylic acid). These CREs, which are found in high amount mainly in SSII11, SSIV1 and ALK genes
of O. sativa japonica, can cause important responses when plants are facing different stresses.

IRO20S is the unique motif associated with iron deficiency identified in some wild species, but motifs related to
iron excess, could not be identified. Even though Fe is an essential micronutrient for human nutrition, the content
of metal ions in rice grain is usually poor and an increase in its amount would be beneficial. (Heinemann et al.
2005).
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3.4 AMYLOSE-RELATED CREs

Starch-related cres are less frequent than those associated with stresses but as expected, can also be found in every
ssrg across oryza species (supplementary table 2). these elements are important for high transcriptional expression
of genes related to starch and of others that can mediate cellular development and hormonal regulation (Agarwal
et al., 2011; Hwang et al., 2004; Mitsui and Itoh et al., 1997).

AMYBOX1 and AMYBOX2 are found in rice a-amylase multigene family (Mitsui and Itoh et al., 1997). Although
several enzymes are involved in the germination process, these a-amylases are primarily responsible for the
endoglycolytic cleavage of amylose and amylopectin (Damaris et al., 2019). Similarly, CGACGOSAMY 3 motif
is also responsible for inducing expression upon sugar starvation and was relatively frequent in SSRGs promoters.
The presence of these CREs in SSRGs is important to increase gene expression when the plant has low sugar
concentrations levels in the cells, promoting starch breakdown and providing glucose. TATCCAOSAMY mediates
the response of genes that catalyze amylose biosynthesis in rice endosperm in response to sugar and hormones.
This is the same case of SPBBFIBSP8BIB, which can also promote a decrease in gene expression when leaves are
treated with sucrose (Ishiguro and Nakamura, 2004; Ishiguro and Nakamura, 1994).

WBBOXPCWRKY1 is a binding motif observed in starch related genes regulated by gibberellic acid (GA). This
element was identified in promoters that present AMYBOX1 and AMYBOX2, suggesting that these motifs are
also regulated by GA (Himmelbach et al., 2010). It is already expected since cereal grain a-amylase gene
expression is stimulated by endogenous GA in germinating seeds (Damaris et al., 2019).

Interestingly, the BP50SWX motif, which acts as a transcriptional activator of Waxy, is also found in AGPL3,
SSI11 and SSIII1 promoters, suggesting that this CRE is necessary not only for Waxy activation but also for the
coordinated action of other genes involved in the amylose/amylopectin pathway. Similarly, TGACGTVMAMY,
which interacts with bZIP TFs, is a common motif in promoters of rice storage proteins (glutelin, globulin,
prolamin and albumin), and is required for high expression of some SSRGs in cotyledons of germinating seeds
(YYamauchi, 2001; Nakase et al., 1997).

3.5 HORMONE RESPONSIVE CREs

Stress responses in plants are also associated with hormone signaling and cell division/developmental processes.
Stresses can activate signaling molecules (such as ROS and Ca*?), affect hormones and mitogen-activated protein
kinase (MAPK) cascades which will depend on TFs that will ultimately modify expression when plants are facing
a stress (Sewelam et al., 2012). In rice endosperm, GA-responsive CRES were the most frequent in Oryza species
(Supplementary table S2). Gene expression in the cereal endosperm can be stimulated by endogenous GA in
germinating seeds. However, the frequent presence of WRKY710S CREs in all SSRGs can repress gibberellin
signaling. Showing that OSWRKY71, besides being involved in regulation of a-amylase genes in rice (Zhang et
al., 2004), can also cause GA repression in all SSRGs, possibly through interaction with GAMyb motif
(MYBGAMHYV CREs) as detailed by Gubler & Jacobsen (1992). This repression may be associated with rice seed
dormancy, which is interesting since WRKY TFs are involved in a wide range of processes, including GA

repression also in a-amylase-related genes.
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GARE is another important element for high level of GA induction, still it is less frequently found in SSRGs. As
previously described by Heidari et al. (2015), in some promoters a single GARE motif can stimulate a high level
of transcription in response to hormones due to its cooperation with other cis-acting elements. Another CRE found
in SSRGs that deserves special attention is VIVIPAROUS 1 (VP1), but this plays an opposite role to that of GA
in the regulation of seed dormancy and germination in rice, suppressing gibberellin-induced expression (Chen et
al., 2020). Those associated with auxin and salicylic acid (SA) are part the second most frequent group of CREs
in SSRGs promoters. Elements as CATATGGMSAUR, ARFAT, NTBBF1ARROLB are involved with auxin
responsiveness, while WBOXATNPR1 responds to SA. On the other hand, the ASFIMOTIFCAMYV is involved
in transcriptional activation of genes by both, auxin and SA. SA also has an important role inducing WRKY DNA
binding proteins in response to pathogen infection (Yu et al., 2001). It is known that indole-3-acetic acid (IAA)
can increase spikelet growth and promote the development of distal branches, however, it can also suppress
proximal branches (Patel and Mohapatra 1992).

CPBCSPOR is the unique motif found in some SSRGs that exhibits cytokinin-dependent protein binding. Despite
that, this element can interact with other cytokinin-related elements that can lead to an up-regulation of several
genes that contribute with plastid development and lipid production in thylakoid (Fusada et al., 2005). During seed
development, levels of cytokinin are transiently elevated and constitute an important factor for determining grain
size (Jameson & Song, 2016).

Jasmonates (JA) are important regulators of plant defense responses that activate the expression of many wound-
induced genes (Wasternack and Song, 2017). In some SSRGs, T/GBOXATPIN2 is the unique JA-response CRE
that, through to the interaction with MYC TF, can have a role in the expression of genes in wound responses. JA
can interact with ET (ethylene) through the ERF1 in response to pathogen attack and plays a role in repression
of genes differentially regulated by JA (Li et al., 2019; Lorenzo et al., 2004). This interaction with JA can occur
through ERF TF family, also via GCC box of GCCCORE that is most frequent in AGPL4, SBE3, SSII1, and SSIV1.
These interactions increase our knowledge related to the signaling cascade during plant defense responses. On the
other hand, ET evolution rate is negatively correlated with grain-filling rate (Liu et al., 2008), resulting in an
inverse correlation with chalky kernel percentage.

