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SANTOS, Jodo Vitor Maldonado dos. Ressequenciamento de genomas de
cultivares brasileiras de soja: analise estrutural e associativa. 2015. 113f. Tese
(Doutor em Genética e Biologia Molecular) — Universidade Estadual de Londrina,
Londrina, 2015.

RESUMO

A soja [Glycine max (L.) Merrill] € uma das mais importantes leguminosas cultivadas
no mundo devido sua importancia na alimentacdo humana, animal e produgdo de
biocombustiveis. Desde que seu genoma foi sequenciado, aumentou-se o interesse
por estudos de variacdes alélicas e estruturais ligadas a importantes caracteristicas
agrondmicas e associadas a resisténcia a patdégenos. Neste trabalho, foram
ressequenciados 28 cultivares brasileiras com o objetivo de investigar sua base
genética e analise de associacdo ampla do genoma para identificar importantes
variagdes alélicas ligadas a resisténcia contra nematoide de cisto, nematoide de
galha e cancro da haste. Foram identificados 1.329.844 indels e 5.868.344 SNPs,
sendo 10.079 SNPs relacionados a resisténcia as trés doencas. Uma estrutura
homogénea foi observada na base genética nacional, com a presencga de possiveis
regides sob processo de selegdo positiva. Ainda, regides contendo CNVs foram
identificadas no genoma da soja. Os resultados indicam que apesar da base
genética nacional estar se diversificando, ainda continua estreita, o que aumenta a
necessidade de utilizacdo de acessos de outras localidades para aumentar a
variabilidade da base genética da soja brasileira. As variagbes alélicas relacionadas
a resisténcia a doengas possuem aplicacdo direta para programas de
melhoramento, devendo ser validadas futuramente. Por fim, os CNVs detectados
podem contribuir significativamente no aumento da produtividade, e ainda estar
relacionados a selecdo de combinagdes que levam a uma resisténcia maior dos
genotipos analisados contra as doengas estudadas. Uma analise mais aprofundada
de tais variagdes estruturais torna-se importante em futuros trabalhos.

Palavras-chave: Glycine max. Variagdo alélica. GWAS. Diversidade genética.
Selecéo positiva desequilibrio de ligagdo. CNVs.
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SANTOS, Joao Vitor Maldonado dos. Reassessment of genomes of Brazilian
soybean cultivars: structural and associative analysis. 2015. 113f. Thesis (PhD in
Genetics and Molecular Biology) — Universidade Estadual de Londrina, Londrina,
2015.

ABSTRACT

Worldwide, soybean [Glycine max (L) Merrill] is one of the most important crops due
to the major importance in human food, animal feed and biofuel production. Since its
reference genome was sequenced, interest has grown on structural and allelic
variation that can be related to important agronomical traits and resistance against
pathogens. In this study, we re-sequenced 28 Brazilian soybean cultivars to
investigate the genetic base and a GWA analysis to identify important allelic variation
related to resistance against soybean cyst nematode, root-knot nematode and stem
canker. We identified 1,329,844 indels and 5,868,344 SNPs, being 10,079 SNPs
related to resistance mechanisms against the three diseases analyzed in this work. A
homogeneous structure can be observed in the Brazilian genetic basis, with the
presence of possible regions under positive selection processes. Additionally, CNVs
regions were also detected on soybean genome. The results suggested that despite
the fact that Brazilian soybeans are diversifying, the genetic base is still narrow,
which underline the need to introduce new exotic alleles from other germplasm in
Brazilian genetic basis. Furthermore, allelic variations related to resistance against
diseases have directly application for breeding programs and should be validated.
Finally, the CNVs detected in this work could play a key role for increase the
Brazilian soybean production, and may also be related to resistance mechanisms
against the analyzed diseases.

Keywords: Glycine max. Allelic variation. GWAS. Genetic diversity. Purifying
selection. Linkage disequilibrium. CNVs.
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1. INTRODUGCAO

Mundialmente, a agricultura encontra-se como uma das principais fontes de
desenvolvimento socioecondmico. As constantes mudancas climaticas associadas
ao crescente aumento populacional e ao impacto econbmico causado pela
agricultura em um pais tornam essenciais as pesquisas relacionadas a grandes
culturas. Assim, o desenvolvimento de tecnologias e produtos que visam um
aumento significativo na produgéo e qualidade mundial das principais culturas torna-
se extremamente importante. Dentro deste panorama, a soja [Glycine max (L)
Merrill] surge como uma das principais commodities comerciais que movimenta o
mercado internacional. No Brasil, possui um papel extremamente importante na
economia, sendo o principal produto de exportacdo do agronegocio. Desta forma,
estudos relacionados a esta leguminosa sado cada vez mais importantes para
manutencao do Brasil entre os maiores produtores mundiais.

Esta posicao brasileira de destaque no cenario mundial somente foi
alcangada com auxilio dos programas de melhoramento genético da cultura, que
embora recente quando comparado a outras culturas, ja trouxeram grandes
avangos. Apesar das melhorias obtidas, os programas de melhoramento genético da
soja ainda precisam contornar alguns problemas, tais como os fatores abioticos e
bidticos que causam prejuizos significativos a produ¢do nacional. Além disto, pela
histéria recente da cultura no pais e pela utilizacdo de poucos ancestrais oriundos da
base genética americana, espera-se que a base genética da soja nacional possua
pouca variabilidade, o que dificulta melhoristas a produzirem cultivares com
desempenho cada vez melhor em campo e com maior qualidade.

Assim, ferramentas que possam auxiliar programas brasileiros de
melhoramento da soja sdo fundamentais a sobrevivéncia do agronegdcio brasileiro e
da economia nacional como um todo. Dentre elas, técnicas de biologia molecular
surgem como importantes ferramentas que permitem a identificacdo de genes que
possam auxiliar na melhoria da qualidade e produtividade da cultura, o que auxilia
programas de melhoramento a acelerar o processo de producao de cultivares-elites
preparadas para um mercado extremamente competitivo. Com o sequenciamento do
genoma da soja, uma grande quantidade de informag¢ao encontra-se disponivel em
banco de dados publicos e varias ferramentas de bioinformatica ja foram

desenvolvidas com aplicabilidade direta ao melhoramento de plantas. Neste
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contexto, com a grande quantidade de informagao disponivel e acessivel, estudos
de resequenciamento sobre as principais cultivares nacionais, assim como de
acessos oriundos de outras localidades que contenham caracteristicas especificas
importantes, como tolerancia a estresses bibticos e abidticos, surgem como
alternativas na busca de variagdes alélicas que possam auxiliar no aumento da
variabilidade genética do germoplasma brasileiro e, consequentemente expressivo

impacto na produtividade, fitossanidade e qualidade das cultivares nacionais de soja.



2. OBJETIVOS
2.1. Objetivo geral

O presente trabalho possui como objetivo:

Identificar importantes variacdes alélicas e estruturais presentes nos
acessos comerciais da soja brasileira que possam estar relacionadas a

importantes caracteristicas agronémicas, como doencgas.

2.2. Objetivos especificos

Detectar potenciais SNPs e indels no genoma dos acessos
resequenciados;

Encontrar variagbes alélicas ligadas a resisténcia genética contra
nematoide de cisto, nematoide de galhas e cancro da haste;

Identificar a ocorréncia de queda de desequilibrio de ligacdo entre os
acessos resistentes analisados;

Compreender a relagdo filogenética entre os acessos estudados;

Avaliar a estrutura populacional e diversidade dos acessos estudados;
Comparar a base genética da soja brasileira com a norte-americana;
Analisar as modificagdes estruturais presentes no genoma dos acessos

sequenciados.



3. REVISAO BIBLIOGRAFICA

3.1. Soja

A soja pertence a divisdo Magnoliophyta, classe Magnoliopsida, subclasse
Rosidae, ordem Fabales, familia Fabaceae, subfamilia Faboideae, género Glycine
L., subgénero Glycine subg. soja (Moench) e espécie Glycine max (L.) Merril. E
considerada a leguminosa mais importante do mundo, devido principalmente a sua
importancia na alimentagdo humana e animal e produgédo de biocombustiveis. Hoje,
a mesma possui um lugar de destaque na economia brasileira, sendo o maior
produto nacional de exportagdo ((EMBRAPA SOJA, 2014).

Trata-se de uma espécie autdgama, com baixo indice de polinizagao
cruzada devido a cleistogamia. Contudo, ainda existe uma taxa de fecundagao
cruzada de 1% (BOREM; MIRANDA, 2005), causada devido a agdo de agentes
polinizadores, principalmente insetos como abelhas e tripses (SEDIYAMA et al.,
1986). E estimado que seu ancestral selvagem (Gycine soja) tenha sido
domesticado por volta de 7.000 — 9.000 anos atras, na Asia (LEE et al., 2011). No
Brasil, a cultura ganhou destaque no final da década de 60, associada a expansao
da triticultura no Rio Grande do Sul, sendo usada como opc¢&o no verao para rotacao
de cultura. Além disto, o farelo de soja era importante material utilizado para
alimentacao de suinos e aves (EMBRAPA SOJA, 2014).

A grande expansao da cultura no pais aconteceu em meados da década de
70 com a explosao do pre¢co da soja no mercado mundial. O Brasil possui uma
vantagem competitiva comparada aos demais paises produtores, pois 0 escoamento
de sua safra ocorre no periodo de entressafra dos Estados Unidos. Com isto,
investimentos em tecnologias para adaptacdo a outras regides do pais foram
realizados, o que levou a “tropicalizacdo” da soja. Assim, tornou-se possivel a
utilizacdo do grao em regides de baixas latitudes, o que causou uma revolugéo na
producao da cultura, sendo seu impacto constatado pelo mercado a partir do final da
década de 80 e mais notoriamente na década de 90, com a queda no prego do grao
(EMBRAPA SOJA, 2014).

Globalmente, os lideres mundiais em producao de soja sao Estados Unidos,
Brasil, Argentina, China, india e Paraguai (EMBRAPA SOJA, 2014). Estima-se que
na safra 2014/15, o Brasil produzira uma safra estimada de 95.919.800 toneladas,
plantadas em 31.162.180 hectares, com uma média de produtividade de 3.033

kg/ha. Os maiores produtores nacionais sdo os estados do Mato Grosso, com



5

estimativa de 28.216.400 toneladas, seguida pelo Parana, com 17.224.700
toneladas (COMPANHIA NACIONAL DE ABASTECIMENTO, 2014).

3.2. Estratégias de sequenciamento aplicadas ao genoma da soja

O elevado numero de plataformas de sequenciamento permitiu gerar uma
grande quantidade de trabalhos com genomas completos. Em soja, existem varios
trabalhos utilizando tais estratégias, sendo a cultivar Wiliams 82 a primeira
sequenciada por completo. Foram gerados 1,1 gigabase do genoma sequenciado
via Whole Genome Shotgun e preditos aproximadamente 46.430 genes
codificadores de proteinas distribuidos nos 20 cromossomos da soja. Estes valores
sao cerca de 70% maiores que os observados em Arabidopsis thaliana. Além disso,
os autores verificaram que aproximadamente 75% dos genes presentes no genoma
da soja estao de multiplas copias (SCHMUTZ et al., 2010).

O sequenciamento completo do genoma de acessos de soja selvagem
(Glycine soja) também ja foram realizados. Kim et al. (2010) sequenciaram 915,5
megabase do genoma de um acesso de soja selvagem e observaram a existéncia
de 2,5 megabase de sequéncias substituidas, 406 kilobase de pequenas
delecbes/insergdes, 32,4 megabase de grandes delegdes e 8,3 megabase de novas
sequencias quando comparado com o genoma referéncia de Glycine max.

Um levantamento realizado mostrou a existéncia de mais de 120.000
sequencias de nucleotideos, 1.460.000 ESTs, 368.000 sequencias genbmicas,
80.000 sequéncias de proteinas e mais de seis milhdes de SNPs oriundos da
analise do genoma da soja depositados no banco de dados do GenBank (NCBI)
(BENKO-ISEPPON; NEPOMUCENO; ABDELNOOR, 2012). O grande numero de
informagdes depositadas constantemente em banco de dados disponiveis na
internet demonstra a importancia de estudos para melhor compreender as
informacdes genéticas desta leguminosa Em meio a grande quantidade de
informagdes geradas pelo sequenciamento completo de genomas, estratégias de
resequenciamento surgem como importante ferramenta para estudos de variagdes
alélicas. Um estudo comparativo identificou a presengca de regides com alta
diversidade entre 31 acessos de soja selvagens e comerciais. Além disto, foram
encontrados 205.614 SNPs que podem ser utilizados em estudos associativos e

programas de mapeamento de QTLs (LAM et al., 2010). Outro trabalho identificou
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um total de 3,87 milhdes de SNPs de alta qualidade entre acessos comerciais e
selvagens coreanos (CHUNG et al., 2014). Ja Li e colaboradores (2013) analisaram
por resequenciamento 25 novos acessos de sojas chinesas e 30 acessos de sojas
localizadas em banco de dados publicos e identificaram um total de 5.102.244 SNPs
e 707.969 insergdes/delegbes, das quais 25,5% nao foram descritas em outros
trabalhos. Recentemente, Zhou e colaboradores (2015) resequenciaram 62 acessos
de soja selvagem, 130 acessos primitivos e 110 acessos comerciais modernos de
soja e encontraram 230 regides sofrendo influéncia de processos seletivos, sendo
96 relacionados com QTLs para 6leo e 21 contendo genes para biossintese de
acidos graxos. Além disto, o mesmo trabalho observou alguns SNPs associados
com a distribuicdo geografica dos acessos de soja.

A presenca de uma grande quantidade de trabalhos de sequenciamento
completo do genoma em soja, associado a grande quantidade de informacgao
disponivel em bancos de dados atua como uma importante ferramenta para
programas de melhoramento genético da soja. Assim, abre-se a possibilidade de
aplicagao direta de resultados de sequenciamento principalmente para busca por
genes, QTLs e variantes alélicas de interesse agronémico, ao desenvolvimento de
marcadores para selec¢ao assistida, a clonagem baseada em mapeamento e estudos
de genética de populacdo e de associacdo (CARVALHO; SILVA, 2010; LAM et al.,
2010; ZHOU et al., 2015).

3.3. Estudos de associagao ampla do genoma

O grande objetivo de um programa de melhoramento genético é a
identificacdo e selegcdao de combinacbes adequadas de alelos controladores de
caracteristicas de interesse para serem aplicados em processos de selecao artificial.
Estas variagdes alélicas localizam-se em regides ndo expressas do genoma ou
regides codantes e reguladoras da expressao de genes, sendo estas duas ultimas,
mesmo em menor proporgdo no genoma, componentes diretos da variagao
fenotipica observada em colegdes de germoplasma ou populagées naturais
(FERREIRA; GRATTAPAGLIA, 2006).

Dentre as estratégias de deteccdo de variagbes alélicas no genoma,
encontram-se os estudos de associagcdo ampla do genoma (Genome-Wide
Association Studies — GWAS). De acordo com o instituto nacional de saude dos

Estados Unidos, trata-se de qualquer estudo de variagdo genética comum em todo o
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genoma humano concebido para identificar associacbes genéticas com
caracteristicas observaveis (NIH). O primeiro trabalho relacionado a esta estratégia
foi observado em humano, para degeneragdo macular relacionada a idade (KLEIN,
2005). Uma vasta quantidade de trabalhos na literatura ja foi descrito para aplicagao
desta metodologia em humanos. Embora exista essa grande quantidade de
trabalhos voltados para area humana, esta estratégia vem sendo amplamente
empregada em estudos de genética de plantas. Aranzana et al. (2005) identificaram
em Arabidopsis thaliana genes previamente conhecidos para periodo de floragao e
resisténcia a patdégenos (Rpm1, Rps2 e Rps5) em 95 acessos que possuiam dados
de polimorfismo de genoma completo disponiveis. Existem inUmeros outros estudos
relacionados com outros organismos, como cevada (MASSMAN et al., 2010), arroz
(HUANG et al., 2010), sorgo (MORRIS et al., 2013), pimenta (QIN et al., 2014) e
milho (KUMP et al., 2011).

Um grande numero de trabalhos ja foi descrito na literatura sobre GWAS
aplicados ao genoma da soja. Hwang et al. (2014) identificaram 40 SNPs em 17
diferentes regides genémicas associados com teor de proteinas na semente. Além
disto, 25 SNPs em 13 regides genémicas diferentes foram identificados relacionados
com regides controladoras do teor de 6leo da semente. Outro trabalho realizado com
soja detectou a presencga de trés QTLs nos cromossomos 3, 8 e 20 com associagao
significativa de resisténcia contra Sclerotinia sclerotiorum (IQUIRA; HUMIRA,;
FRANCOIS, 2015). Hao et al. (2012) identificaram 51 SNPs relacionados com teor
e fluorescéncia da clorofila, sendo 14 destes SNPs coassociados com
caracteristicas de produtividade. Por fim, Mamidi et al. (2011, 2014) realizaram
trabalhos na deteccédo de SNPs relacionados com a clorose causada pela deficiéncia
de ferro. No primeiro trabalho, duas populagées 2005 [(n = 143) e 2006 (n = 141)]
foram avaliadas. Um total de 42 loci para 2005 e 88 para 2006 foram
estatisticamente associados a clorose causada pela deficiéncia de ferro, sendo 9
presente em ambas as populagdes. Ja no Segundo trabalho, um total de 20 genes-
candidatos conhecido por estarem relacionados ao metabolismo de ferro foram
associados a regides de QTLs. Ainda, foi identificado um SNP n&o sinébnimos um
QTL no cromossomo 3 sugerindo que o ortdlogo do FRE1 é o maior responsavel
pela variagdo fenotipica observada na soja. O surgimento e avango das novas

tecnologias para sequenciamento em larga escala dos genomas possibilitou a
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identificacdo de um grande numero de variagcdes alélicas com aplicabilidade em
GWAS em plantas.

3.4. Variag6es no numero de cépias — Copy-number variations

As variagbes denominadas de variagdbes no numero de copias (Copy-
number variations - CNVs) referem-se a modificagdes estruturais que produzem
alteragdes no numero de copias numa regido especifica do genoma. Tais
modificagdes podem variar em tamanho e hoje sdo amplamente estudadas. Trés
mecanismos surgem como possiveis principais fontes de formagao de regides
contendo CNVs no genoma: recombinacdo homodloga nao alélica (non-allelic
homologous recombination - NAHR), modelo de troca de forquilha de replicagao
(Fork Stalling and Template Switching - FoSTeS) e unido terminal ndo homadloga
(non-homologous end-joining - NHEJ).

Recombinagbes homologas nao alélicas geralmente ocorrem em hotspots
entre segmentos de DNA de elevada similaridade, mas que n&o sdo alelos e
comumente envolve segmentos de DNA de repeticbes com baixo numero de cépia
(Low Copies Repeats - LCRs). Podem ser de trés tipos dependendo de sua
localizacdo (rearranjos intracromatides, intercromatides ou intercromossomal) e
orientacdo (direta, oposta ou mista), podendo ocorrer em células meidticas ou
mitéticas (GU; ZHANG; LUPSKI, 2008; ZMIENKO et al., 2014). Delegdes e
duplicagdes podem surgir quando duas LCRs encontram-se no mesmo cromossomo
e na mesma orientagdo (direta). Inversbes surgem com LCRs no mesmo
cromossomo, mas em orientacdo oposta. Por fim, LCRs localizadas em diferentes
cromossomos podem originar translocagdes cromossomais (GU; ZHANG; LUPSKI,
2008) (Figura 7).

Outro mecanismo potencial para surgimento de regides de CNVs sido os
FoSTeS, causados por erros durante o processo de replicagcdo do DNA. Ocorre apés
uma fita de DNA que esta sendo sintetizada em uma forquilha de replicagdo se
desacopla e invade uma nova forquilha de replicacéo fisicamente proxima, onde se
anelara e continuara a sintese de DNA de maneira errada (LEE; CARVALHO;
LUPSKI, 2007). A mudanga entre moldes de DNA é dirigida pela presenga de
microhomologias entre a fita de DNA molde original e a invadida (Figura 8b). Podem
gerar delegbes, inser¢cdes e outros arranjos mais complexos dependendo da

quantidade de eventos de mudangas ou o lugar em que a forquilha foi invadida
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(upstream ou downstream a forquilha usada inicialmente) (GU; ZHANG; LUPSKI,
2008; ZMIENKO et al., 2014)
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Figura 7. Rearranjos gendmicos resultantes da recombinagédo em regides contendo LCRs, de acordo
com sua orientagéo (a) e localizagéo (b). Figura adaptada de Gu, Zhang e Lupski (2008).

