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RESUMO

A baixa disponibilidade de fésforo (P) é uma das principais limitacdes para a produtividade
do milho, principalmente em solos tropicais. Considerando a fixacdo e a baixa mobilidade do
P no solo, modificagbes na morfologia radicular e associacdo com fungos micorrizicos
arbusculares representam importantes estratégias adotadas pelas plantas para maximar a
exploracdo do solo em condi¢bes de deficiéncia desse nutriente. Estudos identificaram o
gene OsPSTOLL1 relacionado ao crescimento radicular, absor¢do de P e produtividade de
grdos em arroz . Com objetivo de identificar possiveis homdélogos do OsPSTOL1 em milho
foi adotada uma abordagem que combinou gendmica comparativa e mapeamento de QTLs
para caracteristicas da morfologia radicular, acimulo de biomassa e conteudo de P
utilizando uma populagéo de linhagens recombinantes (RILs) derivada do cruzamento entre
duas linhagens contrastantes para eficiéncia no uso do P, L3 e L22. Com base em modelos
de caracteristicas simples e mdltiplas, 13 regides gendmicas foram identificadas. Entre os
seis genes preditos identificados no genoma do milho com identidade de sequéncia superior
a 55% com OsPSTOL1, quatro foram co-localizados com QTLs nos cromossomos 3, 4 e 8.
Esses genes foram mais expressos nas raizes das linhagens parentais que contribuiram
com os alelos para o aumento dos seus respectivos fendtipos. Conjuntamente, esses
resultados indicam que pelo menos quatro genes candidatos podem estar relacionados com
a morfologia radicular e ao conteido de P em milho. Na linha de associacdo micorrizica,
dois transportadores half-size ABCG, STR1 e STR2, foram identificados em arroz e em
Medicago truncatula, como sendo indispensaveis para desenvolvimento dos arbusculos e,
consequentemente, para 0 sucesso da associagdo micorrizica. No presente trabalho, genes
similares aos STR1 e STR2 foram identificados no genoma do milho, sendo co-localizados
com QTLs para morfologia radicular nos cromossomos 10 e 3, respectivamente. As
linhagens L3 e L22 apresentaram padrdo de expressao similar para ambos os genes STR,
bem como altos niveis de colonizacdo micorrizica e arbusculos bem desenvolvidos. Esses
genes foram expressos somentes em raizes micorrizadas, seguindo o padrao observado
em arroz. Tais resultados sugerem uma possivel relacdo dos genes STR1 e STR2 com o
desenvolvimento dos arblsculos em milho e evidenciam que diferencas na eficiéncia no uso
do P entre as linhagens L3 e L22 n&o sao relacionadas com a associagdo micorrizica. No
entanto, estudos adicionais, serao necessarios para validar esses genes candidatos como
homoélogos funcionais ao PSTOL1, STR1 e STR2 em milho.

Palavras-chave: aquisicdo de P, genbmica comparativa, proteina quinase, OsPSTOL1,

STR1 e STR2, associacdo micorrizica, Zea mays.

14



ABSTRACT

Low phosphorus (P) availability is a primary constraint for maize productivity, mainly in
tropical soils. Considering the P fixation and low mobility in the soil, modifications on root
morphology and association with arbuscular mycorrhizal fungi are important strategies
adopted by plants to maximize soil exploitation under phosphorus starvation conditions.
OsPSTOL1 was a gene associated to early root growth, P uptake and grain yield in rice. In
order to identify putative homologs to OsPSTOL1 in maize, we combined comparative
genomics and QTL mapping for root traits, seedling dry weight and P content in nutrient
solution in a maize RIL population derived from the cross between two maize lines
contrasting for P use efficiency, L3 and L22. Based on single and multi-trait models, 13
genomic regions were identified. Among the six predicted maize genes identified sharing
more than 55% of amino acid sequence identity with OsPSTOL1, four genes were co-
localized to QTLs on chromosomes 3, 4 and 8. These genes were more expressed in roots
of the parental lines that contributed the alleles enhancing the respective phenotypes. Taken
together, these results suggest that at least four of these candidates can be related to root
morphology and P content in maize. Considering the mycorrhizal association, two half-size
ABCG transporters, STR1 and STR2, were identified in rice and Medicago truncatula, as
being indispensable to arbuscules development and, consequently, to mycorrhizal
association success. Similar genes to STR1 and STR2 were identified in the maize genome,
being co-localized to QTLs related to root morphology traits identified on chromosomes 10
and 3, respectively. The L3 and L22 lines showed a similar gene expression profile for both
STR genes, as well high levels of root colonization and arbuscules well developed. The STR
genes were expressed only in inoculated roots, following the same pattern as observed in
rice. These results indicated a possible role of STR1 and STR2 to arbuscules development
in maize and revealed that the difference in P use efficiency between L3 and L22 is not
related to mycorrhizal association. However, additional studies are needed to validate these

genes as functional homolog to OsPSTOL1, STR1 and STR2 in maize.

Keywords: phosphorus acquisition, comparative genomics, protein kinase, OsPSTOL1,

STR1 and STR2, mycorrhizal association, Zea mays.
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DELINEAMENTO DA TESE

A tese esta constituida por uma introducéo geral, seguida por dois capitulos abordando as
duas linhas de pesquisa desenvolvidas durante o doutorado, estando subdividida da

seguinte maneira:

¢ Resumo e abstract.

e Introducdo geral: contendo uma revisdo bibliografica sobre os principais temas

abordados nos dois capitulos da tese.

e Obijetivo geral e objetivos especificos.

e Capitulo 1 corresponde a um artigo cientifico submetido a revista BMC Plant Biology,
intitulado: “QTL mapping and expression analyses reveal that ZmPSTOL are
candidate genes related to root morphology and phosphorus acquisition in maize”.

e Capitulo 2, intitulado: "Analise funcional de homodlogos aos genes STR1 e STR2,
relacionados a associagdo micorrizica, em milho", contém o trabalho realizado

durante o doutorado sanduiche no laboratério da Dra. Uta Paszkowski, na

Universidade de Cambridge, Inglaterra.
o Concluséo geral e perspectivas futuras.

e Anexo, que contém o artigo cientifico publicado como co-autor na revista Plant
Physiology, intitulado: "Duplicate and conquer: multiple homologs of phosphorus-
starvation tolerance 1 enhance phosphorus acquisition and sorghum performance on

low-P soils".
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INTRODUCAO GERAL

A cultura do milho

O Brasil € um pais eminentemente agricola, exercendo esse setor um forte impacto
na sustentabilidade sécio-econémica nacional. Um dos pilares da agricultura do pais € o
milho (Zea mays L.), uma vez que a producao prevista para a safra 2014/15 é superior a 80
milhdes de toneladas, o que corresponde a aproximadamente 7% da producdo mundial
(FAOstat, 2014). Esse cereal € um dos produtos de maior destaque do setor agricola
nacional, devido as suas amplas formas de utilizagéo, que vao desde a alimentag¢édo animal,
gue representa a maior parte de seu consumo, até a industria de alta tecnologia.

Além da sua importancia econdmica e social, o0 milho € uma das espécies cultivadas
mais bem estudadas, tendo seu genoma sequenciado e disponibilizado
(www.maizesequence.org). O milho é uma espécie dipléide e seu genoma esta organizado
em 10 cromossomos com tamanho estimado variando de 2,3 a 2,7 Gb, com um nidmero
predito de genes superior a 30 mil. Os éxons dos genes de milho s&o similares em tamanho
guando comparados a seus homdlogos em sorgo e arroz, no entanto, 0s introns sao
maiores, devido a insercdo de elementos repetitivos (Schnable et al., 2009).
Aproximadamente 85% do genoma do milho é composto por milhares de familias de
elementos transponiveis, dispersos de maneira ndo uniforme ao longo do genoma
(Schnable et al., 2009; Llaca et al., 2011).

A importancia do fésforo na producgéo agricola

A baixa disponibilidade de fosforo (P) representa um dos principais entraves a
produtividade das culturas agricolas, incluindo o milho. Mais de 70% da biomassa terrestre
ocorre em solos com baixo conteddo de fésforo, incluindo mais da metade das terras
agricultaveis do planeta (Lynch, 2011). O P é considerado um dos mais importantes
nutrientes para o desenvolvimento da planta, sendo de fundamental importancia em
processos metabdlicos ligados a energia e a ativacdo enzimatica, participando também na
formacdo de compostos bioquimicos como acidos nucléicos e fosfolipideos (Aradjo &
Machado, 2006; Parentoni et al., 2011).

Comparado a outros nutrientes, o P é considerado o de menor mobilidade e o menos
prontamente disponivel na rizosfera (Raghotama, 1999; Shen et al., 2011). O P é absorvido
do solo pelas plantas na forma de ortofosfato (H,PO, e HPO’) que ocorrem em
concentracdes extremamente baixas na solugdo do solo (0,1 a 10 uM), consideradas

subo6timas para a producdo de gréos (Vance et al., 2003). Além disso, o coeficiente de
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difuséo do P no solo é muito baixo (10™? a 10™*®> m?s™), fazendo com que a absorcéo pela
planta crie uma zona de deplecdo desse nutriente ao redor da raiz. Apés poucos dias de
absorc¢édo, a concentracdo de P na rizosfera pode reduzir de 30 a 50% e a zona de deplecéo
estender-se até cerca de 2 mm da superficie radicular (Jungk, 1987; Aradjo & Machado,
2006; Ramaekers et al., 2010). A biodisponibilidade de P é ainda mais reduzida devido ao
fato desse elemento poder ser precipitado na forma de fosfatos de ferro, como a estrengita
(FePO4.2H20), e de Al, como a variscita (AIPO4.2H20), em solos &cidos e na forma de
forma de hidroxiapatita (3Cas(P0O4)2.Ca(OH)2) e carbonatoapatita (3Cas(PQ4)2.CaCOs) em
solos calcareos, reduzindo a sua solubilidade e a disponibilidade para a planta (Marschner,
1995; Vance et al., 2003).

Nesse sentido, nos diversos sistemas de producgéo agricola, principalmente nos solos
tropicais, sdo necessarias aplicaces de grandes quantidades de adubos fosfatados no solo
para garantir a produtividade, uma vez que a eficiéncia de absor¢cdo do P adicionado pode
ser inferior a 20% (McLaughlin & James, 1991; Zhu et al., 2003). Outro grande problema
relacionado ao P é que ele constitui um recurso natural ndo renovavel, e, seu uso
indiscriminado, pode levar ao esgotamento das jazidas em até 60 anos (Vance et al., 2003;
Vance & Chiou, 2011).

Mecanismos para aumento da eficiéncia de aquisi¢cédo do féosforo em plantas

Existem vérias definicdes e métodos para calcular a eficiéncia de uma cultura (Moll et
al., 1982; Batten, 1992; Manske et al., 2001; Shenoy & Kalagudi, 2005; Wang et al., 2010).
Dentre essas definicbes, destaca-se a estabelecida por Moll et al. (1982), que definiram
eficiéncia de uso de um nutriente (EFUSQO) como gramas de gréos produzidos por grama de
nutriente suprido a cultura. Este indice é dividido em dois componentes principais: eficiéncia
de aquisicao (EAQ) e eficiéncia de utilizacdo interna (EUTIL). EAQ é definido como gramas
de nutriente absorvido pela planta dividido por gramas de nutriente suprido a cultura,
enquanto EUTIL é definido como grama de grdos produzidos por unidade de nutriente
absorvido.

Utilizando a metodologia proposta por Moll et al. (1982), Parentoni & Souza Junior
(2008) determinaram a importancia relativa da eficiéncia de aquisigéo e de utilizag&o interna
de fosforo em 28 gendtipos tropicais de milho, avaliados em trés ambientes com baixa e
dois com alta disponibilidade de P. Os autores verificaram que a EAQ foi duas e trés vezes
mais importante que a EUTIL em solos com baixa e alta disponibilidade de P,
respectivamente. Além disso, tais caracteristicas ndo foram correlacionadas
significativamente entre si, indicando um possivel envolvimento de mecanismos e genes

distintos no controle de cada uma delas.
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Véarios sdo os mecanismos desenvolvidos pelas plantas quando submetidas a
limitacdo de P, indicando que essa € uma caracteristica geneticamente complexa. Tais
mecanismos podem ser relacionados ao aumento na eficiéncia na aquisicdo do P do solo,
gue englobam alteracbes nas caracteristicas do sistema radicular, interacbes com
microrganismos do solo e modificacBes das caracteristicas quimicas da rizosfera (Vance et
al., 2003; Ramaekers et al., 2010; Lynch, 2011). Ja4 o aumento da eficiéncia de utilizacao
interna do P pode envolver mecanismos relacionados com o transporte, a remobilizagéo, a
distribuicdo e o metabolismo do P absorvido.

Li et al. (2008) combinaram anélises protedmicas, fisioldgicas e celulares das raizes
de linhagens de milho cultivadas sob condigdes normais e com deficiéncia nesse nutriente e
verificaram que diferengas na secrecdo de citrato, no metabolismo de agUcares e na
proliferacdo das células radiculares foram as principais razbes para maior tolerancia ao
baixo P na linhagem tolerante ao P comparada com a sensivel. Os autores concluiram que
a linhagem tolerante apresentou um sistema radicular com maior capacidade para
mobilizacdo do P externo e um aumento da divisdo celular no meristema radicular sob
deficiéncia de P.

Devido & mobilidade limitada do P no solo, sua aquisi¢do é altamente dependente da
proximidade com o sistema radicular (Vance et al., 2003; Lambers et al., 2006; Lynch,
2011). Dessa forma, uma das principais estratégias observadas em plantas para aumentar
a aquisicao de P consiste na maximizag&o da exploracdo do solo por meio da proliferacdo e
da extensdo de suas raizes (Mollier & Pellerin, 1999; Shenoy & Kalagudi, 2005; Ramaekers
et al., 2010; Lynch, 2011; Shen et al., 2011).

Dentre as adaptacfes adotadas pelas plantas para aumentar a superficie de absorgéo
de P, as alteracbes na morfologia de pelos radiculares sdo aquelas com menor custo
energético (Gahoonia & Nielsen, 2004; Kochian et al, 2004; Araujo & Machado, 2006, Haling
et al, 2013). Pelos radiculares sdo extensfes subcelulares de células epidérmicas que, em
condi¢cbes de baixo P, podem ser responsaveis por cerca de 90% do P total absorvido pelas
plantas (Raghothama, 1999). Em milho, foi observado no mutante rth3 (roothairless 3), que
€ afetado na elongacdo de pelos radiculares, significativas perdas na produtividade de
grdos em relagéo ao controle (Hochholdinger, et al., 2008).

Outra adaptacdo observada em plantas submetidas a condi¢des limitantes de P é o
desenvolvimento de raizes laterais, que exercem importante fungdo para minimizar a
deficiéncia de P, uma vez que possibilitam o aumento da superficie de absor¢édo do sistema
radicular (Zhu & Lynch, 2004; Pérez-Torres et al., 2008; Niu et al., 2013). Zhu & Lynch
(2004) avaliaram a importancia do desenvolvimento de raizes laterais para a aquisi¢cdo de P
em uma populagcédo de RILs derivada do cruzamento entre B73 (P-ineficiente) e Mol17 (P-

eficiente). Os resultados obtidos demonstraram que o0s gendtipos com maior
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desenvolvimento de raizes laterais apresentaram maior aquisicdo de fésforo e acumulo de
biomassa em comparacéo aos gendtipos com menor desenvolvimento dessas raizes.

Em Arabidopsis, a baixa disponibilidade de P favoreceu o desenvolvimento das raizes
laterais, induzindo o aumento da densidade e do comprimento dessas raizes, em detrimento
a raiz priméaria (Williamson et al., 2001). Além disso, esses autores observaram que 0
namero total de ramificacdes radiculares e o comprimento total do sistema radicular foram
maiores nas plantas crescidas em alto P, levando a um consequente aumento da massa
seca da parte aérea em relacdo ao baixo P.

Na maioria dos solos, as camadas superficiais sdo0 as que possuem maior
biodisponibilidade de P. Portanto, plantas que apresentam o sistema radicular mais
superficial e ramificado aumentam significativamente o volume de solo explorado e a
probabilidade de adquirir o P (Lynch, 2011). Estudos realizados em feijo indicaram que as
caracteristicas radiculares associadas a maior exploracdo das camadas superficiais do solo
incluem, maior curvatura gravitrépica, aumento de raizes adventicias e maior disperséo de
raizes laterais (Lynch & Brown, 2001). Zhu et al. (2005a) verificaram que genétipos de milho
com raizes superficiais apresentaram maior desenvolvimento e acumulo de P em relacdo
aos gendtipos que possuiam raizes profundas.

Plantas submetidas a deficiéncia de P tendem a aumentar a relagdo de massa seca
da raiz em relacdo a parte aérea, com as raizes tornando-se mais finas, as quais podem
explorar um volume maior de solo por unidade de massa radicular. No entanto, o custo de
manutencdo dessas raizes pode ser maior, uma vez que elas sdo substituidas mais

frequentemente (Gahoonia & Nielsen, 2004; Araljo & Machado, 2006).

Interacdo com fungos micorrizicos arbusculares

A associacdo com microrganismos representa outro importante mecanismo para o
aumento da eficiéncia na aquisicdo de P em plantas. Nesse contexto, destacam-se 0s
fungos micorrizicos arbusculares (FMA) que colonizam as raizes das plantas formando a
simbiose mais comum entre plantas e microrganismos (Smith & Read, 2008). Os FMAs
geralmente sdo considerados benéficos por atuarem como extensfes do sistema radicular
favorecendo o desenvolvimento e a sobrevivéncia do macrosimbionte (Sieverding, 1991,
Moreira & Siqueira, 2006; Berbara et al., 2006). Esses fungos produzem hifas que sdo
estruturas extremamente longas e finas, o que possibilitam a exploracdo além da zona de
deplecdo, em volumes do solo inatingiveis pela raiz, incluindo os pelos radiculares
(Sieverding, 1991; Moreira & Siqueira, 2006, Parniske, 2008). Além disso, 0 movimento
mais rapido do P dentro das hifas, por meio do aumento da afinidade dos ions de P, e a

solubiliza¢éo do P do solo, obtida pela liberacdo de &cidos organicos e enzimas fostatases,
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sd0 outros mecanismos relacionados a essa maior eficiéncia desses microrganismos na
absorcéo do P do solo (Bolan, 1991; Berbara et al., 2006).

Inmeros estudos apontam para os beneficios da inoculacdo com FMA em diversas
culturas agricolas, tais como, café (Collozi-Filho et al., 1994), pimenta (Garmendia et al.,
2004), banana (Borges et al., 2007), milho (Hu et al., 2009) e oliva (Meddad-Hamza et al.,
2010). A inoculacdo com FMA proporcionou ganhos de matéria seca, producdo de gréos e
acumulo de N, P, K e Zn no sorgo e na soja crescidos em casa de vegetacdo (Bressan et
al., 2001) e aumento nos teores e acumulacao total de N, P e K na parte aérea do milho e
da Crotalaria juncea cultivadas a campo (Souza, 2010).

Para que a associagdo micorrizica tenha inicio, € necesséaria uma interacdo molecular
pré-simbidtica entre a planta e o FMA. As raizes das plantas exudam estrigolactonas, que
induzem a germinacdo dos esporos e ramificagdo das hifas. Em contrapartida, os fungos
produzem os fatores Myc que ativam o0s genes da planta relacionados com a simbiose.
Apés entrar em contato com a superficie radicular, a hifa do FMA se diferencia em uma
estrutura de fixagdo, denominada hifopodio. Como consequéncia da ligacdo hifa-raiz, a
planta produz o aparato de pré-penetracdo (PPA). Subsequentemente, a hifa penetra no
PPA e cresce em direcdo ao cortex, onde o fungo deixa a célula vegetal e penetra no eixo
radicular, via apoplasto, se ramificando e crescendo lateralmente ao longo do referido eixo.
Por fim, a hifa induzira o desenvolvimento de estruturas PPA-like nas células corticais, onde
irA penetrar e se ramificar formando estruturas denominadas arbusculos (Gutjahr et al,
2008; Parniske, 2008).

A troca de nutrientes na associagdo micorrizica ocorre através dos arbusculos, que
sdo sempre circundados por uma mebrana derivada da planta, denominada membrana
periarbuscular, que é continua com a membrana plasmatica da planta e exclui o fungo do
citoplasma vegetal. Transportadores que atuam nessa membrana sdo fundamentais para a
simbiose micorrizica, pois sua atividade é essencial para o desenvolvimento do arbusculo
na simbiose micorrizica (Parniske, 2008).

A partir de um screen genético realizado em uma populacdo mutante de Medicago
truncatula, foi identicado um mutante que apresentou arbusculos atrofiados em relagéo ao
tipo selvagem quando inoculado com Glomus versiforme, sendo denominado str (stunted
arbuscules) (Zhang et al, 2010). O gene responsavel por essa mutag¢do, denominado STR,
foi identificado por meio de clonagem posicional e codifica um transportador half-size ATP
binding cassette (ABC) da subfamilia ABCG (Zhang et al, 2010). A caracterizacdo do STR
possibilitou que um segundo transportador half-size ABC fosse identificado, sendo
denominado STR2. O heterodimero STR/STR2 é localizado na membrana periarbuscular,
onde sua atividade € necessaria para o0 desenvolvimento do arbusculo e,

consequentemente, para uma simbiose micorrizica funcional (Zhang et al., 2010).
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Em arroz, Gutjahr et al. (2012) identificaram dois genes induzidos pela micorrizacao
gue codificavam transportadores ABC com alta similaridade aos genes STR1 e STR2
descritos em M. truncatula. Mutacbes em ambos transportadores de arroz inibiram o
desenvolvimento do arbusculo de diferentes espécies de FMA como, Glomus intraradices e
Gigaspora rosea, gerando mutantes com arbusculos pequenos e atrofiados (Gutjahr et al.,

2012), semelhantes ao fendtipo apresentado pelo mutante str de M. truncatula.

Mapeamento de QTLs relacionados com morfologia radicular e associagéo

micorrizica em milho

Caracteristicas relacionadas com a eficiéncia na aquisicdo do P sdo consideradas
complexas, sendo, dessa forma, controlada por varios genes (Tuberosa, 2009; Ramaekers
et al,, 2010). Uma estratégia apropriada para o estudo de caracteristicas de heranca
complexa € o mapeamento de QTLs (Quantitative Trait Loci), que sdo definidos como
regibes do genoma responsaveis pela expressdo de caracteres quantitativos. O
mapeamento de QTLs permite mensurar o nimero de locos envolvidos na heranca de uma
caracteristica, bem como suas localizagbes cromossdmicas e seus efeitos. Tais
informacBes podem ser Uteis aos programas de melhoramento genético possibilitando o uso
de marcadores moleculares na selecao assistida para caracteristicas de interesse (Collard
et al., 2005; Schuster & Cruz, 2008).

Em milho, poucos QTLs relacionados com associagcdo micorrizica foram descritos na
literatura. Esses QTLs foram relacionados com a responsividade e a colonizagdo
micorrizica, sendo responsaveis por 5.6 e 6.5 % da variagdo fenotipica para essas
caracteristicas, respectivamente (Kaeppler et al., 2000). Em contrapartida, inimeros QTLs
para caracteristicas da morfologia radicular foram identificados em condi¢cbes de campo
(Chen & Xu, 2011; Cai et al., 2012) e sob condigbes controladas (Tuberosa et al., 2002; Liu
et al., 2008; Ruta et al., 2010; Burton et al., 2014), explicando de 4 a 15% da variagdo
fenotipica para o comprimento, nimero e plasticidade de raizes laterais, seminais e pelos
radiculares sob niveis contrastantes de P (Zhu et al., 2005b, 2005c, 2006). Outros estudos
detectaram varios QTLs com efeitos pequenos e clusters de QTLs em regifes especificas
do genoma para peso seco de raiz, conteldo de P e indices de eficiéncia no uso de P
(Chen et al., 2008; 2009).

Alguns estudos realizaram uma abordagem de meta-andlise de QTLs, visando
identificar regibes que concentram varios QTLs controlando diferentes caracteristicas
relacionadas com a eficiéncia no uso de P (Tuberosa et al., 2003; Hund et al., 2011; Zhang
et al., 2014). Uma meta-analise utilizando 15 estudos de QTLs para a morfologia do sistema
radicular permitiu a identificagéo de clusters de QTLs nos bins 1.07, 2.04, 2.08, 3.06, 6.05 e
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7.04 (Hund et al., 2011). No entanto, mesmo com o grande numero de QTLs identificados,

poucos genes foram diretamente relacionados a essas caracteristicas até 0 momento.