Changes in ET, GA and ABA levels in rice is often related to water deficit stress which affects grain-filling rate
and eventually causes yield and quality problems (Chen et al., 2012). ABA is important mainly because, like other
hormones mentioned above, regulates the activation of MAPK cascades in response to stress. ABRECE1HVA22
contains ABRE element that promotes SSRGs regulation trough ABA, as well as DPBFCOREDCDC3, which also
interacts with bZIP TF for stress-responsive gene induction (Finkelstein and Lynch, 2000). ABA has been reported
to display antagonistic effect on various plant processes such as seed development, germination, and seedling
growth (Shu et al., 2018). Relatively high concentrations of ET and ABA in inferior spikelets suppress the
expression of starch synthesis-related genes and their enzyme activities, consequently leading to a low grain-filling
rate (Zhu et al., 2011).

3.6 Differences in SSRGs CREs motif occurrence between Indica and Japonica subspecies
3.6.1 Abiotic/biotic stress

Differences in gene regulation between Japonica and Indica subspecies can be observed in relation to the frequency
and diversity of CREs motifs between the SSRGs genes.

96



For dehydration stress, Indica rice SSRGs genes present higher frequency and diversity of CREs (Supplementary
file-table S7), suggesting greater complexity in regulation of Indica genotypes for grain quality face to this stress,
as previously reported (Lenka et al., 2011; llley & Ludlow, 1996). Furthermore, higher frequency of CREs can
also be observed in Indica rice for stress related to light and diseases/pathogens, but not necessarily, diversity was
observed. Salinity and submergence anaerobiosis CRES seem to be little more frequent in Japonica genotypes than
in Indica, being the first stress, which presents more diversity of GTIGMSCAM4 and AGCBOXNPGLB motifs.
For the stress caused by extreme temperatures, the two subspecies have practically the same occurrence between

gene promoters, indicating to be similarly regulated.

3.6.2 Mineral stress

Higher frequency in occurrence of CREs can be observed in the subspecies Indica in response to nitrogen, which
may indicate more complexity in the regulation of starch genes, although only the motifs GLMHVCHORD and
NODCON2GM are observed. A difference in the efficient use of nitrogen has already been reported between the
two subspecies (Gao et al., 2019), related to the allelic variation of OsNR2 being the Indica rice allele with the
most activity. Motifs related to phosphate, iron, calcium, sulfur and ammoniun do not show differences between

the subspecies, as they have little diversity and frequency.

3.7 SSRGs expression in dehydration, cold and salinity stresses

Rice varieties are affected by abiotic stresses as dehydration, salinity and cold. These stresses often occur in
combination, and stress responsive pathways often show extensive crosstalk (Wang, 2005; Mittler, 2006; Ismail
et al., 2013; Cruz et al., 2013; Krannich et al., 2015; Zhou et al., 2016).

These stresses can directly affect grain quality being able to inactivate the expression of certain SSRGs. Our
analyzes using RNA-seq and microarray data show that AGPL3 and GBSSII genes are downregulated in
dehydration, salt and cold stresses, while SSIV1 and Waxy genes are upregulated in plants facing the same three
stresses. AGPL3, GBSSII, SSIV1 and Waxy are upregulated in Oryza grains at milk stage (Figure 4). Knowing this,
we tried to identify, in the promoters of these and of other 74 genes that presented the same behavior under the
same conditions, a binding region which could be the key to this upregulation. When comparing downregulated

with upregulated genes a SNP with potential for use in genetic engineering in a TFBS is found (Figure 4C and D).
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Figure 4. Transcriptional analysis of Starch Synthesis-Related Genes and factors that influence it. A -
Transcriptional expression analysis of Starch Synthesis-Related Genes (except Pul, data not available) under
dehydration, cold and salt stresses. The green rectangles represent AGPL3 and GBSSII (downregulated), and red
rectangles SSIV1 and Waxy (upregulated). B - Expression analysis of SSRGs in grains (milk stage) of Oryza sativa
ssp. japonica. Rectangles indicate the expression of AGPL3, GBSSII, SSIV1 and Waxy, as described previously. C
- Motif analysis for 74 upregulated O. sativa japonica genes, including SSIV1 and Waxy. The arrow with rectangle
indicates the TCP transcription factor binding site, while the pentagon indicates the nucleotide that seems to
determine the down- or upregulation of the gene. Under this motif analysis it is possible to see the transcription
start site and the promoter binding sequence for SSIV1 and Waxy. D - Motif analysis for 74 downregulated O.
sativa japonica genes, including AGPL3 and GBSSII. The arrow with rectangle indicates the TCP transcription
factor binding site, while the pentagon indicates the nucleotide that seems to determine the down- or upregulation
of the gene. Under this motif analysis it is possible to see the transcription start site and the promoter binding
sequence for AGPL3 and GBSSII. E - Sequence and base that determine the gene up or downregulation according
to Kosugi and Ohashi (2002).

Among the 74 promoters of upregulated genes analyzed in plants under abiotic stresses, we found TCP (Teosinte
branchedl/Cycloidea/Proliferating cell factor) TFBS. This TFBS is similar to what was found in the promoter of
other 74 downregulated genes. In promoters of downregulated genes, the TFBS sequence presents a guanine base
in the third position, which is not found in the TFBS of upregulated genes (Figure 3C and D). This result has also
been found by Kosugi and Ohashi (2002) and Sharma et al., (2010), that show that the key to up- or downregulation
of growth/development associated genes can be observed in this TCP binding site, where a guanine appears to be
responsible for gene downregulation. TCP transcription factors are involved in three sub-stages of early panicle
development and responses to dehydration, salt and cold stresses (Sharma et al., 2010). In our analysis, we observe
that some Oryza genes present a key SNP that is probably associated with the alteration of the transcriptional
expression in genes of rice plants that are under stressful conditions like dehydration, cold or high salt

concentrations.
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4. Conclusions

Here we raise new possibilities for plant breeding, highlighting sequence motifs probably related with the
modification of the expression of genes involved in starch related pathways. The information provided here helps
us understanding SSRGs regulation in rice plants under stressful conditions, something that influences grain
quality of Oryza genotypes. The role of CREs as well as the signaling cascade involving SSRGs are discussed.

SSRGs share common stress related CREs, indicating coordinated regulation of these genes, mainly for
dehydration, light, anoxia, pathogen, and salt response. Also, other motifs particularly related to other less common
stresses are present. These can also bind to many other TFs, subjecting the gene to multiple regulatory controls.
The information provided here can help breeders in better understanding the transcriptional expression of SSRGs
and further analysis on these elements will help us increasing and maintaining grain quality in stress-tolerant rice

genotypes.
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Supplementary materials:

Table S1. Features of SSRGs and your function and expression in starch biosyntheses.