Por fim, NHEJ é um dos mecanismos mais frequentes para reparo de
quebras de dupla fita em células eucariéticas. Em humanos, observa-se a utilizagao
deste mecanismo para reparar quebras de dupla fita patologicas, “fisiologicas” ou
recombinacdes, causadas por formas reativas de oxigénio ou radiacdo ionizante. E
considerado o principal responsavel por translocagcdes cromossémicas em células
cancerosas. Ocorre em quatro etapas: primeiramente ocorre a detecgdo da quebra
da dupla fita, seguido da realizagdo de uma ponte molecular entre as terminagdes da
quebra, modificacdo das terminagdes para que acontegca a compatibilizacido
elligagdo e por fim, a ligacdo das fitas de DNA (GU; ZHANG; LUPSKI, 2008;
WETERINGS; VAN GENT, 2004) (Figura 8a). Ainda, este processo possui duas

importantes caracteristicas: ndo é dependente de regides LCRs ou de segmentos de
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processamento minimo eficiente (minimal efficient processing segments - MEPS),
mas podem estimular o processo, como foi observado por Stankiewicz et al., 2003.
Além disto, tal processo deixa uma “cicatriz” no sitio de recombinagcdo devido a
insercdo ou remocdo de varios nucleotideos no comego ou no término das
extremidades (GU; ZHANG; LUPSKI, 2008; LIEBER, 2008). Assim quebras
consecutivas e jungdes indevidas resultam em modificacbes significativas na
estrutura genémica (GU; ZHANG; LUPSKI, 2008).
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Figura 8. Demais mecanismos responsaveis pelo surgimento de variagdes estruturais no genoma.
Mecanismos NHEJ (a) e FoSTeS (GU; ZHANG; LUPSKI, 2008).

Em humanos, trabalhos apontam que tais modificagbes estruturais sao
comuns no genoma (IAFRATE et al., 2004; SEBAT et al., 2004; TUZUN et al., 2005),
podendo causar mudancas fenotipicas drasticas, por interromper sequencias
codificantes ou perturbando regides reguladoras do gene (KLEINJAN; VAN
HEYNINGEN, 2005). Inumeras desordens humanas ja foram diagnosticas
associadas a CNVs, tais como Alzheimer (ROVELET-LECRUX et al., 2006),
Parkinson (SIMON-SANCHEZ et al., 2008) e autismo (SEBAT et al., 2010).

Atualmente, observa-se também a presenca de estudos em busca de CNVs
em uma grande variedade de culturas. Contudo, ainda apresenta-se pouco

explorado para analise de tais regides no genoma de plantas. Sdo descritas analises
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de CNVs em Arabidopsis thaliana (CAO et al., 2011; DEBOLT, 2010; LU et al.,
2012), arroz (YU et al., 2011), cevada (MUNOZ-AMATRIAIN et al., 2013), sorgo
(ZHENG et al., 2011) e milho (LAI et al., 2010; SPRINGER et al., 2009).

Em soja, alguns trabalhos sao descritos com a presenga de regides
contendo CNVs. Em um trabalho de resequenciamento, identificou-se 5.500
variagdes de presenga ou auséncia em comparagao com um acesso selvagem e a
cultivar referencia Williams 82 (LAM et al., 2010). Recentemente, outro trabalho de
resequenciamento encontrou 162 regides de CNVs potencialmente selecionadas
durante processos de domesticagdo e melhoramento (ZHOU et al., 2015). Além de
avaliagcdes gerais do genoma, ainda foram observadas ligagcbes diretas de CNVs a
genes de resisténcia a estresses bidticos da soja. Para nematoide de cisto,
observou-se uma correlagao direta na atuagédo do gene Rhg?1 como a resisténcia a
nematoide de cisto, j& que acessos considerados suscetiveis possuiam uma copia
em tandem do cluster génico, enquanto os resistentes apresentavam 10 copias
(COOK et al., 2012). Outro trabalho demonstrou que a aptiddo de aviruléncia de
Phytophthora sojae sobre a soja esta relacionada com a presenga de variagdes do
numero de cépias Avria e Avr3a do patégeno (QUTOB et al., 2009). Por fim, foram
encontrados CNVs nos cromossomos 3, 6, 7, 16 e 18 em regides ricas em classes
de receptores de proteinas quinases e ligagdo de nucleotideos, sendo ambas muito
importantes em mecanismos de defesa da planta (MCHALE et al., 2012). Portanto, a
identificacdo de tais CNVs no genoma da soja torna-se extremamente importante e
pode servir como chave para compreensao das principais modificagdes estruturais
de seu genoma, bem como identificar potenciais genes-alvo a serem mais bem

estudados funcionalmente.
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4. MATERIAL E METODOS

4.1. Material genético e sequenciamento

Vinte e oito cultivares de sojas brasileiras foram selecionadas para este
trabalho. Tais cultivares foram selecionadas baseadas em sua data de
comercializagdo e grupo de maturidade relativo. As sementes foram obtidas do
banco de germoplasma da Embrapa Soja. Amostras de tecido foliar jovem de cada
uma das 28 cultivares brasileiras foram coletadas no estadio V3 da soja. O DNA
gendmico das cultivares coletadas foram extraidos através do kit de extragao Qiagen
Mini Plant DNeasy (Qiagen Inc., Valéncia, CA, EUA), seguindo as instrugdes do kit.
O sequenciamento do material foi realizado na empresa FASTERIS, Suiga, através
da plataforma Illumina Hiseq 2000, o que gerou 100 pb de reads paired-end, com
uma cobertura esperada de 15 vezes o genoma da soja. Amostras resequenciadas
de acessos oriundos dos Estados Unidos e da Asia foram gentilmente
providenciados pelo laboratério de genética molecular e gendmica da soja da
Universidade de Missouri. Os acessos americanos e asiaticos foram nomeados de
acordo com um coédigo devido a privacidade dos dados. Tais genomas foram

utilizados para analises de diversidade, GWA e comparacdes de CNVs.

4.2. Informagao fenotipica

Os dados fenotipicos utilizados neste trabalho foram gentilmente cedidos
pela Embrapa soja e pelo laboratorio de genética molecular e genémica da soja da
Universidade de Missouri. Os dados fenotipicos para resisténcia de todos os
acessos contra cancro da haste foram fornecidos pelo laboratério de fitopatologia da
Embrapa Soja, sendo os acessos classificados em resistentes, moderadamente
resistentes e suscetiveis. Placa contendo meio de cultura BDA foram preparadas
contendo cerca de 50 a 150 palitos de dentes. Apds a preparagao de tais placas,
cinco a seis discos do fungo Diaporthe phaseolorum var. meridionalis foram
inseridos por placas. Estas foram colocadas em camara de incubacédo a 25°C e
cinco a seis dias depois, encontravam-se prontas para serem inoculadas. Todos os
gendtipos que seriam testados contra o fungo foram semeados em vasos de terra.
Um total de 15 sementes por vaso foi utilizado para representar cada acesso usado.
Adicionalmente, seis vasos contendo sementes da cultivar BR 23 foram adicionados

como testemunhas. A inoculagédo ocorreu no estadio V3 da planta, espetando-se os
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palitos de dentes colonizados cerca de um centimetro abaixo do ndédulo cotiledonar.
A avaliacdo para cada acesso ocorreu 20 dias depois, com uma nota sendo
determinada de acordo com o numero de plantas saudaveis restantes por vaso.
Vasos contendo mais de 50% de plantas saudaveis eram considerados acessos
resistentes, enquanto que valores abaixo de 50% eram acessos suscetiveis.

Adicionalmente, o laboratério de nematologia da Embrapa Soja gentiimente
providenciou informacdes de resisténcia das cultivares nacionais contra nematoides
de galha e cisto. Dados fenotipicos de resisténcia de cada cultivar brasileira foram
gerados em estudos anteriores (Waldir Pereira Dias, informagdo pessoal). Em
contrapartida, seis plantas para cada gendtipo foram avaliadas para analise de
resisténcia contra RKN em casa-de-vegetagdo. Os acessos foram semeados em
tubos plasticos contendo 500 cm3 de uma mistura de areia e terra autoclavada
(3:1). As plantulas foram mantidas durante 16 horas de iluminagao e posteriormente
complementadas com lampadas de sédio de alta presséao (sistema de luz PL). Uma
suspensao de 5.000 ovos de M. incognita foi inoculada em cada tubo no estadio V2
da planta. Foi utilizada uma solug¢ao nutritiva de 80 ml (HOAGLAND; ARNON, 1950)
semanalmente como forma de fertilizar as plantas. Trinta dias apds a inoculacéo,
raizes de cada planta foram avaliadas de acordo com uma escala que ia de um a
cinco baseadas na abundéancia de galhas. A resposta dos acessos contra RKN foi
medida de acordo com a resposta média das seis plantas por gendtipo. Cultivares
resistentes possuiam notas entre 1,0 — 3,0, enquanto que as suscetiveis tinham
notas entre 3,1 — 5,0.

Os dados de resisténcia dos acessos americanos e asiaticos contra
nematoides de galha e cisto foram gentiimente cedidos pelo laboratério de genética
molecular e gendmica da soja da Universidade de Missouri. As avaliagbes
fenotipicas de nematoide de cisto separaram o0s acessos em resistentes,
moderadamente resistentes, moderadamente suscetiveis e suscetiveis, enquanto as
avaliacbes de nematoide de galhas agruparam os acessos em resistentes ou

suscetiveis.

4.3. Detecgao de SNPs e Indels
As reads geradas pelo resequenciamento dos acessos nacionais foram
mapeadas na nova versao do genoma referencia da soja (Gmax_275 Wm82.a2.v1)

através do programa de alinhamento Burrows-Wheeler Aligner (BWA) (LI; DURBIN,
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2009). Ap6s o mapeamento, as reads alinhadas foram processadas pela ferramenta
Piccard versao 1.107 com a finalidade de remover valores duplicados. Um arquivo
binario de extensdo “.bam” foi gerado, representando o genoma montado de cada
cultivar resequenciada. Para busca de SNPs/Indels, foi utilizado o conjunto de
ferramentas Genome Analysis Toolkit (GATK) versdo 3.0 (MCKENNA et al., 2010).
Este conjunto de ferramentas foi utilizado para realizagao de um realinhamento em
regides de Indels e uma recalibragdo qualitativa com a finalidade de gerar um novo
arquivo binario de extensdo bam com menor erro para cada amostra. Assim, o novo
arquivo bam gerado foi utilizado para a busca por variagdes alélicas no genoma,
sendo em ambos os casos, o0 médulo HaplotypeCaller utilizado para o GATK.

Estas analises foram conduzidas usando um workflow de bioinformatica para
analise de dados de resequenciamento NGS (LIU et al., 2014), desenvolvido no
SoyKB (JOSHI et al., 2012, 2014) para busca de SNPs e Indels e foi conduzido
usando XSEDE (NATIONAL SCIENCE FOUNDATION, 2014) como infraestrutura
computacional, iPlant (GOFF et al., 2011) como infraestrutura de nuvem e
armazenamento dos dados e sistema de workflow Pegasus (DEELMAN et al., 2005)

para controlar e coordenar a gestao de dados e tarefas computacionais.

4.4. Andlise de associagao ampla genémicas

Para analise de associagdo ampla do genoma, foi utilizado o programa
GAPIT (LIPKA et al.,, 2012). Um modelo linear misto foi selecionado para esta
analise com um algoritmo de matriz EMMA. Além disto, foi utilizado o método de
imputacao de alelos maiores para dados faltantes, uma PCA total no valor de 3 e p-

value minimo de 7,19-e10'4.

4.5. Deteccao de desequilibrio de ligagao

Para medir os niveis de desequilibrio de ligagdo nos acessos resistentes, foi
calculado o coeficiente de correlacdo () dos alelos utilizando o programa Haploview
(BARRETT et al.,, 2005). Os parametros utilizados pelo programa foram:
—-maxdistance 1000 —dprime —memory 2000 -minMAF 0.1 —hwcutoff 0.001. Para
identificar blocos em desequilibrio de ligagdo, foi incluido o parametro ‘—blockoutput
GAB’ no programa.
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4.6. Anotacao génica, classificagao funcional e predigao de efeitos para
importantes regides gendmicas.

Foi utilizado o programa snpEff (CINGOLANI et al., 2012) para auxiliar com
a classificagao funcional dos genes onde variagdes alélicas foram detectadas. Uma
analise de enriquecimento de possiveis genes modificados devido a agdo de um
SNP nado sinbnimo foi realizada através dos websites agriGO (CHINA
AGRICULTURAL UNIVERSITY, 2014) e SoyKB (JOSHI et al., 2012, 2014).

4.7. Estrutura populacional e analise de diversidade

Dados perdidos, delegdes e SNPs heterozigotos foram removidos do
conjunto de dados. Uma arvore filogenética do tipo neighbor-joining (NJ) foi
construida através do programa MEGA5 (TAMURA et al., 2011) pelo modulo de p-
distance. Um total de 4.938.168 SNPs foram utilizados para gerar uma estrutura
populacional através do programa FastStructure (RAJ; STEPHENS; PRITCHARD,
2014).

Para as analises de diversidade, foram estimados a diversidade nucleotidica
(6r7) dentro da populagao. Para estimar 0, foram usados diferentes tamanhos de
janelas (10 kb, 100 kb e 500 kb) sem sobreposigao entre janelas adjacentes. Além
disto, foi medido o coeficiente de diferenciacdo populacional (Fst), através do
conjunto de ferramentas vcftools (DANECEK et al., 2011).

4.8. Deteccao de genes candidatos sob influéncia de selecao artificial

De acordo com os resultados estatisticos obtidos pela analise de
diversidade, foi possivel identificar genes sob influéncia de efeitos de selegdo nos
acessos nacionais. Regides sob selegdo positiva tendem a ter baixos valores de
diversidade nucleotidicas entre acessos novos e antigos. O critério adotado para
regides sob selegédo positiva foram; Fst > 0,45 na distribuicdo populacional total e
valores mais elevados de Om nas cultivares mais antigas. Regides com baixa
diversidade foram determinadas através do critério de Fst > 0,02. Finalmente, foi
utilizado os websites Soybase (GRANT et al., 2009) , agriGo (CHINA
AGRICULTURAL UNIVERSITY, 2014) e SoyKB (JOSHI et al.,, 2012, 2014) para
realizacdo de uma analise de enriquecimento dos genes sob influéncia de selegao

positiva.
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4.9. Identificagao de variagées no numero de cépias (CNVs)

Para detecgdo de CNVs no genoma da soja, foi utilizado o programa Copy
Number estimation by a Mixture Of Poissons (cn.MOPS), versdo 1.10.0
(KLAMBAUER et al., 2012). Além disto, SoyKB foi utilizado para busca de genes

inseridos nas possiveis regides onde CNVs foram detectados.
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ARTIGO | - EVALUATION OF GENETIC VARIATION BY GENOME
RESEQUENCING OF 28 BRAZILIAN SOYBEAN CULTIVARS

Abstract

Background

Soybean [Glycine max (L.) Merrill] is one of the most important cultivated legumes in
the world, and Brazil is one of the main soybean producers. Since its reference
genome was sequenced, interest has grown on structural and allelic variation in
cultivated and wild soybean germplasm. In order to investigate the genetic basis of
Brazilian soybean germplasm, we re-sequenced soybean cultivars selected based on
release time, different geographical region and maturity groups.

Results

We re-sequenced the genome of 28 Brazilian soybean cultivars, with an average
cover of 14.78X genome cover. A total of 5,868,344 SNPs and 1,329,844 indels were
identified throughout the 20 soybean chromosomes, with 541,760 exclusive SNPs in
28 cultivars. In addition, 693 SNPs were shared among all Brazilian cultivars inside
321 genes, including some related to DNA-dependent transcription/elongation,
cellular respiration, photosynthesis, ATP synthesis coupled electron transport,
generation of precursor metabolites and energy. Furthermore, a very homogeneous
structure could be observed in the Brazilian genetic basis. Additionally, we observed
57 putative regions under influence of positive selection, of which chromosome 17
had the highest number among these regions. Finally, we detected 3,880 regions
with copy-number variation (CNVs) that could help to explain the divergence among
the accessions used in this study.

Conclusions

The large number of allelic and structural variations identified in this study can be
used in marker-assisted selection programs, as the detection of unique SNPs to
cultivar fingerprint. The results suggested that despite the fact that Brazilian
soybeans are diversifying in the modern cultivars, the genetic basis is still very
narrow, because of the large number of regions with low diversification in the
genome. These results emphasize the need to introduce new alleles from other
germplasm to be used on crossing with Brazilian elite cultivars and increase the

genetic diversity of Brazilian germplasm.
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Background

Soybean [Glycine max (L.) Merrill] is considered one of the most important
leguminous crops of the world, due to its importance in human food, animal feed, and
oil production. Globally, Brazil is the second largest soybean producer with potential
to become the largest producer in near future. In the 2013/14 growing season Brazil
harvested 86.273 million of tons, from 30.100 million hectares of sowed area [1],
indicating the importance of this crop to the Brazilian agribusiness, and
demonstrating the importance breeding programs that aims to the increase yield,
stress tolerance and crop quality.

The Brazilian soybean breeding has a very recent history, with the first
cultivar (cv.) dating from the 40s. Soybean became economically important in the
70s, and since then, it has increased the importance of this leguminous crop in the
agricultural market in the world. The success of soybean for the Brazilian
agribusiness is the direct result of the increase of the production in traditional areas,
and the advancement of new agricultural frontiers, mainly in the Savannah region,
associated to availability of genetic cultivar for tropical regions [2]. Although the great
progress and achievements have been made by the soybean breeding programs has
reached in Brazil, some factors are still limiting the crop potential, such as diseases
and unfavorable environment conditions. The Brazilian soybean germplasm has a
narrow genetic base, which restricts productivity gains, besides offering risk in cases
of new pathogenic variants or emerging diseases. In previous studies, Hiromoto and
Vello [3] found 26 soybean ancestors with significant contribution to the Brazilian
soybean genetic bases, being Pl 548485 (Roanoke), Pl 548445 (CNS), Pl 548493
(Tokyo), and Pl 548488 (S-100) the most important ancestors. Furthermore, a new
study showed that these four ancestors contributed to 55.3% of the Brazilian
soybean genetic base [4]. Moreover, the same study showed that Brazilian soybeans
have six important ancestors shared with US soybean genetic base (CNS, S-100,
Roanoke, Tokyo, Pl 54610 and Pl 548318), since the first Brazilian cultivars were
developed based on the US germplasm.

Therefore, the development of tools that can help breeding programs to keep
the demand for cultivars with high yield and adapted to different stress conditions are

essential for the increasing demand of food in the world. Molecular biology
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techniques have emerged as important tools for plant breeding assistance. Thus, the
new high-throughput sequencing platforms arise as alternatives to  genes,
quantitative trait loci (QTL) and important allelic variation discovery, as well as
population studies and genome-wide association analysis (GWAS) in plants [5].

In soybeans, large-scale sequencing efforts have taken place recently, such
as the genome reference sequencing [6], where 1,1 gigabase (Gb) of Williams 82
cultivar was assembled allowing the identification of 46,430 genes spread through
the 20 soybean chromosomes, 70% higher than as observed in Arabidopsis thaliana.
Furthermore, the same study showed that about 75% of the genes present in the
soybean genome have multiple copies.

Wild soybean, Glycine soja, has also being studied at the genome level. Kim
et al. [7] sequenced 915.5 megabase (Mb) of a wild soybean accession and found
2.5 megabase of substituted sequences, 406 kilobase (Kb) of indels, 32.4 megabase
of deletions and 8.3 megabase of new sequences when compared with the Glycine
max reference genome, cv. Williams 82.

Amidst the large amount of information generated by genome-wide
sequencing, resequencing strategies arise as an important tool for allelic variation
studies. A large number of resequencing studies in soybean can be reported. For
instance, Lam et al. [5] identified a high diversity in wild soybean accessions through
resequencing of 31 wild and commercial soybean cultivars. Also, the same study
identified 205,614 single nucleotide polymorphisms (SNPs) that could be used in
genome-wide association studies (GWAS) and QTL mapping. Chung et al. [8]
cataloged genomic variation in commercial and wild soybean accessions from Korea
and identified 3.87 millions of high quality SNPs. Li et al. [9] re-sequenced 25 new
Chinese soybean accessions and 30 soybean accessions found in public database
and identified 5,102,244 SNPs and 707,969 indels, of which 25.5% had not been
reported. In other species, whole-genome resequencing has been also widely used,
for instance, Arabidopsis [10], corn [11], rice [12], cucumber [13] and sorghum [14].

A large amount of sequence information continuously deposited in public
databases shows the importance of such studies to better understand the genetic
basis of this leguminous. The advent of new high-throughput sequencing
technologies for genome-wide analysis, associated with a cost reduction, have

allowed massive genome sequencing of large number of lines in different crops.