O gene responsavel pelatolerancia a deficiéncia de P em arroz (PSTOL1)

Diferencas na eficiéncia do uso de P foram relacionadas com a aquisicdo desse
nutriente em arroz, em detrimento da utilizacdo interna, que teve um efeito negligente em
linhagens derivadas de retrocruzamento (Wissuwa et al., 1998). Além disso, esses autores
identificaram QTLs de pequenos efeitos relacionados com a aquisicdo e a eficiéncia de
utilizacdo interna de P nos cromossomos 2, 6 e 10 e um QTL de grande efeito no
cromossomo 12. Esse QTL de efeito maior para a aquisicdo de P foi também identificado
em outra populacdo de RILs (Ni et al.,, 1998). Posteriormente, tal QTL foi denominado
Phosphorus uptake 1 (Pupl) explicando em torno de 80% da variagdo fenotipica para
tolerdncia a deficiéncia de P em arroz (Wissuwa et al., 2002). O loco Pupl aumentou a
absorcdo de P (Wissuwa & Ae, 2001; Wissuwa et al., 2002) e conferiu aumentos
significativos na produtividade de grdos em linhagens semi-isogénicas de arroz (NILs), sob
deficiéncia de P (Chin et al., 2010; 2011). Adicionalmente, Pupl foi associado ao aumento
da taxa de crescimento radicular sob baixa disponibilidade P (Wissuwa & Ae, 2001).

O mapeamento fino do Pupl na variedade doadora do QTL, Kasalath, revelou um
locus complexo de 278 kbp com grandes insercdes e delecdes, e baixa conservacdo em
relacdo as variedades Nipponbare (genoma de referéncia japonica) e 93-11 (genoma de
referéncia indica) (Heuer et al., 2009). Sessenta e oito genes foram identificados nessa
regido, dentre 0s quais apenas oito ndo codificavam elementos transponiveis (Heuer et al.,
2009; Chin et al., 2011). A avaliacdo desses genes revelou que somente o OsPupk46, que
codificava uma proteina quinase, estava especificamente presente no genoma da Kasalath
e apresentou um aumento nos niveis de expressao em baixas condi¢6es de P (Chin et al.,
2011; Gamuyao et al., 2012). Esse gene foi considerado o mais provavel candidato, sendo
posteriormente clonado e denominado Phosphorus-starvation tolerance 1 (PSTOL1)
(Gamuyao et al.,, 2012). Quando superexpresso, 0 PSTOL1 conferiu um aumento no
crescimento radicular, aumentando significativamente a produtividade de gréos sob
deficiéncia de P no solo, provavelmente pela maior aquisicdo de P e de outros nutrientes
(Gamuyao et al., 2012). Através de uma abordagem que combinou gendmica comparativa
com mapeamento associativo, foram identificados no genoma do sorgo homodlogos
funcionais ao gene OsPSTOL1, que desempenham um papel na absor¢céo de P por meio de
alteragbes na morfologia e na arquitetura do sistema radicular de sorgo (Hufnagel et al.,
2014).
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Dado o forte efeito fenotipico do PSTOLL, e considerando a conservacdo do genoma
entre arroz, milho e sorgo (Hulbert et al., 1990; Ahn & Tanksley, 1993; Schnable et al., 2009;
Llaca et al., 2011), a identificacdo desse gene no arroz e sorgo permite uma estratégia de
genbmica comparativa para identificar homoélogos funcionais no milho e usar essas

informacdes para melhorar a tolerancia a deficiéncia de P nessa cultura.
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OBJETIVOS

Objetivo geral

O objetivo desse estudo foi identificar genes e regides gendmicas relacionadas com
a eficiéncia na aquisicao de fésforo em milho, com foco nos homaélogos aos genes PSTOL1,
STR1 e STR2 de arroz.

Objetivos especificos

— Mapear QTLs e genes candidatos associados com morfologia radicular e parametros

de eficiéncia no uso de P em milho;

— Avaliar os genes STR1 e STR2, relacionados com associacdo micorrizica, em

linhagens de milho contrastantes para aquisi¢édo de P.
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Abstract

Background: Phosphorus (P) is an essential macronutrient for crop production. Most
agricultural soils contain low P availability due to P fixation and low mobility in the soil. Thus,
the modification of root morphology is an important mechanism to improve P acquisition in
plants. The gene PSTOL1 was shown to increase early root growth, P acquisition and grain
yield in rice and sorghum.

Results: Two complementary models for quantitative trait loci (QTL) mapping were applied
to dissect the genetic complexity of root morphology and P acquisition in maize RILs during
the seedling stage under low P. A total of 13 QTL regions were associated with single and/or
multiple traits. Six predicted maize genes sharing more than 55% amino acid sequence
identity with OsPSTOL1 and three genes previously associated with root traits were mapped
in our current linkage map. Of these candidate genes, four ZmPSTOL genes were co-
localized with QTLs for root morphology, biomass accumulation and/or P content on
chromosomes 3 (ZmPSTOL3.06), 4 (ZmPSTOL4.05) and 8 (ZmPSTOL8.02 and
ZmPSTOL8.05_1). Expression analysis revealed that these genes were more expressed in
roots of the parental lines that contributed the alleles enhancing the respective phenotypes.
Conclusions: The combination of QTL and expression data indicates that ZmPSTOL genes
may have a functional relationship with root morphology leading to enhanced P acquisition in
maize, similar to the function of their homologs in rice and sorghum. Additionally, some
QTLs identified in this study were also associated with yield performance in other studies,
suggesting a possible application in marker-assisted selection to improve P-use efficiency in

maize.

Keywords: phosphorus acquisition, protein kinase, SNP marker, OsPSTOL1, Zea mays

Background

The increasing demand for agricultural production poses a global challenge to improve
the efficiency of phosphorus (P) use in plants due to its low availability in a large proportion
of arable lands [1,2]. A large fraction of soil P is tightly fixed to the clay’s surface, which
requires high amounts of P fertilizers for high-yielding farming systems, increasing
production costs and hampering solil fertility management [3-5]. However, low-input farmers
have limited access to P fertilizer, which is the second most used fertilizer for plant growth
[6]. Maize is the most common grain produced worldwide and a major staple food in Africa
and Latin America [7], where soils often show low P availability. Thus, improving maize P-

use efficiency is expected to increase yield stability and, consequently, food security [1,4,8].
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Due to limited soil mobility, P acquisition is greatly dependent on the proximity of this
nutrient to the root system [3,9]. Additionally, P acquisition efficiency was the most important
component of P-use efficiency in tropical maize germplasms evaluated in low- and high-P
soils [10]. Thus, a well-developed root system is considered to be an important adaptation to
maximize soil exploitation, enabling plants to improve P acquisition efficiency [11-13].
Studies have shown that plants that are more efficient in P acquisition presented higher
root:shoot dry weight ratios [14,15], reduced root diameters [16], longer and denser root
hairs [17], increased lateral roots [18], greater lateral branching and shallower basal roots
[17,19]. These changes in root morphology are key strategies used by plants to improve soil
exploitation at a minimal metabolic cost [5,20].

Root morphology is controlled by multiple genes in maize [13,21], but only a few of
them such as roothairless (Rth1) [22], brittle stalk-2-like protein 3 (Bk2I3) [23], and rootless
concerning crown and seminal roots (Rtcs) [24] have been cloned and characterized.
Nevertheless, several quantitative trait loci (QTLs) were mapped for root traits under
contrasting conditions of P availability in nutrient solution [25-27], in glasshouse [28] and in
the field [29-32]. These QTLs individually explained from 1 to 14% of the phenotypic
variation, confirming the genetic complexity of root traits. Recently, a meta-analysis
integrating ten QTL studies of traits associated with low-P tolerance in maize highlighted
candidate genes in the consensus QTL regions that were putative homologs to previously
characterized genes from other plants [33]. However, no candidate genes were directly
associated with root morphology and P acquisition in maize.

In rice, a major QTL controlling phosphorus uptake (Pupl) was mapped to
chromosome 12, explaining approximately 80% of the phenotypic variance of this trait [34].
Rice near isogenic lines (NILs) carrying the Pupl QTL showed a three-fold increase in P
uptake and enhanced root surface area when grown in P-deficient soil [34,35]. Additionally,
irrigated and upland rice varieties introgressed with Pupl showed a significant enhancement
in grain yield in different low-P soils compared to their parents [36,37]. The gene underlying
the Pupl locus was identified and named Phosphorus-starvation tolerance 1 (PSTOL1),
which encodes a serine/threonine kinase of the LRK10L-2 subfamily [38]. The
overexpression of PSTOL1 in two transgenic rice varieties enhanced the grain yield over
60% under low-P conditions due to larger root system (i.e., root length, and total root surface
area), which also improved the uptake of P and other nutrients [38]. Furthermore, [39]
showed that sorghum homologs to OsPSTOL1 were associated with enhanced P uptake
and grain yield in sorghum grown in a low-P soil due effects on root morphology and root
system architecture. A remarkable conservation of protein-encoding genes among maize,
sorghum and rice has been confirmed in silico using a genome sequencing comparison,

which found that approximately 89% of the 11,892 maize gene families predicted in the B73
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genome were shared with rice and sorghum [40]. Of these, genes encoding important
adaptive traits are expected to be shared within these grass species.

Our major goal was to identify maize homologs to rice PSTOL1 based on evidences of
co-localization with QTLs for root morphology, biomass accumulation and P content in

seedlings combined with analysis of gene expression.

Results

Transgressive segregation of phenotypic traits in RILS

Significant genetic variation in root morphology traits, biomass and phosphorus
content in the seedlings were observed for the RIL population with high broad sense
heritability estimates, which ranged from 0.65 for root:shoot dry weight ratio to 0.82 for root
length (Additional File 1. Table S1). The P-efficient line, L3, tended to present superior
phenotypic measurements for all traits compared with the P-inefficient line L22, with the
exception of root diameter and root:shoot ratio (Figure 1). RILs showed larger phenotypic
variations than both parents, suggesting transgressive segregation for all phenotypic traits
(Figure 1). The parental lines belonged to distinct heterotic groups (L3, flint and L22, dent)
[41], were genetically divergent based on SNP markers [42] and contrasted for grain yield
under low P [43].

Surface area is an important root trait contributing to seedling dry weight and P
content
Root length, root surface area and the surface area of fine roots were high and

positively correlated with each other (Table 1). These traits exhibited comparable
magnitudes to those observed in a sorghum diversity panel composed of 287 accessions
[39] and 30 maize lines [44]. These root traits also showed strong correlation coefficients
with seedling biomass accumulation (0.77 to 0.86), moderate correlations with total P
content in the seedling (0.31 to 0.48), and negative correlations with root:shoot ratio (-0.29 to
-0.38) (Table 1). In contrast, root diameter was negatively correlated with root length, root
surface area and total seedling dry weight, but no significant correlation was found with total
P content. The negative correlation between root length and root diameter (-0.62) was
similar to the coefficients obtained for root diameter with lateral (-0.65) and non-lateral (-
0.68) roots in temperate maize RILs [18].

To further investigate the relative importance of root traits on seedling dry weight and
P content, we performed a path analysis, using the root traits as explanatory variables and
the total seedling dry weight and P content as dependent variables. As P content was

calculated as the product of total seedling dry weight and P concentration as previously
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proposed [30,31], both dependent variables were significantly correlated (0.58) and were
evaluated separately. The partitioning of the correlation coefficients revealed that root length
had the lowest direct effect on total seedling dry weight (-4.831) and P content (-0.997), but
contributed with a strong indirect effect through root surface area (5.816 and 1.565,
respectively) (Table 2). Thus, the negative direct effect of root length was counterbalanced
by the indirect effect via root surface area, probably due to the high positive correlation
between these traits (r = 0.98). A similar pattern was observed for surface area of fine roots,
which was also positively correlated with root surface area (r = 0.8). This trait exerted a
minor negative direct influence on total seedling dry weight (-0.681) and P content (-0.117),
which were mitigated by the positive indirect effect via root surface area (4.748 and 1.277,
respectively). Root diameter also played a more important effect indirectly via root surface
area on both variables, masking its direct contribution, which corroborates with the negative
correlation between these root traits (r = -0.48). Therefore, root surface area contributed the
highest direct effect on total seedling dry weight (5.935) and P content (1.597) and mediated
an important proportion of the indirect effects of the other root traits on the dependent
variables.

Thus, the path analysis clarified the direct and indirect importance of a greater root
surface area, which is a combination of longer roots with smaller diameters, to improve
biomass accumulation and P content in the seedlings under P deficiency. This root
morphology also promoted an additional advantage for shoot over root development,
confirming that the investment in root growth was beneficial to P acquisition as discussed by
[18].

Two distinct QTL mapping strategies reveal complementary results

A linkage map was constructed using 292 markers that covered 1787.5 cM of the
maize genome, with an average interval of 6.1 cM between adjacent markers. In addition to
SSR and SNP markers, six ZmPSTOL candidate genes and three genes previously
associated with root morphology (Rthl, Bk2I3, and Rtcs) were mapped to their predicted
physical positions. Multiple interval mapping models for single (MIM) and multiple traits (MT-
MIM) provided statistical evidence for 13 genomic regions harboring QTLs on all maize
chromosomes, with the exception of chromosome 5 (Tables 3 and 4). The QTL regions were
named using the trait initials if they were detected through single trait analysis or as “multi” if
they were detected by multiple trait analysis, followed by their genomic position in bin (Figure
2).

MIM models for individual traits detected QTLs controlling root length, root diameter,

surface area of fine roots, and root:shoot ratio. The proportion of the phenotypic variance
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explained by each QTL (R?) ranged from 6.84% (qRD4.05) to 15.12% (qSA2_10.03). The
magnitude of QTL effects ranged from 0.270 standard deviations from the progeny mean
(sd) to -0.393 sd (Table 3).

The MT-MIM analysis revealed the presence of ten QTLs with R? ranging from 2.04%
(qMulti8.02 for R:S) up to 15.17% (gMulti10.03 for SA2). The highest additive effect was also
observed for gMulti10.03 for SA2 (-0.403 sd) (Table 4).

LOD estimates for the MT-MIM model were higher and the confidence intervals were
narrower than those for the individual MIM models, suggesting superior statistical power of
MT-MIM compared with the MIM models applied to each trait individually (Figure 2). Despite
these differences, the MT-MIM and MIM models were coincident in revealing QTLs at bins
1.03, 1.07, 3.06, and 10.03, whereas QTLs at bins 1.06, 2.08, 3.04, 6.06, 8.02, and 9.04
were only revealed using the MT-MIM model. Conversely, QTLs at regions 4.05, 7.02, and
8.05 were only detected by MIM models. Therefore, combining the results of MIM and MT-
MIM analyses conveyed the most accurate information regarding the genetic architecture of
the traits under investigation in this particular study.

Using a simulation, [45] showed that when a QTL affects only a small subset of the
traits, the MT-MIM model might have a lower power than MIM models to identify this QTL
due to a greater genome-wide threshold for the MT-MIM model. This may be the reason why
MT-MIM failed to identify QTLs at regions 4.05, 7.02, and 8.05. Although the MT-MIM LOD
profile revealed peaks at these regions, the values were not statistically significant according
to the score threshold employed.

The additive main effect of QTLs detected by MIM and MT-MIM had both positive and
negative signs, confirming the contribution of favorable alleles coming from both parental
lines for most of the traits analyzed (Tables 3 and 4). Additionally, five epistatic interactions
were identified using the MT-MIM model, including some with magnitudes comparable to the
main additive effects (Table 5). No epistatic effect was detected based on single trait
analysis. Taken together, the additive and epistatic effects on the MT-MIM model explained
between 23.41% and 35.54% of the phenotypic variance for each trait (Tables 4 and 5).

ZmPSTOL predicted proteins share a conserved serine/threonine kinase domain with
OsPSTOL1

Using OsPSTOL1 [GenBank: BAK26566] as a query, six predicted proteins were
selected on the maize genome, sharing more than 55% amino acid sequence identity. The
genes encoding these proteins were predicted to be located on chromosomes 3, 4 and 8,

and named according to their genetic position in bin (Table 6).
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A phylogenetic analysis revealed that the six predicted ZmPSTOL proteins clustered
together with rice PSTOL1 and two receptor-like kinases (SNC4 and PR5) from Arabidopsis
(circled in Figure 3). This clade included serine/threonine receptor-like kinases belonging to
the LRK10L-2 subfamily, as originally observed by [38]. In a detailed alignment of structural
predictions, all maize PSTOL-like proteins shared conserved ATP-binding and
serine/threonine protein kinase domains with OsPSTOL1 (Additional File 2. Figure S1). A
distinct glycosyl hydrolase domain was predicted for ZmPSTOL4.05. The maize proteins
ZmPSTOL4.05, ZmPSTOL8.02, ZmPSTOL8.05_1 and ZmPSTOL8.05_2 were classified as
receptor-like kinases (RLKs), which are characterized by the presence of a transmembrane
domain for signal perception and an intracellular kinase domain [46,47]. In contrast, the
proteins ZmPSTOL3.04 and ZmPSTOL3.06 contained the intracellular kinase domain but
lacked the transmembrane domain in a manner similar to OsPSTOL1 [38], and thus were
classified as receptor-like cytoplasmic kinases (RLCKSs) [47].

ZmPSTOL candidate genes have distinct expression patterns

The expression analyses revealed that ZmPSTOL4.05, ZmPSTOL8.02 and
ZmPSTOL8.05_1 exhibited consistently higher expression in the roots of the P-inefficient
genotype (L22) under low (2.5 uM) and high (250 uM) P conditions (Figure 4). In contrast,
ZmPSTOL3.06 was preferentially expressed in the roots of the P-efficient line L3, when
exposed to both levels of P (Figure 4). ZmPSTOL8.05-2 was primarily expressed in L22
independent of the tissue and P availability, whereas ZmPSTOL3.04 showed a random

expression pattern (Figure 4).

Discussion

Complex inheritance of root traits, seedling dry weight and P content in maize

Two distinct and powerful statistical models for QTL mapping (MIM and MT-MIM) were
applied to dissect root morphology traits, total seedling dry weight and P content in tropical
maize RILs. The QTLs identified using the MIM model explained from 6 to 15% of the total
phenotypic variance for each trait, which was similar to the QTLs previously mapped for root
traits and P efficiency indices in maize [25-27,29,31]. However, the proportion of phenotypic
variance explained by all QTLs and their epistatic interactions using MT-MIM ranged from
23.41 to 35.54%, which was higher than in previous studies. To the best of our knowledge,
the present study demonstrates the first QTL mapping of root morphology traits, seedling

biomass and P content in maize using the MT-MIM model, confirming that complementary

40



information can be generated when this strategy is combined with single trait MIM analyses,
as previously suggested by [45].

Indeed, the quantitative inheritance of these traits seems to be even more complex as
indicated by the presence of epistatic interactions among QTLs, which showed effects of
magnitudes comparable to those of main effects. These results are consistent with previous
studies, demonstrating that epistatic interactions significantly contributed to root traits in
nutrient solution [25-27,48] and for P-use efficiency indices under field conditions [30,49].

QTL mapping revealed that both parents contributed favorable alleles for most of the
traits evaluated, which possibly leads to transgressive segregation. The occurrence of
segregating progenies with extreme phenotypes, out of the parental range, has been
detected in plants subjected to different abiotic stresses under field or nutrient solution
[48,50,51]. Transgressive segregation was also observed in maize RILs derived from a cross
between Mo17 and B73 for the length and number of lateral and seminal roots [25,27] and
for root hair length [26]. More recently, L3 and L22 were shown to donate favorable alleles
for P acquisition efficiency and P-use efficiency based on grain yield in a design Il
experiment under field conditions [49].

The QTL mapping results strongly reflected the phenotypic correlations among the
target traits. The high correlation between root length and root surface area (r = 0.98)
reflected the coincidence in position and sign of the QTLs detected based on MT-MIM
(qMulti1.07, 3.04, 8.02 and 10.03; Table 4). Additionally, some significant QTLs for root
diameter were either mapped to unigue regions or with opposite signs compared with other
root traits, corroborating the negative correlations of these traits. Moreover, the importance
of the root surface area to seedling dry weight and P content was supported by the presence
of multi-trait QTLs that significantly affected these traits (qQMulti1.07, 8.02 and 10.03; Table
4), which could be a result of determinant genes with pleiotropic effects or the presence of

linked genes.

Coincidence of QTLs for root morphology in the seedling stage with QTLs for grain

yield

Even though early root growth enhancement has not always led to superior yield
performance in the field [52], a large number of QTL studies have indicated that some
genomic regions consistently affect root morphology traits during the seedling stage and
agronomic performance under different environments. These regions will be further
discussed below.

Three genes previously associated with root morphology in maize (Rthl, Bk2I3 and

Rtcs) were mapped to chromosome 1, but did not overlap with currently mapped QTLs
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(Figure 2). However, the three QTLs mapped for multiple traits on chromosome 1 were
coincident with QTLs previously reported for early root traits and for yield components in the
field. gMulti1.03 associated with root diameter, total seedling dry weight and root:shoot ratio
overlapped with the QTL influencing seminal root length and weight [48], primary axile root
diameter [53], daily elongation rate of axile roots [54] and total length of second-order lateral
roots [55] in nutrient solution. This region was coincident with QTLs for drought tolerance
index [48], grain yield, kernel number and weight in low P soil [56]. This genomic region was
also detected in a meta-analysis for low-P tolerance in maize as the consensus cQTL1-2
[33].

gMulti1.06 was detected based on the multi-trait MIM model and was significantly
associated only with the total P content in the seedling (Table 4 and Figure 2). A major QTL
at bin 1.06 was associated with root traits in nutrient solution, grain yield under well-watered
and water-stressed conditions [48], and root-pulling resistance in adult plants [57]. Due to
the consistency in the effects of this genomic region on root traits and grain yields in different
studies, this QTL was named root-yield-1.06, and validated as constitutively affecting roots,
agronomic features and grain yield under different water regimens [58]. A QTL for P
utilization efficiency (QPUTIL1) based on grain yield under low P soil also overlapped in this
region [49].

The third QTL region on chromosome 1 was mapped at bin 1.07 spanning from 214 to
223 Mbp (gMulti1.07), which was associated with root length, root surface area, surface area
of fine roots, total seedling dry weight and root:shoot ratio. This region was coincident with a
cluster of QTLs named Ax-2 that controlled the root numbers and lengths identified in a
meta-analysis combining 15 QTL studies [52]. QTLs for grain yield and drought tolerance
index were also mapped to this genomic region [48].

The association of root morphology QTLs in early stages of plant development with
yield performance, including the validation of the root-yield-1.06, suggested that at least
some of these genomic regions can be further used in marker-assisted selection to improve

yield stability under drought and other mineral stresses in maize.

ZmPSTOL genes may be involved with root morphology and/or P content in maize

Another QTL mapped using MT-MIM (gMulti8.02) that was associated with root length,
root surface area, root:shoot ratio and P content co-localized with ZmPSTOLS8.02 (Figure 2).
This ZmPSTOL candidate gene was highly expressed in the roots of L22 (Figure 4), the
donor line of the favorable QTL alleles for all traits mentioned above. In rice, overexpression
of OsPSTOL1 enhanced total root length and root surface area in transgenic seedlings in

nutrient solution as well as grain yield of transgenic varieties cultivated in P-deficient soils
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[38]. According to these authors, the larger root system contributed to a significant increase
in the uptake of nutrients such as phosphorus, nitrogen and potassium in transgenic rice
lines overexpressing OsPSTOLL. The sequence similarity and conserved domains of these
protein kinases from rice and maize combined with the evidences shown here suggest that
ZmPSTOL8.02 could be one of the genes underlying gMulti8.02, sharing similar functions in
root development and P acquisition efficiency in maize to OsPSTOLL1 in rice. Additionally,
QTLs associated with the seminal root number in high P [27], shoot dry weight [32] and
primary root length [54] overlapped with gMulti8.02, confirming that genes controlling root
and shoot development in this genomic region are also expressed in other genetic
backgrounds.

The other three ZmPSTOL genes co-localized with single trait QTLs for root length
(ZmPSTOLS8.05_1), root diameter (ZmPSTOL4.05), and root:shoot ratio (ZmPSTOLS3.06).
These genes were preferentially expressed in the roots of the donor line that contributes
positive alleles for the respective QTLs under low- and high-P conditions.

ZmPSTOL8.05 1 was mapped to 117 cM on chromosome 8, flanking gRL8.05.
Additionally, a weak LOD peak for P content was coincident with this candidate gene (Figure
2). The MIM model based on score as a significance threshold was not able to detect this
QTL, but a minor effect QTL was detected using the Bayesian Information Content threshold
with LOD 1.8 and explaining 6.5% of the total variance for the total P content in the seedling
(data not shown). The LOD profile of this QTL was similar to the one as shown for P content
in Figure 2. This genomic region also harbored QTLs explaining 5 to 6% of the phenotypic
variance for P acquisition efficiency based on grain yield [49], indicating that this genomic
region consistently contributed to P acquisition during the seedling and adult plant stages.
Additionally, QTLs in this genomic region were mapped for root length and grain yield under
field conditions [32], root length and root dry weight in nutrient solution [26,48,59]. The
coincidence of QTLs for root traits and for grain yield from different studies associated with
the superior expression of ZmPSTOLS8.05_1 in roots under low-P are highly compatible with
the role of its putative homolog (OsPSTOL1) in rice.