Temporal endosperm

Group  Genes ° %:f;;::::;? ;AP " Location Start End Size (pb)  Function (Tianetal., 2009}  expression (Ohdan et al.,
2005; Hirose & Terao, 2004).

AGPage AGPLI 050520580000 Chro 5 28871811 28877272 5462 GC, AC early expressers
AGPase AGPL3 050320735000 Chro 3 30099365 30104572 5204 GC, AC carly expressers
AGPase AGPL4 050720243200 Chre 7 7983125 TO89283 6159 GC, AC early expressers
AGPage AGPS2a 050850345800 Chro 8 15666389 15672583 6248 AC early expressers
88 ALK 050650229800 Chro 6 6718398 6753302 4916 GT, AC, GC late expressers
DBE DPHET Os07g0627000 Chre 7 25980423 25984853 4431 AC, GT? early expressers
89 GBSSH 0s07g0412100 Chre 7 12916883 12924202 7320 AC carly expressers
DBE 184 0s08g0520200 Chro 8 25893657 25900576 6920 AC, GT steady expressers
DBE PUL 020450164900 Chre 4 4408357 4418889 10533 AC, GT steady expressers
SBE SBEI 00620726400 Chro 6 30897378 30905803 8426 AC, GT carly and mddle expressers
SBE SBE2 0s0420409200 Chro 4 20240211 20243460 3249 GC, GT early and mddle expressers
SBE SBE3 020250528200 Chre 2 19355790 19367127 11338 GC, GT early and mddle expressers
88 S8 00620160700 Chro 6 3079296 3086808 7513 AC steady expressers
88 AT 0510t0437600 Chro 10 15673243 15681075 7833 GT steady expressers
5SS SSI2 080220744700 Chro 2 31233292 31238210 4929 AC.GT early expressers
5S SSoT I 050450624600 Chro 4 31751600 31759420 7821 AC.GT early expressers
88 S8 2 050850191433 Chro 8 5353697 5363276 9580 AC late expressers
SS SSIV I 08010720600 Chre 1 30032428 36041425 8998 AC.GT steady expressers
5S SSIV 2 0s05g0533600 Chro 5 26485770 26493983 8214 GT steady expressers
S5 i3 Os06g0133000 Chro 6 1765622 1770653 5032 AC, GC, GT late expressers
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Table S2. Types of CREs identified in SSRGs.

Arquivo disponibilizado de forma separada disponivel em formato .xmlx.
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Table S3. Biotic and Abiotic CREs identified in AGPase genes from O. sativa japonica specie.