26

Thus, resequencing strategies arise as an important tool to identify variations that
can be useful for breeding programs with narrow genetic basis, like soybean.

In this study, we resequenced 28 Brazilian soybean lines released over last
50 years and belonging to different maturity groups. These sequences were used to
evaluate the modification among the genomes through the history of the Brazilian
soybean breeding programs. Furthermore, we identified genomic regions associated
with important variation, such as deletions, substitutions and duplication, which could

be helpful for explaining the divergence/similarity among different cultivars.

Results and Discussion

Sequencing and variation calling

In this study, 28 Brazilian soybean accessions were re-sequenced. The
Brazilian lines were chosen based on the distribution along a 50-year span of the
soybean breeding program history in Brazil, with cultivars developed from the 60’s
until the present decade. Furthermore, lines from different maturity groups, adapted
to different regions of Brazil, were also selected, representing the highest diversity
among these cultivars (Table 1).

The resequencing effort of Brazilian cultivars generated around 5.5 billion
paired-end reads with 100 bp read length and an average of coverage of 14.78x the
soybean genome. The percentage of mapped reads on the soybean genome for
each accession was 94.31%, which showed that the resequencing was able to cover
most part of the genome (Supplementary Table 1). A total of 5,868,344 SNPs were
identified in Brazilian lines compared to the reference genome, which is higher than
previously studies [5, 8]. It was expected due to the higher coverage used in our
study compared to the others. The SNPs were distributed over all the chromosomes;
with chromosomes 15 and 18 having the largest number of SNPs (Figure 1a) and
the highest ratio of SNPs per chromosome length (Supplementary Table 2). As
expected, most of the SNPs/Indels were homozygous. However, 7.17% of them were
heterozygous, being Embrapa 48 the -cultivar with the highest number of
heterozygous SNPs (Supplementary Figure 1a). When compared to the reference
genome, most of the nucleotide change was classified as transition, with a
transition/transversion ratio (ts/tv ratio) of 1.83 (Figure 1b). A total of 2,684,448
SNPs were detected in intergenic regions. In coding regions, we found a total of
218,671 SNPs in exons, 287,414 SNPs in introns and 112,790 in UTR regions
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(Figure 1c). The non-synonymous-to-synonymous ratio observed between the
Brazilian accessions was 1.55. The ratio observed in this study was lower than those
observed in other soybean studies [5]; however, higher than those observed in other
plants, such as sorghum [14] and rice [12]. The genomes of cv. Santa Rosa and
Doko had the highest number of SNPs in coding regions, while in contrast cv. Anta
82 and VMAX RR have the lowest number (Supplementary Table 3). Furthermore,
we identified exclusive SNPs for each of the lines used in our study. BRS 284,
BRS/GO Chapaddes, Doko and Santa Rosa had the highest number of exclusive
SNPs, in contrast to cv. BRS Valiosa RR, BRSMG 850G RR and FT Cristalina, with
the lowest number (Table 2). These findings can be very useful in breeding programs
for marker-assisted selection (MAS) and cultivar fingerprinting.

A total of 1,329,844 indels were detected among Brazilian soybean
accessions. It was lower than the proportion observed in other species [12, 14]. The
distributions of indels on chromosomes, as well as the proportion of
homozygous/heterozygous indels for each cultivar, were similar to those observed for
SNPs (Figures 1a and Supplementary Figure 1b). About 463,106 of these indels
were on the intergenic regions, while 79,721 indels (5.99%) were found in intronic
regions, 40,105 indels (3.02%) were inside UTR regions and a total of 25,861 indels
were located in exons. Similar to the SNPs analysis, Doko and Santa Rosa had the
highest number of InDels, while in contrast BRS 284 and BRS/GO 8360 had the

lowest number. A summary of these variations can be showed in Figure 1d.

Possible influence of allelic variation on the Brazilian germplasm

The SNPs identified in the Brazilian germplasm led to a large number of
codon modifications detected in important gene regions. We detected 27,582 genes
with the presence of allelic variation in Brazilian lines (Supplementary Table 4). The
cultivar with the most number of modified genes due to the presence of SNPs was
cv. Emgopa 301. This cultivar had the largest number of non-synonymous
modifications in coding sequence regions and start codons. In contrast, we observed
a small number of modified genes in cv. BR 16.

We found 17,581 SNPs that share the same allele in all Brazilian lines and
are divergent to the reference genome and some of the 19 U.S. soybean germplasm.
It was evident that these SNPs are common among all Brazilian germplasm used on

this study but not in all U.S. cultivars. A total of 609 SNPs were non-synonymous
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modifications identified in coding regions of 303 genes. According to an enrichment
analysis from SoyBase [15], 34 genes were associated with generation of precursor
metabolites and energy related to DNA-dependent transcription/elongation and
photosynthesis biological processes. Some of them were also related to cell
respiration and ATP synthesis coupled electron transport (Supplementary Table 5).

In addition, we found seven genes with putative modifications that cause a
loss of function in start codons, shared between all Brazilian lines. These genes are
related to protein biding (Glyma.07g153200), ATP synthesis coupled electron
transport and NADH dehydrogenase (ubiquinone) activity (Glyma.159246000) and
three  putative pseudogenes on chromosome 16 (15,19-16,88 Mb):
Glyma.16g017300 (a serine/threonine protein kinase), Glyma.16g019100 (proprotein
convertase subtilisin/kexin) and Glyma.16g019200 (S1/P1 Nuclease related with
DNA catabolic processes). In stop codons, we identified six allelic variations, but only
two genes had annotation. The Glyma.07g156200 has an AP2 domain, related to the
transcription regulation and Glyma.18g132800 is associated with the ATP binding,
being a chloroplast cell component.

Moreover, we detected five genes with modifications on the splice site
regions, leading to alternative splicing, including a gene with PPR repeat domain
(Glyma.18g056000) that could be related with plant resistance mechanism, a NADH-
Ubiquinone/plastoquinone (Glyma.109068800), a regulation of DNA replication
(Glyma.16g005600) and mRNA splicing process (Glyma.169077700). In contrast,
there is no annotation for gene Glyma.17g186300.

Finally, for 14,560 SNPs the same allele was found in all Brazilian cultivars
and all the U.S. accessions, comparing to cv. Williams 82. One of the U.S. soybean,
US-08, was originated by a cross among cv. Williams 82 and Kin du, which suggest
that the presence of these SNPs were sequencing errors on the reference genome or
SNPs that are unique to cv. Williams 82. A total of 760 SNPs were observed inside
coding regions of 476 genes, with 24 also associated with generation of precursor
metabolites and energy related to DNA-dependent transcription/elongation and
photosynthesis biological processes. Moreover, we observed 36 SNPs in splice site,
start and stop codon regions of 33 genes. This result may have a large importance in
future soybean studies, due the presence of possible nucleotide errors in important
genes of the genome reference. In order to confirm the existence of these variations,

a validation procedure must be carried out for these loci.
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Several gene modifications were found in Brazilian accessions compared to
the reference genome and other U.S. lines. Once confirmed, these differences could
be an insight about the adaptation to the tropics in Brazil and some of the differences
that led to loss of function may not have a key role to the plant survival. However,
more detailed studies are needed to verify the importance of these modified genes,
especially in photosynthesis and generation of precursor metabolites and energy
processes. Whether these genes were involved in tropical adaptation of soybean, it

still needs to be clarified.

Low divergence in Brazilian soybean genetic base

The Brazilian soybean genetic base is very narrow due to the very recent
breeding program history and the existence of a small number of ancestors, mainly
derived from the United States (US) soybean germplasm. To observe the population
structure of the Brazilian soybean germplasm, we constructed a neighbor-joining (NJ)
tree with all the Brazilian soybean cultivars (Figure 2a). The phylogenetic tree
showed that the accessions were grouped according to their genealogy. It was
possible to confirm it through the analysis of some clusters.

Cultivar BRS Sambaiba has a strong influence of Santa Rosa on its
pedigree, which explains these two cultivars were clustered together. Moreover, cv.
Parana and IAS 5 have a great influence of Hill and D52-810, which explains the
clustering between these two genotypes. Hill was present at least in 19 Brazilian
cultivars background and should have an importance in the clustering. Similar
situations occurred between cv. FT Cristalina and cv. BRSMT Uirapuru, because the
latter has the former background in its pedigree. Cultivars BRS 284 and BRSGO
8360 share the same common ancestors (Mycosoy-45 x Suprema), which also
explains why these two accessions were clustered together in the phylogenetic tree.
Moreover, BRS 361 was clustered close to BRS 284 due the presence of cv.
Suprema in its background. Emgopa 301 and BRS 284 shared Hardee and Improved
Pelican as common ancestors, which explain the clustering of these cultivars. The
cultivars BR/MG 46 (Conquista) and BRS Valiosa RR also have a high genealogical
relationship, since BRS Valiosa RR was originated from five backcrosses of cv.
Conquista. Another important cultivar, BRSMG 850G RR, was closely clustered to
cultivars BRS Valiosa RR and Conquista, which can be explained by their similar
backgrounds. BRS 232 and FT Abyara had Hood and Hill in their background, which
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should have a great influence in their position in the phylogenetic tree. Furthermore,
cultivars IAC 8 and Conquista shared Bragg-derived genetic background as a
common ancestor. Priolli et al [16] clustered 168 Brazilian soybeans in a UPGMA
tree based on SSR polymorphism and identified a similar clustering. Moreover, the
same study clustered by Roger's Wright distance, put BR 16 close to FT Cristalina,
which could explain the closeness of these two cultivars.

In addition, some resistant cultivars against soybean cyst nematode were
clustered closely. It was explained due the influence of common resistant ancestral in
their background. This fact can be more clarified with the presence of BRS 360RR at
the same cluster, since two U.S. cultivars commonly used as source of resistance
against soybean cyst nematode are present in its background, even BRS 360RR
being a susceptible cultivar.

Using FastStructure [17], we check the homogeneity of the Brazilian soybean
genetic basis. The K value was set from a range between 1 to 10 and the best model
components used to explain structure in this data was the model K = 3 (Figure 2b).
Based on the phylogenetic tree, most of the samples were clustered according to
their background influence. Moreover, some evidence of admixture can be seen in
BR 16, BRS 232, BRS 361, BRS/GO 8660, BRS/GO Chapaddes, Doko, EMGOPA
301, FT Abyara and Santa Rosa. The results suggest that the Brazilian soybean
genetic basis is still very homogeneous, with possible introgression in few cultivars.
Priolli et al [18] used 435 cultivars and 27 SSR markers to cluster Brazilian soybeans
in two groups (k=2). The main reason of the clustering difference is involved in the
number of cultivars and markers used in both studies, since we used a lower number
of cultivars but a higher number of markers.

The breeding programs develop cultivars with the best performance under
influence of various environment and field conditions. Against this background, the
development of cultivars tends to modify some genes/QTLs through the time by the
increase/removal of important alleles in the genome. Thus, the identification of
regions with higher diversification, as well as regions with lower modifications during
the time, become extremely important for breeding programs to improve the soybean
adaptation.

In order to identify genomic regions with higher levels of diversification
between old and new accessions, a calculation of the divergence index (Fsrt),

between the Brazilian accessions was performed. Regions with higher Fsr values
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could be related to artificial selection events, as well as regions with lower values of
Fst could indicate the existence of little genetic differentiation between the
accessions.

In this study, we identified 998 10 kb regions with Fst values higher than 0.45
distributed in most of the soybean chromosomes. The chromosome 16 had the
higher number of sub-region with higher values of Fst. Two chromosomes, 9 and 13,
did not present sub-regions with higher values of Fst, which may mean these
chromosomes do not have strong influence of artificial selection during the
development of new cultivars.

In contrast, we detected 2,097 sub-regions with Fst values lower than 0.02,
which showed the higher number of genomic regions with lower diversification
between latest and oldest cultivars. Chromosome 6 had the highest number of these
sub-regions with lower diversification, while chromosome 16 had the lowest number.
Lam et al [5] identified 369 sub-regions with high Fst and 101 sub-regions with
low Fst in @ comparison between wild and commercial soybeans. The proportion of
higher/lower Fst detected in this study was higher compared to our results. It can be
explained since the previous study compared Glycine soja and Glycine max
accessions, while in our study, only commercial accessions of the same geographic
region was used. A large number of sub-regions with lower diversification related to
the population structure analysis results obtained in this study demonstrated that the
genetic basis of the Brazilian soybean germplasm remains narrow. These
observations are in agreement with those studies, in which 444 Brazilian soybean
lines were investigated and showed the same pattern [4]. In that study, it was
identified a cumulative relative genetic contributions of 57.6% from only four main
ancestors in all Brazilian germplasm, even with an increase of the number of

ancestors in the genetic basis over the time.

High similarity between Brazilian and U.S. soybean genetic base

The history of the soybean breeding program in Brazil is very recent and
associated with the U.S. breeding programs, as the first soybean cultivars used in
Brazil were introduced from the United States. Therefore, it is expected that the
Brazilian and U.S. genetic basis to be very close. In order to verify genomic regions
that were modified over the time, comparisons of the population differentiation

coefficient (Fst) were made between Brazilian and U.S. soybean cultivars.



32

A total of 261 sub-regions with high values of Fst were identified between
Brazilian and U.S. accessions. There are no sub-regions on chromosome 4 and 8
with higher values of Fst. Chromosome 6 with 78 and chromosome 10 with 74 had
the highest number of sub-regions with higher values of Fst. One region, on
chromosome 6, between 0.63-0.69 Mb had the highest number of SNPs with great
values of Fgst. There are seven genes with important modifications in coding
sequence in this region: Glyma.06G00820 (endo-1,4-beta-glucanase, related with
carbohydrate metabolic process), Glyma.06G008300 (RNA polymerase |
transcription factor UAF), Glyma.06G008400 (iron/ascorbate family oxidoreductases
associated with oxidation-reduction process), Glyma.06G008500 (E3 ubiquitin ligase
interacting with arginine methyltransferase), Glyma.06G008800 (a transcription factor
GATA related with regulation of transcription), Glyma.06G008600 and
Glyma.06G008700. QTLs for oil/palmitic acid content [12], carbon isotope
discrimination [19] and reaction to Heterodera glycines damage [20] have been
previously described inside this region, that could be an important source of variation
between both genetic bases, especially because it is related to important soybean
traits and have higher diversification between both germplasm.

In contrast, we observed 8,167 sub-regions with Fst values lower than 0.02.
Chromosome 19 had the highest number of detected sub-regions, while only 151
sub-regions were found on chromosome 16 had the lowest number, with 151 sub-
regions. The large numbers of sub-regions with lower diversification in Brazilian and
U.S. soybeans support the idea of both genetic bases are still very close.

Following the analysis, a comparison between the recent lines from both
genetic bases were made as a way to verify the existence of regions more influenced
over time by the process of diversification. We found 900 sub-regions with Fst values
higher than 0.45 and 1,958 sub-regions with Fsr values lower than 0.02. The results
obtained in this analysis suggest that although the genetic bases of both accessions
are close, a genetic diversification occurred between the latest cultivars. The
chromosomes 6 and 18, with 208 each one, were identified with the highest number

of sub-regions with Fst values higher than 0.45.



33

Regions under positive or balancing selection processes in Brazilian
germplasm

A large number of sub-regions with the highest values for Fst associated with
lower values of nucleotide diversity (011) for the latest cultivars compared to the
oldest cultivars were identified on chromosomes 7, 15, 17, and 18 (Table 3). We
identified 32 sub-regions of 10 kb size inside two intervals on chromosome 17, being
8 sub-regions inside the interval 3.01-3.06 Mb with 100 SNPs and 39 sub-regions
between 5.56-5.92 Mb with 1,150 SNPs (Figure 3). Most of the SNPs identified in
both intervals differentiated Doko, IAC 8, IAS 5 and Parana from the other cultivars.
These intervals were previously described in other studies by the presence of a large
number of QTLs, such as seed size [21-24], seed genistein/palmitic acid content [25,
26], plant/root weight, phosphorus content [27], canopy wilt [28], soybean cyst
nematode [29] and white mold [30]. Moreover, we identified 30 genes with allelic
variation in important regions with variable functions, such as late embryogenesis
abundant [plants] lea-related (Glyma.17G040800), a ribosomal protein L35
(Glyma.17G07120), x-box transcription factor-related with cellulose biosynthetic
process (Glyma.17G072200), a gene with a WRKY DNA-binding domain related with
the regulation of transcription (Glyma.17G074000), a RNA polymerase Il CTD
phosphatase (Glyma.17G074700), two ABC transporter (Glyma.17G041300 and
Glyma.17G041200), three  Zinc-finger = double-stranded RNA-binding
(Glyma.17G072800, Glyma.17G072900 and Glyma.17G073000), a gene with a PPR
repeat domain (Glyma.17G072100) and a gene related with cytochrome-c oxidase
activity (Glyma.17G075100).

We also identified additional sub-regions on chromosomes 7, 15, and 18 with
higher values of Fsr. Six sub-regions, located by the end of chromosome 7, were
detected and all these sub-regions carried SNPs that differed cultivars IAC 8, Santa
Rosa, and Doko from the other cultivars. Tajuddin et al. [31] described two QTLs for
seed-oil content inside these sub-regions. In the present study, we identified four
genes between 40.10-40.17 Mb: Glyma.07G223900 (DNA helicase PIF1/RRM3,
associated with telomere maintance), Glyma.07G224100 (a gene with a B3 DNA
binding domain), Glyma.07G224400 (NusB family associated with the regulation of
transcription) and Glyma.07G224600 (a glucosidase 2 subunit beta). On the other
hand, three other sub-regions detected on chromosome 15 (2.95-2.97 Mb, with 51
SNPs) and 18 (2.19-2.20 Mb, with 107 SNPs) were in the beginning of these
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chromosomes. Only in chromosome 18 we identified a modified gene due to the
existence of a SNP: Glyma.18G029000, an amino acid transporter. However, several
studies reported the presence of QTLs controlling important traits in these sub-
regions. On chromosome 15, several QTLs responsible for seed volume/length [21],
isoflavone content [32], oleic/linoleic acid content [33] and protein/oil content [31, 34]
were identified. For chromosome 18, most of the QTLs identified were related to
soybean cyst nematode resistance [35—-42] and protein content [43]. The SNPs found
in this study on chromosome 15 differentiated IAC 8, Parana, and Doko from the
latest cultivars. However, we identified a similar pattern in cv. Embrapa 48 compared
to the oldest cultivars. This could be explained by the presence of Parana in its
pedigree. Furthermore, in chromosome 18, the SNPs identified in this study
differentiated IAS 5, Parana, and Doko from the latest cultivars.

The higher Fst values associated with higher 6 values in oldest cultivars
compared to the latest cultivars confirmed the presence of sub-regions under positive
selection processes. Thus, the Brazilian accessions had meaningful modifications in
these 41 sub-regions over the time. The presence of important traits inside these
sub-regions associated with the large difference in Brazilian production over the time
and high Fst values reinforces the existence of sub-regions under influence of
positive selection.

We also identified a large number of regions with Fst under 0.02. This result
suggests the presence of regions with lower diversification, which could mean the
presence of balancing selection. Part of these regions under balancing selection
could have important genes/QTLs responsible for the survival of the plant. This
finding, associated with the detection of a large number of regions with higher FST
values, could be an important target for breeding programs, to maintain these regions
under positive selection. Moreover, the identification of the regions under balancing
selection not related to essential processes for the plant could be another important

target to insert new alleles that could improve important traits in Brazilian cultivars.

Copy-Number Variation regions could explain the divergence among
accessions

CNVs refer to structural modifications that produce changes in the copy
number in a specific region of the genome. Such modifications may vary in size, and

recently some studies show their wide importance due to the fact they are linked to
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many types of traits and some diseases, such as Alzheimer [44], autism [45] and
Parkinson [46] in humans. In soybean, it is also observed that a significant number of
CNVs are associated to important traits, as the resistance against soybean cyst
nematode [47]. Therefore, the identification of these CNVs on soybean genome
becomes extremely important. We analyzed all the Brazilian soybean lines to find
important CNVs that could be related to the divergence accumulated during the time
between the oldest and latest accessions.