ZmPSTOL3.06 was mapped to 169.6 cM on chromosome 3 within the confidence
interval of gRS3.06 for root:shoot ratio (Figure 2). This genomic region spans bin 3.06 that
harbored QTLs for root traits in a meta-analysis using 15 QTL studies in nine maize mapping
populations [52]. This candidate gene was highly expressed in roots cultivated with both P
levels of the P-efficient line L3 (Figure 4), which contributed with positive alleles for the
root:shoot ratio QTL. ZmPSTOL3.06 had the lowest e-value with OsPSTOL1 (Table 6) and
its predicted protein lacks the transmembrane domain, similarly to OsPSTOL1 (Additional
File 2: Figure S1). This combined information makes this predicted gene a strong candidate
to OsPSTOL1 homolog.
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ZmPSTOL3.04 was the flanking marker of gMulti3.04, but mapped out of its
confidence interval. However, a consensus QTL including six QTLs for traits associated with
low-P tolerance was coincident with this region, and ZmPSTOL3.04 was one of the
candidate genes identified based on bioinformatics mining [33]. This gene was expressed in
roots and shoots independent of the maize genotype and P availability, thereby exhibiting a
different expression pattern compared to the other ZmPSTOL candidate genes (Figure 4).

The finding that ZmMPSTOL genes were preferentially expressed in the roots of the
lines that contributed the allelic enhancing root traits, seedling dry weight and P content
suggested that at least ZmPSTOL3.06, ZmPSTOL4.05, ZmPSTOL8.02 and
ZmPSTOL8.05_1 have a functional relationship with root morphology and/or with P
acquisition in maize. These results are strongly supported by the role of OsPSTOL1 in
enhancing early root length, root surface area, and P uptake in rice [38]. More recently,
multiple homologs of OsPSTOL1 were identified in sorghum and shown to improve root
morphology and grain yield in low-P soil [39]. Thus, it could be expected that genes
encoding important adaptive traits would be shared among rice, sorghum and maize, such
as the case for the major Al tolerance gene in sorghum (SbMATE) [60] that was found to be
functionally conserved in maize (ZmMATEL) [61] and rice (OsFRDL4) [62].

Conclusions

Comprehensive QTL analyses revealed important regions associated with root traits,
seedling dry weight and P content in maize under low-P availability. Using the multiple trait-
multiple interval mapping model, these QTLs explained a larger extent of the phenotypic
variance for the target traits compared with previous studies. Additionally, this study provides
evidence that some ZmPSTOL genes are preferentially expressed in the roots and co-
localize with QTLs for root traits and P content under low-P availability. Considering that
OsPSTOL1 improves grain yield under P starvation in rice, it is plausible that the ZmPSTOL
genes are putative functional homologs of this gene in maize. However, further functional
studies are required to validate the role of ZmPSTOL. Finally, these genomic regions may be

target for molecular breeding aiming to improve P efficiency in maize.

Material and methods

Mapping population
A total of 145 maize recombinant inbred lines (RILs) derived from a cross between L3

(P-efficient) and L22 (P-inefficient) were analyzed in this study. L3 and L22 were developed
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in the Embrapa Maize and Sorghum breeding program and contrast for P acquisition

efficiency [43] and root morphology traits [44].

Quantitative analysis of root traits, seedling biomass accumulation and P content
using a paper pouch system

Maize seeds were surface sterilized with 0.5% (v/v) sodium hypochlorite for 5 min and
germinated in moistened germination paper rolls. After four days, uniform seedlings were
transferred to moist blots in paper pouches after removing the endosperm to eliminate seed
reserves [44]. A modified Magnavaca nutrient solution [63] containing 2.5 uM P was replaced
every three days and the pH was maintained at 5.6. The containers were maintained in a
growth chamber with a 12 hr photoperiod at 27/20°C day/night temperatures and 330 pmol

m=? s of light intensity. After 13 days, root images were captured using a digital
photography setup and analyzed using RootReader2D
(http://www.plantmineralnutrition.net/rootreader.htm) and WinRHIZO

(http://lwww.regent.qc.ca/assets/winrhizo_about.html) software. Four different root traits
including total length (RL) (cm), average diameter (RD) (cm?), total surface area (SA) (cm?)
and surface area of fine roots (SA2) (1.0 < d < 2.0 mm) (cm? were measured according to
[44].

Root and shoot tissues were dried separately at 65°C in a forced-air oven until a
constant weight was obtained to determine the root:shoot dry weight ratio (R:S) and total
seedling dry weight (TDW). For P analysis, root and shoot tissues were subjected to nitric
perchloric acid digestion [64]. The total P content in the seedling (Pcont) was calculated as
the sum of the P content in each seedling component, which was the product of the dry
weight and the P concentration in the root and shoot.

The mapping population and parents were evaluated in randomized complete block
design with four biological replicates, which were composed for three plants in bulk. Analysis
of variance (ANOVA), correlations between pairs of traits and path analysis were performed
using the GENES software [65]. The phenotypic correlations were calculated based on the

mean values. Broad sense heritability was estimated as h? =2 /(62 +62) with 62 = (MS-

A2 A A2 . . .
MSg)/r and o = MS., where oé and o are the estimates of genetic and error variance,

respectively; MS; and MS; are the genetic and error mean squares, respectively, and I'is

the number of replications.

Five variables were included in the path-coefficient analysis [66]. The independent
variables x; (i = 1, 2, ..., 5) were the total root length, root average diameter, surface area
and surface area of fine roots. The total seedling dry weight and phosphorus content were

considered as dependent variables y; (j = 1, 2) in two distinct path analysis studies. The
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estimated path coefficient (P;) was considered as the direct effect of variable x; on y;. Indirect
effects of x; on y; mediated by variable x; were calculated by multiplying the correlation
between x; and x; (ri) by Pj. Root:shoot ratio was excluded from the analysis due to its

contribution to both dependent variables.

Linkage map

DNA was isolated from young leaves using the CTAB method [67]. Initially, 60
polymorphic SSR markers were genotyped in the RIL population according to [68]. The
primer sequences and genomic locations of the SSRs were obtained from the Maize
Genetics and Genomics Database (http://www.maizegdb.org/locus.php). A total of 332 SNPs
(Single Nucleotide Polymorphisms) were genotyped in the population using Kompetitive
Allele-Specific PCR or the KASP™ assay (LGC Genomics, Teddington, UK). Information for
the sequences and the physical positions of the SNPs is available at Panzea
(http://www.panzea.org/db/searches/webform/marker_search).

The markers were tested for the expected segregation ratio of 1:1 using chi-square
statistics (p < 0.05) corrected for multiple tests based on Bonferroni's method. The linkage
map was constructed using MapMaker/EXP 3.0 [69] considering a minimum LOD of 3.0 and
a maximum frequency of recombination (r) of 0.4. The mapping function Kosambi [70] was

used to convert recombination fractions into map distances.

QTL mapping

Phenotypic fitted values were obtained from the following statistical model adjusted for

each single trait:

Yy =ut Bi +G; +¢

where y; is the phenotypic observation from the i (i= 1, ..., 4) replication on the | genotype
(G =1, ..., 145); p is the phenotypic average; G; is the ji™ genotype; and &j is the residual
associated with the y; observation. We tested the fit of two models by first assuming that the
residuals were normally distributed with constant variance, & ~ N(O, o®) and by second
considering the heteroscedasticity, & ~ N(0, 7). Both models were fitted using the gls
function from the nlme R package [71] and compared using the ANOVA function from the
same package. For each trait, the fitted phenotypic values were extracted from the model
with the best fit.

Due to the large variability in the absolute values, all phenotypic fitted values were

standardized to achieve unity as standard deviations and zero means as follows:
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, =Yk
0y
where z; is the standardized observation of trait t (t = 1, 2, ..., 7) on subject i; y; is the
observation of trait t on subject i; |, is the average of trait t; and o is the standard deviation
of trait t.
For the joint QTL analysis, a multiple trait-multiple interval mapping (MT-MIM) model
was evaluated as previously described [45]. The complete model was fitted using the

following equation:

m P
Zi =+ riﬁtfxif + EIW Xie Xy ¥ &4 s

trl Nir 2Nl

where z; is the standardized observation of trait t on subject i; | is the intercept for trait t; the
parameter B; has the genetic interpretation of the additive effect of QTL r on traitt (r = 1, 2,
..., m QTLs included in the model); and the regressive variables x; represent the contrast
coefficients codified according to the Cockerham model [72,73] (i.e., x; is 1 for the dominant
and -1 for the recessive homozygous). The third component on the right side of the model
refers to a subset of the p pairwise interactions among QTLs previously included in the
model, where wy, is the epistatic effect between QTL r and QTL | on trait t and the random
error & was assumed to be independent and identically distributed according to a
multivariate normal distribution, with a mean vector of zero and a positive definite symmetric

variance-covariance matrix X, i.e., &; = MVN(0, %, )

Multi-trait QTL mapping was initiated with a forward search for the main effect QTL
using a grid of 1 cM in the genome and a 15% genome-wide significance level. After three
rounds of QTL search, the positions of all QTLs in the model were re-estimated as along
with all other parameters in the model. After the inclusion of the main effects in the model,
the forward search for epistasis was performed by testing all pairwise interactions among
QTLs already included in the model, employing a 5% genome-wide significance level. Only
the epistatic effects that displayed at least one significant marginal effect were kept in the
final model. The Haley-Knott regression [74] was used to estimate the model parameters,
and the resampled score statistics [45,75] were employed to obtain the empirical genome-
wide threshold for the QTL mapping analysis. Using this approach, a final model was
selected to calculate the proportion of phenotypic variance explained by all QTLs as the ratio
between the genotypic variance of the QTL effect to the phenotypic variance times 100
(coefficient of determination R?), and the LOD profile along the chromosomes. The R? values
were estimated using the fitted full model, including non-significant QTL effects. The QTL
confidence intervals were obtained using the drop 1.5-LOD support interval method with

approximately 0.95 confidence levels [76].
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Multiple interval mapping (MIM) analysis was performed for each single trait [72,77] in
a similar procedure to that performed for the joint analysis, considering t = 1. All QTL
analyses were performed using R software (version 2.15.2) and a QTL mapping package

named OneQTL that is under development by L. da Costa e Silva.

Identification of maize PSTOL1 homologs

Using the OsPSTOL1 amino acid sequence [GenBank: BAK26566] we performed
searches against the maize genome database (www.maizesequence.org) using BLASTp.
Six predicted maize proteins with more than 55% sequence identity to rice PSTOL1 were
selected and aligned using ClustalX software version 1.83 [78]; the alignment included
OsPSTOL1 and the Arabidopsis protein kinases SNC4 [79] and PRKS5 [80]. The phylogenetic
tree was constructed based on the maximum likelihood method with 1000 bootstraps [81]
using MEGA software [82]. The protein domains were identified using the CDART
(Conservative Domain Architecture Retrieval Tool

(http://www.ncbi.nim.nih.gov/Structure/lexington/lexington.cgi).

Mapping candidate genes

Specific primers for the maize candidate genes were designed using Primer Blast
(ncbi.nlm.nih.gov/tools/primer-blast/index.cgi). PCR reactions were performed using 30 ng of
DNA, 0.2 mM of each dNTP, 2 mM of MgCl,, 10 pmols of each primer, 5% (v/v) dimethyl
sulfoxide (DMSO) and 1 U of Tag DNA polymerase (Invitrogen, Carlsbad, CA). The
amplification profile included an initial step of 95°C for 1 min, followed by 35 cycles of
denaturing at 94°C for 1 min, annealing at 58 to 60°C for 30 sec, depending on the primers,
and extension at 72°C for 1 min. The amplification products were treated with ExoSAP-IT
reagent (USB Corporation, Cleveland, OH) and sequenced using the BigDye Terminator
v3.1 cycle sequencing kit on an ABI PRISM 3100 genetic analyser (Applied Biosystems,
Foster City, CA) to identify polymorphisms between the parental lines.

Sequence-tagged site (STS) markers were developed to map genes previously
associated with root morphology in maize. For the roothairless gene (Rthl) [22], a 22-bp
indel was amplified using the primers 5-TTGCCCACGGCTGGCAAGAG-3 and 5'-
GGCTCTGTAGCACGCCCCTC - 3’ and resolved on a silver-stained polyacrylamide gel [83].
The same strategy was used for the brittle stalk-2-like protein 3 gene (Bk2I3) [23], which was
revealed after the amplification of a 15-bp indel using the primer pair: 5'-
GCTGGTTAGATCCCCCGCCCA-3 and 5-GCACTGGAGCCACCGACACTG-3. The
rootless concerning crown and seminal roots gene (Rtcs) [24] was genotyped as a CAPS

marker obtained after digestion of the amplification product of genomic DNA with the primers
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5-CGCGCCATAGCCCGCAGTAA-3' and 5-GATTGGCACGGGCCGGTCAG-3' with the
restriction enzyme Acil and was visualized on a silver-stained polyacrylamide gel [83].

Cleaved amplified polymorphic sequence (CAPS) markers were developed for the
other candidate genes. For ZmPSTOL3.04 the PCR product amplified using the primers 5’-
ACGGGGCTTGGAGGCACATG-3' and 5-TGAGACCGCGTGGGGAAGGG-3' was digested
with the restriction enzyme Stul. The polymorphism for ZmPSTOLS8.02 was obtained after
digestion with Rsal of the genomic fragment amplified with the primers 5'-
TGACTGGTGCCAGAGGTACGC-3' and 5-TGCATACAAGGGACTGCTTCGGA-3'. CAPS
markers were resolved on silver stained polyacrylamide gels [83]. The images were digitally
captured using a Nikon digital camera.

ZmPSTOL3.06 was mapped based on the presence and absence of the amplification
product using the primers 5-AAGGGCGTCCAACCGCCTTG-3’ and 5-
TTGTTGGCCGGTCCGTTGGG-3’ on a 1% (w/v) agarose gel stained with ethidium bromide.

A G/A SNP was revealed after sequencing the amplified product obtained using the
primer pair 5-CCGCTACGCCTTGGTTGCCA-3' and 5-CGCCGTAGTTAGCGGAGCCG-3'
to map ZmPSTOL4.05, the primer pair 5-AGCCTCCACGATGGCCGACA-3' and 5'-
TGCATTTGTGTGACCTGGAA-3' to map ZmPSTOL8.05 1, and the primers 5'-
TCCACGGCCGACAGGTAGCA-3' and 5-GCTCAAGAGAACTCAGGGTGGC-3' to map
ZmPSTOL8.05_2.

Gene expression analysis

The expression profiles of the candidate genes were assessed in the roots and shoots
of the L3 and L22 genotypes harvested after 13 days in modified Magnavaca’s nutrient
solution containing low (2.5 uM) and high (250 uM) P. Total RNA was extracted from a bulk
of three plants using the RNeasy Plant Mini kit (Qiagen, Valencia, CA), and 1 ug of total
RNA pretreated with DNase | was used for cDNA synthesis using the High Capacity cDNA
Reverse Transcription kit (Applied Biosystems, Foster City, CA) according to the
manufacturer's instructions. Gene expression was determined by quantitative PCR (qPCR-
RT) using SYBR Green | and TagMan assays in the ABI Prism 7500 Fast System (Applied
Biosystems, Foster City, CA). Primers were designed for all target genes using Primer
Express Software (Applied Biosystems, Foster City, CA), and 18S rRNA was used as an
endogenous constitutive control (Additional File 3: Table S2). With the exception of
ZmPSTOL4.05, two primers pair were designed for each gene to confirm their expression
pattern. However, only the expression profile obtained with the primer pairs highlighted in

bold in the Additional File 2 are shown. The relative gene expression was calculated using
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the 222" method [84], with three technical replicates and L3 roots under low-P conditions as

a calibrator.
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Figure 1 Frequency distribution of traits evaluated in 145 maize RILs grown in low-P

(2.5 pM). The P-efficient (L3) and the P-inefficient (L22) parental lines are indicated by
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Figure 2 QTLs identified for root traits, seedling dry weight and P content using single
and multiple traits MIM analyses. The markers are represented as vertical traces along the
horizontal lines, which represent the chromosomes and are numbered in centiMorgans. The
candidate genes are depicted below the red vertical traces. QTL profiles for single trait MIM
are shown as colored lines according to the legend for root length (RL), root average
diameter (RD), root surface area (SA), surface area of fine roots (SA2), root:shoot ratio
(R:S), total seedling dry weight (TDW) and total P content (Pcont). Multi trait QTL profiles are
shown as black line. The QTL peaks are depicted with an inverted triangle colored according
to the legend followed by the bin. The confidence interval (95%) for each QTL is represented
by a horizontal line above the chromosomes colored according to the legend.
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Figure 3 Phylogenetic tree of predicted serine/theronine receptor-like kinases from
maize, rice and Arabidopsis thaliana. The rice PSTOL1, the six maize proteins sharing
more than 55% sequence identity to OsPSTOL1, PR5K and SNC4 from Arabidopsis thaliana
were grouped separately from other rice kinases, and are highlighted. Numbers on branches
are bootstrap values for the percentage of coincidence (%) inferred from 1,000 replicates.
Only percentage values higher than 80% are shown.
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Figure 4 Expression profiles of the ZmPSTOL genes. The expression of the maize
candidate genes are presented as relative gene expression (RQ) evaluated in roots and
shoots of maize seedlings of the two parental lines L3 (P-efficient) and L22 (P-inefficient)
grown grown under two levels of P (2.5 and 250 uM) after 13 days of treatment. Error bars

indicate the standard errors of three technical replicates composed of three seedlings each.
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TABLES

Table 1 Phenotypic correlation coefficients (r) among traits evaluated in the RILs
under low-P condition in nutrient solution

Traits RL SA2 RD R:S TDW Pcont
SA 0.98*  0.80**  -0.48** -0.38*  0.86** 0.39**
RL 0.69**  -0.62*  -0.38**  0.79* 0.31**
SA2 0.03 -0.29*  0.77* 0.48**
RD 0.26** -0.25* 0.14

R:S -0.43*  -0.02

TDW 0.58**

Traits: root surface area (SA), root length (RL), surface area of fine roots (SA2), root

diameter (RD), root:shoot dry weight ratio (R:S), total seedling dry weight (TDW), and total P
content (Pcont).

Correlation coefficients followed by ** are significant at p < 0.01.

63



Table 2 Path analysis showing the partitioning of the phenotypic correlations into
direct and indirect effects of root traits on total seedling dry weight and P content

Dependent Variables

In\c}:ﬁggﬁeesnt Total Dry Total P
Weight Content
Direct effect 5.935 1.597
Indirect effect via root length -4.734 -0.977
Root surface Indirect effect via surface area of fine roots -0.544 -0.094
area Indirect effect via root diameter 0.203 -0.135
Phenotypic correlation (r) 0.86 0.39
Direct effect -4.831 -0.997
Indirect effect via surface area 5.816 1.565
Indirect effect via surface area of fine roots -0.462 -0.081
Root | th X . 4
ootleng Indirect effect via root diameter 0.267 -0.177
Phenotypic correlation (r) 0.79 0.31
Direct effect -0.681 -0.117
Indirect effect via root length -3.284 -0.678
Surface area Indirect effect via surface area 4.748 1.277
of fineroots Indirect effect via root diameter -0.012 0.008
Phenotypic correlation (r) 0.77 0.48
Direct effect -0.424 0.281
Indirect effect via root length 3.043 0.628
Root Indirect effect via surface area -2.848 -0.766
diameter Indirect effect via surface area of fine roots -0.020 -0.003
Phenotypic correlation (r) -0.25 0.14
Coefficient of determination 0.869 0.295
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Table 3 Quantitative trait loci (QTLs) identified using single trait-multiple interval mapping analysis for root length (RL), root diameter
(RD), surface area of fine roots (SA2) and root:shoot ratio (R:S) under low-P

, , Marker Flanking Markers 2 0 219
Trait QTL Bin cM Position (Mbp) LOD Position (Mbp) R* (%) Effect Rt (%)
PzA00766_1 224 PHM934 19 zZmPSTOL8.05 1 687  -0.271*
RL  gRL8.05 8.05 100.4 133.8 1168 1520 6.87
umc1073 bnig1083 PZA03742_1
gRD1.03  1.03 94.4 399 3.80 o7 E AL 9.60  0.307
ZmPSTOL4.05 PHM15427 11 PHM14618 11 e
RD gRD4.05 405 25.0 30.8 2.74 32.9 1803 6.84  0.270 25.64
PZA01690 7 PZA01933_3 PZA01946_7 ] e
grRD7.02  7.02 76.0 1531 3.95 98 1 1536 10.01  -0.331
SA2 gSA2 10.03 10.03 34.2 PHM722720—19 5.16 PHMézlsf—l“ PZA%SSW—Z 1512  -0.393%* 1512
*k*k
GRSLO7 107 2060 PHMI26938 376 PZA0I963 15  PZA03301 2 1085 0377
RS 2235 203.7 240.6 16.47
: RS306 306 1320 PZA02212.1 300 PZA00186_4  PZAO1154_1 8.53  0.310%* '
qrso. ' ' 174.5 165.8 216.0

QTLs are named using the trait initials followed by their genomic position in bin

cM and Mbp indicate the marker position in centiMorgans and in mega base pairs at maximum LOD value

Flanking markers are based on -1.5 LOD support interval
R% Ratio of the genotypic variance of the QTL effect to the phenotypic variance, times 100
Effects measured as standard deviation from the progeny mean: Positive values indicate that L3 carries the allele for an increase in the trait,
and negative values indicate that L22 contributes the allele for an increase in the trait. Effect significances based on p-values estimated via

score statistics resampling ("p< 0.1, *p< 0.05, **p< 0.01, ***p< 0.001)

R%r: genotypic variance of the full model
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Table 4 Quantitative trait loci (QTLs) identified using multiple traits-multiple interval mapping analysis for root length (RL), root

diameter (RD), root surface area (SA), surface area of fine roots (SA2), root:shoot ratio (R:S), total seedling dry weight (TDW) and

total P content (Pcont)

, Marker Flanking Markers Mali?r; onfect

QTL Bin cM Position LOD Position (Mbp) (%) _
(Mbp) RL RD SA  SA2 RS TDW Pcont
oo 1o s TAUERD gg SN wnemS o oon  gon ome oms ome om oz
gMultiLO7 ~ 1.07 209.0 PHM%?GM—ZZ 20.01 PZA%:G;JS PH,V;lzZ;:g_B U6 Dor  avs  am s ne ier
awitizos 208 727 U0t aero DOOUT PELCSS ok WR SR N M S T
T T v O T R 71
awinos so2 o FPSIOAOY g ZSTOLal: PMWLTAID oz o o ome oum oms  om-
awisos sos zs PRI g PSS eIONS L om  omy o ome o ol our
R’r 26,17 3554 2451 3353 3404 2341  27.28

QTLs are named using the “multi”, indicating that were detected using MT-MIM, followed by their genomic position in bin

cM and Mbp indicate the marker position in centiMorgans and in mega base pairs at maximum LOD value
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Flanking markers are based on -1.5 LOD support interval
Effect measured as standard deviation from the progeny mean: Positive values indicate that L3 carries the allele for an increase in the trait, and

negative values indicate that L22 contributes the allele for an increase in the trait. Effect significances based on p-values estimated via score

statistics resampling ("p< 0.1, *p< 0.05, **p< 0.01, ***p< 0.001)
R% Ratio of the genotypic variance of the QTL effect to the phenotypic variance, times 100
R%: genotypic variance of the full model (including epistasis shown in Table 4).
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Table 5 Epistatic interactions for root morphology traits, total seedling dry weight and

P content evaluated in low-P conditions

Interaction Effect

Interactions R? %)
RL RD SA  SA2 RS TDW  Pcont
avetizosxawutinor ool O U S 0n oz oo
gMulti1.03 X gMulti10.03 '%'.%(19 '%-%ég '%-.%ég '01-'1;51+ 0-21.32* -2-;213 -052.52**
avutiLo7 xamatioos ST R PO T loo sar 63
o S TS A S
T - i

Effects measured as standard deviation from the progeny mean; Positive values indicate
that L3 carries the allele for an increase in the trait, and negative values indicate that L22
contributes the allele for an increase in the trait. Interaction effect significances based on p-
values were estimated via score statistics resampling (‘p< 0.1, *p< 0.05, ** p< 0.01, **p<

0.001)

R% Ratio of the genotypic variance of the QTL effect to the phenotypic variance, times 100.
Traits: root length (RL), root average diameter (RD), root surface area (SA), surface area of
fine roots (SA2), total seedling dry weight (TDW), root:shoot ratio (R:S) and total P content

(Pcont).
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Table 6 Maize candidate genes sharing more than 55% amino acid sequence identity

to OsPSTOL1

Physical position

Identity Coverage

Predicted Gene Gene ID (bp) (%) (%) E-value
GRMZM2G412760 ZmPSTOL3.04 Chr3: 20,172,140 55 99 5.1e-104
GRMZM2G448672 ZmPSTOL3.06 Chr3: 206,918,421 66 97 4.7e-186
AC193632.2_FG002 ZmPSTOL4.05 Chr4: 39,792,602 69 95 2.0e-105
GRMZM2G172396 ZmPSTOL8.02 Chr8: 13,267,001 55 99 9.6e-123
GRMZM2G451147 ZmPSTOL8.05_1  Chr8: 152,043,859 70 97 3.4e-131
GRMZM2G164612 ZmPSTOL8.05 2  Chr8: 152,100,275 70 97 2.3e-127
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ADDITIONAL FILES

Additional File 1: Table S1 Trait means, coefficients of variation (CV), genetic
variances (Oé), environmental variances (oZ) and heritability estimates (h?) in 145

RILs derived from a cross between maize lines L3 and L22

Trait Mean CV(%) od K h?