Motif Seq uence Response AGPL1 AGPL} AGPL4 AGPSla
Lhictic stress  Deborlration MY B2AT TLLCTG Irrvobeed regubition of genes that ave responsie to water stress 1] 1] 1} 1
Shintic stress Dehradration LCRECRTCOREAT RCOCGAC Core moti of DREICET (dehyration-responstve elerment/Cre peat) i i 3 1
Shintic stress Dehnadration MY CATEDZ CACATG Binding site for MW i i 3 1
Shintic stress Dehradration MY CATERD1 CATGTG Mecessary for expression of exd! (sarly responstee to dehwrdration) in dehwrdrated 0 0 2 i
Ehintic stress  De hodration LY CCONSENSTUSAT CANNTG LTVC recogrition site found in the promoters of the dehydration-responste 13 11 9 10
Hhictic stress  Debordration LYBIAT WALCCS YR recognition site found in the promote rs of the dehydration-responsire 1 2 3 4
Shintic stress Dehradration LYBCORE CHGTTER. Ifsh hormolog i induced by debomdration stress 5 2 2 4
Ehiotic stress  Debordration WMYB2CONSENSUSAT  YAACKD WIYE recognition site found in the promote rs of the dehyrdration-responsive 2 1] 1} 1}
Ehintic stress  De hodration ACGTATERD] ACGT Recuired for etinlation-induced e xpression of erd] (early responstve to dehsdration) 5 14 7 3
Ahiotie stress D hordration APRELATERDL AOGTG Induction by dehsdration stress ard dark-induced senescence 4 4] 3 1}
Lhiotic stress  Dehyrdration UPEMCOTIFIAT CCHNNCCACG WIYE recognitin sie found in the promoters of the dehydration-responstre 1 1] i} i}
Shintic stress Dehradration MIYBETL GOATA Potato MYE homolog i 1 1 3
Hhictic stress | De bordration CEFHY RYCGAC CBFs are also known as dehydration-wsponsive el ment ] 1 3 1
Shintic stress Dehradration LT BPLANT MACCWAMC  Plant MYE binding site i 1 1 1
Shintic stress Dehalration MY BE ZM CCWACT MTYE horaolog ] 2 1 4
Ehintic stress  Light SCORLEEP3AT TGTATATAT  “Sequences Cwer-Fepresented m Light-Fepressed Porcters 1] 1] 0 1
Shintic stress Light INENTPSADR YTCANTYY  Responds to light through an intater 5 ] 2 2
Ehintic stress Light GTICONSENSUS GREWALW Consereus GT-1 binding site in many ight-regulted genes 7 12 7 0
Ehintic stress  Light SORLEEP4AT CTCCTAATT  Secuences Crver-Bewreserted in Lisht-Revresssd Promoters 1 1] u] u]
Hhictic stress  Light IBOXHCORE GATAES Conserved secne nee unstrearn of lizht-re subited genes 1 1 2 3
Ehintic stress  Light SORLIP2AT GOGCC Secuences Crver-Fe preserted in Lisht Repressed Promoters 4 2 0 0
Zhintic stress Light SORLIPLAT GCCAC Secuences Owver-Represerted in Light-Repressed Promoters 4 2 13 2
Ehintic stress  Light GTICORE GOTTAS Huckar protein factor GT-1 correlate with seue rees recuired for heht-dependent 1 1] 0 2
Lhictic stress  Light SVAOCCOREENHAN GTGEWWHG  Sequence-specifi hterartions of a pea ruclear factor with Bight-responstve eletne nts upstrearn of the thes3A gene 1 1] 1} 1}
Shintic stress Light GATABCE GATA Light regulated 5 5 a 11
Shintic stress Light IBOXCORENT GATANSER Light-responstve i 1 i 1
Ehintic stress Light IBOX GATAS Light-responstve i 1 i 1
Ehintic stress  Light TBOXATGAPR ACTTTG Iutations m the "Thox" resulted in reductions of lizht-activated gene transe iption 1] 2 1 0
#hictic stress  Light PALBCHAPC COGTCC light resporelveness 0 3 1 0
Shintic stress Light BOXOPCCHS ACOTGGC Essential for light egqultion i i 1 i
Ehiotic stress  Light LRENFCARBE ACGTGOCA A positke lght regubtory element i tobacco 1] 1] 1 1}
Ehintic stress  Anaerohic GCRP2ZMGAPCA GTGGGCCCGE  Anserohings specific 1 i i i
Shintic stress  Anaerohic ANAERCOCONSENSUS  AGCAGC Cime of 16 motifs found m silico in proroters of 13 anaerobic genes irvobved in the ferrentative pathway 2 2 2 1}
Hhictic stress | Anaerobic CURECCORECE GTAC Irrvobeed I oxsgen-response 4 14 k3 2
Hhictic stress | Anaerohic ANAFROICONSENSTS  AALCAMS Ore of 16 raotifs found i silico in proraoters of 13 anaercbic genes irvobved in the fermentatie pathorasy 1] 3 0 0
Ehintic stress Anaerobic ANAERCGCOMSENSUS  TCATCAC Cine of 16 motifs found o silico in vromoters of 13 anaercbic genes irrvobred in the fermentatie vathway 0 1 1] 1]
Ehintic stress | Low terperatire COAATRCH] CCAAT wrommoter of heat shock wrote zenes 1 5 [} 2
Ehiotic stress | Low teraperature LTREIHVBLT49 COGLLS "LTRE-1"{lowe-terameratire -resnonstve ek ment) 1] 2 2 1
Ehiotic stress Low teraperatore LTRECOREATCCRLS — COGAC Core of low termperatire responsive e kraent (LTRE) 1] 1 4 i}
Ehiotie stress | Low teraperature LTREATLTIIE ACCGHCSL lovate rperature-res ponsive e bment) ] ] 1} 1
Ahiotic stress  Pathogen BCELCCREDCPAL ACCWWCC Transcriptional ac thrator of the carrot phensdalanine amemonia-lvase gene (DoP £1.1% i response 1o elicitor treatraent. 1] 1 3 1
Ehintic stress  irgects WBCENTERF3 CTGACY H{WEREY s possbly irvnled in elicitor-respeonstve transcriphion of defense genes in tobaceo 1] 8 [} 5
#hictic stress | Pathogen BHDIOS TGTCA Disease resistance re spons:s 2 1 1 4
Ahiotic stress  Pathogen WY BILEPE GTTAGTT Tomato Pid{ERF) regqulites defence-elhted gene expre ssion via GOC box 1 a i} i}
Zhintic stress  Pathogen CHZGTGMOTIF CACGTS Tomato Ptid (ERF) remulates defense-related gene expression via GCC box 1 4 1 1]
Ehintic stress  Pathogen GT1GMICANA Ghbbbh Plays a role in pathogen- and salt-mduced SCald-4 gene expression 1] 4 1 4
Shintic stress Pathogen SERFCOMNESTPRIOA YTGTCWC (SEBF) zene found in promoter of vathogenesis-related gene ] ] 2 1]
Ehintic stress  Pathogen CTEMCAMVISS TCTCTCTCT  The canliflower rosaic virs 355 prormoter extends into the transcribed region. 1] 1] 1 0
Ahiotic stress  Pathogen WECOHNTCHN 48 CTOACY M{WERKYs posshly irvobed in elictor-respsonstve transcriphion of defense genes in tobaceo i a 1 i}
Ahiotic stress  Pathogen ELRECOREPCEP L TTGACC EIRE (Elicitor Responstve Elerment) 1] 1] i} 1
Ivineral stress Sulfur deficiency SURECCOREATSULTRL] GAGAC Core of sulfur-responstve elere nt (5 URE) 3 1] 2 1
Ivineral stress Nitrogen NODCON2G CTCTT Cine of two patatiee nodulin consnsus ssouences 3 0 1] 1]
Ihineral stress | Caleiura APRERATCAL MACGY B Cal 2+)-re sponstve urresukted geres 2 5 2 o
Iyfineral stress Caleiua COCGROEAT VCGCOGR & cabmodulin-bindine ] 14 2 1]
Iyfineral stress Salbt ARRIAT NGATT ARR1 and ARR2D regnonse requbators a1 15 15 a
Ivhineral stress Salt GT1GMSCANA GAbLLEL Plaws a role in pathogen- and salt-mduced 0 4 1 4
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Table S4. Biotic and Abiotic CREs identified in DBE genes in O. sativa japonica specie.

Dehydration
Dehyidration
Debrypdration
Drehydration
Drehydration
Drehydration
Debrpdration
Dehyidration
Drehydration
Drehydration
Dehyidration
Drehydration
Drehydration
Dehydration
Dehrydration
Light

Light

Light

Light

Light

Light

Light

Light

Light

Light

Light

Light

Anaerobic
Araerobic
Anaerobic

Low tempetature
Low ternperature
Low tempetature
Low temperature
Pathogen

Insects

Pathogen
Pathogen
Pathogen
Pathogen

Sulfur deficiency
Calcium
Arntootiurn

Iron

Salt

Salt

Phosphate

Mo tif

MYBZAT
DRECRTCOREAT
MYCATRDZZ
MYCATERD1
MYCCONSENSUSAT
MYBIAT

MYBCORE
MYBZCONEENSUSAT
ACGTATERD]
ABRELATERD1
UFRMOTIFIIAT
MYBET1

CBFHV

MYBPLANT
MYBPZM
INRNTFPSADE
GTICOMEENETS
BOXCORE
SORLIPZAT
SORLIP1AT
GTICORE
SVANICOREENHAN
GATAB DX

B OXCORENT

BOX

TBOXATGAFB
PALBOXAPC
AMAERCZCOMEENEUS
CURECCORECR
AMAERC3COMEENEUS
CCAATBOX1
LTREIHVBELT49
LTRECOREATCOR1S
CRTCREHVCBF2
BOXLCOREDCF AL
WB OXINTERF3
BHDIOS
CACGTGMOTIF
GT1GMICANS

WB OXINTCHN4E
SURECOREATEULTRIL
ABRERATCAL
ANNMORE SIVDCRMIAL
RO208

ARRIAT
GT1GMICANS

PIBS

Sequence
TAACTG
RCCGAC
CACATG
CATGTG
CAMMTG
WaACCA
CHETTR
FAACKG
ACGT
ACGTG
COMMMCCACG
GEATA

GTGGWWHG
GATA
GATAAGR
GATASL
ACTTTG
CCGTCC

TCATCAC
CCAAT
CCGAAS
CCGAC
GTCGAC
ACCWWCC
CTGACY
TGTCA
CACGTG
GAAAAS
CTGACY
GAGAC
MACGYGE
CGAACTT
CACGTGG
NGATT
GAAAAS
GMATATHC