A total of 3,880 sub-regions containing CNVs, spread through the 20
chromosomes of the soybean genome, were detected in the Brazilian lines. The
highest number of CNVs regions were identified on chromosome 14 and 17 and the
lowest number on chromosome 16. Cultivar BRS 284 has the highest number of
CNVs, in contrast to BRS/GO Chapaddes, a cultivar with lowest number of CNVs.
Moreover, cv. BRS 284 had virtually an equal proportion of CNVs in the genome,
with 671 deletions and 667 duplications. Most of the accessions had more deletions
than duplications, except for BRS/GO 8360 and VMAX RR, which had more
duplicated regions instead of deletions. BRS 232, Doko, and Santa Rosa were
cultivars with the highest number of CNV regions. This result was similar to the
previously SNP analysis described in this study. Cultivar VMAX RR was the
accession with the lowest number of deleted regions. Additionally, BRS 284,
BRS/GO 8360, and VMAX RR were cultivars with the highest number of CNVs
region with duplication, which contrast with BRS Valiosa and FT Cristalina, with the
lowest number. A summary of the number of CNVs detected for the cultivars is
shown in Supplementary Figure 2.

When comparing the oldest to the latest cultivars, the chromosome 16
presented CNVs in 12 sub-regions (Figure 4). More than 80% of the latest cultivars
do not have these deletions, only present in the oldest cultivars Doko, EMGOPA 301,
FT Abyara, IAS 5, Parana, and Santa Rosa. There was one of these regions, ranging
on 26.20-26.21 Mb, which was not found in any cultivar developed after 2000.
Furthermore, this CNV was not present in more than 70% of the accessions prior to
1999. These results suggest that these 12 sub-regions identified on chromosome 16,
especially the latest described, were inserted more recently in the breeding process.

Other important CNVs regions that distinguished the oldest soybean lines
from the latest ones were detected on chromosomes 6, 7, 8, 9, 13, 15, and 17

(Supplementary Figures 3). Five meaningful deleted regions shared with more than
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70% of the latest cultivars were detected on chromosome 15 between 41.37-42.68
Mb. Cultivars IAC 8, IAS 5, Parana, Santa Rosa, Doko, and FT-Abyara have
common insertions for four CNVs regions. Moreover, there are six more accessions
with these insertions: BR-16, MG/BR46, BRS 232, BRS Sambaiba, BRS Valiosa RR
and BRMG 850G RR. These lines shared the common ancestry with the oldest
accession that we study with, which could explain the presence of these regions in
these accessions. The existence of these patterns could mean a duplicated region
present in oldest cultivars and deleted from the latest cultivars.

Furthermore, chromosome 7 showed relevant results. Five sub-regions
between 11.60-12.44 Mb were detected with deletions present only in oldest cultivars
Doko, IAS 5, Parana, and in four of the latest cultivars: BRS 361, BRS/GO 8660,
BRS/GO Chapaddes and VMAX RR. Moreover, a deletion identified between 40.60-
40.62 Mb was detected only in cv. Doko, Santa Rosa, and IAC 8. All accessions
produced in the 1981-2000 period did not have this last CNV, which may suggest this
sub-region was introgressed into the Brazilian soybean germplasm as from 1980.

Moreover, we identified important deletions in the oldest accessions and in a
few recent lines on chromosomes 6, 9, and 13. Chromosome 6 had three deletions
present in Doko, IAC 8, Parana, Conquista, and three latest lines: Anta 82, BRS
Valiosa RR and BRSMG 850G RR. Cultivar CD 201 presents an insertion for the
same region. Thus, more than 78 % of the Brazilian accessions produced after the
70s had an introgression of these three regions in their genomes over the time.
Chromosome 9 has a deletion of 8 kb present in CD 201, IAS 5, Parana, Santa Rosa
and less than 30% of the latest cultivars. Only four recent lines (Anta 82, BRS 232,
BRS/GO 8360, and BRS Sambaiba) showed the same pattern observed as in the
oldest cultivars. Thus, it is possible these sub-regions were introgressed in most of
the latest accessions, except for those which we identify the CNVs. Finally,
chromosome 13 showed important deletions in the oldest cultivars Doko, IAC 8, IAC
5, and Parana. This fact could mean the presence of an introgression in soybeans
produced after 70s.

A similar analysis was also made to compare Brazilian and U.S. genetic
basis. We identified 8 sub-regions on chromosomes 3, 4, 5, 6, 9, 14 with patterns of
CNVs that distinguished the Brazilian and U.S. genetic basis (Supplementary

Figure 4). In these regions, Anta 82 was a Brazilian cultivar with the most number of



37

detected CNVs, being in most of the times, duplicated regions. As we saw previously
in SNP diversity analysis, most of the CNVs regions were detected in chromosome 6.

On chromosome 9, a deletion located between 22.09-22.11 Mb was present
in almost all of the U.S. lines, except for US-18. This deletion is completely absent in
all Brazilian soybeans and it could be an important differentiated region in both
genetic bases. Similar results were found on chromosomes 3, 4, 5, 6, and 14.
Chromosome 3 had meaningful modifications between 16.53-16.55 Mb. We detected
a deletion shared among 12 U.S. lines, BRS 284 and BRS Sambaiba. In the same
region, we identified duplications of 8-10 kb in BRS/GO 8660, BRS/GO Chapaddes,
Doko, Embrapa 48, US-18, US-08, US-13, P98Y11 and Parana. None modifications
were found in US-06, US-07, US-09, US-17, and the remaining Brazilian soybeans.

On chromosomes 4, we observed two deletions in almost all the U.S.
accessions, except to US-18. Moreover, we also identified an insertion of 8 kb
present in cultivar Anta 82, a Brazilian latest accession. Similar deletion for the same
accessions and an insertion for Anta 82 were also observed on chromosome 14.
These results suggested the presence of duplications processes of these sub-
regions during the development of this cultivar in these two genomic regions.
Meanwhile, we found another deletion in almost all U.S. accessions on chromosome
5, except to the accessions US-03, US-11, US-17, and US-18. Furthermore, there
was an insertion present in BRS/GO 8360, BRS/GO Chapaddes, BRSMT Uirapuru,
and Emgopa 301. US-11 is the oldest accession used in this study. The absence of
this deletion in US-11 could be this region was present in the first U.S. soybeans and
it was lost in most of the recent U.S. and Brazilian soybeans.

Finally, there were three important CNVs detected on chromosome 6. Most
of the modifications observed in Brazilian soybeans were related with deletions of
these regions. In contrast, inserted regions were observed in most of the U.S.
soybean genome. As we observed on chromosome 3, cultivars BRS 284 and BRS
361 had inserted sequences fragments for the first two regions. Moreover, in all
CNVs regions identified in this chromosome, we also detected the same deletion that
was observed in most of the Brazilian cultivars for the four oldest U.S. accessions
used in this study, except the last region, that we found a deletion in US-17. This
result suggests these two regions were absent in both genetic basis, inserted to U.S.

soybean during the 80’s and just present in Brazilian genetic basis recently.
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CNVs analysis showed as an important tool to verify meaningful
modifications in genomes. The detection of this modified regions have a great impact
to soybean genomic studies, which can be the focus of a future study to check the

importance of the gain/loss of these regions in QTL and genes.

Conclusions

This is the first study involving a historic genomic analysis of the allelic and
structural variations presents in Brazilian soybean cultivars. Our results confirmed the
hypothesis that the Brazilian genetic basis stills narrow and closely to U.S. genetic
basis. However, it was possible to detect the presence of SNPs and CNVs that
distinguished the cultivars used in this study, as well as the Brazilian germplasm from
the U.S. germplasm.

Based on the comparison among the Brazilian cultivars, it was possible to
confirm that a large number of the allelic modifications were observed in genes
associated to generation of precursor metabolites and energy related to DNA-
dependent transcription/elongation and photosynthesis. Such modifications possibly
are related to important roles for adaptation of soybean in Brazil. Furthermore, the
existence of a large amount of CNVs regions that allow the differentiation among the
Brazilian germplasm also appears as a potential target for studies of important
agronomic traits. Therefore, the further analysis of these CNV regions should be
treated as a top priority in future analyzes.

The sub-regions with low diversification identified in Brazilian soybean
cultivars may be regions that have not been used in breeding programs until now.
These sub-regions may represent targets for incorporation of new agronomically
relevant alleles. In addition, measures to increase the diversity of the Brazilian
genetic bases should be considered; for example, using genotypes from different
geographical regions, such as Asian germplasm, or by selecting parental genotypes
more divergent for specific genome regions.

Finally, a large number of exclusive SNPs were identified for each Brazilian
soybean cultivars. These results may become an important breeding tool for cultivar

fingerprinting. However, a validation process will be necessary to confirm our results.
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Material and Methods

Plant accessions and sequencing

Twenty-eight Brazilian soybean cultivars were selected for this study. The
cultivars were selected based on commercial released date and on the relative
maturity group (RMG). The seeds were obtained from the germplasm bank of
Embrapa Soja or from commercial seeds Young leaf tissue sample of each 28
Brazilian cultivars was collected at V3 growth stage. The genomic DNA for each
sample was isolated with the Qiagen Mini Plant DNeasy kit (Qiagen Inc., Valencia,
CA, USA), following the manufacturer’s instructions. The DNA sequencing was
performed at FASTERIS Company, Switzerland, on a lllumina Hiseq 2000 platform,
generating 100 bp paired-end reads, with an expected coverage of 15x the soybean
genome. Sequence data from 19 U.S. soybean lines, kindly provided by
the Molecular Genetics and Soybean Genomics Laboratory, the University of
Missouri, and were used for diversity and CNVs comparisons. The U.S. soybean
lines used in diversity analysis correspond to cultivars prominent in the U.S. breeding
programs, from different maturity groups and developed from 1951 until now (Table
1).

SNPs and Indels detection

The reads generated by the Brazilian soybean accessions resequencing
were mapped to the new version of the soybean reference genome
(Gmax_275_Wm82.a2.v1) through the alignment program Burrows-Wheeler Aligner
(BWA) [48]. After mapping, the aligned reads were processed through Piccard tools

version 1.107 to remove duplicate values and a binary file of extension bam,
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representing the assembled genome of each resequenced species was generated.
For SNPs/indels calling, we used the Genome Analysis Toolkit (GATK) version 3.0
[49]. This toolkit was utilized to make a local realignment in indels region and a
qualitative recalibration for the purpose to generate a bam file with fewer errors for
each sample. Thus, the new bam files generated were used to SNPs/indels calling of
the genome. In both cases, we used the HaplotypeCaller module of the GATK.

The analysis was conducted using the bioinformatics NGS resequencing
data analysis workflow [50] developed in SoyKB for SNP and Indel calling and was
conducted using XSEDE [51] as the computing infrastructure, iPlant as the data and
cloud infrastructure [52], and the Pegasus workflow systems [53] to control and

coordinate the data management and computational tasks.

Copy-Number Variation (CNV) identification

For CNVs detection on soybean genome, we used Copy Number estimation
by a Mixture Of Poissons (cn.MOPS), version 1.10.0 [54]. Furthermore, we used the
SoyKB [55, 56] website to check the existence of modified genes inside the CNV

regions detected.

Genetic annotation, functional classification and prediction effect for
important genomic regions.

We used SnpEff program [57] to help with the functional classification of the
genes where allelic variations had been detected. An enrichment analysis of these
modified genes detected through SnpEff were made through the website SoyBase
[15] and agriGO [58].

Population structure and diversity analysis

Missing data, deletions and heterozygous SNPs were removed from the
dataset. A neighbor-joining phylogenetic tree was constructed by MEGA5 software
[59] through the p-distance module. A total of 4,938,168 SNPs were used to generate
a population structure by FastStructure software [17].

For the diversity analysis, we estimated the average pairwise divergence
within a population (6r). To estimate 6mr, we used different sliding windows of

different sizes (10kb, 100 kb and 500 kb) without overlap between adjacent windows.
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Furthermore, we measured the population differentiation coefficient (Fst), using
vcftools [60].

Detection of candidate genes under influence of artificial selection

According to the statistical results obtained by the diversity analysis, we
detected some candidate genes under the influence of selection effect on Brazilian
accessions. Regions under positive selection tend to have low values of diversity and
low allelic frequency between new and old accessions. The criterion adopted for
region with positive selection was; Fst > 0.45 on total population distribution and
higher values of 0 in old cultivars. For regions with lower diversity, we adopted the
criterion of Fst > 0.02. Finally, we used AgriGO [58] and SoyKB website [55, 56] to
make an enrichment analysis of the genes detected under positive selection

influence.
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Table 2. Number of unique SNPs for each Brazilian cultivars.
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Figure 1. Summary of the main modification caused by SNPs and Indels.

Figure 2. Population structure analysis of the 28 Brazilian soybean cultivars. (a)
Neighbor-joining phylogenetic tree generated for the 28 Brazilian soybean
accessions. (b) Bayesian clustering (FastStructure, K = 3) for the 28 Brazilian
soybean cultivars.

Figure 3. Two regions between 3.01-3.09 Mb (a) and 5.53-5.92 Mb (b) on
chromosome 17 under positive selection.

Figure 4. Copy Number Variations (CNVs) detected on chromosome 16 for oldest

and latest Brazilian cultivars.
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Table 1: Basic description about all the Brazilian and U.S. soybeans accessions used in this study.

Access Name Origin Decade Maturity Group
Anta 82 Brazil 2001-2010 7.2
BR 16 Brazil 1991-2000 6.4
BRS 232 Brazil 2001-2010 6.9
BRS 284 Brazil 2001-2010 6.3
BRS 360RR Brazil 2011-2020 6.2
BRS 361 Brazil 2011-2020 7.4
BRS Sambaiba Brazil 2001-2010 9.3
BRS Valiosa RR Brazil 2001-2010 8.1
BRSGO 8360 Brazil 2001-2010 8.3
BRSGO 8660 Brazil 2001-2010 8.6
BRSGO Chapaddes Brazil 2001-2010 8.6
BRSMG 850 GRR Brazil 2001-2010 8.2
BRSMT Pintado Brazil 1991-2000 8.4
BRSMT Uirapuru Brazil 1991-2000 9.0
CD 201 Brazil 1991-2000 6.6
Doko Brazil 1981-1990 9.0
Embrapa 48 Brazil 1991-2000 6.8
EMGOPA 301 Brazil 1981-1990  Not Available
FT Abyara Brazil 1981-1990 7.3-7.6
FT Cristalina Brazil 1981-1990 7.6
IAC 8 Brazil 1971-1980  Not Available
IAS 5 Brazil 1971-1980 6.4
MG/BR46 Brazil 1991-2000 8.1
NA 5909 RG Brazil 2001-2010 6.2
P98Y11 Brazil 2001-2010 8.1
Parana Brazil 1971-1980  Not Available
Santa Rosa Brazil 1961-1970  Not Available
V MAX RR Brazil 2001-2010 6.2
US-01 UsS. 1981-1990 \Y,
US-02 Uus. 2011-2014 v
US-03 Us. 1971-1980 Y,
Us-04 Uus. 2011-2014 v
US-05 U.S. 1991-2000 \Y,
US-06 U.S. 2001-2010 1]
uUs-07 U.S. 1991-2000 1
US-08 US. 1981-1990 1
US-09 US. 1981-1990 1
uUs-10 Us. 1971-1980 Il
uUs-11 UsS. 1951-1960 VIl
Us-12 U.s. 1991-2000 1
Us-13 U.sS. 1991-2000 1
uUs-14 U.S. 1991-2000 1
US-15 U.S. 2001-2010 v
US-16 U.S. 2001-2010 VI
us-17 UsS. 1971-1980 \Y,
Us-18 U.S. 1991-2000 VIl

Us-19 U.S. 1991-2000 [\
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Table 2. Number of unique SNPs for each Brazilian cultivars

Non- .
Accession name Start  Stop  Syn syn Intron Sp.llce Other Total
codon codon cds cds site
Anta 82 9 89 1,447 85 178 7 1,771 3,586
BR 16 11 5 121 159 359 17 6,364 7,036
BRS/GO 8360 13 4 127 158 405 18 4,603 5,328
BRS/GO 8660 22 15 265 356 1,091 38 18,601 20,388
BRS/GO Chapadées 104 43 1,130 1,384 3,796 152 67,705 74,314
BRS 232 9 1 83 123 190 9 3,236 3,651
BRS 284 33 16 418 592 1,967 77 59,176 62,279
BRS 360RR 7 1 95 124 315 16 3,173 3,731
BRS 361 17 7 144 231 754 21 9,604 10,778
BRS Sambaiba 45 25 511 641 1,591 60 28,938 31,811
BRS Valiosa RR 159 0 1 8 21 1 154 344
BRSMG_850GRR 0 0 1 8 18 2 289 318
BRSMT Pintado 12 1 75 86 156 13 2,773 3,116
BRSMT Uirapuru 9 7 134 172 398 17 9,925 10,662
CD 201 28 2 182 235 647 19 9,937 11,050
Conquista 4 2 15 25 80 2 1,358 1,486
Doko 58 25 655 808 2,006 82 39,192 42,826
Embrapa 48 1 0 60 70 103 7 1,641 1,882
Emgopa 301 20 17 234 333 765 41 11,180 12,590
FT Abyara 86 23 705 884 2,396 75 3,2278 36,447
FT Cristalina 2 0 7 11 26 3 409 458
IAC 8 20 30 379 507 1,440 61 38,888 41,325
IAS 5 26 3 251 260 503 32 7,843 8,918
NA 5909 RG 34 10 383 490 1,334 49 20,391 22,691
P98Y11 22 9 196 285 519 33 17,526 18,590
Parana 1 2 60 108 220 13 6,431 6,835
Santa Rosa 86 42 958 1,416 4,273 162 89,168 96,105
VMAX RR 6 4 98 107 205 18 2,777 3,215
Total 844 383 8,735 9,666 25,756 1,045 495,331 541,760

*Non coding region: correspond to 3UTR, 5 UTR and intergenic region; Syn cds: synonymous SNP
inside coding region; Non-syn cds: non-synonymous SNP inside coding region, Other: all the
remaining genome regions
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Table 3. Summary of regions under positive selection process with Fsr and nucleotide diversity (1)

values.
Number o o
Chromosome Start End (oldest (latest Fst
of SNPs . .
cultivars)  cultivars)
40,100,001 40,110,000 41 0.00219 0.00000 0.7071
40,110,001 40,120,000 12 0.00064 0.00000 0.7071
07 40,140,001 40,150,000 26 0.00139 0.00000 0.7071
40,150,001 40,160,000 31 0.00165 0.00013 0.7071
40,160,001 40,170,000 36 0.00192 0.00006 0.7071
40,630,001 40,640,000 21 0.00112 0.00000 0.7071
15 2,950,001 2,960,000 35 0.00187 0.00014 0.7071
2,960,001 2,970,000 16 0.00085 0.00000 0.7071
3,010,000 3,020,000 17 0.00060 0.00000 0.8695
3,030,001 3,040,000 23 0.00082 0.00000 0.8194
3,040,001 3,050,000 41 0.00146 0.00002 0.8695
3,050,001 3,060,000 13 0.00046 0.00000 0.7486
5,560,001 5,570,000 76 0.00279 0.00000 0.8620
5,570,001 5,580,000 31 0.00110 0.00000 0.8695
5,580,001 5,590,000 26 0.00092 0.00000 0.8695
5,610,001 5,620,000 22 0.00078 0.00000 0.8275
5,620,001 5,630,000 34 0.00121 0.00000 0.8695
5,660,001 5,670,000 39 0.00140 0.00000 0.8677
5,670,001 5,680,000 26 0.00092 0.00000 0.8695
5,680,001 5,690,000 35 0.00128 0.00000 0.8383
5,710,001 5,720,000 28 0.00100 0.00003 0.8695
5,730,001 5,740,000 20 0.00070 0.00000 0.8321
5,740,001 5,750,000 45 0.00160 0.00004 0.8695
17 5,750,001 5,760,000 26 0.00094 0.00000 0.8572
5,760,001 5,770,000 74 0.00263 0.00000 0.8695
5,770,001 5,780,000 24 0.00088 0.00001 0.8636
5,780,001 5,790,000 39 0.00139 0.00000 0.8676
5,790,001 5,800,000 25 0.00089 0.00000 0.8695
5,800,001 5,810,000 63 0.00224 0.00000 0.8671
5,810,001 5,820,000 50 0.00178 0.00000 0.8695
5,820,001 5,830,000 48 0.00171 0.00000 0.8695
5,830,001 5,840,000 48 0.00171 0.00003 0.8679
5,840,001 5,850,000 27 0.00096 0.00000 0.8695
5,850,001 5,860,000 24 0.00085 0.00007 0.8695
5,860,001 5,870,000 69 0.00249 0.00010 0.8664
5,870,001 5,880,000 32 0.00114 0.00000 0.8695
5,880,001 5,890,000 66 0.00238 0.00000 0.8663
5,890,001 5,900,000 76 0.00270 0.00003 0.8447
5,900,001 5,910,000 58 0.00206 0.00000 0.8695
5,910,001 5,920,000 14 0.00050 0.00007 0.8050
18 2,190,001 2,200,000 107 0.00571 0.00010 0.7032
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Figure 1. Summary of the main modification caused by SNPs and Indels. (a) SNPs (blue) and Indels
(red) distribution by the 20 soybean chromosomes. (b) Number of transition/transversion mutations:
Pyrimidine/Purine (blue), Purine/Pyrimidine (red), Pyrimidine/Pyrimidine (green) and Purine/Purine
(purple). (c) Percentage of SNPs per region of the soybean genome. (d) Percentage of Indels per
region of the soybean genome.