Root length (cm) 142.06 26.2 1683.2 3534 0.82
Root diameter (cm?®) 0.88 7.4 0.004 0.001 0.79
Root surface area (cm?) 38.48 23.4 91.6 20.6 0.81
Surface area of fine roots (cm?) 14.50 24.3 13.5 3.2 081
Total seedling dry weight (g) 0.09 20.2 0.004 0.0001 o0.81
Root:shoot ratio 0.79 20.5 0.012 0.006 0.65
Total P content (mg) 0.65 17.4 0.012 0.003 0.75
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ZmPSTOL8.05 1 DMNSENLLTWERLFDIAIGTARGLEYLHRGCNTRIVHFDIKPHNILLDODFCPKISDFEGL

ZmPSTOL8.05 2 DMNSENLLSWERLFDIAIGTARGLEYLHRGCNTRIVHFDIKPHNILLDQDFCPKISDFGL
* *::*: . * kkk Kk kK kK * % ********:**** *:: ***:****
OsPSTOL1 SKLCHLK-ESRISINGLRGTPGYIAPEVFSRQYGSASSKSDVYSYGMVVLEMAGAK-KNI
ZmPSTOL3.04 AKLCHTK-ESKLSMTGARGTPGFIAPEVHSRTFGVVSTKSDVYSYGMMLLEMVGGRKNVK
ZmPSTOL3.06 AKLCPNKASSAVSIVGARGTVGYIAPEVYSKQFGVVSSKSDVYSYGMMVLEMVGARDKST
ZmPSTOL4.05 AKLCGQK-ASRVSIAGARGTVGYIAPEVFSRSYEAVGSKADVYSYGMVVLEMVGAR-KNV
ZmPSTOL8.02 AKLCHMK-ESKLSMTGARGTPGFIAPEVHSRTFGVVSTKADVYSYGMMLLEMVGGRKNVN
ZmPSTOL8.05 1 AKLCLNK-ESAISIVGARGTIGYIAPEVYSKQFGTISSKSDVYSYGMMVLEMVGARDRNT
ZmPSTOL8.05 2 AKLCLNK-ESAISIVGARGTIGYIAPEVYSKQFGTISSKSDVYSYGMMVLEMVGARDRNT
:*** * * :*: * Kk k%K *:*****.*: . .:*:*******::***.*.:
OsPSTOL1 NVS—==—=—- TGSSSKYFPOQWLYDNL-DQFCCPTGEISSQ——————— TTD--LVRKMVVVG
ZmPSTOL3.04 SiA====== QVSSEKYFPHWIYDHFGONDGLLACEGTPE-—-————— KEE--IAKKMALVG
ZmPSTOL3.06 SAD-—-—---—-— SERSSQYFPOQWIYEHL-DDYCVSASEVDGG——=-———— TTE--LVRKMIVVG
ZmPSTOL4.05 HVSATDDGGNSSSSRYFPOQWLYENL-DQFCRPTTTSNGE IRGDDDDATEVLLVRKMVVVG
ZmPSTOL8.02 SAA-———-—-— QESSEKYFPHWIYDHFGQEDGLQACEVTRE-=-=————— NEG--IAKKLSVIG
ZmPSTOL8.05 1 SAD====== SDHSSQYFPQWLYEHL-DDYCVGASEINGE———-—-——~— TTE--LVRKMIVVG
ZmPSTOL8.05_2 SAD-—-—-—---— SDHSSQYFPOQWLYEHL-DDYCVGASEINGE-—-—-—-——— TTE--LVRKMIVVG
KooFkFx gk xo o o : HEH *
OsPSTOL1 LWCIQLVPTDRPSMREVLEMLESNGRDLPLPPKGL————=—=——————————————————
ZmPSTOL3.04 MWCIQILPLHRPTITKVLEMFDRGLDELDMPPRONEFSQTFEDPTYNEFNAENMSTSSGTKT
ZmPSTOL3.06 MWCIQLIPTDRPTMTRVVEMLEGSTSNLELPPKVLLSWQASIDVFLLRPQLI-=-=-————
ZmPSTOL4 .05 LWCIQSKPDSRPSMGQVLEMLESNAADLQLPPKALCT-—-——-=———=———=——=——————————
ZmPSTOL8.02 LSCIQILPMHRPTIGKVMEMFERGSDELDMPPRONFSQIFEDPVHSLNAETMSMISGTKA
ZmPSTOL8.05_1 LWCIQVIPTDRPTMTRVVEMLEGSTSNLELPPRVLLS—-=——=—=———=————————————————
ZmPSTOL8.05 2 LWCIQVIPTDRPTMTRVVEMLEGSTSNLELPPRVLLS——=—==—————————————————
* % % * *‘k:: _*:*‘k:: . :‘k :**:
OsPSTOL1 = e
ZmPSTOL3.04 QR-————————
ZmPSTOL3.06 KGY--—=-=====——~ IN-—f————————
ZmPSTOL4 .05 B
ZmPSTOL8.02 KAYSEVLKMKEISVVNSKTIQRLPTL

ZmPSTOL8.05 1~ ————m—m— oo
ZmPSTOL8.05 2~ —=—=—==——mm—mmmmmm e

* = jdentical amino acids residues in all sequences
: = highly conserved amino acids

. = different but somewhat similar amino acid
blank = dissimilar amino acids or gaps

Additional File 2: Figure S1 Alignment of the OsPSTOL1 and six maize
serine/theronine receptor-like kinases highlighting the predicted domains. Letters in
green indicate the glycosil hydrolase domain and in red, the transmembrane domain. The
kinase domain is represented by a gray background, whereas the is
highlighted with black background with white letters and the Serine/Threonine protein kinase

active site with yellow background.
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Additional File 3: Table S2 Primers used for gene expression analyses

. Chemical . VoA Product
Gene ID Primer detection Primer sequence (5' - 3") Probe sequence length (bp)
Zm3.04_1F 1 qMan ACCATAGCAATTGGGATCGC TCGAGGGTTGGAATACTTGCACCAT 75
Zm3.04_1R ATCGAAATGGACTATGCGTGT
ZmPSTOL3.04
Zm3.04_2F  raMan CCTGGGTTTATAGCTCCTGAAG TGTTACTAGAGATGGTTGGAGGCAGGA 141
Zm3.04 2R ACTTGAAACTTGAGCAAATGATTTAAC
Zm3.06_1F 1 qMan TCAACATCGTGACACTGACG CATGTACTCGTAAACAAGCGCCCTCT 92
Zm3.06_1R GTACCTTTCAAGCGAACCATTC
ZmMPSTOL306 - 306 oF AGTATCAGCAGGACTTGTCATG
mao.
- TagMan CAAGCAGAACCCCGTCAGTGTCA 97
Zm3.06 2R ; CGCCCTCTTGGATCCTTG
Zm4.05 1IF  SYBR  GTTACAGTGCCCGGATTCTGA
ZmPSTOL4.05 - 405 1R Green  ACGTCTCTTGTACCACCACATCA 110
Zm8.02_1F  r qMan TCCTTTTCAAGGGAAGGCTAG CAGGAATTTCACTGCAACTAGACGACCA 73
Zm8.02_1R CCGTCACCTTTGGAGTCATG
ZmPSTOL8.02 -
Zm8.02 2F  SYBR  CCAGTACACAGTTTGAATGCG .
Zm8.02 2R Green  GTTTTACAGAGTTGGCAACCG
Zm8.05.1_1F 1 qMan ATCAAAAAGAAAAGAAGCAGCA AACGGCAACAGCACCAACAATAGG 78
Zm8.05.1_1R AAGGATGTGAGAATGACTAGACAC
ZmPSTOL8.05-1
Zm8.051 2F SYBR AGAAGCAGCACCTATTGTTGG 73
Zm8.051 2R Green  AGCCAAGAAGGATGTGAGAATG
Zm8.05.2_1F = 1 oMan GCGCATACGGACGTACC CTTGAATTCCGGCTTGGGAAGTTGG 74
oz OS2 M decareacsicuce
mo. .
—2F " TagMan TAT TCCTCCACCT 4
Zm8.05.2 2R VAN A TTCAAGCCTCATTCCCGG CGTATGCCCCTCCTCCACCTG 8
188 185 _Zm_F SYBR  CGTCCTAGTCTCAACCATAAACG o
18S Zm R Green  CCCCGGAACCCAAAGACT

Results with primers highlighted in bold are presented on Figure 4.
18S is a primer pair re-designed from the TagMan® Eukaryotic 18S rRNA (Applied Biosystems, Foster City, CA) and used as endogenous

control.
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CAPITULO 2

Andlise funcional de homdélogos aos genes STR1 e STR2, relacionados a associagao

micorrizica, em milho

INTRODUCAO

As plantas desenvolveram varios mecanismos para aumentar a superficie de
exploracdo e absorcdo das raizes, visando maximizar a aquisicdo de fosforo sob condicbes
limitantes desse nutriente (Williamson et al., 2001; Zhu & Lynch, 2004; Haling et al., 2013).
Dentre esses mecanismos, destaca-se a associacdo com o0s fungos micorrizicos
arbusculares (FMA), que atuam como extensdes do sistema radicular, possibilitando uma
exploracdo mais eficiente dos recursos do solo, notadamente o fosforo (Jakobsen, 1999;
Moreira & Siqueira, 2006). Assim, a associacdo micorrizica resulta em ganhos no
desenvolvimento, na taxa fotossintética e na taxa de transferéncia de carboidratos para as
raizes em varias espécies vegetais (Sieverding et al., 1991; Rai et al., 2013). A relacao
planta-FMA é a expressdo de um mutualismo nutricional, onde ambos os simbiontes sédo
beneficiados (Berbara et al., 2006), uma vez que as plantas suprem o fungo com o carbono
(fixado via processos fotossintéticos pelo simbionte autotréfico), enquanto os fungos provém
as plantas de nutrientes (Berbara et al., 2006; Parniske, 2008; Smith & Read, 2008).

A maioria dessa troca ocorre nas células do cértex radicular, em uma estrutura de
hifas altamente ramificadas, denominada arbusculo. Os arbusculos representam o ponto
central na associagdo entre o fungo e a planta, uma vez que é o local onde existe maior
superficie de contato entre os simbiontes envolvidos (Siddiqui & Pichtel, 2008; Yang &
Paszkowski, 2011). Dois genes relacionados ao desenvolvimento dos arbusculos foram
identificados em Medicago truncatula (Zhang et al., 2010) e arroz (Gutjahr et al., 2012).
Esses genes codificam transportadores half-size ATP binding cassette (ABC) da subfamilia
G, denominados STR1 e STR2. Muta¢g6es em ambos 0s genes inibem o desenvolvimento
arbuscular, produzindo arbusculos pequenos e atrofiados, o que impede que a simbiose
micorrizica ocorra (Zhang et al., 2010; Gutjahr et al., 2012).

Uma andlise filogenética sugeriu que o0s genes STR sdo conservados nas
angiospermas, sendo identificados ort6logos putativos para ambos os genes em milho, nos
cromossomos 3 e 10 (Gutjahr et al, 2012). De forma interessante, esses genes candidatos
foram co-localizados com QTLs para morfologia radicular, acimulo de biomassa e contetdo
de P, detectados no capitulo 1. Além das linhagens L3 e L22 serem os progenitores da
populacdo segregante avaliada no capitulo 1, essas linhagens sdo contrastantes quanto ao

uso do P em condi¢cdes de campo (Parentoni et al., 2010) e quanto a morfologia radicular

74



em solucdo nutritiva (de Sousa et al.,, 2012). Assim, 0 objetivo desse estudo foi a
caracterizacdo funcional dos homodlogos aos genes STR1 e STR2 nas linhagens de milho
L3 e L22.

MATERIAL E METODOS

Avaliacdo dos dominios protéicos dos STR1 e STR2 de milho, sorgo, arroz e M.

truncatula

Com o auxilio do programa CDART (Conservad Domain Architecture Retrieval Tool,

http://www.ncbi.nlm.nih.gov/Structure/lexington/lexington.cgi), os dominios das proteinas

codificadas pelos genes STR1 e STR2 de arroz e M. truncatula e de seus putativos

homologos em milho e sorgo, foram identificados.

Experimento de inoculagdo em casa de vegetacao

Sementes de milho das linhagens L3 e L22 foram germinadas em areia durante uma
semana em casa de vegetacdo, e as plantulas foram transferidas para vasos de 1L
contendo solo autoclavado e areia na proporgdo 1:1. O delineamento experimental adotado
foi o inteiramente casualizado, com cinco repeti¢des, cinco épocas de coleta (10, 20, 30, 40
e 50 dias ap0s a transplantio, dat), em plantas controle (sem inoculagédo) e inoculadas. A
espécie de FMA utilizada foi Rhizophagus irregulares (Biorize), na concentragéo final de 500
esporos/planta. Durante as duas primeiras semanas, as plantas foram regadas com 100 mL
de agua deionizada a cada dois dias. A partir da terceira semana, 0 uso da agua foi
intercalado com solucéo nutritiva de Hoagland com concentracéo de H,PO4 a 100 uM.

Nas épocas das coletas, as plantas foram cuidadosamente retiradas dos vasos e 0
excesso de substrato preso as raizes foi removido com agua. A raiz e a parte aérea foram
separadas e 0 peso fresco registrado. Em seguida, amostras de ambos os tecidos foram
coletadas e imediatamente transferidas para nitrogénio liquido para extracdo de RNA.
Amostras da raiz e da parte aérea também foram coletadas para a quantificagcdo de P e
para avaliar a colonizagdo quantitativa e qualitativamente nas raizes. Por fim, o tecido
restante foi seco a 70°C por uma semana para se estabelecer o peso seco. E importante
destacar que o peso fresco dos tecidos foi avaliado antes e depois das amostragens, de
modo a permitir uma normalizacéo do peso seco final ap6s as amostragens.

Os dados obtidos foram submetidos a andlise de variancia e interacao genétipo (L3 e
L22) ambiente (controle e inoculado) para cada tempo de coleta e caracteristica avaliada,

considerando 5 % de probabilidade, com o auxilio do programa SISVAR (Ferreira, 2000).
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Quando ndo detectada interacdo entre gendtipo e ambiente foram considerados quatro
tratamentos: L3 inoculado, L3 controle, L22 inoculado e L22 controle. As médias

comparadas pelo teste t, a 5% de probabilidade.

Avaliacdo quantitativa e qualitativa da colonizagdo micorrizica

As raizes de milho foram lavadas em agua corrente e imersas em KOH 10% por 12
horas, sendo entédo lavadas por trés vezes com agua deionizada e imersas em HCI 0,3 M
por duas horas. O HCI foi retirado e as raizes aquecidas a 95°C por 1 hora em solugéo de
glicerol acidificada (1% HCI) com Trypan blue 0,1%. A colonizacdo micorrizica foi
guantificada seguindo o método grid-line intersect modificado descrito por Paszkowski et al.
(2006), com modificagbes. Resumidamente, a colonizacdo total foi determinada pela
guantidade total do FMA e pela presenca de estruturas fungicas especificas em microscopio
otico (Olympus CX31) com aumento de 10 vezes em 100 pontos aleatdrios por amostra
radicular. Para uma representacdo confiavel da colonizagdo radicular por estruturas
micorrizicas especificas, todas as estruturas presentes em um mesmo ponto aleatério foram
consideradas separadamente.

O desenvolvimento dos arbusculos nas diferentes épocas de coleta foi avaliado por
meio da coloracdo com aglutinina de germen de trigo (wheat germ aglutinin - WGA)
conjugado com Alexa Fluor 488. Primeiramente, as raizes foram lavadas com agua e
transferidas para tubos contendo etanol 50% por 4 horas. Apds esse periodo, as raizes
foram enxaguadas com agua deionizada e incubadas em KOH 20%, onde permaneceram
por 3 dias. Posteriormente, as raizes foram novamente enxaguadas com agua e adicionou-
se HCI 0,1 M em quantidade suficiente para cobrir as raizes. ApGs duas horas, as amostras
foram enxaguadas duas vezes com agua deionizada e uma vez com tampao fosfato salino
(PBS) NaCl 0,8 %, KCI 0,02 %, Na,HPO, 0,14 % e KH,PO, 0,02 %, pH 7,4. Por fim, foi
adicionada a solugcédo de coloragdo WGA conjugada com AlexaFluor488 na concentragao
final 0.2 pg/ml no tampdo PBS e as amostras mantidas a temperatura ambiente por 12
horas. Apos a coloragdo, as raizes foram transferidas para uma solugdo de iodeto de
propidio (PIl) por 5 minutos para corar a parede das células vegetais. Apds esse
procedimento, fragmentos aleatérios das raizes coradas foram transferidos para laminas
para serem analisados no microscopio confocal, seguindo o procedimento descrito por
Zhang et al. (2010).

Um total de 200 arbusculos foram medidos para cada genoétipo e em cada época de
coleta com o auxilio do programa Image J (REF). A distribuicdo do tamanho desses

arbusculos foi avaliada com a fung&o box plot utilizando no programa R versao 3.1.0.
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Determinacédo do conteudo de fésforo nos tecidos da planta

Aproximadamente 20 mg de cada tecido foram transferidos para microtubos de 2.5
mL contendo 500 pL de agua deionizada. As amostras foram aquecidas por 45 minutos a
85°C. Posteriormente, 100 pL e 50 pL das amostras aquecidas de raiz e folha,
respectivamente, foram transferidos para novos tubos e adicionou-se agua até completar
300 pL. A essa mistura, foram adicionados 600 pl de uma solucédo de moblidato de amonio
(0.44%) e 100 pl de acido ascérbico (10%). As amostras foram incubadas a 42°C por uma
hora e a absorbancia medida a 820 nm. O contetdo de P foi calculado multiplicando o peso

seco pela concentracdo de P de cada tecido.

Extracao de RNA e sintese de cDNA

O RNA da parte aérea e das raizes foi extraido utilizando o reagente TRIZOL.
Inicialmente, os tecidos das plantas foram macerados e aproxidamente 100 mg de tecido foi
transferido para tubos de 2 mL, que receberam a adicdo de 1 mL de TRIZOL. Apos 5
minutos a temperatura ambiente, a extracdo do RNA ocorreu seguindo as etapas: (i) adicao
de 0,2 mL de cloroférmio e agitagdo em vortex por 3 minutos; (ii) centrifugacdo a 12000 x g
a 4°C por 15 minutos; (iii) transferéncia da fase aquosa para um novo tubo seguido da
adicdo de 0,5 mL de isopropanol por 5 minutos a temperatura ambiente; (iv) centrifugacéo a
12000 x g a 4°C por 15 minutos e eliminacdo do sobrenadante; (v) o pellet foi lavado com 1
mL de etanol 75% gelado (- 20°C) e centrifugagdo a 10000 g a 4°C por 10 minutos; (vi)
apos a retirada do etanol, 1 mL de LiCl 4M foi adicionado e as amostras foram incubadas
por 1 hora a -20°C; (vii) apbs esse periodo, as amostras foram centrifugadas a 12000 x g a
4°C por 20 minutos e o sobrenadante descartado; (viii) o pellet foi novamente lavado com
200 pL de etanol 75% gelado (-20°C) e centrifugado a 12000 x g a 4°C por 5 minutos; (Vi)
por fim, o etanol foi retirado completamente e as amostras ressuspendidas em 20 uL de
agua MiliQ.

O RNA foi quantificado no Nano Drop ND-1000 Spectrophotometer (Saveen 1 Werner,
Malmo, Suécia) e 1 uL utilizado para avaliar sua qualidade em gel de agarose 1%
submetido a 150 V por 15 minutos. Para cada amostra, um volume correspondente a 1,1 ug
de RNA foi tratado por 15 minutos a 25°C com 1 pL de DNase | (Invitrogen, Carlsbad, USA).
A digestdo da DNase foi terminada utilizando 1 pL de EDTA (25 mM) por 10 minutos a
65°C. A qualidade do RNA foi novamente avaliada em gel de agarose 1%. A sintese de
cDNA foi realizada utilizando o kit SuperScript Il reverse transcriptase (Invitrogen, Carlsbad,

USA) seguindo as orientacdes do fabricante.
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Andlise da expressdo génica

A expressédo dos genes foi avaliada nas raizes e na parte aérea das duas linhagens
de milho, L3 e L22, coletadas a 20 e 50 dias apés o transplantio. As reacdes foram
realizadas utilizando o kit SYBR green | master mix (Roche, Mannheim, Alemanha) no
equipamento Roche 480 Light Cycler, seguindo as recomendacdes do fabricante. Foram
utilizadas trés repeticdes biologicas e trés técnicas, além de dois controles negativos
contendo 4gua para cada gene testado. O gene gliceraldeido-3-fosfato desidrogenase
(GAPDH) foi utilizado como normalizador. Um total de seis genes alvo foram testados,
incluindo STR1 e STR2 de milho, dois transportadores de fosfato ZmPT3 e ZmPT6 (Nagy et
al., 2006), o gene marcador de micorriza arbuscular ZmAM3, homologo ao OsAM3 (Gutjahr
et al., 2008) e o fator de elongacéo de Rhizophagus irregulares, RIEF (Sokolski et al., 2010).
A expressdo génica relativa e as curvas de melting foram avaliadas de acordo com as
condicbes descritas por Quan (2014). Os primers utilizados estdo apresentados na Tabela
1.

Tabela 1. Primers utilizados para as andlises de expressao génica.

Identificador GRMZM Gene Sequéncia (5'>3")
For - ACACCAAGAACACCATACCAG
GRMzM2G357034 STRL Rev- AGGACTCGAAGTTTGACATGG
For - TGTTTCAGCCCTCGATTGG
GRMZM2G035276 STRZ " Rev- CAAATCAACCCGGCTTTCC
For - GCCTTCCGTTACGTCATTGT
GRMzM2G112377 ZMPTS " Rev - AGCACGTCTCTGATCCCATC
For - GATCCAGCTCATCGGTTTCT
CRMzM2G881088 ZMPT6 - Rey - GAGCGTGGTGTGTTTGTTCT
For - ATCTGTCGTTGCGTTCCTCT
GRMZM2G135244 ZMAM3 " Rev - GCATCTATCACTGCGGGAAT
| For - TGTTGCTTTCGTCCCAATATC
' REF Rev- GGTTTATCGGTAGGTCGAG
For - CTTCGGCATTGTTGAGGGTTTG
GRMZM2G046804 GAPDH

Rev - TCCTTGGCTGAGGGTCCGTC
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RESULTADOS E DISCUSSAO

Conservacgao de dominios entre STR1 e STR2 de milho, sorgo, arroz e M. truncatula
As sequéncias aminoacidicas dos STR1 e STR2 de arroz (Gutjahr et al, 2012) e de M.
truncatula (Zhang et al, 2010) foram alinhadas com as sequéncias dos seus putativos
homologos em milho e sorgo mostrando que o dominio ABC € conservado entre essas
espécies (Figuras suplementares 1 e 2). A conservacao desses dominios indica que esses
genes sao relacionados, conforme observado por Gutjahr et al. (2012). Com base na
conservacdo dos genes STR1 e STR2 em diferentes espécies, essem autores sugerem que
o repertorio de genes requerido para o desenvolvimento da micorriza arbuscular pode ter

emergido em um ancestral comum das plantas terrestres.