Resporse

Irsralved in regulation of genes that are responsive to water stress

Core motif of DRE/CRT (dehwdration-resnonsive element/C-repeat)

Binding site for MYC

Necessary for exoression of erd] (early responsive to dehydration) in debydrated

WYC recogition site found in the promoters of the dehwdration-responsive

MYE recogition site found in the promoters of the debiwdration-responsie

Ivh homologis induced by dehydration stress

MYB recogiition site found in the promoters of the debiwdration-responsie

Reguired for eticlation-induced expression of erdl (early responsive to dehydration)
Induction by detrrdration stress and dark-induced senescenice

MYB recogiition site found in the promoters of the debiwdration-responsie

Potato MYB hotnolog

CBFs are also known as dehydrationresponsive eletnert

Plant MYE hinding site

WYE homolog

Responds to light through an initiater

Conizensus GT-1 bindng site in mary light-remiated genes

Conserved sequence upstrearn of light-repulated genes

Sequences Over-Represented in Light-Repressed Promoters

Sequences Cwer-Represented in Light-Repressed Promoters

MNuclear protein factor GT-1 comrelate with secuences recuired for light-dependent
Sequence-specific interactions of a pea nuclear factor with light-responsive eletnents upstream of the thes3A gene
Light requlated

light-responsive

light-responsive

Ivhutations in the " Thox" resulted in reductions of light-activated gene transcription

light responsiveness

Cne of 16 motifs found in slico in prototers of 13 anaerobic genes involved in the fertmentative pathway
Inwolved in oxveentesponse

Cne of 16 motifs found in slico in prototers of 13 anaerobic genes involved in the fertmentative pathway
promoter of heat shock protein genes

"LTRE-1" (lowtetnperature-responsive elernent)

Core of lowtetrperature responsive element (LTRE)

requlated by temperature

Transcriptional activator of the carrot phenvlalarine arenonia-lvase gene (DeP ALLY in response to elicitor treatrent.
MWERI Y 2 possibly insolved in elicitor-respsonisive transcription of defense genes in tobacco
Dizease resistance responses

Totnato Ptid (ERF) regulates defense-related gene espression wia GCOC hox

Plays a role in pathogen- and salt-induced SCald-4 gene expression

MYWERK Y s possibly involved in elicitor-respsonsive transcription of defense genes in tobacco
Core of sulfir-responsive elernent (SURED

Cal 2+ -responsive upregulated genes

ATITIONID FESONSE

induced exclusively by Fe deficiency

ARE] and ARRY response regulators

Plavs a role in pathogen- and salt-induced

Found it the upstrearn regions of phosphate starvation responsive genes
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Table S5. Biotic and Abiotic stress CREs identified in SBE genes in O. sativa japonica.

Wotif Sequence Response SEE1 SBE3
Dehydration MYB2AT TALCTG Involved m regulation of genes that are responsive to water stress 1 0
Dehydration DEECETCOREAT RCCGAC Core motif of DRE/CRT (dehydrationresponsive element/Crepeat) 0 1
Dehydration MYCATRD22 CACATG Binding site for MY C 1 5
Dehydration MYCATERD] CATGTG Necessarv for expression of erd] (earlv responsive to dehvdration) in dehv drated 1 1
Dehydration MYCCOMNSENSITSAT CANNTG MY recognition site found in the promoters of the dehydration-responsive 10 1
Dehydration MYBIAT WAACCA MYE recognition site found in the promoters of the dehydration-responsive 4 1]
Dehydration MYECORE CHGTTR vk homelog is induced by dehydration stress 5 1
Diehydration MYR2CONSENSTUSAT TALCKG MYER recogmtion site found in the promoters of the dehy dration-responsive 1 0
Dehydration ACGTATERD1 ACGT Recpired for etiolation-induced expression of erdl {early responsive to dehydration) 5 2
Dehydration ABRELATERD1 ACGTG Induction by dehvdration stress and dark-induced senescence 1 2
Dehydration MYBET1 GGAT A Potato MYE homeolog 1 3
Drehydration CBFHV EYCGAC CBFs are also known as dehydration-responsive element 0 2
Dehvdration MYBPLANT MACCTWAMC Plant MYE binding site 0 1
Dehydration MYBPZM CCWACC MYB homolog 0 1
Light INENTPSADE TTCANTYY EResponds to light through an initiater & 2
Light GT 1COMSENSTS GEWALW Censensus GT-1 binding site in many lightregulated genes 16 b}
Light IBOXCORE GAT AL Conserved sequence upstream of lightresulated genes 2 4
Light SORLIP1AT GUCAC Sequences Over-Represented m Light-Fepressed Promoters 0 1
Light GT1CORE GOETT AL Muclear protein factor GT -1 correlate with sequences required for light-dependent 2 1
Light GATABCX GATA Light regulated 15 13
Light IBOXK GAT AN light-responsive 1 1
Light TBCHEATGAPR ACTTTG Mutations in the "Thoz" resulted in reductions of hght-activated gene transcription 3 1
Anaerobic AMAERC2CCOMZENZTS  AGCAGC One of 16 motifs found in silico in prometers of 13 anaerobic genes involved in the fermentative pathway 1 5
Anaerobic CURECOEECE GTAC Invelved it oxvgen response 2 3
Anaerobic AMNAEROICOMNSENSTS TCATCAC One of 16 motifs found in silico in promoters of 13 anaerobic genes involved in the fermentative pathway 1 1
Low temperature CCAATBOI] CCAAT promoter of heat shock protein genes 3 2
Low temperature LTRECOREATCOR15 CCGAC Core of low temperature responsive element (LTRE) 0 4
Pathogen BCHLCOREDCP AL ACCWWCT  Transcriptional activater of the carrot phenvlalanine ammonia-lyase gene (DcP AL 1) in respense to elicitor treatment. 1 2
Insects WECOHNTERES CTGACY NtWEKYs possibly invelved in ehoitor-respsonsive transcription of defense genes in tobacco 3 [
Pathogen BIHD10S TGTCA Diisease resistance responses 3 4
Fathogen GT1GMSC AN GAANAS Plays a role in pathogen- and salt-induced SCald-4 gene expression 4 1
Fathogen WEOXNTCHEM4E CTGACY MNEWEETY: possibly involved in elicitorrespsonsive transcription of defense genes in tobacco 1 3
Sulfur deficiency SURECOREATSULTEID GAGAC Core of sulfur-responsive element (STUEE) 1 5
Calcium CGCGE OXAT WOGCGE A camodulin-bindng 0 2
Salt ARRI1AT NGATT ARR1 and ARRZ response regulators 1 9
Salt AGCROXTPGLE AGCCGCC WaClresponsive i] 1
Salt GT 1GMSCANA GAAMLA Plavs a role in pathogen- and salt-induced 4 1
FPhosphate PIEE GMATATHC  Foundin the upstream regions of phosphate starvation responsive genes 2 0
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Table S6. Biotic and Abiotic stress CREs identified in Starch sinthase genes (SS) in O. sativa japonica specie.