51

_'E"_: BERS 360RR
i00 Anta

NA 5909 RG

fon

V MAX RR
BRSGO Chapadoes

Embrapa 48

180

_l: BRSMT Pintado
it P28Y11

lAC 8
BRSMG 850 GRR

100

_|: BRS Valiosa RR
1y MG/BR46(Conquista)

{ BRS 232
FT Abyara

1AS 5

Parana
r—— BRSGO 8660

il —— poke
EMGOPA 301

L

1940

BRSGO 8360

BRS 361

BR 16
CcD 201

10

—— FT Cristalina
tos b—— BRSMT Uirapuru
—— BRS Sambaiba

IAC 8
Conquista
Anta 82
PO8Y11
VMAXRR

BRSMT Pintado

=4
-4

o

(]
e
]
>
n
o
m

BRSMG 850GRR
BRSGO Chapadoes

NA 5909RG

BRS 360RR

Doko

BRS 232

Embrapa 48

tui b Santa Rosa

FT Abyara

IAS 5

BRSGO 8660
Parana
BRSGO 8360
CD 201

Santa Rosa
Emgopa 301
BRS 361

BRS 284

BR 16

BRS Sambaiba
BRSMT Uirapuru
FT Cristalina
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line to the oldest cultivars. The black line is the Fsr values between oldest and latest cultivars.
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Supplementary Table 1. Sequencing information of the Brazilian lines.

Accession Name Number of Number of Genome Mean
reads mapped reads coverage depth
Anta 82 195,886,570 180,622,083 0.9221 13.2579
BR 16 196,397,054 186,322,940 0.9487 14.7765

BRS 232 122,368,531 116,984,169 0.9560 9.1884
BRS 284 171,461,982 163,470,705 0.9534 12.6584
BRS 360RR 201,402,004 192,681,470 0.9567 15.3996
BRS 361 191,425,924 183,136,909 0.9567 14.6088
BRS Sambaiba 192,188,713 181,426,603 0.9440 14.7690
BRS Valiosa RR 156,259,988 148,106,406 0.9478 11.4630
BRSGO 8360 158,327,168 148,939,413 0.9407 11.1166
BRSGO 8660 142,045,602 133,525,390 0.9400 10.5473
cr?aﬁgges 245,514,627 222,295,561 0.9054  17.6885
BRSMG 850 GRR 217,891,058 206,849,339 0.9493 16.4315
BRSMT Pintado 191,564,772 181,730,846 0.9487 14.4552
BRSMT Uirapuru 198,605,106 186,387,017 0.9385 15.2175
CD 201 221,562,422 210,956,658 0.9521 17.2033
Doko 247,331,922 234,203,818 0.9469 19.2339
Embrapa 48 211,246,973 195,673,675 0.9263 15.9426
EMGOPA 301 159,411,439 150,539,582 0.9443 12.1211
FT Abyara 185,414,289 175,454,862 0.9463 13.9882
FT Cristalina 223,191,658 213,329,190 0.9558 17.6043
IAC 8 204,515,975 194,693,512 0.9520 15.7266
IAS 5 150,707,921 133,763,689 0.8876 10.8346
MG/BR46 272,124,638 258,659,654 0.9505 21.4019
NA 5909 RG 189,097,657 179,353,466 0.9485 13.8281
P98Y11 149,136,838 141,851,602 0.9512 11.2006
Parana 317,943,922 301,620,197 0.9487 23.9907
Santa Rosa 166,171,639 157,805,234 0.9497 12.6687
V MAX RR 221,332,482 207,971,094 0.9396 16.3037




Supplementary Table 2. Variant rate details of the Brazilian soybeans accessions.

Chromosome Length Number of SNPs Variants rate
1 56,831,624 263,927 215
2 48,577,505 273,274 177
3 45,779,781 317,779 144
4 52,389,146 313,989 166
5 42,234,498 182,558 231
6 51,416,486 330,362 155
7 44,630,646 241,445 184
8 47,837,940 240,096 199
9 50,189,764 306,025 164
10 51,566,898 223,063 231
11 34,766,867 169,064 205
12 40,091,314 190,138 210
13 45,874,162 315,257 145
14 49,042,192 333,541 147
15 51,756,343 477,983 108
16 37,887,014 318,763 118
17 41,641,366 253,241 164
18 58,018,742 541,951 107
19 50,746,916 312,722 162
20 47,904,181 263,166 182

Total

949,183,385

5,868,344

161
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Supplementary Table 3. Number of SNPs identified in coding regions of Brazilian soybeans cultivars
Modifications

Cultivars No:é:yn Start Stop Splice Site Total
G. L. G. L. A. D.
All 551 40 8 2 4 0 4 609

Anta 82 19,262 1,212 54 404 86 144 128 21,290
BR 16 30,499 1904 76 610 130 205 182 33,606
BRS 232 29573 1,785 74 621 132 191 184 32,560
BRS 284 20,802 1,219 45 434 98 137 121 22,856
BRS 360 RR 24112 1,481 70 489 103 179 168 26,602
BRS 361 22546 1,321 62 478 103 165 128 24,803

BRS Chapaddes 29,089 1,707 79 583 112 223 177 31,970
BRS Sambaiba 31,5649 1936 81 672 136 128 194 34,696
BRS ValiosaRR 30,888 1,871 96 640 127 211 181 34,014
BRSGO 8360 21,098 1,219 47 475 98 140 124 23,201
BRSGO 8660 31,253 1,926 79 677 139 226 202 34,502
BRSMG 850GRR 30,119 1,857 92 613 127 210 172 33,190
BRSMT Pintado 28,499 1,748 78 596 121 195 179 31,416
BRSMT Uirapuru 31,069 1,926 67 664 155 212 221 34,313

CD 201 28,222 1,741 77 588 122 228 185 31,163
Conquista 30,221 1,878 96 631 124 209 172 33,331
Doko 31,969 2,029 92 663 138 225 186 35,302

Embrapa 48 26,656 1,564 68 522 113 182 162 29,267
Emgopa 301 28,117 1,755 69 630 121 197 197 31,086

FT Abyara 29,076 1,81 81 611 145 215 170 32,108
FT Cristalina 30,845 1935 70 661 148 219 209 34,087
IAC 8 290,473 1,797 84 644 122 192 157 32,469
IAS 5 27,797 1,758 65 585 126 199 183 30,713
NA 5909 RG 21,521 1,271 64 434 81 172 141 23,684
P98Y11 31,065 1,881 82 670 131 229 196 34,254
Parana 26,256 1,705 66 555 124 185 164 29,055
Santa Rosa 33,872 2,058 100 748 152 236 218 37,384
VMAX RR 20,699 1254 65 437 79 162 137 22,833

All: SNP present in all Brazilian cultivars compared to reference genome; Non-syn cds: non-
synonymous SNP inside coding region, Start G.: A variant in 5'UTR region produces a three base
sequence that can be a START codon; Start L.: Variant causes start codon to be mutated into a non-
start codon; Stop G.: Variant causes a STOP codon; Stop L.: Variant causes stop codon to be
mutated into a non-stop codon; Splice Site A.: The variant hits a splice acceptor site; Splice Site D.:
The variant hits a Splice donor site.
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Supplementary Table 4. Number of genes with allelic variation observed in Brazilian lines.
Modifications

Cultivars Non-syn Start Codon Csotggn Sg;:ge Total
cds G. L G L D A

All 334 35 7 2 6 5 0 369
Anta 82 10,638 1,403 68 529 137 190 205 11,515
BR 16 7,642 989 57 376 97 138 152 8,287
BRS 232 11,644 1,566 78 546 140 189 210 12,632
BRS 284 11,035 1,463 77 564 143 192 197 11,954
BRS 360 RR 7,673 990 47 392 108 131 141 8,301
BRS 361 9,41 1,231 72 456 114 175 182 10,186

BRS Chapaddes 8,066 1,006 68 405 89 147 168 8,748
BRS Sambaiba 8,414 1,089 63 430 114 138 167 9,084
BRS ValiosaRR 11,124 1,422 81 544 123 184 231 12,022
BRSGO 8360 8,018 1,029 67 398 91 151 173 8,688
BRSGO 8660 11,892 1,555 83 601 146 201 134 12,895
BRSMG 850G RR 11,531 1,583 98 579 138 189 214 12,508
BRSMT Pintado 7,695 1,006 50 413 110 131 146 8,314
BRSMT Uirapuru 11,581 1,519 83 603 141 203 230 12,542

CD 201 11,828 1,544 80 596 148 209 225 12,804
Conquista 12,046 1,656 91 600 149 193 227 13,061
Doko 10,253 1,388 69 506 134 175 188 11,119
Embrapa 48 11,261 1,522 94 562 138 178 212 12,220
Emgopa 301 12,84 1,702 101 665 162 223 238 13,907
FT Abyara 11,128 1,442 80 541 132 187 200 12,055
FT Cristalina 11,608 1,553 69 595 165 227 219 12,569
IAC 8 10,994 1,427 78 547 132 192 233 11,921
IAS 5 11,386 1,542 98 577 135 180 211 12,378
NA 5909 RG 10,223 1,307 70 483 124 167 189 11,026
P98Y11 10,614 1,446 72 570 133 200 200 11,534
Parana 11,032 1,473 83 557 155 178 218 11,945
Santa Rosa 11,688 1,530 71 587 159 216 224 12,532
VMAX RR 11,066 1,449 86 576 133 165 198 11,977

All: gene allelic modification present in all Brazilian cultivars compared to reference genome; Non-syn
cds: non-synonymous SNP inside coding region, Start G.: A variant in 5'UTR region produces a three
base sequence that can be a START codon; Start L.: Variant causes start codon to be mutated into a
non-start codon; Stop G.: Variant causes a STOP codon; Stop L.: Variant causes stop codon to be
mutated into a non-stop codon; Splice Site A.: The variant hits a splice acceptor site; Splice Site D.:
The variant hits a Splice donor site.



Supplementary Table 5. Summary of the most relevant results from GO enrichment analysis.

Description Number Genes

of genes
Glyma.01G058600, Glyma.01G076000, Glyma.01G091900,
Glyma.01G095900, Glyma.01G153500, Glyma.01G201600,
Glyma.04G095000, Glyma.04G204000, Glyma.05G073600,
Glyma.06G217900, Glyma.07G143800, Glyma.08G281300,
Generation of Glyma.09G171300, Glyma.09G178600, Glyma.10G226400,
precursor 34 Glyma.11G114700, Glyma.12G056400, Glyma.13G088500,
metabolites and Glyma.13G155500, Glyma.14G149900, Glyma.15G114600,
energy Glyma.15G 188400, Glyma.15G239000, Glyma.15G238900,
Glyma.18G078500, Glyma.18G155300, Glyma.18G155400,
Glyma.18G203700, Glyma.19G051900, Glyma.19G053400,
Glyma.19G054200, Glyma.19G081000, Glyma.19G083500,
Glyma.19G 109600
Glyma.01G058600, Glyma.01G076000, Glyma.01G091900,
Glyma.01G095900, Glyma.01G153500, Glyma.01G201600,
Glyma.04G095000, Glyma.04G204000, Glyma.05G073600,
Glyma.06G217900, Glyma.07G143800, Glyma.08G281300,
Glyma.09G 171300, Glyma.09G178600, Glyma.10G226400,
Glyma.11G114700, Glyma.12G056400, Glyma.13G088500,
Glyma.13G 155500, Glyma.14G149900, Glyma.15G114600,
Glyma.15G 188400, Glyma.15G239000, Glyma.15G238900,
Glyma.18G078500, Glyma.18G155300, Glyma.18G155400,
Glyma.18G203700, Glyma.19G051900, Glyma.19G053400,
Glyma.19G054200, Glyma.19G081000, Glyma.19G083500,
Glyma.19G 109600
Glyma.01G058600, Glyma.01G076000, Glyma.01G091900,
Glyma.01G095900, Glyma.01G153500, Glyma.01G201600,
Glyma.04G095000, Glyma.04G204000, Glyma.05G073600,
Glyma.06G217900, Glyma.06G228400, Glyma.07G143800,
Glyma.08G281300, Glyma.09G171300, Glyma.09G178600,
Glyma.10G226400, Glyma.11G081100, Glyma.11G114700,
Photosynthesis 38 Glyma.12G056400, Glyma.13G088500, Glyma.13G155500,
Glyma.14G 149900, Glyma.15G114600, Glyma.15G188400,
Glyma.15G239000, Glyma.15G238900, Glyma.15G246000,
Glyma.18G078500, Glyma.18G155300, Glyma.18G155400,
Glyma.18G203700, Glyma.18G262700, Glyma.19G051900,
Glyma.19G053400, Glyma.19G054200, Glyma.19G081000,
Glyma.19G083500, Glyma.19G109600
Glyma.01G058600, Glyma.01G095900, Glyma.01G153500,
Glyma.04G095000, Glyma.05G073600, Glyma.06G217900,
Glyma.07G 143800, Glyma.07G201300, Glyma.08G281300,
19 Glyma.11G114700, Glyma.12G056400, Glyma.13G088500,
Glyma.15G 114600, Glyma.18G155300, Glyma.18G155400,
Glyma.19G053400, Glyma.19G081000, Glyma.19G083500,
Glyma.19G 109600

DNA-dependent
transcription, 34
elongation

Photosynthesis,
light reaction

ATP synthesis

coupled 6 Glyma.01G101600, Glyma.06G228400, Glyma.10G068800,
electron Glyma.11G081100, Glyma.15G246000, Glyma.18G155400
transport
Photosynthetic
electron 6 Glyma.01G153500, Glyma.04G095000, Glyma.05G073600,
transport in Glyma.06G217900, Glyma.11G114700, Glyma.18G262700
photosystem Il
Cellular Glyma.06G228400, Glyma.11G081100, Glyma.12G056400,
respiration 7 Glyma.15G246000, Glyma.18G262700, Glyma.19G081000,

Glyma.19G083500
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Supplementary Figure 1. Number of homozygous/heterozygous SNPs (a) and Indels (b) for each

Brazilian soybean used in this study.



CNV Type

Anta 82
BR 16
BRS 232
BRS 284
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Supplementary Figure 2. Copy Number Variation (CNV) for each Brazilian lines used in this study.
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Supplementary Figure 3. Copy Number Variations (CNVs) detected in Brazilian cultivars on
chromosome 6, 7, 8, 9,13, 15 and 17. The x-axis represents the genomic position and the y-axis the
CNV call produced by the segmentation algorithm. The blue lines are deleted fragments detected in
these regions.
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Supplementary Figure 4. Copy number variations (CNVs) observed between Brazilian and U.S.
accessions. The x-axis represents the genomic position and the y-axis the CNV call produced by the
segmentation algorithm. The red/blue lines are inserted/deleted fragments detected in these regions.
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ARTIGO Il - RESEQUENCING STRATEGIES FOR GENOME-WIDE ASSOCIATION
STUDIES FOR IMPORTANT BIOTIC STRESSES FOR SOYBEAN

Background

Worldwide, soybean [Glycine max (L) Merrill] is one of the most important crops due
to the major importance in human food and biofuel production. Therefore, a great
number of studies to better understand the variation of the soybean genome are
been developed. There are a large number of biotic factors economically important in
soybean crops, responsible for meaningful decreases of production. Among the
available options to decrease the influence of biotic stress in soybean crops, cultivars
with resistance genes against a specific pathogen appear to be the best choice. Thus
genome-wide association studies (GWAS) may offer a great opportunity to identify
and localize resistance genes, being an important tool for breeding programs. In this
study, we perform a GWAS to find important SNPs and CNVs related to the
resistance of three important soybean diseases: soybean cyst nematode (SCN)
(Heterodera glycines) soybean root-knot nematode (RKN) (Meloidogyne incognita)
and soybean stem canker (SSC) (Diaporthe phaseolorum f. sp. meridionalis).
Results

A total of 10,079 SNPs were identified related to resistance against the three
soybeans diseases analyzed in this study. For SCN, a total of 3,615 SNPs were
identified associated with resistance to race 1 and 3 in Rhg genes and QTLs
spreaded on chromosomes 1, 7, 8, 9, 10, 11, 17, 18, 19 and 20. Moreover, we found
4,461 and 2,014 SNPs related to resistance against RKN and SSC, respectively.
Chromosome 10 had all the allelic variation associated with RKN resistance,
whereas Rdm? putative region on chromosome 14 had all the allelic variation
associated with SSC resistance. Finally, a large number of CNVs were identified and
could also be related to defense mechanisms of the plant.

Conclusion

This study provides promising results to breeding programs for diseases resistance
and can be directly used in marker-assisted programs to select allelic variations
responsible for the main defense mechanism of these three biotic factors. Our results
open a new horizon for genotyping and the identification of accessions with
resistance against SCN, RKN and SSC. However, a validation process of the SNPs

will be necessary to confirm the results obtained in this study. In addition, a depth
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study of the detected CNVs should be made due the possibility of large influence of

these structural modifications in defense mechanism against pathogens actions.

Keywords: soybean, resistance mechanism, resequencing, allelic variation, GWAS,
CNVs

Background

Soybean [Glycine max (L) Merrill] is one of the most important worldwide
crops. It is estimated that the wild soybean (Glycine soja) was domesticated to
cultivated soybean around of 7000-9000 years ago in Asia [1]. Due its major
importance to human food and biofuel production a large number of studies to better
understand the variation in soybean genome are been developed.

One of the biggest barriers to increase the soybean production and seed
quality are the large number of biotic factors that affect soybean crops. In 2009, it
was estimated losses around 484,451,000 bushels of soybeans caused by diseases
in the United States [2]. These results highlight the importance of studies to develop
cultivars with better performance under the influence of the main soybean biotic
factors.

There are several strategies commonly used to decrease the influence of the
biotic factors on soybean crop. Among the available options cultivars with resistance
genes against a specific pathogen appear to be the best choice. A large number of
soybean resistance genes for different diseases has been identified and mapped on
the 20 years. Such knowledge associated with the identification and localization of
new major genes responsible for the plant resistance to pathogen is the best option
for breeding programs to develop cultivars with great performance under a pathogen
attack. Thus genome-wide association studies (GWAS) may offer a great opportunity
to identify and localize these resistance genes and shows as an important tool for
breeding programs.

The advent of the new platform for large-scale sequencing allowed that a
great number of variations could be identified and used in GWAS. In soybean it was
estimated approximately 46,430 protein-coding genes spread over 20 chromosomes
[3]. Other studies identified 205,614 tag SNPs that can be further used in association
studies and QTLs mapping program [4]. Moreover Li et al. [5] analyzed 25 new and

30 previously published soybeans genomes from China accessions and identified a
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total of 5,102,244 SNPs. Zhou et al [6] found associations for 10 selected regions
and 13 previously uncharacterized agronomic loci. These studies highlighted the
great power of the high-throughput technologies for GWAS.

A large number of GWAS are already available for several plant species,
such barley [7, 8] rice [9] sorghum [10] pepper [5] and maize [11]. Aranzana et al.
[12] identified in Arabidopsis thaliana previously known flowering time and pathogen
resistance genes (Rpm1, Rps5 and Rps2) in 95 accessions which have genome-
wide polymorphism data available. Mamidi et al. [13] mapped 15 genes involved in
iron metabolism in two populations of soybean.

In this study, using data from 27 Brazilian cultivars and 26 soybean lines
from different origins, we performed a GWAS to identify important allelic and
structural variations related to the resistance to three important soybean diseases:
soybean cyst nematode (SCN) (Heterodera glycines) soybean root-knot nematode
(RKN) (Meloidogyne incognita) and soybean stem canker (SSC) (Diaporthe
phaseolorum f. sp. meridionalis).

Results and Discussion

Sequencing and variant calling

The genome sequence of 53 soybean accessions were used in this study
being 27 from Brazil, six from United States and 20 from Asia (14 from China, 4 from
Korea, and 2 from Japan). These materials are important soybeans used in breeding
programs due the presence of a great number of resistance mechanism against the
three diseases analyzed in this study (Supplementary Table 1).