Producdo de matéria seca e acumulo de P nos tecidos das linhagens de milho
contrastantes para o uso de fésforo

A linhagem L3 apresentou maiores producdo de matéria seca de raiz em relacdo a
L22 (Figura 1). A diferenca entre as linhagens chegou a 45 e 38% para os tratamentos
inoculado e né&o inoculado, respectivamente, aos 50 dias apds o transplantio. Além da
diferenga na biomassa radicular entre as linhagens, a inoculagdo com R. irregularis
favoreceu a producdo de raizes em ambas as linhagens a partir de 20 dias apos o
transplantio (Figura 1). A inoculacdo micorrizica teve maior influéncia sobre L3, uma vez
qgue a diferenca entre a biomassa das raizes de plantas inoculadas e n&o inoculadas foi
superior a 30% para L3, enquanto essa diferenca ficou em torno de 20% para L22 (Figura
1).

Esses resultados indicaram que a inoculagdo com R. irregularis provocou alteracbes
no sistema radicular das plantas micorrizadas, levando a uma maior producdo de massa
seca, principalmente na linhagem eficiente no uso do P (Figura 1; Figura suplementar 3). Os
efeitos da inoculagéo de Glomus etunicatum e Glomus clarum e da adi¢ao de niveis de P (0,
50, 100 e 200 mg/kg de solo) sobre a morfologia radicular e concentracdo de P foram
avaliados em plantas de milho em diferentes épocas de coleta (Bressan & Vasconcellos,
2002). Os autores observaram que a inoculacdo com Glomus clarum levou ao aumento do
peso das raizes seminais e adventicias, do nimero de raizes laterais e maior producao de
biomassa radicular em milho (Bressan & Vasconcellos, 2002). De acordo com Hetrick et al.
(1988), os FMA alteram significativamente o sistema radicular reduzindo a quantidade
relativa da ramificagdo da raiz. Esses autores defendem que as plantas micorrizadas
desenvolvem um padréo de crescimento mais longo e exploratério, permitindo que as hifas

do FMA explorem nutrientes em um volume maior de solo. Em contrapartida, as plantas ndo
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micorrizadas mantiveram um padrdo de crescimento radicular mais ramificado, uma vez que
as proprias raizes vao exercer a funcéo de extrair diretamente os nutrientes do solo.

No entanto, 0 aumento na matéria seca de raiz da linhagem L3 néo refletiu em maior
acumulo de massa seca da parte aérea, uma vez que a L22 apresentou parte aérea mais
desenvolvida com e sem inoculacdo em comparacdo com a L3 (Figura 1). Para a L22,
somente aos 50 dias a inoculagcdo apresentou aumento significativo no desenvolvimento da
parte aérea em relagdo ao tratamento ndo inoculado. J4 para L3, o tratamento inoculado
apresentou diferenca significativa em relacdo ao ndo inoculado aos 20 e 30 dias apés o
transplantio no desenvolvimento da parte aérea, que se tornou equivalente apés 40 e 50
dias do transplantio (Figura 1).
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Figura 1. Producdo de matéria seca da (A) raiz e da (B) parte aérea em L3 e L22 com e
sem inoculagédo de Rhizophagus irregularis. A biomassa foi medida 10, 20, 30, 40 e 50 dias
apés o transplantio. As barras de erro indicam a DMS (diferengca minima significativa)
considerando cinco repeticdes biolégicas. L3 - linhagem eficiente no uso do P; L22 -
linhagem ineficiente no uso do P.

Apesar de ser considerada ineficiente para o uso do P, a linhagem L22 apresenta
maior producdo de biomassa de parte aérea que L3 de forma constitutiva, inclusive em
condicbes de campo, como foi apresentando por Mendes et al. (2014). Esses autores
mostraram que a populacdo de RILs retrocruzada com a L22 apresentou médias de altura
de plantas e de massa seca de palhada em solo com baixo P superiores em comparagéo
com a média das progénies retrocruzadas com a L3. Como os indices de eficiéncia no uso
de P sdo calculados com base na producdo de grdos (Parentoni et al., 2010), o maior
desenvolvimento da parte aérea intrinseco a linhagem L22 ndo é considerado como um

componente no indice de eficiéncia no uso de nutrientes, como o P. Adicionalmente, a L22
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possui menor producdo de gréos que a L3, sendo portanto considerada ineficiente no uso
de P.

Em relacdo a razdo do peso seco entre raiz:parte aérea, diferencas significativas entre
as linhagens foram observadas a partir de 20 dias de transplantio, enquanto os resultados
entre os tratamentos variando de acordo com a linhagem e época de coleta (Figura 2). Com
excecdo da primeira época de coleta, a razéo raiz:parte aérea foi superior na L3 comparada
com a L22. Esses resultados sdo justificados uma vez que a L3 apresenta maior
crescimento radicular em comparagao a L22, e em contrapartida a L22 apresentou maior
biomassa da parte aérea (Figura 1). Assim, foi observado um maior crescimento radicular
em relacdo a parte aérea na L3, principalmente na presenca de FMA. Considerando os
tratamentos, a inoculacdo aumentou a relacdo raiz:parte aérea na L3 apenas aos 40 dias
apos o transplantio, enquanto o efeito significativo da inoculacdo na L22 ocorreu apenas
aos 30 dias do transplantio (Figura 2). Aos 50 dias apés o transplantio, foi observada uma
interacdo significativa entre genétipos e ambientes para a relacdo raiz:parte aérea, com o
efeito da inoculacdo observado somente para a linhagem L3, que apresentou uma relacao

raiz:parte aérea superior no ambiente inoculado (Tabela 2).
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Figura 2. Razdo da massa seca da raiz em relacdo & massa seca da parte aérea para L3 e
L22 com e sem inoculacdo por Rhizophagus irregularis. A biomassa foi medida 10, 20, 30 e
40 dias ap6s o transplantio. As barras de erro indicam a DMS (diferenca minima
significativa) para cinco repeticdes biologicas. L3 - linhagem eficiente no uso do P; L22 -

linhagem ineficiente no uso do P.
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Tabela 2. Razdo da massa seca da raiz em relacdo a massa seca da parte aérea (raiz:parte
aérea) para linhagense L3 e L22, com e sem inoculacdo de Rhizophagus irregularis aos 50

dias apos o transplantio.

Linhagem Inoculado N&o inoculado
L3 0,606 a' A 0,398 aB
L22 0,282b A 0,222b A

! Médias seguidas pela mesma letra mintscula na coluna néo diferem entre si a 5% pelo
teste t. “Médias seguidas pela mesma letra mailscula na linha ndo diferem entre si a 5%
pelo teste t.

O aumento da razao raiz:parte aérea € uma adaptacdo observada em plantas sob
condic¢des limitantes de P (Mollier & Pellerin, 1999; Liu et al, 2004; Niu et al, 2013). Gill et al.
(1992) verificaram que a relagao raiz:parte aérea foi maior nas plantulas de milho crescidas
sob baixo nivel de P em solucdo nutritiva. Em condi¢des limitantes desse nutriente, as
raizes atuam como os drenos preferenciais dos fotoassimilados, visando o maior
desenvolvimento do sistema radicular e, consequentemente, o aumento da &rea de
absorcao do nutriente.

O conteldo de P na parte aérea foi superior no tratamento inoculado aos 20 dias para
ambos os gendtipos, ja nas demais coletas ndo houve diferenca significativa (Figura 3). Na
raiz, pode-se verificar que as linhagens micorrizadas apresentaram maior conteido de P
aos 40 e 50 dias apos o transplantio, tendo um maior efeito na L3 em relacdo a L22. Esses
resultados indicam que a inoculagdo micorrizica favoreceu uma maior absorcéo de P pelas
raizes, que foi direcionado para o desenvolvimento radicular, sem efeito significativo na
parte aérea. E importante salientar que o peso seco dos tecidos foi utilizado para calcular o
contetdo de P, influenciando fortemente essa caracteristica. Como destacado
anteriormente, mesmo sendo considerada eficiente a linhagem L3 apresenta parte aérea

menos desenvolvida em relagéo a L22.
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Figura 3. Conteudo de P na (A) raiz e na (B) parte aérea de L3 e L22 com e sem inoculagéo
de Rhizophagus irregularis. O contetdo de P foi medido aos 10, 20, 30, 40 e 50 dias ap6s o
transplantio, multiplicando a massa seca pela concentracdo de P de cada tecido da planta.
Barras de erro indicam a DMS (diferenga minima significativa) para cinco repeticdes

biolégicas. L3 - linhagem eficiente no uso do P; L22 - linhagem ineficiente no uso do P.

Avaliacdo da colonizagdo radicular e do desenvolvimento dos arbuUsculos de R.

irregularis

Com o intuito de verificar se o contraste na eficiéncia do uso do P em L3 e L22,
observada em campo por Parentoni et al. (2010), poderia ser relacionada com a diferencas
na associagao micorrizica entre essas linhagens, uma avaliagdo quantitativa e qualitativa da
colonizacao foi realizada. A extensdo da colonizagdo micorrizica foi avaliada em detalhes
aos 10, 20, 30, 40 e 50 dat, considerado a colonizag&o total, que englobava as principais
estruturas fungicas (vesiculas, arbusculos, esporos e hifa intraradicular) e a colonizacao
baseada apenas nos arblsculos e vesiculas. As estruturas fungicas estdo apresentadas
nas Figuras 4 A-D e as quantificagbes na Figura 4E. Os niveis de coloniza¢do foram muito
elevados em ambas as linhagens, ultrapassando 90% aos 50 dias, fase do desenvolvimento
da planta onde a L22 apresentou maior porcentagem de colonizagdo considerando todas as
estruturas fungicas (Figura 4E). Nas quatro primeiras épocas de coleta, independente da
forma de avaliacdo adotada, ndo foram detectadas diferencas significativas entre L3 e L22,
exceto para as vesiculas aos 30 dias ap6s o transplantio, detectadas em maior quantidade
na L22.

83



120 -

LK
100 - L22 a2 2 8 a a a
a a| £ bIbIbI
X a a
‘6 80 -
UT
o a a
T 60 b
5 a
a
_O 40 - aaaa
20 Ha
a a
a a a
548 T 88 [EL TLEE D48
»®383 ®33 *®33 R3IF R33
o 2 » '3 o 3 w3 o 3
o 2 o 2 o 2 o 2 o 2
> > g > < > < > <
10 dat 20 dat 30 dat 40 dat 50 dat

Figura 4. Colonizacdo micorrizica nas raizes das linhagens L3 e L22 coradas com Trypan
blue. (A) e (B) Vesiculas (v) nas raizes da L22; (C) Arbusculos (Ar) e vesiculas (v) na L3;
(D) Arbusculos (Ar) e hifa (Hf) na L3; (E) colonizag&o total, de arbusculos e vesiculas em
diferentes épocas de coleta. Barras de erro indicam a DMS (diferenga minima significativa)
para cinco repeticbes biolégicas. L3 - linhagem eficiente no uso do P; L22 - linhagem

ineficiente no uso do P.

A analise da colonizacdo micorrizica por meio da coloragcdo por Trypan blue permite
uma abordagem quantitativa da colonizagdo. No entanto, para uma avaliagdo precisa do
desenvolvimento e da morfologia dos arbusculos, que s&8o as principais estruturas
responsaveis pela troca de nutrientes entre a planta e o fungo, a coloragdo com WGA-
AlexaFluor488 visualizado em microscopio confocal é uma ferramenta mais adequada
(Javot et al., 2007; Zhang et al., 2010; Gutjahr et al., 2012). Utilizando essa metodologia, 0s
arbusculos ja se encontram bem desenvolvidos, altamente ramificados e ocupando
completamente as células a partir dos 20 dias ap0s o transplantio, sendo que alguns dele ja
iniciam o processo de senescéncia mais acentuada aos 40 dias (Figura 5). De maneira
geral, ndo foram observadas diferencas quanto a formacdo dos arblsculos entre os
genotipos, que apresentaram bom desenvolvimento de todas as estruturas fungicas

necessarias para a colonizacao por R. irregularis (Figuras 4 e 5).

84



20 dat

30 dat

40 dat

50 dat

85



Figura 5. Imagens do microscAcopio confocal de arblisculos de R. irregularis corados com
WGA-AlexaFluor488 em células corticais de L3 e L22. (A), (C), (E) e (G) arbusculos
visualizados em raizes de L3 coletadas aos 20, 30, 40 e 50 dias ap6s o transplantio (dat),
respectivamente; (B), (D), (F) e (H) arbusculos visualizados em raizes de L22 coletadas aos
20, 30, 40 e 50 dat, respectivamente. Setas brancas indicam os arbusculos. L3 - linhagem

eficiente no uso do P; L22 - linhagem ineficiente no uso do P.

Adicionalmente, o tamanho dos arbusculos foi avaliado, indicando que o tamanho dos
arbusculos foi reduzindo ao longo do tempo de colonizac¢do (Figura 6). Entre 20 e 40 dias
apoés o transplantio, a L3 apresentou em média, arbusculos maiores que a L22 (Figura 6).
J4 aos 50 dias, os arbusculos foram menores na L3, sugerindo um processo de
senescéncia mais acelerado nessa linhagem em comparacdo com a L22 (Figura 6). E
importante salientar que o tamanho das células ndo foi considerado nessa abordagem, uma
vez que a coloragdo com iodeto de propidio (PI), que permitiria delimitar a parede da célula
nao foi eficiente nas células que possuiam arbusculos.

O tamanho e a quantidade dos arbusculos estéo relacionados com a area disponivel
para transferéncia de P (Mosse, 1973; Alexander et al.,, 1989). Aos 50 dias apés o
transplantio, a linhagem L22 apresentou arbldsculos maiores e mais numerosos em
comparacgdo a L3. No entanto, tal fato ndo refletiu em um maior conteido de P nas raizes
de L22. Isso evidencia, uma maior capacidade da linhagem L3 em absorver P,
independente do nivel de colonizacdo e do estagio de desenvolvimento dos arbusculos dos
FMA. Combinando todos os resultados apresentados, podemos sugerir que as diferengas
na eficiéncia de uso do P entre L3 e L22 observada em campo por Parentoni & Souza-
Junior (2008), ndo estdo relacionadas com diferencas na associagcdo micorrizica entre

essas linhagens.
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Figura 6. Andlise de box plot representando a distribuicdo do tamanho dos arbusculos nas
linhagens L3 e L22 aos 20, 30, 40 e 50 dias apds o transplantio. L3 - linhagem eficiente no

uso do P; L22 - linhagem ineficiente no uso do P.

Andlise temporal e espacial da expressdo dos genes STR1 e STR2 em milho e de

outros genes relacionados com a associagcao micorrizica

As épocas para andlises da expressdo dos genes candidatos foram definidos em
funcdo dos maiores contrastes para o tamanho dos arbusculos, que foram aos 20 e 50 dias
apos o transplantio (Figura 6). Os genes STR1 e STR2 apresentaram padrées de expressao
muito similares, sendo expressos especificamente em raizes micorrizadas e em maiores
niveis aos 50 dias apés o transplantio (Figura 7). Apesar das diferencas no tamanho dos
arbaculos entre L3 e L22, a partir dos 20 dias os arbUsculos ja estavam bem desenvolvidos
em ambas as linhagens (Figura 5). Como Gutjahr et al. (2012) observaram que a expressao
dos genes STR1 e STR2 era restrita as células das raizes que possuiam arbusculos em
arroz, poderiamos justificar o mesmo nivel de expressdo desses genes nos dois genoétipos
de milho. Ja o aumento da expressédo dos genes STR ao longo do tempo de inoculagéo foi
altamente associado com o aumento na porcentagem de micorrizagdo (Figura 4).
Adicionalmente, os genes STR ndo foram expressos nas raizes ndo inoculadas com R.

irregularis, nem na parte aérea (dados ndo mostrados).
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Figura 7. Andlise da expresséo relativa dos genes STR1 e STR2 em milho. A expresséo foi
analisada por PCR em tempo real nas raizes de duas linhagens de milho contrastantes para
a eficiéncia no uso do P, L3 (eficiente) e L22 (ineficiente), aos 20 e 50 dias apds o
transplantio. A inoculacdo foi realizada com 500 esporos de R. irregulares e o tratamento
controle ndo recebeu inoculagdo. As barras de erro indicam o desvio padrdo para trés

repeti¢cdes biologicas.

Além dos genes STR, outros genes relacionados com associa¢cdo micorrizica foram
avaliados (Figura 8). Os genes ZmAM3 e RIiEF foram utilizados para quantificar o FMA
inoculado. Conforme esperado, ambos os genes foram expressos somente nas raizes
micorrizadas (Figura 8). A expressao do ZmAM3 foi aumentada ao longo do tempo de
inoculagcdo em ambas as linhagens, sendo mais expresso na L22 aos 50 dias (Figura 8).
Um padrdo semelhante de expresséao foi obtido para o gene RIiEF (Figura 8). As diferencas
na expressao desses genes ao longo do tempo podem estar relacionadas ao aumento da
porcentagem de colonizacdo observados entre 20 e 50 dat. Tais resultados seriam
esperados considerando que o gene ZmAM3 é especificamente induzido com o
desenvolvimento da simbiose micorrizica (Sawers & Paszkowski, dados nao publicados) e o
RIEF é um gene expresso pelo FMA inoculado R. irregularis (Sokolski et al., 2010; Quan,
2014).
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Figura 8. Andlise da expresséao relativa dos genes ZmAM3 e RIEF em milho. A expresséo
foi analisada por PCR em tempo real nas raizes de duas linhagens de milho contrastantes
para a eficiéncia no uso do P, L3 (eficiente) e L22 (ineficiente), aos 20 e 50 dias apds o
transplantio. A inoculacdo foi realizada com 500 esporos de R. irregulares e o tratamento
controle ndo recebeu inoculagdo. As barras de erro indicam o desvio padrdo para trés

repeti¢cdes biologicas.

Quanto ao padréo de expressao dos transportadores de P em L3 e L22, 0 ZmPT3 foi
expresso preferencialmente nas raizes em relacao a parte aérea, sendo expresso em raizes
micorrizadas e ndo micorrizadas independentemente do gendtipo e do tempo (Figura 9a).
Adicionalmente, esse gene foi altamente reprimido nas raizes micorrizadas aos 50 dias em
ambas as linhagens comparado aos 20 dias, e apresentou uma alta expressao na L3 néo
micorrizada 20 dias apos o transplantio. Esses resultados corroboram com os obtidos por
Quan (2014) que verificou uma inducao na expressdao do ZmPT3 em raizes de milho ndo
micorrizadas cultivadas a 100 pM, a mesma concentracdo de P utilizada no nosso
experimento.

Ja 0 ZmPT6 foi preferencialmente expresso nas raizes micorrizadas aos 20 e 50 dias
apos o transplantio. Aos 20 dias, a expressao do ZmPT6 foi superior na L22 em relagéo a
L3, atingindo niveis similares nas duas linhagens aos 50 dias apds o transplantio (Figura
9b). O ZMmPT6 néo foi expresso na parte aérea das linhagens avaliadas, diferente do
observado por Nagy et al. (2006) e Quan (2014).

Baseado em analises filogenéticas e no padrdo de expressao, os transportadores de
P de milho ZmPT3 e ZmPT6 foram associados com a aquisicdo de P de forma direta e via
simbiose micorrizica, respectivamente. Apesar de serem relacionados com a aquisi¢édo de P
do solo, esses genes também sdo expressos na parte aérea das plantas de milho (Nagy et
al., 2006; Quan, 2014). Os perfis de expressdo observados nesse estudo para ZmPT3 e

ZmPT6 respeitam a classificacdo proposta por Quan (2014), uma vez que ZmPT3 foi
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reprimido na presenca de micorrizacdo, sendo altamente expresso em raizes nao

micorrizadas, enquanto ZmPT6 foi induzido na micorrizacao.
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" Inoculado Controle Inoculado Controle  Inoculado  Controle  Inoculade  Controle
20 dat 50 dat 20 dat 50 dat

Parte agrea Raiz

ZmPT6

25

Expressao relativa

20 4

a a
—

Inoculado Controle Inoculade  Controle

20 dat 50 dat
Figura 9. Analise da expressao relativa dos genes ZmPT3 e ZmPT6 em milho. A expressao
foi analisada por PCR em tempo real na parte aérea (somente para ZmPT3) e raizes de
duas linhagens de milho contrastantes para a eficiéncia no uso do P, L3 (eficiente) e L22
(ineficiente), aos 20 e 50 dias ap0s o transplantio. A inoculacdo foi realizada com 500
esporos de R. irregulares e o tratamento controle ndo recebeu inoculagédo. As barras de erro

indicam o desvio padréo para trés repeticdes bioldgicas.
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CONCLUSAO

Os resultados obtidos no presente trabalho demonstraram que os genes STR1 e
STR2 possuem expressdo apenas em raizes micorrizadas e induzida ao longo do tempo de
micorrizacdo em duas linhagens de milho. Apesar das linhagens serem contrastantes
guanto a eficiéncia no uso de P em campo, elas apresentaram altos niveis de colonizacdo
micorrizica, com arbusculos bem desenvolvidos a partir de 20 dias apds o transplantio.
Adicionalmente, a micorrizacdo conferiu aumento significativo apenas no desenvolvimento
do sistema radicular, principalmente na linhagem L3 entre 40 e 50 dias apés o transplantio.
Assim, podemos sugerir que 0os genes STR1 e STR2 séo induzidos pela colonizacéo
micorrizica e que tal associacdo nao estéa relacionada com diferenca na eficiéncia no uso de
P entre essas linhagens. E necessario destacar, que o perfil de expressio de STR1 e STR2
demonstrado para milho é compativel com a expressdo dos seus homdlogos em arroz
(Gutjahr et al. 2012). Além disso, STR1 e STR2 de milho, de arroz e de M. truncatula
compartilham o dominio ABC altamente conservado, sugerindo que esses transportadores
ABC podem estar associados ao desenvolvimento dos arbusculos em milho. No entanto,
estudos adicionais sdo necessarios para a validacdo da funcdo desses genes como
homologos do STR1 e STR2 em milho.
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* = residuos de aminoacidos idénticos em todas as sequéncias
= residuos altamente conservados entre as sequéncias
= residuos moderadamente conservados entre as sequéncias
branco = aminoacidos distintos entre as sequéncias ou gaps.

Figura suplementar 1. Alinhamento do STR1 de milho, sorgo, arroz e Medicago truncatula.

O dominio ABC é destacado em amarelo.
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LMYSGGPKEVTAHLGRMGRKVPKGENSIENLLDVIQEYEQSEF-GVKALAEFCLTGLKPP
LMY SGAPREVAAHL————————————— oo
LMFQGSLKDVGHHLNRMGRKIPKGENPIENLIDVIQEYDQCDFVGVEVLAEFARTGMKPP

* ko K P * *

KLTATYGAEGLSTVSSIVQTPISGPGGGD--=-=-—————=——=—=————— DDDFDRSLRSQH
KLTATYGPEGLSTVSSIVQTPISGPGGGD-—=-——————=————————— DDDFDRSLRSQH

SKSP--WSG—————— VRLTPSRRPRHKDQQHGRPGPGPGPGNHRYTPDIVMGTPTPLSSA
SKSP--WSG————-—- VRLTPSRRPKHK-—-—-—---- GPGAPHDNHRYTPEIVMGTPTPMSSA

NNTPMSWSASNSAAFLKFTPSRLKNENKVQ--KPPSHASPGIYTYSSEILPATPTPHSSD

YTVNEDDYLTPTHRAA-PNATGAPGVGVNALGHRG-KFANSYVGEVWVLMRRNETNIWRT
YTVNEDDYLTPTHRAAGPNATGAPGMGVNALGHRG-KFANSYVVEVWVLMRRNETNIWRT

PELFLSRLMVLTVMGFLMATMFTKPKDNAQGITNRLSFFIFTVCVEFFESSNDAVPAFIQE
PELFLSRLMVLTVMGFLMATMFTKPKDNTQGITNRLSFFIFTVCVEFFEFSSNDAVPAFIQE

PELFLSRLMVLTFMGVMMATMFHNPKNTLOGITNRLSFFIFTVCLFFEFSSNDAVPAFIQE

REFIFIRETSHNAYRASAYVVAGLITYLPFLLLOQSATYAAIVWFALKLHGQFLYFLVMLYA
RFIFIRETSHNAYRASAYVVAGIITYLPFLLLQSATYAAIVWFALRLHGQFLYFLVMLYA

RFIFIRETSHNAYRASCYTIASLITHMPFLALQALAYAAIVWFALELRGPFIYFFLVLFI

SLLSTNSEFVVEFISSVVPNFILGYAAVIAFTALFFLFCGYFLDSHSIPVAWKWMNTVSTMK
ALLSTNSEFVVFISSVVPNFILGYAAVIAFTALFFLEFCGYFLDSHSIPVAWKWMNT ISTMK
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STR2 Rice = = ——-——— -
STR2 Medicago SLLSTNSFVVFVSSIVPNYILGYAAVIAFTALFFLFCGYFLSSEDIPLYWRWMNKVSTMT

STR2 Maize YPYEGLLMNEFDGDRVFASDPAVGLTLTGNNILQQLGISVEEDRKWWMVLYLLGWAVEYR
STR2_ Sorghum YPYEGLLMNEFNGGHVFASERAIGLTLTGNDILKQLGISTEEDRKWWMVLYLLGWAVEYR
STR2 Rice = =  ——— oo

STRZ:Medicago YPYEGLLMNEYQTNETFGSND--GVSITGFDILKSLHIGTEEIKKRNNVLIMLGWAVLYR

STR2 Maize VLFYLVLRFASKNKRK
STR2_ Sorghum VLFYLVLRFASKNKRK
STR2 Rice = = ——=—=—————————-——

STRZ:Medicago ILFYIILRFASKNQRS

* = residuos de aminodacidos idénticos em todas as sequéncias
. =residuos altamente conservados entre as sequéncias

. = residuos moderadamente conservados entre as sequéncias
branco = aminodcidos distintos entre as sequéncias ou gaps.