hlotif

MYEZAT
DEECETCOREAT
WY CATED 22

WY CATERD 1

MY CCONSEH ETTEAT
MYELAT

MYECOEE
MYE2COMSESTTSAT
ACGTATERD 1
AEFEI ATEFD 1
UFFEMO TFLA T
MYBETL

CEFHW

MYEFLANT
WYEPFM
SOFLEEPSAT
HENTP SADE
GTICOHSE ST
SOFLEEP4AT
BOMNEORE
SOFLIPZAT
SOFLIPLAT
GTICOFE

S COREENHAN
GATAEON
EOXCOREENT

B0

TEOMATHAPE

PATE (AP C
FLATHATE
BOMNCPEAS]
CDALATC AE2
HEXAT

AMARFO2 COHSR SIS
CURECORECE

AN AEFQ] COHSEI SIS
AHARFOE COHSE TS
CCAATEOX
LTEEIHVELT#9
LTREEC OREATCOR1S
LTREATLTI?S
CRIDEEHVCEF2
BOMLCOREDCPAL
WEOITEFFS
EIHD1O0S
MYEILEPE
CACGTEMOTF

GT1 FRISCARIY
SEEFCONZSTPRI0A
CTEMCAMTESS
WEOXHTCHN4E

H FECOREPCEPL
SURECOREATSUL TR11
HODCON2 M
AEFERATCAL
COCEROMNAT
AWMORESVD CRHIAL
RO205

AFF1AT
AFCEONHPGLE
GTLEFMECANE
P1ES

Sewmer ¢
TAACTG
ELCCEAC
CACATE
CATGTE

WAL A
CHGTTR
TAACKED

ACGTE
CCHHHC CACG
GEATA
EYCRAL

BIAC CRARIC
COFAC T

TG TATATAT

ACTTIG
COGTCC

Resmonse
Feeoke d inrezulation of Zeres that are Te sTons ive to water siress
Core motif of DEE/CRT( dhvd sionTesorsie elervent/C-renest
Bindinesite for MYC
He cesearvfor exmression of erd] (earhere soomeive to deloedrstion)) n deboodrated
MYCrec omitionsite formd inthe oromoters of e &ledstion Tesnoreie
WYErecomitivnsite fourd inthe momoters of fhe deledstioresnoeie
b horvolos i o ed b deboodration stress
MIVErecomitivnsite fomd inthe momoters of e dlvdration Tesmoreive
Remuire d for etinlation-tdoce de i e1d] fuarhy e to debeadration
Fudnction b delondrdionstress and dar-indace dsere scerce
WYErecomitivnsite fourd inthe momoters of fhe deledstioresnoeie
Potsto MyEhamoleg
CEF: are aloo renan s deboadration Te coome e » lemert.
Dl MYBbirdire site
W¥Bhorolos
"Se gumice s Crer-Femreserted in Lisht- Feore s5ed Proomoters
Fesponde to list throushuan dtister
Coreerens GT1birdire site inrvareelidt-resulted senes
Seoaences Over-Femreserte din Lisht- Feore sed Promoters
Coreerved co onetce vmetre st of lisht-re sulate d smre s
Seoxenices Cer-Femeserte din Lisht- Renme ssed Promoters
Seoxenices Cer-Femeserte din Lisht- Renme ssed Promoters
Huaclesr orotein factor GT 1 corre late vwith semurc o5 Tequred for lis: derendent.
Seoenice -soec ific dteractiore of 1 ve amcle stfactor with listd-reszors e elamerte wnstrean of the thes34 mre
Lidt re anlate d
Lisht-Tesmoreie
ligt-Termoreive
Bhtaticre ithe "Thox"resuke d hredutions of lisht- activated sere trmeaition
light e sporeiwness

CAGCTC CCATH Fesule dinre ductions of light-activited sene

CTCCTAC
CALK AT
CCETCG
AGCAGT
GTAC
DAAC A0
TCATCAL
CoAMT
COGAAL
COGAL
ACCEACA
GTCGAC

GAGLT
CTCTT
MAC G B
VEGCEE
CHAMCTT
CACGTGE
HEATT
AFCCGHCT
GALKAL
GHATATHC

Light-irchy ed trane iptioral reprs ssion

dark e sponse

Ligt-Tesporsin

Ope of 16 motife £ ound i eilic o promotere of 13 guerobic gere e wole d i the fommatative patboamy,
Broked Mo Tesparee

Ore of 16 wetifs fomd i silico mprometers of 13 maerobic sres dwoledinthe fonetative patomy
Orie of 16 motifs found in silic o inpromoters of 13 maerobic geres eoledin the fammentative patbey
oroanwoter of het shockTrote i Zenes

'L TRE-1"{nartervperahre-Te spcns e ¢ lavent)

Core of low tempe b T e Tespore e elervert (L TRE)

Lo temperabre Tesporeive elemvert)

Tegilated tenperinme

TFarecriptional activator of the camot pherylalaire avnoeds-beace gere (DePALL) inresporse to licfior tre svverd .