The sequencing effort of these accessions generated around 9.7 billion of
paired-end reads with 100 bp read length and an average of coverage of 13.86x the
soybean genome. The average percentage of mapped reads on soybean genome for
each accession was 91.76% which demonstrate that the resequencing was able to
cover most part of soybean genome (Supplementary Table 2). We identified
4,511,750 SNPs spreaded in all chromosomes compared to the reference genome.
Chromosome 15 and 18 had the highest number of SNPs and highest variant ratio
per chromosome length with an average of a SNP every 145 and 137 bases,
respectively (Supplementary Table 3). The transition/transversion ratio (ts/tv ratio)
was 1.85, with transitions being the most common nucleotide base change

(Supplementary Figure 1a). Most of the SNPs were identified in intergenic region
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(43.90%). In coding regions we found 90,117 SNPs in UTR regions 230,710 in
introns and 175,141 in exons (Supplementary Figure 1b). The non-synonymous-to-
synonymous ratio observed was 1.50. This value was lower than observed in other
soybean study [4], however, higher than observed in sorghum [14] and rice [15]. A
summary of the number of SNPs identified related to all diseases analyzed in this
study can be visualized in Table 1. Moreover, the type and region of the
modifications caused by SNPs for each biotic stresses of this study are showed in
Table 2.

A large numbers of QTLs influence soybean cyst nematode race 1
resistance.

Soybean cyst nematode, caused by Heterodera glycines Ichinohe, is one of
the most worldwide economically important soybean pests. In 2009, It was estimated
losses of 120,048,000 bushels in United States [2]. The use of resistant cultivars
associated with nonhost crop rotation is the best approach to decrease the impact of
the pest. However, due the large number of races-type of SCN, the identification and
use of resistance genes are being a great challenge for breeding programs around
the world. In this study, we focus to find important SNPs related to resistance
mechanism against SCN race 1 and 3.

For SCN race 1, we identified 1,462 SNPs related to the resistance against
race 1 of SCN on chromosomes 1, 8, 9, 17, 19 and 20 (Figure 1a) with a significant
correlation between phenotype and genotype data according to QQ-plot analysis
(Supplementary Figure 2). The largest number of SNPs with meaningful markers
correlation (r?) and p-values were identified on chromosome 17 (Table 3), which
could mean an important mechanism to the resistance against SCN race 1 for these
soybeans.

There are two important major genes mapped for SCN resistance: Rhg1 and
Rhg4. The Rhg1 gene was mapped on chromosome 18, whereas Rhg4 was mapped
on chromosome 8 [16, 17]. In SCN major genes region, we just identified SNPs
related to SCN race 1 resistance inside Rhg4 gene. For chromosome 8, we found 29
SNPs, being eight inside Rhg4 interval and the remaining in two QTLs regions
described in other studies, one between 7.55 — 7.61 megabase (Mbp) [18, 19] and
the other between 18.85 — 18.88 Mbp [20]. Susceptible cultivar BRS/GO 8660 had
allelic variation similar to resistant materials for Rhg4 region. Although BRS/GO 8660
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is susceptible for SCN race 1, this cultivar had resistance against SCN race 3, which
could explain the presence of this allele in Rhg4 region. At the same chromosome, a
similar pattern of Rhg4 was observed in QTL region between 7.55 - 7.61 Mbp and
other studies reported SCN race 1 QTLs inside this region [18, 19]. For the other
QTL region, cultivar BRS/GO Chapaddes did not present the resistance allele, which
could mean the absence of this QTL in this cultivar. Moreover, SCN race 1
susceptible cultivars BRSMT Uirapuru and FT Cristalina presented the resistance
allelic pattern, which could be the existence of this QTL for these cultivars, but the
presence of only this resistance sequence is not enough to create a defense
mechanism against SCN race 1.

On chromosome 1, 345 SNPs were found in inside two QTL regions. The
first QTL was located between 0.41 - 0.96 Mbp. A large number of blocks with strong
linkage disequilibrium (LD) in resistant materials can be observed in this
chromosome (Supplementary Figure 3). Accessions BRSMT Pintado, P98Y11 and
HNO18 do not have the resistance allele for SCN race 1, which could mean the
absence of this QTL in these three soybeans lines. For the other QTL region, located
between 5.57 — 5.58 Mbp, we observed absence of resistance allele to BRSMT
Pintado, Forrest, P98Y11, and HNO18. Our findings suggested that these lines do not
have important QTLs against SCN race 1 on chromosome 1, except for Forrest,
where allelic variation is absent only in the second QTL. Yue et al [21] found QTLs
associated with SCN race 5 inside both regions identified in our study. However,
there is no QTL related to SCN race 1, which could mean a new QTL related with
SCN race 1 resistance or the same QTL previously descripted studying for more than
one SCN race.

Furthermore, we found 668 SNPs in two regions of the chromosome 17. The
first QTL region was identified between 13.81 — 23.12 Mbp. Other study identified a
QTL between SSR markers Satt574 and Satt543[22], an interval inside the first QTL
found in this chromosome. Due the fact these QTLs were identified by genetic
mapping, this could not be their real physical position. Thus, our results can be the
same QTLs identified in other studies but in a physical position or a new major QTL
identified for SCN race 1. As we described for chromosome 1, a large number of
blocks with strong LD in resistant accessions were observed in this QTL region

(Supplementary Figure 3). Additionally, the other QTL identified in this chromosome
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was located between 34.75 - 34.91 Mbp. There are no previously QTL described for
this region, which can be a new QTL related to resistance against SCN race 1.
Finally, we found 676 SNPs in an interval between 35.02 — 35.40 Mb on
chromosome 20. Previously study identified a QTL inside the same region against
SCN race 3 [23]. Thus, the QTL identified in our study can be a new QTL related to
SCN race 1 resistance or the same QTL controlling the resistance for more than one
race of SCN. Two Asian accessions, HNO10 and HNO11, had a susceptible allele in
most of the SNPs inside this QTL region. Therefore, these accessions do not have

allelic variations for this QTL against SCN.

Rhg1 and Rhg4 have great impact to soybean cyst nematode race 3
resistance

For SCN race 3, we detected 2,153 SNPs on chromosomes 7, 8, 10, 11, 17
and 18 (Figure 1b). We identified significant correlation between phenotype and
SNP data according to QQ-plot analysis (Supplementary Figure 2b). The largest
numbers of SNPs were identified on chromosome 10. However, the most meaningful
SNPs p-values and r* were identified on chromosome 18 (Table 3). In this
chromosome, there are 261 SNPs in six putative regions with SNPs that could be
related to the genetic resistance against SCN race 3. A total of 73 SNPs were
identified close or inside Rhg1 region, the highest number found in this chromosome.
Rhg1 is the most important resistance gene against SCN. Our results suggested that
most of the resistant material used in this study had important modifications caused
by SNPs inside Rhg1. There is a large block with some important SNPs related to
resistance against to SCN inside Rhg1 region (Supplementary Figure 4). This
finding is important to breeding programs to select and insert SCN region to new
materials without Rhg1 resistant gene. At the same chromosome, there are other five
regions with meaningful SNPs related to resistance mechanism. There are several
studies descripting a large number of SCN QTLs inside this region [20-27]. Thus, the
SNPs detected for this chromosome has a higher correlation with genetic resistance
against the race 3 of SCN.

Chromosome 8 is another important chromosome with a large number of
SCN resistance regions. In this study, we identified 515 SNPs in two putative
resistant regions. For the interval correspondent to Rhg4, we identified 502 SNPs,

being most of them upstream 5 kbp of the genes identified inside Rhg4 region. We
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also identified a large block with strong LD for SNPs related to SCN race 3 in
resistant materials inside this region (Supplementary Figure 4). An important fact
observed was the cultivars Anta 82, VMAX RR and HNO21 did not have resistance
allelic variation, which could mean the absence of Rhg4 resistance alleles for these
accessions (Supplementary Figure 5). In contrast, Pl 424608 has the resistance
allelic variation, which could mean this gene is present in this accession but it is
necessary the presence of other genes, such as Rhg1 to increase the resistance
against SCN race 3. There is other important region between 18.51 — 18.61 Mbp with
13 SNPs related with SCN race 3 resistance. This region had an absence of
resistance allele in Anta 82, BRSMT Pintado, P98Y11 and VMAX RR, which could
mean is not an important source of resistance allelic variation for these cultivars. In
contrast, Conquista, BRS Valiosa, BRSMG 850G RR and IAC 8 have the resistant
allele. This result could suggest this region is not primordial to increase the
resistance against SCN race 3, although a QTL for SCN resistance have been
already identified on this region [20].

Several other meaningful SNPs were identified in other soybean
chromosomes. On chromosome 7, we found 16 SNPs very close to the QTL related
to SCN resistance descripted by Webb et al [28]. Due the fact they studied with a
genetic map, our result could explain better the position of this QTL. A similar result
can be observed on chromosome 10. We identified 948 SNPs in two intervals
between 41.40 — 43.40 Mbp. Vuong et al [20] found a QTL for this region, which
could represent the presence of important SNPs related with the resistance against
SCN race 3. For chromosome 17, we detected 163 SNPs related with SCN
resistance in an interval of 0.33 — 0.67 Mbp. Yue et al [21] identified a SCN QTL in
the beginning of chromosome 17. Due the fact they used a genetic map, it is possible
the QTLs identified in both studies are the same. Anta 82 does not have the
resistance allelic pattern, which could mean this QTL is absent in this cultivar.
Moreover, BRS 284, BRSMT Uirapuru and Pl 567387 has the resistance allelic
pattern, which could mean they have this resistant region, but the presence of this
region is not enough to provide resistance against SCN race 3.

Finally, chromosome 11 had 246 SNPs related to resistance against SCN
race 3 in the intervals of 30.65 - 30.67 and 32.00 - 32.87 Mbp. The resistance allele
is present in most of the resistant Brazilian cultivars and the two American cultivars.

In contrast, some Asian accessions have a mix of resistance/susceptible allele, which
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could mean these QTLs are important for resistance to SCN race 3 in the present
commercial cultivars. Ferdous et al. [25] and Yue et al [21] identified important QTLs

related with SCN race 3 resistance on this region.

Major root-knot nematode resistance QTL detected on chromosome 10

Southern root-knot nematode is other important agronomical nematode for
soybean due the large impact caused in soybean production. One of the most
common and important specie is Meloidogyne incognita. The use of resistant
cultivars associated with nonhost crop rotation is the main strategy to decrease the
losses caused by RKN. Thus, the identification of QTLs related to the resistance of
this pest is essential for breeding programs.

For this analysis, we identified 4,461 SNPs related with the resistance
against RKN. All of the SNPs were detected on chromosome 10 in the interval
between 0-2.2 Mbp (Figure 1c), with a strong correlation between phenotype and
SNP data according to QQ-plot analysis (Supplementary Figure 2c). Most of them
are upstream 5 kbp each genes identified in this QTL, with 2,314 SNPs. This region
was previously described in other study with the presence of a major QTL resistance
against RKN [29, 30]. There are two regions with the highest p-values and r? values
(Table 3). For the first region, we observed that HNO12, HNO21 and HN022 do not
present a resistant allelic pattern, which may mean that other region inside this QTL
are controlling the resistance mechanism against RKN in these three accessions.
The other region had a similar allelic variation pattern for all the resistant material.
However, seven susceptible materials, Anta 82, HN026, HNOO3, HN0O04, HNOOS5,
HNO18, and HNO20 do not have a susceptible allele. This finding could mean that
this region were not enough to generate the resistance mechanism for these
accessions. We also identified a large number of LD blocks spreaded in most part of
this QTL region with several SNPs related to RKN in resistant accessions (Figure 2).
This finding can have a great impact in breeding programs for RKN resistance, since
these SNPs can be useful for MAS.

Rdm? is one of the most important resistance gene against to soybean
stem canker
Soybean stem canker (SSC), caused by Diaporthe phaseolorum f.

sp. meridionalis is a historical soybean important disease, being responsible for
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meaningful losses in soybean crops. In 1994, soybean stem canker was responsible
for losses of 1,800,000 metric tons in Brazil, being the major problem for Brazilian
soybean crops at that times [31]. Actually, this disease is controlled by the
introgression of resistance genes in elite cultivars and is present in most of cultivars
released over the last 20 years. However, there is a low number of SNPs available
related with SSC resistance and the identification of new SNPs will be very important
for soybean breeding programs to confirm the gene introgression in new soybean
cultivars.

In this study, we identified 2,014 SNPs related to the resistance against SSC.
All SNPs were detected on chromosome 14 (Figure 1d), most of them in an interval
between 1.54 — 2.03 Mbp, where Rdm? gene were mapped [32]. There is a strong
correlation between phenotype and genotype data according to QQ-plot analysis
(Supplementary Figure 2d). Moreover, the highest number of SNPs was identified
upstream 5 kb of each gene detected inside this interval. There are 235 SNPs with
the highest p-value and r? values (Table 3). For these SNPs, we found an allelic
pattern that differentiates all accessions according to the phenotypic response
(Figure 3). All the susceptible accessions have an allelic variation compared with the
reference genome, cv Williams 82. This result suggests that cv. Williams 82 also
have the Rdm? resistance gene in its genome. Moreover, this region has a large
number of SNPs with strong LD, between some blocks inside Rdm? region
(Supplementary Figure 6). No SNPs were identified on chromosome 02 that carry
Rdm1, Rdm2 and Rdm4 genes, as well as Rdm3 gene on chromosome 14. The main
reason about it may be the SSC race-type inoculum used in the phenotype
evaluation. In this study, all the accessions were separated according to their
response against the isolate CH8 of Diaporthe phaseolorum var. meridionalis. Thus,
some genes should have a race specific response. For a better detection, it will be

necessary new evaluations with others SSC race-type.

Functional annotation analysis involving resistant genes reveals
important modifications in soybean

By identifying SNPs and modified sequences within the genome of the
accessions used in this study, it becomes possible to analyze the influence of these

nucleotide mutations. Therefore, according to gene information in databases
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obtained on SoyKB website, an enrichment analysis of these modified genes was
made.

A large number of genes have important allelic variations detected in this
study. For the major resistance regions, we identified SNPs inside Rhg1, Rhg4 and
Rdm? genes loci. For Rdm? region, we identified 73 non-synonymous modifications
in exons caused by SNPs in susceptible lines for 25 genes. The non-synonymous
SNPs with the best p-values were observed in two serine-threonine protein kinases
(Glyma.14g026300 and Glyma.14g026700), a leucine-rich repeat receptor-like
protein kinase related to protein phosphorylation (Glyma.149g026500), a PH domain
leucine-rich repeat-containing protein phosphatase 1 (Glyma.149024400), a RNA
helicase (Glyma.149024300), a methyltransferases (Glyma.14g026600) and a purple
acid  phosphatase  (Glyma.149024700)  (Figure  3). Plant-receptor-like
serine/threonine kinase was one of the first genes cloned and associated to defense
mechanisms, which plays a key role in signal transduction pathway in plants [33, 34].
Thus, these non-synonymous mutations in coding regions of the serine-threonine
protein kinases identified in this study may lead to candidate genes for Rdm?. Other
important non-synonymous SNPs on SSC resistance region were observed in a heat
shock protein 70KDA (Glyma.14g024200), cytochrome P450 (Glyma.14g027600),
putative translation initiation inhibitor UK114/IBM1 (Glyma.14g023600) and a DNA
Mismatch repair ATPase MSH5 (Glyma.149022400). In susceptible accessions, we
also identified genes with SNPs responsible for splice site regions modifications of
two genes: Glyma.149026600 and Glyma.14G027100. Furthermore, there were six
SNPs in 5" UTR regions that may generate a new start codon in three genes: a gene
related with rab GTPase activator activity (Glyma.149022300), a heat shock protein
70KDA (Glyma.149024200) and a PH domain leucine-rich repeat-containing protein
phosphatase 1 (Glyma.149024400). Finally, the cytochrome P450 had an allelic
variation responsible for the presence of a new stop codon in coding region. In this
case, most of the resistant material had this modification that may be related with
SSC resistance and may be this sudden gene function change an important
mechanism against SSC.

We also found 43 SNPs inside Rhg17 interval, associated to resistance
against SCN race 3. Rhg1 is the most important resistance gene against SCN. Our
results suggested that most of the resistant material used in this study had a similar

SNP pattern on this region, with several modified genes. There were nine genes with
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sequence modifications due the presence of a SNP inside Rhg1 region, but only four
had gene ontology description. Inside Rhg1 region there were five genes with SNPs
in upstream, downstream or coding gene regions (Supplementary Figure 5).
Glyma.189022400 (encoding a predicted amino acid transporter), Glyma.18g022500
(a-soluble N-ethylmaleimide-sensitive factor attachment protein - a-SNAP) and
Glyma.18G022600, were identified and related with the resistance against SCN race
3 in other studies [35, 36]. Moreover, Cook et al [35] described the enhancing of the
SCN resistance due modifications of the gene Glyma.18g022500. A non-
synonymous mutation in coding region of resistant lines, that changes aspartic acid
to tyrosine, was also found in this gene in our study, similar to the results obtained by
Cook et al [36]. For Glyma.18g022400 and Glyma.18G022600, we only detected
SNPs downstream of the gene position. This finding associated with other studies
reinforces the importance of the SNPs identified for SCN resistance in this study.
Finally, Rhg4 is other important SCN maijor resistance gene identified on
chromosome 8. We found 404 SNPs in Rhg4 region related to resistance against
SCN race 1 and 3. For race 3, we identified 398 SNPs related to 33 genes. There is
a mutation observed on splice donor site region for Glyma.08g107900 (a predicted
histone H3) in most of the resistant materials. We also identified important SNPs that
caused non-synonymous sequence modifications inside coding region of
Glyma.08g106500 (a gene with a PPR repeat domain) and Glyma.08g107700 (a
leucine-rich repeat receptor-like protein kinase). Kandoth et al. [37] described
leucine-rich repeat receptor-like and PR proteins as an important defense
mechanism in Rhg1 against SCN. Puthoff et al [38] showed a transcription response
to SCN for several genes, including PPR protein. Itahl et al. [39] showed that leucine-
rich repeat receptor-like kinases are both up and down-regulated under SCN
infection. However, Liu et al. [40] concluded that the leucine-rich repeat receptor-like
kinase found in Rhg4 is not a gene for SCN resistance. According to Liu et al. [41], a
serine hydroxymethyltransferase is the major responsible for the Rhg4 reaction
against SCN. We identified a non-synonymous SNP in coding region inside this gene
(Glyma.08g108900), which should be related to Rhg4 reaction to SCN. Moreover, we
found more non-synonymous mutations in other genes in this region, such
glucosyl/glucuronosyl transferases genes (Glyma.08g107500 and
Glyma.08g107600), a peptidyl-prolyl cis-trans isomerase with a tetratricopeptide
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repeat domain (Glyma.08g106700), UDP-glucosyl transferase (Glyma.08g107500)
and a kinesin-like protein (Glyma.08g106400).

Additionally to major resistance genes information, there are a large number
of genes inside QTLs with meaningful SNPs related to SCN resistance
(Supplementary Table 4). Several studies described the importance of some of the
genes that were identified with non-synonymous mutations in our study. Ithal et al
[39] found a differential expression in BZIP/Myb domain genes, pathogenesis-related
proteins, leucine-rich repeat proteins, transcription factors and cytochrome P450.
Moreover, Vaghchhipawala et al [27] showed a enhancing on expression in cyclins,
heat shock proteins, and pathogenesis-related proteins. Other studies showed that a
large number of stress and defense-related genes were related with SCN defense,
such as leucine-rich repeat, heat shock protein, pathogenesis-related proteins and
Myb domains. Such results reinforce the importance of non-synonymous SNPs
inside these genes of the resistant materials.

Finally, important sequence modifications were observed in RKN analysis. A
total of 3,221 SNPs were identified related to 152 important genes within the major
RKN QTL detected in this study. Xu et al [29] described Glyma10902150 and
Glyma10g02160, a pectin methylesterase inhibitor and a pectin methylesterase
inhibitor -pectin methylesterase, as the most important genes involved with RKN
resistance. The first gene was removed in the new version of soybean genome and
the second becomes Glyma.10G017200. For the second gene, we just found
synonymous mutations in coding region and modifications in 3° UTR. However, we
identified another gene close to both genes with a similar function:
Glyma.10G017100. For this specific gene, we found important sequence
modifications caused by SNPs (Supplementary Figure 7). We found five non-
synonymous modifications on coding sequences of resistant materials. In addition,
we identified upstream of these five non-synonymous SNP, a mutation that create a
stop codon on resistant accessions. This finding may mean that post-translational
modifications due the existence of a new stop codon in a coding region could be
related with partial resistance against RKN.