Figura suplementar 2. Alinhamento do STR2 de milho, sorgo, arroz e Medicago truncatula.

O dominio ABC é destacado em amarelo.
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Figura suplementar 3. Raizes de milho coletadas a 40 dias ap6s o transplantio. (A) L3

inoculada com R. irregularis; (B) L3 sem inoculacédo; (C) L22 inoculada com R. irregularis e

(D) L22 sem inoculagao.
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CONCLUSAO GERAL E PERSPECTIVAS FUTURAS

Utilizando uma abordagem de gendmica comparativa que combinou mapeamento de
QTLs de caracteristicas relacionadas com a eficiéncia no uso do P, andlises de
bioinformatica e de expressdo génica, foram identificados no genoma do milho seis genes
candidatos a homdlogos ao gene PSTOL1 de arroz. Os resultados apresentados no capitulo
1 indicam que pelo menos quatro desses genes podem estar relacionados com a morfologia
radicular e com a aquisicdo de P em milho. Dentre eles, os genes candidatos
ZmPSTOL3.06, ZmPSTOL8.02 and ZmPSTOL8.05_1 foram selecionados para estudos
detalhados visando a validacdo funcional dos mesmos. A expressao temporal e espacial
desses genes esta sendo analizada nas linhagens L3 e L22. Adicionalmente, esses genes
estdo sendo transformados em milho e tabaco, cujas plantas transgénicas serdo avaliadas
guanto a parametros morfolégicos do sistema radicular e contetdo de P.

No capitulo 2, abordamos o efeito da coloniza¢éo micorrizica no desenvolvimento das
plantas, no conteddo de P e na expresséo de genes candidatos em duas linhagens de milho
contrastantes para a eficiéncia na aquisicdo de P. Apesar da colonizacdo micorrizica ndo
justificar diferencas na eficiéncia no uso de P entre as linhagens, os genes STR1 e STR2
estdo associados com o desenvolvimento dos arbusculos, além de apresentarem
evidéncias estruturais para serem candidato a homélogos aos genes de arroz e de M.
truncatula. A validacdo desses genes em milho envolvera estudos funcionais em quatro
linhagens mutantes de milho que possuem inser¢cdes na regido do gene STR2. Outra
estratégica sera a busca por variagbes naturais para a colonizacdo micorrizica em um

painel de linhagens de milho da Embrapa.
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ANEXO

Este anexo contém o artigo cientifico intitulado: "Duplicate and conquer: multiple
homologs of PHOSPHORUS-STARVATION TOLERANCE1 enhance phosphorus
acquisition and sorghum performance on low-phosphorus soils”’, publicado na Plant
Physiology (2014), com co-autoria de Gabriel Corradi Azevedo.

Hufnagel B, de Sousa S M, Assis L, Guimaraes C T, Leiser W, Azevedo G C, Negri B F,
Larson B G, Shaff J E, Pastina M M, Barros B A, Weltzien E, Rattunde H F W, Viana J H,
Clark R T, Falcdo, Gazaffi R, Garcia A A F, Schaffert R E, Kochian L V, Magalhées, J V:
Duplicate and Conquer: Multiple Homologs of PHOSPHORUS-STARVATION
TOLERANCEL Enhance Phosphorus Acquisition and Sorghum Performance on Low-
Phosphorus Soils. Plant Physiology, 166:659-677, 2014.
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Rodrigo Gazaffi, Antonio Augusto F. Garcia, Robert E. Schaffert, Leon V. Kochian, and Jurandir V. Magalhaes*
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(B.H.,, sM.dS., LA, CTG., G.CA, BN, MM.P, B.AB, JH.V,, RES.,, ].V.M.); International Crops Research
Institute for the Semi-Arid Tropics, BP 320 Bamako, Mali (W.L., EW., HF.W.R); Institute of Plant Breeding, Seed
Science, and Population Genetics, University of Hohenheim, 70593 Stuttgart, Germany (W.L.); Departamento
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Low soil phosphorus (P) availability is a major constraint for crop production in tropical regions. The rice (Oryza sativa) protein kinase,
PHOSPHORUS-STARVATION TOLERANCEI (OsPSTOLT1), was previously shown to enhance P acquisition and grain yield in rice under
P deficiency. We investigated the role of homologs of OsPSTOLI in sorghum (Sorghum bicolor) performance under low P. Association mapping
was undertaken in two sorghum association panels phenotyped for P uptake, root system morphology and architecture in hydroponics and
grain yield and biomass accumulation under low-P conditions, in Brazil and/or in Mali. Root length and root surface area were positively
correlated with grain yield under low P in the soil, emphasizing the importance of P acquisition efficiency in sorghum adaptation to low-P
availability. SPSTOL1 alleles reducing root diameter were associated with enhanced P uptake under low P in hydroponics, whereas
Sb03g006765 and Sh03g0031680 alleles increasing root surface area also increased grain yield in a low-P soil. SbPSTOL1 genes colocalized
with quantitative trait loci for traits underlying root morphology and dry weight accumulation under low P via linkage mapping. Consistent
allelic effects for enhanced sorghum performance under low P between association panels, including enhanced grain yield under low P in the
soil in Brazil, point toward a relatively stable role for Sb03g006765 across genetic backgrounds and environmental conditions. This study
indicates that multiple ShPSTOL1 genes have a more general role in the root system, not only enhancing root morphology traits but also
changing root system architecture, which leads to grain yield gain under low-P availability in the soil.
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Increasing food production is one of the major global
challenges in dealing with continuously growing pop-
ulation and food consumption (Godfray et al., 2010).
One of the major obstacles to improve crop production
in tropical regions is phosphorus (P) deficiency caused
by P fixation in the soil clays. P is one of the most
important plant nutrients, contributing approximately
0.2% of a plant’s dry weight, and is a component of key
organic molecules such as nucleic acids, phospholipids,
and ATP (Schachtman et al., 1998). On tropical soils,
even when the total amount of soil P is high, its bio-
availability is low due to P fixation by aluminum and
iron oxides in clay minerals (Marschner, 1995) and im-
mobilization into organic forms (Schachtman et al.,
1998). Approximately half of the world’s agricultural
lands occurs on low-P soils (Lynch, 2011); hence, crop
adaptation to P insufficiency should be a major breeding
target to enable sustainable agricultural production
worldwide. In addition, because phosphate rock fertilizer
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is a nonrenewable resource that is being depleted by ag-
ricultural demands, increasing fertilizer prices negatively
impact agriculture, particularly for small-holder farmers
in developing countries in the tropics and subtropics
(Cordell et al., 2009; Sattari et al., 2012). In sorghum
(Sorghum bicolor), breeding strategies for low-P adapta-
tion have been developed based on multienvironment
trials in West Africa, indicating the importance of un-
dertaking selection in low-P soil conditions (Leiser et al.,
2012a, 2012b). Therefore, developing crops with greater
ability to grow and maintain satisfactory yields on soils
with reduced P availability is expected to substantially
improve food security worldwide.

Tolerance to P deficiency in plants can be achieved by
mechanisms underlying both P acquisition and P internal
utilization efficiency (Parentoni and Souza Junior, 2008).
One of the major mechanisms that plants have evolved
to overcome low-P availability is to maximize the abil-
ity of the roots to acquire and absorb P from the soil.
Plants can mobilize P through the exudation of organic
acids, acid phosphatases, and ribonucleases, resulting
in enhanced P availability and uptake (Hinsinger, 2001;
Ryan et al., 2001; Dakora and Phillips, 2002; Hammond
and White, 2008; Ma et al., 2009; Pang et al.,, 2009).
Another strategy to cope with low-P availability is to
increase the soil volume accessed by root systems by
forming mycorrhizal symbioses (Li et al., 2012; Smith
and Smith, 2012; Rai et al., 2013). Due to low-P mobility
on tropical soils, changes in root architecture and mor-
phology enhance P uptake by facilitating soil explora-
tion (Williamson et al., 2001; Ho et al., 2005; Walk et al.,
2006; Svistoonoff et al., 2007; Lynch, 2011; Ingram et al.,
2012; Niu et al., 2013). Root structural changes leading
to higher P uptake include increased root hair growth
(Yan et al., 2004; Haling et al., 2013; Lan et al., 2013) and
length and enhancing lateral root over primary root
growth (Williamson et al., 2001; Wang et al., 2013). In
addition, increased root surface area is achieved by a
combination of reduced root diameter and enhanced
elongation of relatively thinner roots (Fitter et al., 2002).
There is both intraspecific and interspecific genetic var-
iation for P deficiency tolerance in crop species (Lynch
and Brown, 2001, 2012; Mudge et al., 2002; Paszkowski
et al.,, 2002; Rausch and Bucher, 2002; Huang et al., 2011;
Zhang et al,, 2011; Leiser et al.,, 2014a) that can be ex-
plored to develop P-efficient cultivars.

In rice (Oryza sativa), Phosphorus uptakel (Pupl), a
major quantitative trait locus (QTL) for P deficiency tol-
erance donated by an aus-type Indian variety, Kasalath,
was mapped to the long arm of chromosome 12 (Ni
et al., 1998; Wissuwa et al., 1998, 2002; Heuer et al., 2009).
Near-isogenic lines bearing the Kasalath allele at Pupl
showed 3-fold higher P uptake and grain yield in low-P
trials compared with the recurrent parent, cv Nippon-
bare, which is intolerant to P starvation (Wissuwa and
Ae, 2001). Following high-resolution mapping of Pupl,
comparative sequence analyses of homologous bacterial
artificial chromosomes showed that a Kasalath geno-
mic fragment contained several genes not present in
cv Nipponbare, highlighting an approximately 90-kb
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deletion in the cv Nipponbare reference genome that
encompassed the Pupl locus (Heuer et al., 2009). Within
this insertion/deletion, OsPupK46-2, a gene encoding
a Ser/Thr kinase of the Receptor-like Protein Kinase
LRK10L-2 subfamily, was found to enhance grain yield
and P uptake in rice lines overexpressing this gene, in-
dicating that this protein kinase underlies the Pup1 locus
(Gamuyao et al., 2012). OsPupK46-2, which is now des-
ignated PHOSPHORUS-STARVATION TOLERANCEI1
(OsPSTOL1), was found to be up-regulated in the root
tissues of tolerant near-isogenic lines under P-deficient
conditions and was shown to increase P uptake by
a physiological mechanism based on the enhance-
ment of early root growth and development. Fur-
thermore, lines overexpressing OsPupK46-2 showed
an approximately 30% grain yield increase in com-
parison with the null lines, suggesting that PSTOL1
has potential for molecular breeding applications to
improve crop performance under low-P conditions.
Consistent with the proposed physiological mecha-
nism underlying OsPSTOL1, the superior performance
of the transgenic lines was related to enhanced root dry
weight, root length, and root surface area (Gamuyao
et al., 2012).

Sorghum is the world’s fifth most important cereal
crop and is a staple food for more than half a billion
people. It is widely adapted to harsh environmental
conditions, and more specifically, to arid and semiarid
regions of the world (Doumbia et al., 1993, 1998). It has
been estimated that rice diverged from its most recent
common ancestor with sorghum and maize (Zea mays)
approximately 50 million years ago (Kellogg, 1998;
Paterson et al., 2000, 2004; Paterson, 2008). About 60%
of the genes in the sorghum genome are located in
syntenic regions to rice (Paterson et al., 2009), empha-
sizing the potential for using comparative genomics for
cross-species identification of genes underlying abiotic
stress tolerance in the grass family. Here, we applied
association analysis to specifically study the role of sor-
ghum homologs of rice OsPSTOLI in tolerance to P
starvation in sorghum. Single-nucleotide polymorphisms
(SNPs) within PSTOLI1 homologs in sorghum, collec-
tively designated SbPSTOLI, were significantly associ-
ated with grain yield under low-P conditions and also
root morphology and root system architecture (RSA)
traits phenotyped from hydroponically grown plants.
Under low P, SbPSTOL1 genes increased biomass accu-
mulation and P content in the African landrace panel
and grain yield in the sorghum association panel phe-
notyped in a low-P Brazilian soil. This suggests a stable
effect across environments and sorghum genotypes that
potentially can be used for molecular breeding applica-
tions. QTL mapping with a large sorghum recombinant
inbred line population was used to validate the associa-
tion results, indicating that SOPSTOL1 homologs coloc-
alize with QTLs related to root morphology and
performance under low P. Our results indicate that
SbPSTOL1 homologs have the ability to enhance P uptake
and sorghum performance in low-P soils by a mechanism
related not only to early root growth enhancement, as
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was the case for rice OsPSTOLI, but also by modulating
RSA.

RESULTS

Phenotypic Characterization of the Sorghum
Association Panels

Two association panels were used in this study: the
Sorghum Association Panel Subset (SAPst), which is
composed of both tropical converted and breeding ac-
cessions, and the West African Association Panel (WAP),
consisting of landraces and breeding lines primarily
from Mali, Niger, Senegal, and Burkina Faso. The SAPst
was phenotyped for grain yield performance in a low-P
soil in Brazil, root morphology, P uptake, and biomass
accumulation in a paper pouch system where nutrients
are supplied to the root systems hydroponically, and
RSA in nutrient solution using a mesh system as detailed
in “Materials and Methods.” The WAP was phenotyped
in pots for biomass and P uptake under low P in the soil.

Extensive genotypic variation for agronomic perfor-
mance under low-P conditions was observed for both
association panels. Broad sense heritabilities were high,
with values of 0.63 for grain yield under low P in the
SAPst and 0.42 and 0.59 for P content in single tillers
and single tiller biomass, respectively, in the WAP. For
assessing root morphology traits in a paper pouch
system, our RootReader2D system (Clark et al., 2013)
was used to process the root systems images and the
WhinRhizo software was used to automatically calcu-
late a number of root morphology traits including root
length, root diameter, volume of fine roots and root
surface area under low-P conditions (de Sousa et al.
2012). Heritability estimates for the root morphology
traits were high (#* > 0.72), indicating good experi-
mental precision for these measurements.

Root surface area was highly correlated both with
root length (r = 0.95, P < 0.001) and the volume of fine
roots (r = 0.77, P < 0.001; Fig. 1) in the SAPst. The
volume of fine roots showed strong but comparatively
lower correlation coefficients of approximately 0.6 with
root length and diameter, whereas root diameter tended
to be independent from root length and weakly asso-
ciated with root surface area. Root length and root
surface area were positively correlated with grain yield
(r =0.11-0.12, P < 0.10; Fig. 1).

Supplemental Table S1 shows the results of a corre-
lation analysis among the same root morphological
traits shown in Figure 1 and traits related to P uptake
and biomass accumulation in hydroponics. Significant
positive correlations were found between root length
and P content as well as between root length and bio-
mass accumulation for roots and shoots, whereas root
diameter was negatively correlated with these same
traits. These results indicate that greater root length
combined with smaller root diameter contributed to
enhanced P uptake and biomass accumulation for sor-
ghum plants subjected to low P in hydroponics.

Plant Physiol. Vol. 166, 2014

PSTOL1 Enhances Sorghum Performance on Low-Phosphorus Soils

Identification of PSTOL1 Homologs in Sorghum and
SNP Discovery

A sequence similarity search using the amino acid
sequence of rice PSTOL1 (OsPSTOL1; GenBank acces-
sion no. BAK26566) identified a large gene family con-
taining approximately 100 members in the sorghum
genome. Based on BLASTP and BLASTN, six likely
PSTOL1 homologs in sorghum (SbPSTOLI; E < e-35 and
identity > 50%) were selected (Table I). The sorghum ho-
molog with the closest sequence similarity to OsPSTOL1
was Sb07g002840, which is located on sorghum chro-
mosome 7, and another five highly similar homologs
are located on sorghum chromosome 3. Similar to
OsPSTOLL, all six sorghum PSTOL1 proteins (SbPSTOL1)
are predicted to have a Ser/Thr kinase domain (Pfam
identifier PF00069.18) and are members of the Corn root
protein kinasel family (CRPK1) (Takezawa et al., 1996).

A phylogenetic analysis including OsPSTOL1, the
six SbPSTOLL1 proteins in Table I, and related kinases
from rice, Arabidopsis (Arabidopsis thaliana), and maize
revealed the presence of three distinct clades (Fig. 2).
All sorghum PSTOL1-like proteins clustered together
in the largest clade (highlighted in Fig. 2), which also
included maize, Arabidopsis, and rice proteins. In this
clade, a branch including five sorghum homologs and
OsPSTOL1 was identified (split depicted by the aster-
isk in Fig. 2), also depicting a close relationship be-
tween OsPSTOL1, Sb07g002840, and the maize protein
AC193632.2. The two remaining clades were composed
entirely of other rice PSTOLI homologs except for a
single sequence from maize.

Protein structural predictions indicate that the kinase
domain is commonly present in OsPSTOL1 and in the six
selected SbPSTOL1 proteins (Fig. 3; Supplemental Fig.
S1). However, distinctly different features were predicted
for the SbPSTOL1 proteins, namely a signal peptide sug-
gesting a secretory pathway, a transmembrane domain,
and cell wall interaction domains. These are a Cys-rich
wall-associated receptor kinase galacturonan-binding
(GUB-WAK-bind) domain, which is the extracellular part
of the Ser/Thr kinase that is expected to bind to the cell
wall pectins, and a conserved Cys-rich wall-associated
receptor kinase C-terminal (WAK _association) domain,
located C terminal to the GUB_WAK_bind domain.
These cell wall association domains were neither found in
OsPSTOL1 nor in the closely related proteins, Sb07g002840
and AC193632.2, and differed in the remaining SbPSTOL1
proteins. While the WAK_association domain was found
in all SbPSTOL1 proteins except for Sb07g002840, the
GUB_WAK_bind domain was specifically found in
Sb03g006765 and Sb03g031700. In agreement with
the structural predictions, the sequence alignment of
the sorghum and rice proteins indicates that the se-
quences were conserved mostly at the kinase domain
(Supplemental Fig. S1), which is typical from receptor-
like kinases (RLKs; Zhang et al., 2005).

Despite the high similarity among SbPSTOLI homo-
logs, particularly with regard to the kinase domain, vi-
sual inspection of the multiple alighments of polypeptide
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Figure 1. Correlation matrix of root length (mm), root surface area (cm?), average root diameter (mm), and volume of fine roots
(mm?), all assessed in hydroponics-grown plants, as well as grain yield (kg ha™") for plants grown on a low-P soil for the SAPst.
Correlation coefficients (r) and P values are shown.

sequences confirmed that PrimerBlast was effective in Population Structure and Association Model Selection
identifying paralog-specific primers. We were able to . .

identify 31 paralog-specific SNPs across the six sorghum The presence of population structure in the SAPst
homologs, with the number of SNPs per gene ranging was assessed by estimating AK, the second-order rate of

from five to eight for Sb03¢006765, Sh03g031690, change of the log-likelihood of the data obtained with
Sb03¢031700, and Sb07¢002840, whereas only one and STRUCTURE (Pritchard et al., 2000), Ln(k), divided by
two SNPs were discovered within Sb03g031670 and its s (Evanno et al.,, 2005). Upon plotting AK as a
5b03g031680, respectively. function of the number of subpopulations, a break in

Table I. Selected SbPSTOL1 homologs

Physical locations in bp on sorghum chromosomes 3 and 7 are shown. Sequence similarity searches in sorghum were performed as described in
“Materials and Methods” using the NCBI (www.ncbi.nlm.nih.gov) and Phytozome (version 1.4; www.phytozome.net) databases using the OsPSTOL1
sequence as query. E, Expect value of the alignment. Chromosomal positions are denoted by the first two numbers after Sb in the gene designations.

BLASTN BLASTP
Gene Location Size
E Identity E Identity

bp % %
Sh03g006765 7,009,497-7,012,497 3,001 2.00e-37 83 2.00e-108 55
S5b03g031670 60,080,358-60,084,458 4,100 2.00e-123 71 1.00e-129 70
Sh03g031680 60,085,127-60,088,181 3,054 3.00e-121 71 2.00e-130 70
5b03g031690 60,103,142-60,107,812 4,670 7.00e-73 73 6.00e-76 69
Sh03g031700 60,110,148-60,113,362 3,214 9.00e-78 68 1.0e-115 63
S5b07g002840 3,011,700-3,016,004 4,304 0 76 6.0e-143 73
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Figure 2. Relationship among PSTOL1 homologs. The phylogenetic tree comprises PSTOL1-like proteins in sorghum (Sb), rice
(LOC_Os), maize (GRMZM and AC), and Arabidopsis (At) in addition to OsPSTOL1. The highlighted clade comprises selected
sorghum proteins with high identity with OsPSTOL1, and the asterisk depicts a branch split including five of the six selected
SbPSTOL1 proteins. Amino acid sequences of 33 proteins were used. The unrooted phylogenetic tree was constructed using the
maximum likelihood method and displayed using the MEGAG software (http://www.megasoftware.net/index.html). [See online

article for color version of this figure.]

the slope is expected at the most likely subpopulation
number. Supplemental Figure S2A reveals an evident
change in AK with four subpopulations, indicating that
this is a reasonable level of differentiation for the
SAPst. As described previously, the pattern of genetic
diversity in sorghum largely reflects racial and geo-
graphical origins (Casa et al., 2008; Caniato et al., 2011;
Morris et al., 2013). The largest subpopulation, with 112
accessions, comprised mostly caudatum sorghums,
followed by subpopulations with prevalence of durra,
guinea/kafir, and breeding lines, with 93, 50, and 32
accessions, respectively. The probability distribution
under the null hypothesis was then obtained by plotting
the P values resulting from association analysis against
the cumulative P values (Supplemental Fig. S2B). The

Plant Physiol. Vol. 166, 2014

naive model, without correction for population struc-
ture (Q) or kinship (K), produced a markedly nonuni-
form distribution of P values resulting in the highest
type I error rate. Considering the Q model, 9.5% of all
P values are under a P < 0.05 threshold, indicating im-
provement in type I error control over the naive model,
but still there was considerable detection of false-
positive associations. The model incorporating familial
relatedness (K) resulted in efficient type I error control,
with 5.7% of P values under P < 0.05. Because the Q+K
model led to a negligible improvement in false-positive
control, the K model was selected for association
analysis with SbPSTOL1 homologs. Similar results for
model selection were found by Casa et al. (2008) when
evaluating the complete Sorghum Association Panel for
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Figure 3. Schematic representation of protein domains of OsPSTOL1 and SbPSTOL1. Depicted are the predicted signal peptide
(SP), the GUB_WAK_Bind domain, the wall-associated receptor kinase C-terminal domain (WAK_ASSOC), the transmembrane
domain (TM), and the Ser/Thr kinase domain (KINASE). Full complementary DNA sequences were obtained for Sb07g002840,
Sb03g031670, Sb03g031690, and Sb07g006765. Reverse transcription-PCR of SbPSTOLT genes was undertaken with root
tissues from the sorghum line, BROO7, after 13 d in nutrient solution (Magnavaca et al., 1987) with low P (2.5 um P) as described
for root morphology analysis. Roots were collected, and total RNA was isolated using the RNeasy Plant Mini Kit (Qiagen; http://
www.qgiagen.com/). For Sb03g006765, a start codon located 72 bp upstream of the first codon (TCA) in the coding sequence
reported in Phytozome (http://www.phytozome.net/sorghum) was considered for structural predictions. aa, Amino acids. [See

online article for color version of this figure.]

different agronomic traits, with the K model resulting in a
good approximation to a uniform distribution of P values.

Association Analysis of Root Morphology, P Uptake, and
Traits Related to Performance under Low P

Association analysis was undertaken following the
same procedure used above for type I error simulations
but using SNPs within SbPSTOLI genes and the models
that provided the appropriate error control, as detailed
in “Materials and Methods.” Based on the SAPst, a total
of 23 SNPs from all six SbPSTOL1 genes were signifi-
cantly associated with different traits related to root
morphology, P uptake, and biomass accumulation in
hydroponics in addition to grain yield under low P in
the field (Table II). SNPs within the SbPSTOL1 homo-
logs Sb03g006765 and Sb03g031690 were associated
with root diameter and root surface area, whereas two
5b033031690 SNPs were weakly associated with the
volume of fine roots.