HOWREYe possibly ieobwed in elicitor-re speons ive transor iption of defense geres intobacco
Diceace Tesictance Tesporees

Tortuato Prid( ERFITegulites dof erce -Telated gene e xpre ssiomvia GO box

Tonato Pti4 (ERFIregulite s deferse -Te lated gere e 3pre sionvia GCChox

Dliys o role Rpathoger and sat- budnce d SCaBE 4 Zeree edpre ssiom

[ SEEF) zeme fourd in prosructer of peithogene sis-re lte d zene

T coplif Jovmr mrosaic vinae 35 Sprormoter exterds ito e treecribed re gon.
HOWERETYs poss by ireoved i elicitor-re speons fe transc ipton of defense gere s mtobacc o
EIRE (Elicitor Resporeive Blervert)

Core of sulfur-resporeive elerent ( SURE)

Ore of tvm ptatiee rodulin comsenar se guences

Cal 2+ resporeive wpre gilated mre s

A cabmodulinbinding,

APORATHT e5POTEE

Induce de xcheie bty Fe deficiancy

AFF] ad AFFD recpores Tegulatore

HaCltesporeie
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4 CAPITULOS

4.4 Artigo 4 — Mapping and analysis of plastid Simple Sequence Repeats in genus

Avena

A ser submetido na revista Crop Breeding and Applied Biotechnology
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2 Instituto Federal de Educacdo, Ciéncia e Tecnologia Catarinense (IFC), Rodovia SC 283, s/n Fragosos, SC,
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Abstract

Oat is an important crop that grain offer nutritional components. Molecular characterization of wild relative
germplasm using plastid (cp) markers, such as SNPs (Single Nucleotide Polymorphism) (cpSNPs) or SSRs
(Simple Sequence Repeats) (cpSSRs), may be more informative than those using nuclear genomic tools and can
assist breeders in separating and distinguishing between haplome groups. In this study we provide characterization,
quantification and markers based in cpSSRs in 26 Avena species. This could be used in further research and

characterization of species and populations inside the genus Avena.

Keywords: cpSSRs, chloroplast, breeding, oat.

INTRODUCTION

Oat (Avena spp.) is one of the most important cultivated crops. Oat grains offer a great nutritional content,

with high protein levels and healthy lipids (EFSA, 2010). Hence, there is a growing need to study diverse variety
of oats in terms of their economically valuable traits and to search for new genotypes that can serve as the base for
development of new varieties with high productivity and resistance to diseases (Gagkaeva et al., 2018).
Simple Sequence Repeats (SSRs or microsatellites) are a class of molecular markers based on tandem repeats of
short (1 to 6 nucleotide) DNA sequences and are found in large quantities in both coding and non-coding regions
of genomes (Zane et al., 2002). As they are highly polymorphic, they are particularly useful for cultivar
fingerprinting, assessing genetic diversity of germplasm, and aiding in molecular breeding to improve crop traits
characteristics (Zane et al., 2002).

The use of chloroplast SSR (cpSSR) markers can boost Avena breeding programs since SSRs can be
transferred between genotypes within or between species (Liu et al., 2020). Earlier, cross-species transferability
of SSRs was detected via PCR amplification in different related species (Shukla et al., 2018). Also, it can be
especially useful in cultivar fingerprinting, in assessing germplasm diversity, and aiding in molecular breeding to

improve crop characteristics (Shukla et al., 2018).
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The objective of this work is to quantify and characterize the cpSSRs of 25 Avena species, in addition
to providing primers that could be used in further research and characterization of species and populations inside

the genus Avena.

MATERIAL AND METHODS

In silico identification of SSRs

The search of plastid SSRs was based in a previous study performed by Fu (2018). The plastid genome
from the 26 Avena species (Table 1) are available in the National Center for Biotechnology Information (NCBI).
The complete cpDNA was processed in SSRLocator (da Maia et al., 2008) to identify the microsatellite regions
(cpSSR) as mono-, di-, tri-, tetra-, penta-, or hexanucleotide. We considered only those repeats in which the motifs
repeated as follows: mononucleotide repeats with a repeat length > 8; dinucleotide with a repeat length > 6; and
tri-, tetra-, penta-, and hexanucleotide with a repeat length > 3. After identification, we assessed microsatellites for
coding (genic) and non-coding (intergenic) regions according to the information available in the NCBI database

for each species.

Table 1: Plastid genomes of different Avena species with its size and NCBI accession humber.

Plant species Plastome size (pb) Accession number
Avena abyssinica 135942 bp NC 044158.1
Avena agadiriana 135945 bp NC 044159.1
Avena atldntica 136006 bp NC 044163.1
Avena barbata 135946 bp NC 044173.1
Avena brevis 135939 bp NC 044172.1
Avena canariensis 135955 bp NC 044161.1
Avena clauda 135557 bp NC 044167.1
Avena damascena 135925 bp NC 044166.1
Avena eriantha 135560 bp NC 044157.1
Avena fatua 135889 bp NC 044170.1
Avena hirtula 135937 bp NC 050395.1
Avena hispanica 135935 bp NC 044164.1
Avena hybrida 135900 bp NC 044148.1
Avena insularis 135967 bp MG674209.1
Avena longiglumis 135728 bp NC 044169.1
Avena lusitanica 135879 bp NC 044149.1
Avena maroccana 135887 bp NC 044162.1
Avena murphyvi 135892 bp NC 044174.1
Avena nuda 135934 bp NC 044147.1
Avena occidentalis 135893 bp NC 044175.1
Avena sativa 135890 bp NC 027468.1
Avena sterilis 135887 bp NC 031650.1
Avena strigosa 135938 bp NC 044171.1
Avena vaviloviana 135946 bp NC 044168.1
Avena ventricosa 135681 bp NC 044165.1
Avena wiestii 135944 bp NC 044160.1
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RESULTS AND DISCUSSION

All cpSSRs of the 26 studied Avena species were evaluated. Therefore, we provide a general
comparison between our results and published studies on other plant species. The total number of microsatellites
observed for each species varied from 179 for A. eriantha to 187 for A. atlantica. While we identified mono-, di-,
tri-, and tetranucleotide SSR for all species (Table 2), the majority of Avena cpSSRs were classified as
mononucleotide followed by tri and tetranucleotide. Fu et al (2019) adopted different parameters as 8, 5, 4, 3, 3,
and 3 for mono to hexa, consequently no have found trinucleotides. But unlike from this study, we have found
tetra motifs, at least lin genic regions. We found predominantly mononucleotide motifs similarly to Liu et al.
(2020) in Avena that the number of identified SSRs is double compared to what our study identified. Therefore,
we provide a general comparison between our results and published studies on other plant species.

Table 2. Frequency (%) of the genic and intergenic cpSSRs based on motif size for each species.