Several genes related to resistant mechanism against biotic factors were
identified with non-synonymous mutation in coding sequences of resistant materials
against RKN (Supplementary Table 5). In Arabidopsis, Fuller et al. [42] described

the differential expression of glycosyl transferases and genes with zinc finger
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domain. Moreover, the same study related that genes with Myb domain could be
repressed during root-knot nematode infection. Potenza et al. [43] showed that
NADH-dependent oxidoreductases genes might play a role for RKN resistance, by
scavenging reactive oxygen species originated of the pathogen interaction with the
plant. Moreover, Bakhetia et al [44] demonstrate a decrease of number of eggs due
the silencing of oxidoreductases. Other studies illustrated the importance of heat
shock proteins in RKN infection. Escobar et al [45] showed that heat shock elements
are related to the activation of giant cells and heat shock transcription factors may
mediate the response against RKN in tobacco. Moreover, Lopes-Caitar et al. [46]
identified heat shock proteins family related to javanese RKN infection. In our study,
we identified non-synonymous mutations in coding regions and new start codons in
5" UTR region inside a DNAJ heat shock n-terminal domain-containing protein and a
heat shock transcription factor of resistant accessions. Finally, Ibrahim et al [47]
showed the importance of cyclin in soybean, due the increase of its action after 12
days after RKN infection. The large number of non-synonymous SNPs inside known
nematode resistant genes demonstrates the importance of this QTL region on RKN
resistance.

Additionally, we identified important sequences modifications in splice site,
start codons caused by SNPs related to RKN resistance. In splice site, we identified
modifications on donor and acceptor sites for iron/ascorbate family oxidoreductases
(Glyma.10G007500) and a glycosyl hydrolases family 28 (Glyma.10G016900),
respectively. Furthermore, we found a SNP mutation that generates a possible
pseudogene due the loss of a start codon in resistant material in a late
embryogenesis abundant-related protein (Glyma.10G014200). Finally, we identified
modifications in 5° UTR region that may create a new start codon nine genes:
Glyma.10G001200, Glyma.10G001400, Glyma.10G003100, Glyma.10G003500,
Glyma.10G003600, Glyma.10G007800, Glyma.10G009500, Glyma.10G012400 and
Glyma.10G014000. The presence of new start codons associated with non-
synonymous mutations in resistant materials may have a key role for RKN defense

mechanism in this QTL.

CNV as an important tool to detect resistant mechanism
CNVs are structural modifications that caused variation in copy-number of

sequences fragments in specific genome region. Several studies were described with
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CNVs analysis in a large number of plants, such as Arabidopsis thaliana (DEBOLT et
al, 2010), barley (MUNOZ-AMATRIAIN et al., 2013), maize (SPRINGER et al., 2009)
and soybean (Zhou et al., 2015). Thus, CNVs studies are extremely important and
may have a key role for plant diseases defense mechanism against a specific
pathogen. In this study, we analyzed 27 Brazilian lines and some resistant materials
to find important CNVs that could be related to resistance mechanism against SCN,
RKN and SSC.

Our preliminary results detected several CNVs inside important resistance
regions on chromosome 08, 10, 11, 17 and 18. The accession Forrest had the most
number of exclusive CNVs in SCN resistance regions (Supplementary Figure 8). As
one of the most important source of resistance against this nematode, such CNVs
identified only in Forrest may be related to genes having a great importance to
defense mechanism against SCN.

Moreover, we also found some CNVs inside Rhg?7 and Rhg4 genomic
regions present only in resistant accessions. For Rhg4 interval, we identified three
important CNVs (Figure 4). Two of these were deletions observed in BRS/GO
Chapaddes, Forrest, HN002, HN0O03, HN0O4, HNOO5, HNO11, HNO15, HN018, and
HNO21. Additionally, we identified insertions in the same interval in BRS/GO 8660,
BRSMT Pintado, P98Y11, G93-9223, HNO005, HN004, HNO10, and HNO022. In
contrast, in Rhg1 interval, we found an insertion in Anta 82, G93-9223, VMAX RR,
and HNO21 (Figure 4). Cook et al. [35, 36] confirm an increase of Rhg1 resistance
due the presence of CNVs in Rhg1 region. Thus, such structural modifications in
Rhg1 and Rhg4 regions may have a great importance in increase of resistance in
such materials. Moreover, our results in Rhg4 regions, associated with GWA analysis
could suggest a non-influence or absence of Rhg4 gene in resistant cultivars Anta 82
and VMAX RR.

In other regions containing QTLs associated to SCN resistance, we also
detected CNV modifications (Supplementary Figure 9). Divergent CNV pattern
between resistant and susceptible materials can also be observed at the end of the
chromosome 10. We identified deletions for resistant materials Anta 82, BRS/GO
Chapaddes, BRSMT Pintado, Forrest, HN00O2, HN0O03, HN004, HN00S, HNO0O0S,
HNO10, HNO11, HNO15, HNO18, HNO021, and HNO22. In contrast, cultivars BRS
Valiosa, BRS/GO 8360, BRSMG 850G RR, Conquista, IAC 8 and Santa Rosa,

susceptible lines against SCN, showed insertions inside the same region. This
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finding could be directly related to SCN resistance mechanism. Another interesting
pattern was observed on chromosome 11. We found deletions and insertions in 16
Brazilian susceptible cultivars. From the abroad lines, only HNOO5 and HNO18 had
similar pattern. For this region, according to our GWA analysis results, these two
accessions do not have resistant allele, which could suggest that modifications in this
region could be responsible for an increase of susceptibility in soybean accessions.
Similar pattern can be observed in the beginning of the chromosome 18, which we
found an deletion in ten susceptible Brazilian lines that could be related to an
increase of SCN susceptibility in soybeans. Finally, on chromosome 17, there are
more CNVs regions that could be related to SCN defense mechanisms. In the
beginning of the chromosome, we found two CNVs in nine Brazilian susceptible
soybeans. Moreover, we identified CNVs modifications inside the interval that we
detected SNPs related to a putative resistance QTL against SCN race 1. For
resistant materials, we found deletions in eight regions. In contrast, we also identified
other eight insertions in Brazilian susceptible lines. This divergent pattern observed
between these materials may show an important control resistance region against
SCN.

We also identified important CNVs in resistance regions against RKN. We
investigated regions on chromosomes 8, 10, 13 and 18, due the existence of known
RKN QTLs described in other studies. For these regions that we identified important
SNPs related to the resistance QTL against this disease, we identified a large
numbers of deletions for cultivar Forrest, most of them in non-coding regions.
However, two glycosyl hydrolase (Glyma.10G016900 and Glyma.10G017000) could
be affected due a deletion upstream the gene (Figure 4). Such deletions, associated
to the fact that cv. Forrest is one of the resistant materials, could infer that an
alternative action of these genes could be related to RKN resistance mechanism. In
other QTL regions on chromosome 8, 10, 13 and 18, we identified more exclusive
deletions in cv. Forrest, which may represent the absence of important regions could
increase the resistance against RKN. Moreover, we identified an important deletion
on the 0.262 — 0.267 Mbp region on chromosome 10, shared with BRS Valiosa RR,
BRSMG 850G RR, CD 201 and Conquista, and located upstream the transcription
initiation factor Glyma. 109002500 (Figure 4). The presence of this deletion could be

related with the resistance of these lines against RKN.
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Finally, we found CNVs in resistant regions against SSC. Chromosome 2
and 14 were investigated due the presence of Rdm genes: Rdm1/Rdm2/Rdm4 on
chromosome 2 and Rdm3/Rdm? on chromosome 14. According to our analysis,
accession HNO20 has exclusive CNVs modifications on Rdm3 and Rdm? regions
(Supplementary Figure 10). For the putative Rdm? region on chromosome 14, we
identified two deletions in HNO20 line (Figure 4). One of these can be affecting
sequences of two genes: a heat shock protein 70KDA (Glyma.149024200) and a
RNA Helicase (Glyma.14g024300). However, this deletion does not appears to
influence HNO20 resistance to SSC, due the fact that sequences modifications were
not observed previously in resistant accessions when compared with reference
genome, cv. Williams 82, probably a resistant cultivar. Moreover, we found more
exclusives deletions inside Rdm3 intervals to the same accession. We detected
another two CNVs modifications inside Rdm? and Rdm3 regions. The first was an
insertion between 1.68 - 1.70 Mbp observed in BRS 284, BRSMT Uirapuru and CD
201. This could be responsible for an increase of resistance in such lines. Another
insertion was identified between 3.36-3.38 Mbp in accessions BRS Valiosa, BRS/GO
Chapaddes, BRSMG 850G RR, IAC 8, Conquista and HN020. The cultivar BRS/GO
Chapadoes is the only susceptible material to SSC with this modification. However,
this line has a moderate field resistance to SSC (Carlos Alberto Arrabal Arias,
personal communication). With the lack of information about some accessions
pedigree and the physical position of Rdm3, this result could suggest the presence of
a region related to resistance mechanism against SSC and may be an important
region for BRS/GO Chapaddes field resistance against SSC.

On chromosome 2 we also found more CNVs inside putative Rdm regions of
resistant materials (Supplementary Figure 11). Two regions inside Rdm4 interval
had deletions for Anta 82, BRS 360 RR, BRS Valiosa RR, NA 5909 RG, P98Y11 and
VMAX RR. Moreover, other two regions inside Rdm1 had CNVs modifications for
some resistant accessions. For one region, we identified deletions inside the
accessions BRS 284, BRS Valiosa, BRS/GO 8660, BRSMG 850G RR and NA 5909
RG and insertions for Anta 82, BRS/GO 8360, Doko and HNOOQ3. For another region,
we detected insertions for Anta 82, BRS/GO 8360 and Doko and deletions for BRS
284, IAC 8, Conquista and NA 5909 RG. Similar to the information discussed above,
the lack of the physical position of Rdm1 and Rdm4 difficult to infer if these CNVs

regions are inside Rdm genes. However, the presence of a pattern in a large number
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of resistant materials can suggest a relative importance of these regions to SSC
resistance. Finally, there was an insertion observed in Doko and deletions in
accessions BRS 232, BRS 360 RR, BRS Valiosa RR, BRSMG 850G RR, Conquista,
HNO003, HNO20 and HNO21 between 0.25 — 0.26 Mbp. This region is not in a gene
region, but the presence of CNVs inside this region in resistant materials can

represent the presence of an important mechanism for plant resistance against SSC.

Conclusion

This study provides promising applications on breeding programs for disease
resistance. The discovery of important SNPs related to a large number of genomic
regions associated with the resistance against RKN, SSC, SCN race 1 and 3 can
have a direct impact in marker assisted programs for disease resistance.

Our data suggest a predominant role of allelic variations in Rdm? locus,
being an important source of resistance against soybean stem canker caused by the
isolate CH8 of Diaporthe phaseolorum f. sp. meridionalis. Similarly, the resistance
against SCN was strongly associated to allelic variations in Rhg1, Rhg4 and some
QTLs previously described in other studies. Finally, the allelic variations observed in
the QTL of chromosome 10 previously described in other works were the major
resistance mechanism against RKN. Furthermore, the CNVs identified in this study
suggested specific patterns related to resistance against SCN, as well as important
modifications in loci associated to SSC resistance mechanisms.

Our study opens a new horizon for genotyping and the identification of
accessions with resistance against the three studied diseases. However, a validation
process for the SNPs will be necessary to confirm the results obtained in this study.
In addition, a depth study of the detected CNVs may be made due the possibility of
large influence of these structural modifications in defense mechanism against these

soybean pathogens.
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Materials and Methods

Plant material and sequencing

Twenty-seven Brazilian cultivars were selected for this study and data were
used for all the analysis, whereas the remaining accessions from United States and
Asia were selected according to phenotype information available. Young leaf tissue
sample of each 27 Brazilian cultivars were collected during stage V3. The genomic
DNA was isolated for each sample with the Qiagen Mini Plant DNeasy kit (Qiagen
Inc., Valencia, CA, USA), following the manufacturer’s instructions. The quality of the
extracted DNA was checked through a 0.8% agarose gel stained with etidium
bromite and the quantification was measure through the Qubit 2.0 (Life Technologies,
Invitrogen division, Darmstadt, Germany) fluorometer. The Brazilian -cultivars
samples were sent to FASTERIS Company, Switzerland, for sequencing. The
remained soybeans genomics were kindly provided by
the Molecular Genetics and Soybean Genomics Laboratory from the University of
Missouri and were sequenced through the company BGI on China. The sequencing
efforts were done on the lllumina Hiseq 2000 platform generating 100 bp reads

paired-end with an expected coverage of 15x the soybean genome.

Phenotype information

The Phenotypic data information for disease resistance was provided by
Embrapa Soja and Molecular Genetics and Soybean Genomics Laboratory from the
University of Missouri. SSC phenotypic resistance information was provided by plant-
pathology laboratory from Embrapa Soja for all accessions. The accessions were
separated according to their response against SSC in resistant, moderately resistant
and susceptible. In additional, the nematology laboratory from Embrapa Soja
provided information about the resistance of Brazilian accessions under SCN and
RKN infection. Phenotypic resistance information of American and Asian accessions

against SCN and RKN were kindly provided by
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the Molecular Genetics and Soybean Genomics Laboratory from the University of
Missouri. SCN phenotype information separated accessions into resistance,
moderately resistant, moderately susceptible and susceptible, whereas RKN

phenotype information clustered materials into resistance or susceptible.

SNPs and indels detection

The resequenced soybean accessions were mapped with the new version of
the soybean reference genome (Gmax_ 275 Wm82.a2.v1) through the alignment
program Burrows-Wheeler Aligner (BWA) [48]. After mapping the aligned reads were
processed through Piccard tools version 1.107 to remove duplicate values and a
binary file of extension bam representing the assembled genome of each
resequenced species were generated. For SNPs/indels calling we used the Genome
Analysis Toolkit (GATK) version 3.0 [49]. This toolkit was responsible to make a local
realignment in indels region and a qualitative recalibration for the purpose to
generate a bam file with fewer errors for each sample. Thus the new bam files
generated were used to SNPs/indels calling of the genome. In both cases we used
the HaplotypeCaller module of the GATK.

The analysis was conducted using bioinformatics NGS resequencing data
analysis workflow [50] developed in SoyKB for SNP calling and was conducted using
XSEDE as the computing infrastructure, iPlant as the data and cloud infrastructure
[51], and the Pegasus workflow systems [52] to control and coordinate the data

management and computational tasks.

Genome-wide association analysis

For genome-wide association analysis we used GAPIT program (LIPKA et al.
2012). A Mixed Linear Model was selected for this analysis with EMMA as a kinship
matrix algorithm. Moreover, we used a major allele imputation method for missing
data about, PCA total of 3 and a minimum p-value of 7.19-e10™ to detect significant
SNPs.

Linkage disequilibrium detection
To measure the linkage disequilibrium (LD) level of the soybeans accessions
the correlation coefficient (r?) of the alleles was calculated using Haploview (Barrett

et al. 2005). The parameters of the program were set as follow: —maxdistance 1000
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—dprime —memory 2000 -minMAF 0.1 —hwcutoff 0.001. To identify the LD block we
included the parameters ‘—blockoutput GAB —pairwiseTagging’ were included to the

program.

Annotated information, functional classification and prediction effect of
gene with meaningful SNPs.

The functional classification of the genes where allelic variations had been
detected was based on the snpEff program [53]. An enrichment analysis of these
modified genes detected through snpEff were made through the website agriGO [54]
and SoyKB [55].

Copy-Number Variation (CNV) identification
We used Copy Number estimation by a Mixture Of Poissons (cn.MOPS)
version 1.10.0 [56] for CNV detection.
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Figure and Table Legends
Table 1. Total of SNPs related to important disease resistance regions.

Table 2. Summary of regions and type of modifications caused by SNPs for each
biotic stresses

Table 3. SNP markers strongly associated with the four biotic stresses analysis in
this study.

Figure 1. Manhattan plot from the three biotic stresses analyzed in this study. a SCN
race 1 results b SCN race 3 results, ¢ RKN results and d SSC results.

Figure 2. Linkage disequilibrium graphic for RKN QTL regions. The green lines
represent the SNPs related to SCN resistance.

Figure 3. Non-synonymous SNPs strongly associated with SSC resistance in Rdm?
region of commercial accessions.

Figure 4. Copy-Number Variations (CNVs) regions in resistance regions of the four

biotic stresses analyzed in this study.
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Supplementary Figure 7. Non-synonymous SNPs strongly associated to RKN
resistance in major QTL regions of commercial accessions.

Supplementary Figure 8. Copy-Number Variations (CNVs) for commercial cultivar
Forrest.

Supplementary Figure 9. Copy-Number Variations (CNVs) regions in SCN QTL
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Supplementary Figure 10. Copy-Number Variations (CNVs) for accession HN020.
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Rdm1 and Rdm4 regions.



Table 1. SNPs associated to important disease resistance traits.

Chromosome Start End Trait Number of SNPs Type
Chr01 417,636 952,419 SCN Race 1 343 QTL
Chr01 5,679,805 5,579,812 SCN Race 1 2 QTL
Chr07 15,716,384 15,726,458 SCN Race 3 16 QTL
Chr08 7,556,711 7,605,699 SCN Race 1 2 QTL
Chr08 7,918,389 8,368,552 SCN Race 3 502 Rhg4
Chr08 8,207,800 8,290,295 SCN Race 1 8 Rhg4
Chr08 18,580,944 18,609,706 SCN Race 3 13 QTL
Chr08 18,852,146 18,870,715 SCN Race 1 19 QTL
Chr09 2,078,234 4,506,466 SCN Race 1 32 QTL
Chr09 28,755,071 28,799,989 SCN Race 1 4 QTL
Chr09 32,722,476 32,730,398 SCN Race 1 4 QTL
Chr10 308 1,523,070 RKN 4,461 QTL
Chr10 41,404,597 41,909,795 SCN Race 3 944 QTL
Chr10 43,386,669 43,399,316 SCN Race 3 4 QTL
Chr11 30,651,783 30,660,387 SCN Race 3 19 QTL
Chr11 32,008,820 32,860,835 SCN Race 3 227 QTL
Chr14 1,544,684 2,022,167 SSC 2,014 Rdm?
Chr17 339,419 646,272 SCN Race 3 163 QTL
Chr17 13,814,281 23,118,086 SCN Race 1 664 QTL
Chr17 34,753,985 34,901,884 SCN Race 1 5 QTL
Chr18 1,361,675 1,373,360 SCN Race 3 35 QTL
Chr18 1,658,518 1,663,245 SCN Race 3 73 Rhg1
Chr18 2,103,323 2,103,361 SCN Race 3 2 QTL
Chr18 3,048,432 3,098,529 SCN Race 3 58 QTL
Chr18 4,358,422 5,136,945 SCN Race 3 24 QTL
Chr18 5,442,907 5,446,608 SCN Race 3 69 QTL
Chr19 40,151,263 40,152,445 SCN Race 1 2 QTL
Chr20 35,025,263 35,395,248 SCN Race 1 378 QTL

89
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Table 2. Summary of regions and type of modifications caused by SNPs for each soybean disease

Type All Percentage Rsag:l 1 Rzg:3 Total RKN SSC
Intergenic Region 1,097 10.88% 297 234 531 476 90
3'UTR 311 3.09% 44 85 129 125 57
5" UTR 179 1.78% 24 35 59 83 37
Upstream 5,070 50.30% 631 940 1,571 2,303 1,196
Downstream 1,702 16.89% 233 465 698 755 249
Start codon 0 0.00% 0 0 0 0 0
Start Gained 25 0.25% 3 5 8 11 6
Start Lost 1 0.01% 0 0 0 1 0
Stop Gained 9 0.09% 1 3 4 4 1
Stop Lost 1 0.01% 1 0 1 0 0
Stop Retained 2 0.02% 1 0 1 1 0
Non Synonymous 324 3.21% 34 84 118 134 72
cds
Synonymous cds 324 3.21% 46 74 120 135 69
Intron 911 9.04% 133 196 329 383 199
Splice Region 41 0.41% 7 9 16 13 12
Splice Acceptor 2 0.02% 0 0 0 1 1
Region
Splice Donor 3 0.03% 0 1 1 1 1
Region
none 77 0.76% 7 22 29 24 24
Total 10,079 -- 1,462 2,153 3,615 4,450 2,014




Table 3. SNP markers closely associated with the soybean disease resistance traits.
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Trait Chr Start End Nugan:sr of p-value Minnc:;::ele r?
RKN 10 659,245 707,709 34 1.26E-05 0.4783 0.6385
RKN 10 781,019 952,630 5 1.40E-05 0.2174 0.6318
RKN 10 781,503 811,218 22 3.21E-06 0.2391 0.7298
RKN 10 1,012,047 1,026,489 8 7.78E-06 0.4674 0.6700
RKN 10 1,037,384 1,037,394 2 1.21E-05 0.4891 0.6414
SCN Race 1 1 934,952 952,419 2 1.69E-05 0.3043 0.9529
SCN Race 1 937,349 948,132 6 2.05E-05 0.2826 0.9504
SCN Race 1 8,290,181 8,290,295 3 5.01E-05 0.3261 0.9394
SCN Race 1 17 13,857,293 17,839,937 141 1.61E-05 0.3043 0.9535
SCN Race 1 20 35,129,880 35,268,944 8 4.37E-05 0.3913 0.9411
SCN Race 3 8 8,209,460 8,368,519 145 5.65E-05 0.3750 0.7011
SCN Race 3 10 41,518,097 41,644,753 3.05E-05 0.3646 0.7230
SCN Race 3 18 1,558,518 1,630,473 3.44E-05 0.4583 0.7186
SCN Race 3 18 1,621,248 1,631,884 17 3.41E-06 0.4792 0.8062
SCN Race 3 18 1,633,967 1,639,152 5.74E-06 0.4896 0.7856
SSC 14 1,700,028 1,713,925 49 1.30E-06 0.4390 0.9050
SSC 14 1,719,777 1,989,255 235 5.48E-07 0.4146 1.0000
SSC 14 1,837,507 1,905,067 1.15E-06 0.3780 0.9178
SSC 14 1,896,756 1,932,239 6.83E-07 0.4024 0.9754
SSC 14 1,992,573 2,009,713 6 1.28E-06 0.3902 0.9069
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Figure 1. Manhattan plot from the three biotic stresses analyzed in this study. (a) SCN race 1 results
(b) SCN race 3 results, (c) RKN results and (d) SSC results.
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RKN QTL

Chr10: 780000 - 992000

Chr10: 1159000 - 1298000 Chr10: 1304000 - 1523080 1oed

Figure 2. Linkage disequilibrium analysis for RKN QTL regions. The green lines represent the SNPs
related to RKN resistance.
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Figure 3. Non-synonymous SNPs haplotypes strongly associated to SSC resistance in Rdm? region

on commercial accessions.
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Supplementary Table 1. Geographic origin and disease phenotype information for the soybean

accessions used in this study.