For the SNP loci associated with root diameter
changes, the alleles underlying smaller root diameter
for Sb03g006765 (allele G at SNP 2002), Sb03¢31690
(allele G at SNP 4085), and Sb03g002840 (allele C at SNP
3975) were associated with increased biomass accu-
mulation and/or P uptake traits (Supplemental Table
S2). This is consistent with the negative correlation ob-
served between root diameter and biomass accumulation
and P uptake traits (Supplemental Table S1), indicating
that genotypes with smaller root diameter performed
better under low-P conditions in hydroponics. The
only exception to this trend was SNP 2644 within
5b03g0031690, where the A allele increased root diameter

664

and also root P concentration. However, because the A
allele was also associated with higher root surface area,
changes in root surface area likely more strongly influ-
ence the higher root P concentration for SNP 2644 within
5b03g0031690.

For Sb03¢031690, SNP 2305 was consistently associ-
ated with root surface area (0.01 < P < 0.05) and P
concentration in the root, with the same allele, T, posi-
tively contributing to both traits (Supplemental Table
S2). The results for both Sb03g031670 and Sb03g031700
in principle do not point toward an effect in root mor-
phology for these genes. However, because we were
able to identify only one and two paralog-specific SNPs,
respectively, for these genes, we cannot rule out the
possibility that the lack of association with root traits
was due to the few SNPs that were tested.

Six SNPs within Sb03g006765 and one SNP within
5b03g031680 were associated with grain yield in the
low-P soil in the SAPst (Tables II and III). Considering
the SNP effects, the resulting grain yield increase varied
from 6.4% to 8.1% relative to the grain yield under low-P
conditions. Within 5b03g031680, SNP 1541 was signifi-
cantly associated with grain yield (Table II), resulting in
the highest increase in yield among all the SNPs as-
sociated with this trait, with the A allele increasing
grain yield by 200 kg ha™" (Table III). A possible posi-
tive effect in P acquisition via changes in root mor-
phology was observed for Sb03g031680, where SNP
1541 was jointly associated with root surface area and
grain yield, with the A allele positively contributing to
both traits (Table III; Supplemental Table S2). Another
case of consistent allelic effects between root surface
area and grain yield was found for Sb03g006765, where
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Table Il. Association results for SNP loci within SbPSTOLT homologs in the SAPst phenotyped for root morphology traits (Hydroponics) and for grain

yield performance in a low-P soil (Field) using the K model

Numbers represent the proportion of the phenotypic variation explained by each SNP in percentage. Asterisks are as follows: ****P < 0.001,

**%0.001 = P < 0.01, **0.01 = P < 0.05, and *0.05 = P < 0.1.

Hydroponics

Root Morphology

Gene Position

- - Field
P Uptake and Biomass Accumulation

Volume of Fine Root Surface
Roots Area

Root
Diameter

Root P

Shoot P
Content

Root P
Content

Grain
Yield

Root Dry
Weight

Shoot Dry

Shoot P Weight

mmJ sz

bp mm
1,912
1,998
2,002
2,042
2,067
2,073
2,141
1,312
1,541
1,591
2,305
2,644
4,020
4,085
4,121
4,170
2,096
2,304
3,783
3,795
3,810
3,939
3,975

Sh03g006765
2.46**
1.80**

Sb03g031670
Sh03g031680 1.83*

2.74%*
2.24%*

S$b03g031690
4.09%**
1.22%

1.10* 1.38*

Sb03g031700

Sb07g002840

1.00*

gkg

2.28*

—1

3.7

! mg g kg ha™'
2.00**
1.95%*

mg gkg”

2.14% 2.23* 2.65**
1.53*
2.46**
1.65*
2.27%*
1.70%* 1.78*
2.26*
2.25% 2.17*

2.51** 2.42%*

7.56****
3.24**

1.09*

1.41%**

1.42%
2.12*
2.02*
1.96*
2.03*
2.13*

1.80* 2.05*

1.92*

3.06**
2.69**
2.09*

2.32%*
2.98**

1.68*
2.03*

the C allele at SNP 1998 increased both traits (Table III;
Supplemental Table S2). Overall, the fraction of the total
phenotypic variation explained by each SNP (%) ranged
from 1 (Sb07g002840_3975; with root diameter) to 7.5%
(5b03g031690_2305; P concentration in the roots).
Association analysis was also conducted with the
WAP with the same SNP loci used in the SAPst (Table
IV). Multiple associations were detected for SNPs within
Sb03¢006765 with P concentration and content in the
shoots in addition to single tiller biomass accumulation.
Strikingly, in the SAPst, the same SNPs were associated
with grain yield under low-P conditions (Table II). The
single SNP within Sb03g031670, SNP 1312, was associ-
ated with P content in single tillers in the WAP and
shoot P content in the SAPst grown on hydroponics
(Tables II and 1V). For Sb03g031690 and Sb03¢031700,
associations were detected for P content and traits re-
lated to biomass accumulation (Table 1V). The pheno-
ic variance explained in the WAP ranged from 2.8%
(5b03g006765_2042; P concentration in the shoot) to 6.8%
(Sb03g006765_2042; P content of single tiller biomass).

Genome Structure and Linkage Disequilibrium

The genome structure of the SbPSTOL1 homologs se-
lected for association analysis revealed a possible double
tandem duplication event encompassing a rather narrow

Plant Physiol. Vol. 166, 2014

physical region of approximately 33 kb at position
approximately 60 Mb on chromosome 3 (Fig. 4). This
duplication includes Sb03g031670 and Sb03g031680
at positions 60,080 to 60,088 kb and Sb03g031690 and
5b03g031700 at 60,103 to 60,113 kb. The remaining
SbPSTOL1 gene on chromosome 3, Sb03g006765, is lo-
cated at position 7 Mb, thus toward the beginning of
chromosome 3 and physically distant from the other ho-
mologs at position 60 Mb. As expected, all SNPs within
Sb03g006765 were under strong linkage disequilibrium
(LD), which was also in general the case for the cluster
at position 60 Mb. In that region, occasional low LD was
observed mostly for SNPs within different genes, occa-
sionally within genes belonging to possibly different tan-
dem duplicates, and frequently involving Sb03g031700 at
the outer edge of the 60-Mb region. As expected, SNPs
within Sb03g006765 were not in LD with SNPs within the
genes in the 60-Mb cluster, indicating that association re-
sults between the 7- and 60-Mb region were independent.
The SbPSTOL1 homolog on chromosome 7, Sb07g002840,
was located at position 3 Mb, and complete LD was ob-
served for SNPs in this gene (Supplemental Fig. S3).

Consistency of SNP Effects across Association Panels
Phenotyped in Brazil and Africa

Next, we compared the SNP effects estimated in
the SAPst and WAP, looking for alleles consistently
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Table I1l. SNP effects on grain yield for SDPSTOL1 homologs

The alleles marked in boldface contribute positively to grain yield.
Genotypic effects were estimated as deviations from the alleles with
effects set as 0.

Gene Position Genotype Effect
bp kg ha™'
Sh03g006765 1,912 A 173.3
G 0
1,998 C 169.1
T 0
2,042 G 158.4
C 0
2,067 G 181.7
C 0
2,073 C 154.5
T 0
2,141 T 180.9
G 0
Sh03g031680 1,541 A 200.1
G 0

contributing to better performance under low-P con-
ditions. In general, the effects in grain yield in the
SAPst ranged from 154 to 200 kg ha ! (Table III). Five
SNPs within Sb03g006765 were strongly associated
with P content in single tillers and biomass accumu-
lation in the WAP grown on low-P conditions (Table
IV). All of these five SNPs, which were under complete
LD within Sb03g006765 in the SAPst (Fig. 4), had the
same alleles positively contributing to biomass accu-
mulation and shoot P content in the WAP (Fig. 5) and
grain yield in the SAPst grown on a low-P soil (Table III).
For example, the A and C alleles at SNP loci 1912 and
1998, respectively, enhanced single tiller biomass and to-
tal P content in single tillers in the WAP (Fig. 5) and grain
yield in the SAPst (Table III), with similar results being
observed for SNP loci 2042, 2067, and 2141.

SbPSTOL1 genes belonging to each one of the tandem
duplications at position 60 Mb on chromosome 3,
5b03g031670 and Sb03g031690, also showed consistent
allelic effects across the two association panels for certain
traits. This was the case for Sb03¢031690_2305, where the
T allele had a positive effect on root P concentration in the
SAPst and single tiller biomass accumulation in the WAP,

although no association was found for P content in the
WAP (Supplemental Fig. 54). The A allele of Sb03g031670
at SNP 1312 increased P content in both the SAPst and
the WAP.

Validation of PSTOL1 Homologs via Biparental Mapping

Due to the reduced power of association analysis to
detect associations with quantitative traits such as P
efficiency, validation of the association results was un-
dertaken within a higher LD context, in a large sorghum
recombinant inbred line (RIL) population whose par-
ents contrasted for root morphology traits. This pop-
ulation was genotyped by genotyping-by-sequencing
(GBS; Elshire et al., 2011) and phenotyped for root
morphology, biomass accumulation and P uptake traits
in hydroponics, following the same procedures used
for the SAPst. A fixed-effects linear model was applied
to test for associations between the different SNP loci
and the phenotypes, as detailed in “Materials and
Methods.”

5b03g006765, within which SNP 2002 was associated
with root diameter in the SAPst (Table II), closely
colocalized with a QTL for shoot dry weight accumu-
lation in the RIL population (P < 0.05), being separated
from the SNP with the highest —log;,(P) by 1 Mb (Fig.
6). Interestingly, our data suggest the presence of a
possible QTL for root diameter at position 3 Mb, thus
separated from Sb03g006765 by 4 Mb, although the
significance for this QTL (P = 0.146) was below the P <
0.05 threshold. In addition, a highly significant QTL
controlling root length, root surface area, and volume of
fine roots was found 12 to 13 Mb from the 60-Mb
physical position on chromosome 3, suggesting that the
SbPSTOL1 cluster at position 60 Mb underlies these
QTLs. With regard to the ShPSTOL1 gene on chromo-
some 7 and using a P < 0.05 threshold, Sh07g002840
was near a QTL for root dry weight, located 6 Mb from
the SNP with the highest —log;(P) (Supplemental Fig.
S5). In addition, this SbPSTOL1 gene was also 0.6 Mb
from a possible QTL for root diameter at position
3.6 Mb, although the P value for this QTL (P = 0.114)
was below the P < 0.05 threshold.

Table IV. Association results for SNP loci within SbPSTOL1 homologs in the WAP phenotyped in pots
Numbers represent values of explained phenotypic variation. Asterisks are as follows: ****P < 0.001, ***0.001 = P < 0.01, **0.01 = P < 0.05,

and *0.05 = P < 0.1.

Gene SNP Position P Shoot P Content of Single Tiller Biomass Single Tiller Biomass Biomass per Plant
bp mg kg™’ mg g g
5b03g006765 1,912 2.72%* 6.66**** 5.19%**
1,998 2.72%* 6.66**** 5.20%**
2,042 2.77** 6.80%*** 5.47%%x
2,067 3.59** 3.94%*
2,141 2,71 6.66%*** 5.19%**
5b03g031670 1,312 4.16%*
5b03g031690 2,305 1.91*
S5b03g031700 2,096 1.61* 2.50%*
2,304 1.77* 2.86**
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Figure 4. LD across SbPSTOLT homologs on chromosome 3. The standardized LD coefficient (D’; Lewontin, 1964) was es-
timated among all pairwise combinations between associated SNP loci within $b03g006765 (position 7 Mb) and the SbPSTOL1
cluster at position 60 Mb. Squares shows D’ between two loci and the log of the odds (LOD) of two loci being in LD (Barrett
et al., 2005). The red color indicates strong (D’ > 0.8) and statistically significant (LOD > 2) LD. Numbers inside squares
represent D' values expressed in percentages (squares without numbers represent D' values of 1). LD plots were generated using

Haploview version 4.2 (Barrett et al., 2005).

Association Analysis of RSA Traits in the SAPst

RSA traits were assessed in the SAPst using our
RootReader3D platform as described by Clark et al.
(2011) to image and generate three-dimensional (3D)
reconstructions for the entire root systems of the sor-
ghum accessions in the SAPst. Then, the RootReader3D
software was used to compute 19 different RSA traits,
which were then employed as different phenotypes
in the association analysis. Large genotypic variation in
RSA traits was observed among sorghum accessions in
this panel. Heritability estimates for the four RSA traits
shown in Figure 7A, which are related to root branching
and depth of the root system, varied from 0.16 (for
centroid) to 0.39 (median number of roots). Bushiness,
which is the ratio of the maximum number of roots
divided by the median number of roots (Iyer-Pascuzzi
et al., 2010), was negatively correlated with centroid,
which is the vertical position of the center of mass of the

Plant Physiol. Vol. 166, 2014

entire root system (r = —0.24, P < 0.001). Bushiness was
also negatively correlated with the median number of
roots in a root system (r = —0.46, P < 0.001). Specific
root length, which is the ratio of total root length to the
volume of the entire root system and a measure of the
benefit-to-cost ratio for root systems, was negatively
correlated with the median number of roots (r = —0.27,
P < 0.001), whereas centroid was positively correlated
with the median number of roots (r = 0.42, P < 0.001).

Association analysis performed on the SAPst indi-
cated that SbPSTOL1 homologs on chromosome 3 were
associated with four RSA traits, bushiness, centroid,
median number of roots, and specific root length
(Fig. 7A; Supplemental Table S3). Three SNPs within
5b03031690 (4020, 4085, and 4121) were associated with
variations in bushiness and centroid, which were neg-
atively correlated. In agreement with that, alternative
alleles at these SNPs increased centroid and bushiness
(Supplemental Table S3). These same SNPs, in addition
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Figure 5. Effects for SNPs within Sb03g006765 estimated in the WAP in Africa. Effects for single tiller biomass and P content in
single tillers are shown. The P values from association analysis are shown in Table IV. [See online article for color version of this

figure.]

to SNP 4170 in Sb03¢031690, were also associated with
the median number of roots, whereas the two SNPs
within Sb03g031680 were associated with specific root
length. The same alleles at commonly associated SNP
loci within Sb03g031690 increased the value for centroid
and the median number of roots, which again is con-
sistent with the positive correlation between these two
traits. Associations for Sb03g006765 and Sb03¢031670
were found for centroid and median number of roots,
respectively, with higher P values compared with those
for Sb03g031690 and Sb03g031680. Using a P < 0.05
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threshold, SbPSTOL homologs on chromosome 7 were
not associated with RSA traits.

DISCUSSION

Exploiting the conservation of gene content and order
across genomes (Bonierbale et al., 1988) has held great
promise in the identification of important genes in the
grass family. Within the comparative genomics frame-
work, information regarding functional variation in one
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Figure 6. Validation of PSTOL7 homologs on chromosome 3 by biparental mapping. A, QTL analysis of root morphology traits,
shoot and root dry weight accumulation, and P content in the BROO7 X SC283 RIL population. Physical positions on chro-
mosome 3 are shown on the x axis (Mb). The positions for Sb03g006765 (depicted as 006765 in the graphs) at the beginning of
chromosome 3 and for the cluster encompassing $b03g031670, Sb03g031680, Sb03g031690, and Sb03g031700 (031670~
031700) at the end are shown. Blue asterisks denote significant QTLs declared based on permutation tests at 0.01 = P < 0.05
(**) and 0.001 = P < 0.01 (***). Numbers in blue indicate the physical positions (Mb) of SNPs at the —log,,(P) peak within the
different QTLs in addition to the closest SODPSTOLT genes. The SNPs that are closest to SOPSTOL1 homologs are highlighted in
green. B, Root morphology for the parents of the mapping population.

species can be transferred to related species, and in that
scenario, molecular breeding applications may be
greatly expedited. However, examples of the successful
application of comparative genomics targeting agro-
nomically relevant genes are still scarce, which can be
attributed at least in part to the dynamic nature of the
fine-scale structure among plant genomes (Bancroft,
2001). The availability of complete sequences for several
plant genomes now provides for a much more complete
framework where functional variants can be identified
via comparative genomics, even in potentially complex
situations arising from ancient gene duplication events.
This is likely the case of RLKs in plants (Lehti-Shiu
et al., 2009), a protein class to which PSTOL1 belongs.
In view of that, based on the isolation of OsPSTOL1
in rice, we undertook a cross-species effort to identify
homologs in the sorghum genome that are functional
with regard to enhancing agronomic performance un-
der low-P conditions, a common constraint for sus-
tainable crop yield worldwide (Ismail et al., 2007).

Plant Physiol. Vol. 166, 2014

According to Parentoni and Souza Junior (2008), P ac-
quisition efficiency in maize was more important than
P internal utilization efficiency to explain the total
variation for P use efficiency in a tropical soil. This was
also the case for the SAPst phenotyped in a tropical
soil in Brazil, where P availability to roots is reduced
due to the high P fixation to clay minerals in the soil.
Because OsPSTOLI in rice has been shown to enhance
early root growth (Gamuyao et al., 2012), which is an
important mechanism leading to enhanced P acquisi-
tion efficiency under low-P availability, we assessed
root morphology traits in sorghum plants from the
SAPst grown hydroponically using low-P nutrient
solution in a paper pouch system. We observed that
total root length and root surface area were positively
correlated with grain yield under low-P conditions,
which is in agreement with reports indicating that re-
sults of root morphology analysis in paper pouches
correlate with those of plants grown in soil (Liao et al.,
2001; Hund et al., 2009; Miguel et al., 2013). This makes
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A Median
G Position Bushiness Centroid Number of SRL
(bp) (nn) (cm) Roots (cm cm3)
(n)
Sb03g006765 2002 1.75™
Sb03g031670 1312 212*
1541 3.99 **
Sb03g031680 1591 209 **
4020 2.62* 2.50* 4.89 ¥
4085 2.98 *** 275 5.09 ****
=DCHgUaasd 4121  2.56* 275™ 3.75*
4170 1.69
e+ = p <0.001 ***=0.001= p <0.01 *=0.01< p<005

Line 071

Line 291

Figure 7. Association analysis between SbPSTOLT homologs and RSA
traits in 266 accessions of the SAPst. A, Association results. Numbers
indicate the fraction of the phenotypic variation explained by the SNP
loci. B, Lines contrasting for centroid. Line 071 has a large centroid
(9.27 c¢cm), whereas line 291 has a small centroid (4.86 cm).

root morphology assessed in younger plants a useful
proxy to identify genes related to agronomic perfor-
mance under low-P conditions. The correlation coef-
ficients were nevertheless low, which is expected
given the complex genetic architecture governing both
grain yield and different P efficiency mechanisms that
are likely to take place in such a diverse association
panel.

SNP markers within sorghum homologs to OsPSTOL1
were associated with both root morphology traits
and P acquisition and biomass accumulation in hy-
droponically grown plants and also with grain yield
assessed in a low-P soil in Brazil. The SNPs used for
association mapping within Sb03g006765 at position
7 Mb on chromosome 3 are in complete LD. Indeed,
multiple SNPs within Sb03g006765 were associated
with grain yield under low P availability in the SAPst.
Jointly considering the WAP and SAPst, the same al-
leles based on five SNPs within Sb03g006765 enhanced
P acquisition and biomass accumulation (assessed in
the WAP) and grain yield (assessed in the SAPst),
suggesting that this gene has a broad role in contrib-
uting to sorghum performance under low-P conditions
across diverse genetic backgrounds and environmental
conditions. This may be achieved by enhancing root
surface area, since the C allele at SNP 1998 was asso-
ciated with both increased root surface area and grain
yield in a low-P soil in the SAPst.
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The functionality for Sb03g006765 in sorghum P effi-
ciency is consistent with the reported role of OsPSTOL1
in rice, which was shown to enhance P acquisition and
performance under low P (Wissuwa et al., 1998;
Gamuyao et al., 2012). One SNP within 5b03g006765
was associated with root traits, namely root diameter.
Using biparental mapping, we found indications of
a QTL for root diameter approximately 4 Mb from
5b03g006765, although the significance of this QTL
was above the P < 0.05 threshold. However, we detec-
ted a significant QTL for shoot dry weight with this
PSTOL1 homolog, supporting a role for Sb03¢006765 in
enhancing P acquisition in sorghum, possibly by re-
ducing root diameter, thus increasing the root surface
area and reducing the costs to the plant of exploring the
soil for P (Bates and Lynch, 2001).

Four additional PSTOL1 homologs, Sb03g031670,
5b03g031680, Sb03g031690, and Sb03g031700, are close
together at position 60 Mb on sorghum chromosome
3 and are possibly the result of tandem duplication
events. SNP 2305 within Sb03g031690 jointly increased
both root P concentration in the SAPst and biomass
accumulation in the WAP under low P. The same allele
was also associated with increased root surface area in
hydroponics, suggesting that altered root morphology
is the physiological mechanism underlying improved
P acquisition via Sb03g031690. A connection between
enhanced root surface area and grain yield under low-P
conditions in the soil was also found for Sb03g031680,
where the A allele at SNP 1541 jointly increased both
traits in the SAPst. Indeed, P deficiency has been shown
to enhance root growth, leading to significant increases
in root length and root surface area in Cucumis melo
(Fita et al., 2011) and Brassica napus (Zhang et al., 2011).
The hypothesis that Sb03g031680 and Sb03g031690
control root morphology, as was the case for OsPSTOL1
in rice (Gamuyao et al., 2012), is reinforced by the
presence of highly significant QTLs related to root
morphology traits at approximately 12 Mb from the
PSTOL1 homologs at position 60 Mb on chromosome 3.
Because the SOPSTOL1 genes at position 60 Mb are in
close physical proximity on chromosome 3, multiple
associations detected for these genes may be the re-
sult of LD in the region. However, SNPs within
5b03g006765 at position 7 Mb are not in LD with those
within the SPPSTOLI cluster at position 60 Mb, sug-
gesting that multiple ShPSTOL1 homologs enhance
sorghum performance under low-P conditions, likely by
the same overall physiological mechanism based on
root morphology modulation. Lehti-Shiu et al. (2009)
found that RLKs present in tandem repeats were more
likely than nontandem RLKSs to be up-regulated by bi-
otic stress factors and UV-B light in Arabidopsis, sug-
gesting that the SbPSTOL1 homologs close together at
position 60 Mb on chromosome 3 may constitute a
functional module controlled by common regulatory
elements. If so, similar to the case for maize alumi-
num tolerance (Maron et al., 2013), tandem dupli-
cation events may provide an additional level of
regulation, leading to enhanced gene expression and
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increased P acquisition controlled by PSTOLI ho-
mologs in sorghum.

In addition to root morphology, changes in the spa-
tial configuration of the root system, known as RSA, is
another mechanism implicated in P acquisition effi-
ciency. Because on acidic tropical soils phosphate ions
tend to bind fairly tightly to aluminum and iron oxides
on the surface of clay minerals, the soil phosphate tends
to be fixed in the surface soil horizons, and it is logical
that root systems that participate in topsoil P foraging
would be an adaptive advantage on these soils. In
general, compared with the associations detected with
two-dimensional (2D) root morphology traits, we ob-
served stronger associations with RSA traits, particu-
larly for bushiness, centroid, and median number of
roots for Sb03g031690. Centroid measures the tendency
of a root to grow at different depths (i.e. a larger cen-
troid value is indicative of a more deeply growing root
system), whereas bushiness is a measure of the global
branching of the root system (Clark et al., 2011). The
associations detected for centroid and bushiness for
5b03g3031690 suggest that SDPSTOL1 enhances the ca-
pacity of the sorghum root system to forage the P that is
more available in superficial soil layers. This is consis-
tent with studies in maize, bean (Phaseolus vulgaris), and
soybean (Glycine max), indicating that the proliferation
of shallow lateral roots increases topsoil foraging of P
(Liao et al., 2001; Lynch, 2011).

Although the mechanism(s) by which PSTOLI in-
creases root growth and presumably changes RSA
has not yet been determined, Gamuyao et al. (2012)
reported on a dirigent gene (OsPupK20-2) that is
located close to OsPSTOL1 in the rice genome, and
its expression was induced both in 355::0sPSTOL1
plants and in a near-isogenic line harboring the Pupl
QTL region including OsPSTOLI. A dirigent domain-
containing protein, ENHANCED SUBERIN1, was re-
cently shown to play a critical role in the formation of
the Casparian strip in Arabidopsis, as it is required for
the correct patterning of lignin depositions into this
endodermis structure (Hosmani et al., 2013). In view of
observations that environmental stresses such as sa-
linity may change the fine structure of plant roots and
the development of the Casparian strip (Degenhardt
and Gimmler, 2000), it is tempting to speculate that
dirigent genes link root system architectural changes
to PSTOL1.