Mono Di Tri Tetra Penta Hexa Total
. . Genie Intergenic Genic Intergenic Genic Intergenic Genic Intergenic Genic Intergenic Genic
SpeCles Intergenlc % 0, 0, 0, 0, 0, 0, 0, 0, 0, 0,
% "o %o %o %o "o %o %o "o "o %o

Avena abyssinica 96 35 1 0 18 24 9 1 0 0 0 0 184
Avena agadiriana 92 34 1 0 18 24 9 1 0 0 0 0 179
Avena atlantica 99 35 1 0 18 24 9 1 0 | 0 ‘ 0 0 187
Avena barbata 96 35 1 0 18 24 9 1 0 0 0 0 184
Avena brevig 98 35 1 0 18 24 9 1 0 0 0 0 186
Avena canariensis 95 34 1 0 18 24 9 1 0 0 0 0 182
Avena clauda 90 33 1 0 19 25 10 1 0 0 0 0 179
Avena damascena 96 34 1 0 18 23 9 1 0 0 0 0 182
Avena eriantha 90 33 1 0 19 23 10 1 0 0 0 0 179
Avena fatua 93 34 1 0 18 24 10 1 0 0 0 0 181
Avena hirtula 96 35 1 0 18 24 10 1 0 0 0 0 185
Avena hispanica 98 35 1 0 18 24 9 1 0 0 0 0 186
Avena hybrida 92 34 1 0 18 24 10 1 0 0 0 0 180
Avena insularis 93 34 1 0 18 24 10 1 0 0 0 0 181
Avena longiglumis 93 34 1 0 18 24 9 1 0 0 0 0 180
Avena lusitanica 94 34 1 0 18 23 9 1 0 0 0 0 180
Avenamaroccana 93 34 1 0 18 24 10 1 0 0 0 0 181
Avena murphyi 92 34 1 0 18 24 10 1 0 0 0 0 180
Avenanuda 98 35 1 0 18 24 9 1 0 0 0 0 186
Avena occidentalis 92 34 1 0 18 24 10 1 0 0 0 0 180
Avena sativa 92 34 1 0 18 24 10 1 0 0 0 0 180
Avena sterilis 92 34 1 0 18 24 10 1 0 0 0 0 180
Avena strigosa 98 35 1 0 18 24 9 1 0 0 0 0 186
Avena vaviloviana 96 35 1 0 18 24 9 1 0 0 0 0 184
Avena ventricosa 93 34 1 0 18 24 10 1 0 0 0 0 181
Avena wiestii 96 35 1 0 18 24 9 1 0 0 0 0 184

Most cpSSRs occur in the non-coding portion, being in coding portion there are mainly
mononucleotides, trinucleotides, and tetranucleotides with only one motif in coding portion. Di-, penta-, and
hexanucleotides do not have SSRs in this portion. Liu et al (2020) comments similar results only for
mononucleotides and points out the lower polymorphism of coding regions in contrast to non-coding regions the
factor for low distribution of SSRs in the coding portion. This is important for the mining and utilization of cpSSR

as initiators in genetic analysis.
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Primers were elaborated based in grasses parameters for primer designer (Saha et al., 2006) and are
available in supplementary material (Table S3). The use of conventional gene cpDNA markers have been widely
applied to studies of population history in trees and phylogenetic reconstruction at intraspecific levels because its
special nature above (Kelchner, 2000). However, the use of cpSSRs has allowed the examination of speciation
events at a finer level of detail than it was previously possible, but specifically for Avena species, have been used
in separating and distinguishing between haplome (genome) groups (Li et al., 2009). The Figure 1 shows SSR

regions that are shared by all Avena species that can be used as markers in haplotype study.

(AGT)3|[(GCA)3

Avena sativa

i chloroplast genome —{(ATA)3
135,890 bp e [(TTTA)3

Shared SSRs by 26
Avena cpDNAs

Wl photosystem | /
M photosystem II //f

[ cytochrome bif complex 5 // i 8¢

88 i &3

¥ i 3

E

[ ATP synthase AGC
8 hoco e oo & = (AATA)4 o

[l ANA polymerase
[ ribosomal proteins (SSU)

Il ribosomal protoins (LSU)

W transfor RNAS TTG)3
1 ribosomal ANAs

B cipP, matk

O hypothatical chioroplast reading frames (ycf)

Figure 1. Chloroplast map with the SSRs found inside the genes and shared by Avena species. The motifs of
cpSSRs are available in rectangle. Colored rectangles are genes that compose de chloroplast map. SSR motifs

positions are identified by black lines.

Several studies have indicated that plastid genomes and cpSSRs have enormous potential (Zhang et al.
2017), being an important tool for plant biologists and breeders in assessing genetic diversity. Although Liu et al.,
(2020) and Fu (2018) reveal some features about cpSSRs in Avena, here we focus specifically on quantification,

in addition to providing markers to be used in further studies.
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Arquivo disponibilizado de forma separada em formato .xmlx.
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5 CONCLUSAO GERAL

Fazendo uso das sequéncias disponiveis nos bancos de dados publicos, foi possivel neste
trabalho revelar que os genomas mitocondriais de plantas e algas sdo altamente abundantes em
SSRs, na qual podemos observar um viés para os tipos e distribuicdo, mostrando as algas como
0 grupo mais diverso apresentando diferencas no ndmero, abundéancia e densidade de SSRs
entre espécies relacionadas, refletindo a dindmica desse grupo para sobreviver as flutuacbes do
ambiente durante a evolucdo. As plantas vasculares sdo as que apresentam inimeros e longos
motivos refletindo diferencas estruturais do mtDNA desse grupo. Apesar disso, observou-se
que a conservacdo de certos motivos entre plantas e algas reflete um ancestral comum para
esses grupos.

O estudo dos genes de sintese de amido (SSRGSs) nas espécies selvagens de Oryza
apontou que a auséncia e duplicacdo de cdpias de alguns motivos relatados no estudo podem
modificar a atividade metabdlica, denotando que o uso de diferentes espécies de arroz podem
ser uma fonte rica de variabilidade para o melhoramento direcionado ao amido no arroz.

Os SSRGs compartilham elementos cis (CRES) comuns relacionados ao estresse,
indicando a regulacdo coordenada desses genes, principalmente para estresses como
desidratacdo, luz, anoxia, patégenos e resposta a salinidade. Além disso, outros motivos
particularmente relacionados a outras tensfes menos comuns estdo presentes, indicando que
esses genes podem responder a diversos estresses, mantendo sua atividade. Também
oferecemos uma estratégia, através da identificacdo de um SNP, para ser testada e utilizada em
programas de melhoramento para tolerancia aos principais estresses que afetam a qualidade do
gréo em arroz.

A partir de genomas plastidiais de 26 espécies de Aveia conseguimos propor 52
iniciadores microssatélites para cada espécie que agora podem ser utilizados na distin¢do de

espécies e populacdes dentro do género Avena.
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