Accession Name Origin SCNRace1 SCNRace3 RKN SSC
Anta 82 Brazil S R S R
BR 16 Brazil S S S S
BRS 232 Brazil S S R R
BRS 284 Brazil S S S R
BRS 360 RR Brazil S S S R
BRS 361 Brazil S S S R
BRS Sambaiba Brazil S S S R
BRS Valiosa RR Brazil S S R R
BRS/GO 8360 Brazil S S S R
BRS/GO 8660 Brazil S R R R
BRS/GO Chapaddes Brazil R R R S
BRSMG 850G RR Brazil S S R R
BRSMT Pintado Brazil R R S R
BRSMT Uirapuru Brazil S S S R
CD 201 Brazil S S R R
MG/BR 46 (Conquista) Brazil S S R R
Doko Brazil S S S R
Emgopa 301 Brazil S S S MR
FT Abyara Brazil S S S S
FT Cristalina Brazil S S S S
IAC 8 Brazil S S S R
IAS 5 Brazil S S S S
NA 5909 RG Brazil S S S R
P98Y11 Brazil R R S R
Parana Brazil S S S S
Santa Rosa Brazil S S S S
VMAX RR Brazil S R S R
Forrest United States R R R S
G93-9223 United States NA R R MR
Magellan United States S S S NA
Williams 82 United States S S S NA
HNOO1 United States S S NA NA
HNO002 China R R NA S
HNO0O03 China R R S R
HNO004 China R R S S
HNOO05 China R R S NA
HNOO06 Korea NA NA S NA
HNOO07 Korea NA NA S NA
HNO0O08 China R R NA NA
HNO009 China NA NA S NA
HNO10 China R R NA S
HNO11 Japan R R NA NA
HNO012 China NA NA R S
HNO14 United States S S NA S
HNO015 China R R S NA
HNO16 China S S R R
HNO18 China R R S NA
HNO020 China S R S R
HNO021 Japan MS R R R
HNO022 China R R R S
HNO023 Korea NA S NA S
HNO025 China R MR R R
HNO026 Korea NA NA S NA

R, Resistant; MR, Moderately Resistant; MS, Moderately Susceptible; S, Susceptible; NA, Not

Available



Supplementary Table 2. Soybean accessions sequencing information

Number of Genome Mean

Name Number of reads mapped
reads coverage depth
Anta 82 195,886,578 180,626,491 0.9221 16.7789
BR 16 196,397,054 186,322,940 0.9487 15.2675
BRS 232 122,368,531 116,984,169 0.9560 9.5324
BRS 284 171,461,978 163,468,763 0.9534 13.0724
BRS 360 RR 201,402,002 192,682,206 0.9567 15.8585
BRS 361 191,425,927 183,136,485 0.9567 15.0523
BRS Sambaiba 192,188,718 181,424,387 0.9440 15.2387
BRS Valiosa RR 156,259,990 148,104,258 0.9478 11.8584
BRS/GO 8360 158,327,158 148,939,207 0.9407 13.6017
BRS/GO 8660 142,045,598 133,524,801 0.9400 10.8659
BRS/GO Chapaddes 245,514,622 222,293,654 0.9054 12.5297
BRSMG 850G RR 217,891,043 206,848,122 0.9493 16.9610
BRSMT Pintado 191,564,775 181,728,921 0.9487 14.9496
BRSMT Uirapuru 198,605,107 186,389,164 0.9385 11.4300
CD 201 221,562,422 210,957,959 0.9521 17.6887
Conquista 272,124,634 258,656,049 0.9505 11.1745
Doko 247,331,921 234,203,074 0.9469 15.6906
Emgopa 301 159,411,436 150,538,085 0.9443 19.7702
FT Abyara 185,414,295 175,453,981 0.9463 16.4883
FT Cristalina 223,191,645 213,324,477 0.9558 14.3955
IAC 8 204,515,979 194,690,635 0.9520 18.1685
IAS 5 150,707,920 133,762,039 0.8876 16.2044
NA 5909 RG 189,097,655 179,350,133 0.9485 22.0393
PO8Y11 149,136,842 141,849,489 0.9511 14.2505
Parana 317,943,923 301,616,213 0.9486 11.5994
Santa Rosa 166,171,636 157,804,753 0.9496 24.6117
VMAX RR 221,332,490 207,968,442 0.9396 13.0282
HNO025 162,542,041 147,802,280 0.9093 10.2156
HNOO09 188,809,910 166,874,460 0.8838 11.3138
HNO015 195,357,968 171,712,261 0.8790 11.1497
HNOO8 165,486,559 144,376,365 0.8724 13.3146
HNO12 161,132,105 143,472,128 0.8904 10.6777
HNO16 152,787,788 137,652,993 0.9009 13.4266
HNO0O05 200,310,937 180,267,479 0.8999 11.8758
HNO002 189,724,622 169,489,761 0.8933 11.9288
HNO020 132,029,140 116,428,620 0.8818 12.1235
HNOO3 197,816,271 177,036,382 0.8950 13.4241
HNOO4 175,091,860 155,245,356 0.8867 13.9184
HNO10 149,642,173 134,821,340 0.9010 12.9727
HNO018 174,487,929 155,331,036 0.8902 10.6026
HNO022 179,241,390 162,441,938 0.9063 13.1667
HNO021 189,123,705 171,425,013 0.9064 8.9867
HNO11 161,362,060 130,592,691 0.8093 10.2415
HNO026 182,522,344 163,101,808 0.8936 11.1124
HNOO7 195,461,329 175,512,165 0.8979 13.0076
HNO023 151,462,168 137,522,528 0.9080 12.4005
HNOO6 185,556,824 168,649,278 0.9089 14.1835
Forrest 173,011,062 138,493,887 0.8005 12.3882
HNO14 167,020,416 148,757,679 0.8907 11.0623
G93-9223 258,642,533 245,092,630 0.9476 10.2718
HNOO1 178,011,768 158,068,790 0.8880 18.3659
Magellan 177,903,577 158,768,370 0.8924 20.5986
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Supplementary Table 3. Variant rate details of the soybeans accessions

Variants rate

Chromosome Length Variants (SNP per bp)
Chr01 56,831,624 202,160 281
Chr02 48,577,505 223,611 217
Chr03 45,779,781 232,228 197
Chr04 52,389,146 248,168 211
Chr05 42,234,498 137,400 307
Chr06 51,416,486 252,399 204
Chr07 44,630,646 184,814 241
Chr08 47,837,940 181,497 264
Chr09 50,189,764 249,431 201
Chr10 51,566,898 171,412 301
Chr11 34,766,867 124,008 280
Chr12 40,091,314 145,714 275
Chr13 45,874,162 242,791 189
Chr14 49,042,192 234,327 209
Chr15 51,756,343 356,197 145
Chr16 37,887,014 233,871 162
Chr17 41,641,366 209,361 199
Chr18 58,018,742 424,845 137
Chr19 50,746,916 247,917 205
Chr20 47,904,181 209,599 229
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Supplementary Table 4. Genes with non-synonymous mutations in coding sequences on SCN QTLs

regions.
Description Gene Name
5 -AMP-aE_tNated protein Glyma.17G006000
inase

Acetylglutamate
kinase/synthase)

Calcium transporting ATPase

Casein kinase

Chaperone-activity of BC1
complex [CABC1]-related

Cyclin
Cytochrome P450

Myb-like DNA-binding domain

NADH-ubiquinone
oxidoreductases
Nipped-b-like protein
[delangin] SCC2-related)
O-methyltransferase

Pathogenesis-related protein
Bet v | family related to
response to biotic stimulus
Poly[A]-specific
exoribonuclease PARN
related to RNA binding
Polyketide cyclases related
to response to biotic stimulus
PPR repeat domain
pre-mRNA-splicing factor
SYF2
Prenylated rab acceptor 1
Protein phosphatase 2
regulatory subunit
RNA-directed RNA
polymerase QDE-1 required
for post-transcriptional gene
silencing and RNA
interference

Serine-threonine kinase

THUMP domain-containing
proteins related to RNA
binding
Transcription factors
Zinc finger, C3HC4 type
domain

Glyma.17G 160300

Glyma.17G161300
Glyma.10G181700

Glyma.18G028000

Glyma.17G 160000, Glyma.17G175700 and Glyma.20G107700

Glyma.10G202400, and Glyma.17G007200

Glyma.01G004900, Glyma.01G009600, Glyma.10G 180800 and
Glyma.20G 108600

Glyma.08G228300, Glyma.17G160400 and Glyma.20G108500
Glyma.20G 107600
Glyma.01G004200

Glyma.08G230400 and Glyma.08G230500

Glyma.10G 185400

Glyma.01G009200 and Glyma.11G233300.
Glyma.01G004400, Glyma.17G160600 and Glyma.20G 109800
Glyma.20G 107700
Glyma.10G 180400
Glyma.10G 181800

Glyma.01G008700

Glyma.08G099400, Glyma.10G 181500, Glyma.10G 181700,
Glyma.10G 186000, Glyma.11G230300, Glyma.17G173000 and
Glyma.20G 109400

Glyma.20G 108700

Glyma.11G227800, Glyma.11G231300 and Glyma.17G005600

Glyma.01G009100, Glyma.11G231400, Glyma.17G160500 and
Glyma.17G172200




Supplementary Table 5. Genes with non-synonymous mutations in coding sequences on major RKN

QTL regions. |
Description Gene

AMP-binding enzyme GIyma.1OG0‘

AP2 domain related to regulation of transcription Glyma.10G007100 and ¢

BRG-1 associated factor 250 [BAF250] Glyma.10G0
Chlorophyllase Glyma.10G0

CIRCADIAN PROTEIN CLOCK/ARNT/BMAL/PAS Glyma.10G0
Cytochrome b5-like Heme/Steroid binding domain Glyma.10G0

DNA helicases Glyma.10G000200 and (

DNA REPLICATION REGULATOR DPB11-RELATED Glyma.10G0
Enoyl-CoA hydratase/isomerase Glyma.10G0

Glycosyl hydrolase Glyma.10G013900, Glyma.10G017

Heat shock transcription factor Glyma.10G0

Iron/ascorbate family oxidoreductases Glyma.10G0

LATE EMBRYOGENESIS ABUNDANT [PLANTS] LEA-RELATED Glyma.10G0
Lipase [class 3] Glyma.10G0

Molecular chaperone Glyma.10G0

Myb-like DNA-binding domain Glyma.10G0

MYOSIN Glyma.10G0

NADH-ubiquinone oxidoreductase flavoprotein 1 Glyma.10G0
Nucleolar protein involved in 40S ribosome biogenesis Glyma.10G0

PPR repeat domain Glyma.10G001500, Glyma.10G011

Predicted small molecule transporter Glyma.10G0
REGULATOR OF CHROMOSOME CONDENSATION with FYVE zinc finger Glyma.10G0
serine-type peptidase activity Glyma.10G0

Serine/threonine protein kinase Glyma.10GQ

Splicing factor U2AF, large subunit [RRM superfamily] Glyma.10G0

Transcription factor Glyma.10GQ

Transferase family Glyma.10G0

Translation initiation factor Glyma.10G001300 and (

tRNAHis guanylyltransferase related to tRNA modification Glyma.10G0
VACUOLAR PROTEIN SORTING-ASSOCIATED PROTEIN 51 HOMOLOG Glyma.10G0
WD domain, G-beta repeat Glyma.10G0

Zinc finger domain

Glyma.10G007200, Glyma.10G00
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Supplementary Figure 1. Summary of the main modification caused by SNPs. (a) Number of

transition/transversion mutations (b) Percentage of SNPs per region of the soybean genome
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Supplementary Figure 2. QQ-plot analysis for SCN, RKN and SSC resistance traits.
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Supplementary Figure 3. Linkage disequilibrium graphic for SCN race 1 QTL regions. The green
lines represent the SNPs related to SCN race 1 resistance.
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Supplementary Figure 4. Linkage disequilibrium graphic for Rhg1 and Rhg4 regions. The first
grag;hic is Rhg1 region according to D’ information data. The second figure is Rhg4 region according
to r* information data. The green lines represent the SNPs related to SCN resistance.
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Supplementary Figure 5. Non-synonymous SNPs strongly associated to SCN race 3 resistance in

Rhg1 and Rhg4 regions of commercial accessions.
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Supplementary Figure 6. Linkage disequilibrium graphic for Rdm? region for different intervals. The
first graphic is one interval of Rdm? gene according to D’ information data. The second figure is
another interval of Rdm? gene according to r? information data. The green lines represent the SNPs
related to SSC resistance.
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Supplementary Figure 7. Non-synonymous SNPs haplotypes closely associated to RKN resistance
in major QTL regions of commercial soybean accessions.
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Supplementary Figure 8. Copy-Number Variations (CNVs) for cultivar Forrest. The x-axis
represents the genomic position and y-axis the log-ratio of the read counts. The red dots are the copy

number call of each segment.



CNV Call Value

CNV Call Value

CNV Call Value

1.0 -2.5 -1.5 -0.5 05

0.5

0.0

-0.5

1

9
Chr10: 41786001 - 41966000

I

I

I
.
B 0 N A

Chr17: 82001 - 130000

IRREEEERERERRRRRRRRRRRRRERRRRE
Chr17: 19958001 - 20018000

CNV Call Value CNV Call Value

CNV Call Value

0.0 0.5

-0.5

-1.0

-3 -2 -1

.

-4 -3 -2 -1 0

-5

109

!

1
|

1
1

1L

TTTTTTT T T T T T T T T T I T T TTT]
Chr11: 31884001 - 31940000

—_—

Frrrrrrrrrrrrrrrrrrrrrrrerny
Chr17: 14896001 — 14352000

L

FTTTTrTrTrrTrIrT T T T I i IrrrTrd
Chr18: 888001 - 934000

Supplementary Figure 9. Copy-Number Variations (CNVs) in SCN QTL regions. The x-axis
represents the genomic position and the y-axis the CNV call produced by the segmentation algorithm.
The red/blue lines are inserted/deleted fragments detected in these regions.
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Supplementary Figure 10. Copy-Number Variations (CNVs) for accession HN020. The x-axis
represents the genomic position and y-axis the log-ratio of the read counts. The red dots are the copy
number call of each segment.
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8. CONSIDERAGOES FINAIS

Os resultados obtidos nesse estudo podem apresentar grande impacto em
programas de melhoramento genético da soja brasileira. Conclui-se que a maior
parte das modificacbes alélicas observadas ao longo dos 50 anos de histéria da
cultura no pais encontra-se em regides ndo codantes, mais especificamente em
regides intergénicas. Em regides codantes, existe uma grande quantidade de
mutacgdes ndo sinbnimas compartilhadas em todas as cultivares nacionais, ligadas a
genes envolvidos com processos de morte celular, fotossintese, geracdo de
precursores de metabdlitos e energia. Dentre os cultivares com a maior presenca de
SNPs diferentes do genoma referéncia, encontram-se Doko e Santa Rosa. Além
disto, cultivares mais recentes como Anta 82 e VMAX RR apresentam a menor
quantidade de variagdes alélicas em comparagao ao genoma referéncia da soja.

Os dados gerados neste trabalho ainda sugerem que a base genética
brasileira da soja ainda continua homogénea, estreita e muito proxima a base
genética americana. Tal constatagcdo aumenta a necessidade de introducdo de
germoplasma exoticos para cruzamento com cultivares nacionais com objetivo de
aumentar a diversidade da base genética brasileira. Contudo, existem indicios de um
processo de diversificagcdo nos acessos modernos, além da presenca de regides sob
processo de selegao positiva, principalmente no cromossomo 17.

Além disto, ressalta-se que foram identificadas 10.079 variagdes alélicas
relacionadas a mecanismos de defesa contra SCN, RKN e SSC. Para resisténcia
contra SCN raca 1, foram observados SNPs inseridos dentro do gene Rhg4 e em
QTLs do cromossomo 1, 8, 9, 17, 19 e 20. As marcas mais significativas encontram-
se no cromossomo 17. Ja para SCN da raca 3, foram encontrados SNPs inseridos
dentro dos genes Rhg1, Rhg4 e em QTLs dos cromossomos 7, 8, 10, 11, 17 e 18. O
gene Rhg1 apresentou os SNPs mais significativos em relagdo a SCN raga 3. Além
disto, o cromossomo 11 apresenta um QTL com muita influéncia sobre os acessos
comerciais brasileiras, podendo ser uma importante fonte de resisténcia a doenca.
Conclui-se por estas analises que o QTL localizado no cromossomo 10 é a principal
fonte de resisténcia dos acessos estudados contra RKN. Ainda, através do trabalho
foi possivel concluir que o gene Rdm? representa a principal fonte de resisténcia

contra SSC causado por Diaporthe phaseolorum f. sp. meridionalis. Uma grande
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quantidade de regides em alto desequilibrio de ligagdo foi observada entre os
acessos resistentes as trés doencas, sendo a regido correspondente ao QTL de
resisténcia a RKN com a maior quantidade delas, com blocos de tamanho variado.
Ainda, observou-se a presenga de inumeras mutagdes nao sindnimas em regides
importantes de genes de defesa da planta, como proteinas com dominios MYB, LRR
e PPR, fatores de transcricdo e proteinas de choque térmico, serinas-treoninas
quinases e proteinas relacionadas a patogénese. Tais variagbes alélicas observadas
nestes genes podem desempenhar um papel fundamental nos mecanismos de
defesa da planta contra agdo dos patdgenos. Os resultados observados para esta
analise possuem impacto importante em programas de selegdo assistida por
marcadores para genotipagem e escolha de acessos com resisténcia contra os trés
fatores bidticos. Contudo, devido ao tamanho da amostragem utilizada neste
trabalho, um processo de validagdo sera necessario para confirmagao dos
resultados obtidos via GWAS.

Por fim, foi encontrada uma grande quantidade de grandes insercdes
(CNVs) nas cultivares modernas no cromossomo 16. Outros cromossomos também
apresentam CNVs que distinguem cultivares antigas das modernas, com a presenca
de introgressdes e delegbes por todo genoma da soja. Além disto, foi possivel
observar, nos cromossomos 3, 4, 5, 6, 9 e 14, a existéncia de oito sub-regides
contendo CNVs capazes de distinguir o germoplasma brasileiro do americano. Tais
modificacdes estruturais podem ser pecas-chave para explicar as modificacbes
significativas observadas na histéria de produgao e adaptabilidade do germoplasma
brasileiro, bem como as diferengas existentes entre os germoplasma brasileiros e
americanos. Além disto, os CNVs diferenciadores entre acessos resistentes e
suscetiveis detectados em regides que possuem mecanismos de resisténcia
genética contra os trés fatores bidticos podem possuir importante papel na planta.
Assim, estudos mais aprofundados sobre estas regides de CNVs seréo
fundamentais futuramente para identificagdo da importancia bioldgica de tais

modificagdes estruturais.