RLKs constitute the largest family of receptors in
plants, and the diverse structures in the receptor do-
mains suggest that there are likely to be several bio-
logical functions for these proteins (Lehti-Shiu et al.,
2009; Tor et al., 2009). Although RLKs have been found
to be important regulators of root hair growth in
Arabidopsis under low-P conditions (Lan et al., 2013),
their role seems to be much more general, as they also
function in defense and stress responses, including
drought, salinity, and cold (Lehti-Shiu et al., 2009; Ye
et al., 2009; Das and Pandey, 2010; Marshall et al.,
2012; Schulz et al., 2013; Vivek et al., 2013), possibly
acting as hubs in stress signaling and development

Plant Physiol. Vol. 166, 2014

PSTOL1 Enhances Sorghum Performance on Low-Phosphorus Soils

(Das and Pandey, 2010; Asano et al., 2012; Schulz et al.,
2013). Several RLKs such as CRPK1 have been shown
to play key roles in abiotic stress tolerance, positively
or negatively regulating stress tolerance by modulat-
ing abscisic acid signaling and reducing the accumu-
lation of reactive oxygen species (Lan et al., 2013).

In addition to a conserved Ser/Thr kinase domain,
the selected SbPSTOLL1 proteins are predicted to share
distinctly different structural features from rice
OsPSTOLY1, including a transmembrane domain and
extracellular domains that are likely in contact with the
pectin fraction of the cell wall. These features are
typical of cytoplasmic Ser/Thr wall-associated kinase
(WAK) proteins, which span the plasma membrane
and extend to the extracellular region to bind tightly to
the cell wall (He et al., 1999). According to our se-
quence data, all selected sorghum SbPSTOL1 genes
possess three exons and two introns, which is the
typical intron-exon organization of Arabidopsis (He
et al, 1999; Kanneganti and Gupta, 2008), barley
(Hordeum vulgare; Kaur et al., 2013), and rice (Zhang
et al., 2005) WAKSs. In addition, five highly similar
WAK genes were found to lie in a 30-kb cluster in
Arabidopsis (He et al., 1999), which resembles the
genome organization of the S)PSTOL1 genes at posi-
tion 60 Mb on chromosome 3.

By physically linking the cell wall to the cytoplasm,
these unique WAK proteins have been hypothesized to
function as cell wall sensors (Steinwand and Kieber,
2010), possibly mediating cross talk whereby envi-
ronmental cues may alter pectin content, structure, and
biological activity (Kanneganti and Gupta, 2008). In-
deed, expression of WAKI1 in Arabidopsis was found
to be induced by aluminum treatment (Sivaguru et al.,
2003), and WAKILA4 is related to mineral nutrition re-
sponses (Hou et al., 2005). Wall-associated kinases are
necessary for normal cell enlargement (Cosgrove, 2001;
Wagner and Kohorn, 2001), and in barley and rice, WAK
genes were found to affect root growth (Kanneganti and
Gupta, 2008, 2011; Kaur et al., 2013). Our results indicate
that multiple SNPs within Sb03g006765 are consistently
associated with sorghum performance under low P in
the two association panels. The Sb03g006765 protein was
predicted to possess a GUB-WAK-Bind domain in ad-
dition to a WAK-association domain. Thus, it is possible
that a singular and perhaps tighter interaction between
this protein and the cell wall results in increased root
surface area, P uptake, and finally sorghum performance
under low P in the soil via an as yet unidentified
mechanism. As hypothesized by Gamuyao et al. (2012),
it is conceivable that PSTOL1 plays a broader role in
abiotic stress tolerance than just P efficiency. As such, our
results in sorghum reveal a possibly larger potential for
SbPSTOL1 genes to contribute to overall adaptation to a
range of abiotic stresses via changes in root development,
such as drought tolerance and the uptake of other min-
eral nutrients besides P.

In a genome-wide association study targeting adap-
tation to low P in sorghum (Leiser et al., 2014b), the
most significant association with grain yield was found
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for an SNP at position 71.1 Mb on chromosome 3
(71178053), only 35.7 kb from the aluminum tolerance
gene Sorghum bicolor multidrug and toxic compound ex-
trusion (SbMATE), which underlies the aluminum tol-
erance locus Aluminum tolerance Sorghum bicolor (Altgy
Magalhaes et al., 2007). As SNPs associated with grain
yield were also found within Altgz and SDMATE, this
suggests a possible pleiotropic effect of SODMATE in
providing tolerance to aluminum toxicity and to low-P
conditions (Leiser et al., 2014b). The 71178053 SNP and
one Altgg-specific SNP showed grain yield effects of
240 kg ha™! (W. Leiser, personal communication) and
250 kg ha*, respectively, under low P (Leiser et al.,
2014b). In turn, the grain yield effect for SNPs within
Sb03g006765 and Sb03g031680 were 154 to 200 kg ha ™",
which was comparable to the effects reported by Leiser
et al. (2014b). The grain yield effect for SNPs within
SbPSTOL1 genes described in this study are now being
validated in different sorghum breeding contexts, in-
cluding random mating populations, which should
provide for a more realistic view of the breeding value
of SbPSTOL1 genes when targeting adaptation to acid
soil conditions.

Together, aluminum toxicity and low P availability
are two of the major abiotic stress factors limiting
sorghum production on tropical soils. We recently
reported on the development of tag markers for the
major aluminum tolerance locus in sorghum, Altgg,
which confers aluminum tolerance by a physiological
mechanism based on aluminum-activated root citrate
release to the rhizosphere (Caniato et al., 2014). Alu-
minum toxicity and low P availability in general co-
exist in tropical soils. As such, markers developed for
sorghum SbPSTOL1 genes as well as for Altg;, which
are available through the Integrated Breeding Platform
of the Generation Challenge Program (https://www.
integratedbreeding.net/), now have the potential to
benefit sorghum production and thus food security in
the large areas of acid soils that exist worldwide.

MATERIALS AND METHODS
Plant Material

SAPst

A subset of the association panel described by Casa et al. (2008) with 287
accessions, comprising both tropical converted (185) and breeding (102) ac-
cessions, was used in this study. Tropical converted accessions were produced
by introgressing genomic regions conferring early maturity and dwarfing
genes from an elite donor into exotic accessions (Stephens et al., 1967) and
were selected to broadly represent the genetic diversity of cultivated sorghum
(Sorghum bicolor). The breeding accessions included photoperiod-insensitive
elite inbreds, improved cultivars, and landraces that either have been or are
still used extensively in the United States and Brazil for sorghum breeding
(Casa et al., 2008).

WAP

The West African sorghum diversity panel consists of 187 sorghum genotypes
from six West and Central African countries, consisting of seven racial groups
(three pure races and four intermediate groups) including breeding accessions
and landraces with various degrees of photoperiod sensitivity and internode
lengths (Leiser et al., 2014b).

672

Root Morphology Analysis in the SAPst

Root morphology data were obtained in a paper pouch system supplied
with nutrient solution as described by de Sousa et al. (2012). The experiments
were organized in a completely randomized design with three replicates. Seeds
were surface sterilized with sodium hypochlorite (0.5% [w/v] for 5 min) and
germinated in moistened paper rolls. After 4 d, uniform seedlings were trans-
ferred to moistened blotting papers placed into paper pouches (24 X 33 X
0.02 cm) as described by Hund et al. (2009). Each experimental unit consisted of
one pouch (three seedlings per paper pouch), whose bottom 3 cm was immersed
in containers filled with 5 L of the nutrient solution described by Magnavaca et al.
(1987) with a P concentration of 2.5 uMm (as phosphate; 10 pouches per container).
The nutrient solution was changed every 3 d, and the pH was maintained at 5.6.
The containers were kept under continuous aeration in a growth chamber with
27°C/20°C day/night temperatures and a 12-h photoperiod.

After 13 d, root images were captured with a digital photography setup and
analyzed using both the RootReader2D program (Clark et al., 2013; http://
www .plantmineralnutrition.net/rr2d.php) as well as WinRHIZO (http://
www.regent.qc.ca/assets/winrhizo_about.html) software. The following root
traits were measured as described by de Sousa et al. (2012): total root length
(designated root length; in cm), average root diameter (designated root di-
ameter; in mm), volume of fine roots (diameter between 1 and 2 mm; in mm3),
and total root surface area (designated root surface area; in cm?).

ANOVA was performed using GenStat version 16 software (Payne, 2009).
Broad sense heritability was calculated as:

2
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where 0%, = (MS, - MS,)/r and o?, = MS,, where o7, is the genetic variance,
a?, is the error variance, MS,_ and MS, are the genetic and error mean squares,
respectively, and r is the number of replications.

Phenotyping for Low-P Adaptation

SAPst

A set of 243 accessions of the SAPst consisting of three dwarf types were
selected for the field trials. Soil P (Mehlich 1) was 5 ppm at 0- to 20-cm soil
depth and varied between 0 and 5 ppm at the subsuperficial soil layer (2040 cm).
The field trial was located on a clayed and highly weathered tropical soil,
representative of the types found in the agriculture areas of Central Brazil,
dominated by kaolinite and iron and aluminum oxides in the clay fraction.
The soil fertility in natural conditions is low, presenting low pH and high toxic
aluminum levels and low P. One additional area, with approximately 10 ppm
P, was used as the P sulfficiency control. Experiments were set up as three
a-lattice designs with nine incomplete blocks, nine accessions from the asso-
ciation panel and two checks per incomplete block, and three replications in
2 years of evaluation (2010 and 2011). Statistical analyses were performed
jointly for both years based on mixed models using the GenStat version 16
software, considering genotypes and blocks within replications as random
effects and years, experiments, replications, and checks as fixed effects. First, a
series of model selection steps were performed, starting from a model in-
cluding both spatial (rows and columns; taken as random) and phenology-
related (i.e. plant height, flowering time, and number of harvested panicles;
fixed effects) covariates, which were kept in the model based on the likelihood
ratio test and the Wald test, respectively, considering a significance level of
5%. Then, different structures of the variance-covariance matrices for the ge-
netic (G matrix) and residual (R matrix) effects across years were compared
via the Akaike information criterion (Akaike, 1974). An unstructured and a
diagonal variance-covariance model were selected for the G and R matrices,
respectively. Best linear unbiased predictions for grain yield were finally
obtained for genotypes, combining the information for both years of evalua-
tion. Broad sense heritability was calculated based on variance components as:

2
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where o°;, 0%, and 0, are the variance components for the genetic, genotype-by-
environment interaction, and error terms, respectively, in which environment

corresponds to the different years of evaluation; and e and r are the number of
years and replications, respectively.
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P uptake was assessed in 13-d sorghum plants grown in hydroponics (i.e.
shoot and root P) at the end of the root morphology experiments. Plant tissues
were dried at 65°C until constant weight. For P analysis, plant tissues were
subjected to a nitric/perchloric acid digestion (da Silva, 2009), and P quantification
was done using inductively-coupled argon plasma emission spectrometry. Total P
content, designated as P content, was calculated by multiplying plant total dry
weight by tissue P concentration.

WAP

Experiments were conducted at the International Crops Research Institute for
the Semi-Arid Tropics experimental station in Mali. A pot trial with four repli-
cations laid out in an a-design was carried out for 38 d. Ten-liter pots were filled
with soil from a low-P field, having a Bray-1 P value of 5.2 ppm, a pH of 6.9, and
an exchangeable acidity of 12%. In each pot, 10 seeds of each genotype were
sown at 1.5-cm depth into five holes (two seeds per hole) and covered with sand.
Fourteen days after sowing, plantlets were thinned to two plants per pot. Plants
were treated three times during the experiment primarily against shoot fly
(Atherigona soccata) and other insects using insecticides commonly used in the
region. Some genotypes exhibited prolific tillering (more than four tillers per
plant), observed in some materials grown in the off-season (night temperatures
of less than 15°C and short days), while others did not tiller at all. Total shoot
biomass was harvested 38 d after sowing, with plants having approximately six
to eight leaves. Number of plants and number of tillers were recorded to cal-
culate shoot biomass accumulated per plant and per tiller. Fresh plant material
was stored in paper bags and dried at 45°C for 7 d. Total shoot dry matter was
recorded, and P concentration was analyzed using inductively coupled plasma
emission spectrometry as described by VDLUFA (2011).

Biomass, P concentration, and P content data were separately analyzed
using mixed models, considering the effect of genotypes as fixed and repli-
cations and incomplete blocks nested within replications as random. Broad

sense heritability was estimated, considering genotype as random:
2
[
2 _ g
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where O'Zg is the genotypic variance component, UZE is the error variance, and
is the number of replications.

In Silico Identification of Sorghum PSTOL1 Homologs

A sequence similarity search based on the OsPSTOL1 amino acid and
nucleotide sequences (GenBank accession no. BAK26566) was undertaken with
the National Center for Biotechnology Information (NCBI; www.ncbi.nlm.nih.
gov) and Phytozome (www.phytozome.org) databases. At the NCBI, the
sorghum bicolor taxid ID 4558 database was used for BLASTP and BLASTN
searches. At Phytozome, the sorghum genome sequence version 1.4 (Paterson
et al., 2009) was used for BLASTP and BLASTN analyses. We selected the
seven top hits that were coincident across procedures considering E < 1e-100
as the inclusion threshold. These amino acid sequences were aligned with
those of proteins highly similar to PSTOL1 in rice (Oryza sativa), Arabidopsis
(Arabidopsis thaliana), and maize (Zea mays). For that, we selected proteins with
E < 1e-100 when aligned with rice PSTOL1, and a total of 33 sequences were
selected. The phylogenetic tree was inferred using the maximum likelihood
method based on the JTT matrix-based model developed by D.T. Jones,
W.R. Taylor, and J.M. Thorton (Jones et al., 1994; Rzhetsky and Nei, 1992).
Initial trees from the heuristic search were obtained automatically by applying
the neighbor-joining and BioN] (Gascuel, 1997) algorithms to a matrix of
pairwise distances estimated using the JTT model and then selecting the
topology with the superior log-likelihood value. Five hundred bootstrap
resampling steps were applied to the data. The tree was drawn to scale, with
branch lengths measured as the number of substitutions per site. Evolutionary
analyses were conducted in MEGA6 (Tamura et al., 2013).

Protein sequences were predicted by the Translate tool (http://web.expasy.
org/translate/), and multiple sequence alignment analysis was performed
using ClustalW (http://www.ebi.ac.uk/clustalw /index.html). Structural
predictions were carried out using Pfam (http:/ /pfam.xfam.org/), the TargetP
1.1 server (http://www.cbs.dtu.dk/services/TargetP/), Phobius (http://
www.ebi.ac.uk/Tools/pfa/phobius/), and iTAK (Plant Transcription Factor
& Protein Kinase Identifier and Classifier; http:/ /bioinfo.bti.cornell.edu/cgi-bin/
itak/index.cgi). MyDomains (http://prosite.expasy.org/mydomains/) was used
as a tool for diagramming domain positions for predicted proteins. All tools were
used with default parameters.
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SNP Discovery

Primers amplifying amplicons specific to each of the six selected candidates
were designed using Primer-Blast (ncbi.nlm.nih.gov/tools/primer-blast/
index.cgi) using the sorghum genome as reference. This tool uses local and
global alignment algorithms to identify specific primers based on a user-
selected database (Ye et al., 2012).

A set of 22 diverse accessions was used for SNP discovery. Genomic DNA
was isolated from approximately 500 mg of leaf tissue (five plants per acces-
sion) as described by Saghai-Maroof et al. (1984). PCR was done in a 20-uL
reaction volume with 30 ng of genomic DNA, 1 unit of Taq DNA polymerase
(Invitrogen), 10X Taq reaction buffer, 2 mm MgCl,, 2 mm deoxyribonucleotide
triphosphates, 5% (v/v) dimethyl sulfoxide, and 1 pmol of each primer.
Thermocycling consisted of 4 min at 94°C followed by 35 cycles of 30 s at 94°C,
30 s at the specific annealing temperature for each primer (described in
Supplemental Table S4), and 45 s at 72°C, followed by 7 min at 72°C. PCR
products (5 uL) were treated with 2 uL. of ExoSAP-IT reagent (Invitrogen) in a
volume of 12 uL according to the manufacturer’s specifications. A sample of
3 uL of treated PCR products was sequenced with the same forward and
reverse primers used for PCR amplification with the BigDye Terminator
version 3.1 cycle sequencing kit on an ABI PRISM 3100 sequencer (Applied
Biosystems). The resulting sequences were subjected to quality-control pro-
cedures, trimmed with the Lasergene 7 software, and aligned by using the
MegAlign program (DNAStar).

SNPs with a minor allele frequency higher than 0.1 were converted to the
Kompetitive Allele Specific PCR genotyping system (KASP, LGC Genomics)
following genotyping of the sorghum association panels. SNP loci were
named based on the respective gene within which each SNP is located fol-
lowed by the position relative to the beginning of the gene sequence (http://
www.phytozome.net). For example, Sb03¢031690_2305 refers to an SNP locus
at position 2,305 bp within gene Sb03g031690.

Association Analysis

SAPst

The Bayesian cluster analysis implemented in the STRUCTURE software
(Pritchard et al., 2000) was used to estimate population structure in the as-
sociation panel based on 310 SNPs distributed across the sorghum genome
(Murray et al., 2009). The number of subpopulations, k, was allowed to vary
from 1 to 12, with three independent runs for each value of k. The admixture
model with correlated allele frequencies was adopted, with a burn-in length of
50,000 and a 50,000 run length, and a correction factor for Hardy-Weinberg
equilibrium departure, A, was estimated with an independent run with k = 1.
The optimal k value was determined based on the estimated log-likelihood of
the data (Yu et al., 2006) and on the second-order rate of change in the log-
likelihood of the data (AK; Evanno et al., 2005). Based on this procedures, we
chose k = 4 as the optimal number of subpopulations.

The familial relatedness or kinship (K) matrix depicting similarity between
individuals (Yu et al., 2006) was estimated in TASSEL version 4.0 based on the
same 310 SNPs used to assess population structure. In this matrix, each ele-
ment d;; was equal to the proportion of the SNPs that are different between
taxon i and taxon j. The distance matrix was converted into a similarity matrix
by subtracting all values from 2 and then scaling so that the minimum value in
the matrix is 0 and the maximum value is 2.

Model selection for association analysis was based on type I error simulations
to select the model yielding the fewest false-positive associations, based on root
traits and grain yield. The 310 randomly distributed SNP markers used here do
not provide genome saturation within the low LD context in the association
panel (Bouchet et al., 2012); consequently, the chances of association with the
phenotypic traits can be considered negligible. Thus, it provides a null distri-
bution to test the efficiency of different models to control for false-positive as-
sociations. The different models were (1) y = Aa + ¢, a naive model that does not
control for population structure or relatedness; (2) an association model incor-
porating population structure (Q), y = Aa + Quv + ¢; (3) a model controlling for
familial relatedness or kinship (K), y = A« + Zu + ¢; and (4) a mixed model that
jointly accounts for both population structure and kinship (Q+K; Yu et al., 2006),
y =Aa + Qu+ Zu + e. In these models, y is a vector of phenotypic observations, a
and v are vectors of fixed effects related to SNPs and population structure, re-
spectively, whereas u and e are vectors of polygenic background effects related
to familial relatedness and residuals, respectively. Q is a population membership
assignment matrix relating y to v, and A and Z are incidence matrices of 1 s and
0 s relating i to o and u, respectively. The naive and Q models were fitted using
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the General Linear Model procedure, while Mixed Linear Model was used for
the K and Q+K models in TASSEL version 4.0 (Bradbury et al., 2007). SNPs with
minor allele frequency > 0.05 were considered for simulating type I error. The
quantile-quantile plots of estimated —log;,(P) were constructed using the ob-
served P values from marker-trait associations and the expected P values
based on the assumption that no association exists between markers and
all traits. Finally, association analysis was undertaken with SNPs within
SbPSTOL1 genes and the different phenotypic traits using the kinship model,
which was found to provide appropriate control of type I error, following the
same model definition and procedures used for type I error simulations as
described above.

WAP

Association analysis was carried out with 31 SNPs within sorghum PSTOL1
homologs using TASSEL version 4.0. A compressed mixed linear model cor-
recting for population structure and kinship was fitted, using two principal
components estimated with SNP relate (Zheng et al., 2012) and a kinship
matrix calculated using the EMMA algorithm within GAPIT (Lipka et al.,
2012). The principal components and the kinship matrix were calculated using
220,934 SNPs genotyped by sequence (Elshire et al., 2011) for this population,
excluding the SNPs within SbPSTOL1 genes. Adjusted means of single tiller
biomass, biomass per plant, shoot P, and P content in single tillers were used
as response variables.

Biparental Mapping in Sorghum RILs

A total of 400 RILs derived from the cross between inbred lines SC283 and
BR007, which show contrasting root morphology phenotypes, was used for QTL
detection. This RIL population was phenotyped for root traits according to the
same conditions described for the converted association panel. Genotyping was
done by GBS (Elshire et al., 2011) using GBS pipeline 3.0 in the TASSEL software
package (Bradbury et al., 2007; Glaubitz et al., 2014). Missing genotype calls
were imputed using the NPUTE version 4.0 software (Roberts et al., 2007). SNPs
with minor allele frequency > 0.4 were considered for the analysis. Genome
scans were undertaken using a general linear model with TASSEL version 3.0,
with a total of 10,810 SNPs on chromosome 3 and 4,218 SNPs on chromosome 7,
looking for QTLs related to root morphology, dry matter accumulation, and P
content. The high marker density provided by GBS precluded the need for es-
timating conditional probabilities of marker genotypes in the high-LD context of
the RIL population. Marker significance was determined based on a significance
level of 5% and 1,000 permutations (Anderson and Braak, 2003). Accordingly,
this method calculates the predicted and residual values of the reduced model
(excluding markers) and then permutes the residuals, which showed greater
power compared with permutation of the raw data.

RSA Association on the SAPst

RSA data were assessed in the 266 accessions of the SAPst in a
hydroponics-based 3D RSA system. The experiments consisted of a random-
ized block designs with two replicates. Seeds were surface sterilized with
sodium hypochlorite (0.5% [w/v] for 5 min) and germinated in moistened
paper rolls. After 4 d, seedlings were planted between the two top mesh layers
using polyethylene foam in a mesh system, created from Acrylonitrile Buta-
diene Styrene plastic circles of 20-cm diameter made with a 3D printer. Each
mesh system consists of eight layers of the plastic circles spaced 10 cm from
each other by four anodized aluminum rods. This mesh system serves to
constrain the roots but not impede their growth. The mesh systems were
placed into clear glass cylinders or in large polyethylene tank containers filled
with nutrient solution as described by Magnavaca et al. (1987) with 2.5 um P
and maintained at pH 5.6. The containers were kept under continuous aera-
tion in a growth chamber with 27°C/20°C day/night temperatures and a 12-h
photoperiod.

Root images for 3D reconstruction of the RSA and computation of RSA
traits were taken after 8 and 10 d with a digital camera. In general, the
methods described in detail by Clark et al. (2011) were used except that the
plants were grown as described above hydroponically instead of in gel cyl-
inders. For each plant’s root system, 100 2D digital images as the plant was
rotated through 360° with 2D images were taken every 3.6°. Our imaging and
analysis software first digitally eliminates the image of the colored mesh and
any other extraneous elements from the photographs of the root systems.
Then, the RootReader3D software reconstructs the 3D image of the specific
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root system from the 100 2D digital images and automatically calculates 19
different RSA traits as described by Clark et al. (2011). The 19 RSA traits
calculated from each sorghum root system are listed here: total root length
(cm), maximum width of the root system (cm), minimum width of the root
system (cm), maximum depth of the root system (cm), centroid (cm), exploi-
tation volume (cm3), exploitation index (cm3 cmfl), median number of roots,
maximum number of roots, bushiness (i.e. maximum number of roots/median
number of roots), surface area (cm?), surface area-volume ratio (cm® cm™2),
surface area-length ratio (em® em™?), one-third /two-third volume distribution
(em® em™®), convex hull volume (cm?), solidity (i.e. volume/convex hull vol-
ume in em® em™?), narrowness index (cm cm™Y), volume (cm?®), and specific
root length (i.e. root length/root volume in cm cm ™). Broad sense heritability
was estimated via mixed models, considering genotype as random:

2

h2: g
2, 0%
o°+ =

where azg is the genotypic variance component, o, is the error variance, and r
is the number of replications. Replications and blocks within replications were
considered as fixed and random effects, respectively.

Sequence data from this article can be found in the GenBank/EMBL
data libraries under accession numbers EES02527.1, EES01294.1, EES01295.1,
EES01297.1, EES01298.1, EES13320.1, and BAK26566.
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PSTOL1 KGSLPDGREIAVKMLKDTKGDGEEFINEVAGISKTSHINVVNLLGFSLOGSKRALIYEYM 114
Sb07g002840 RGNLADGREIAVKTLKDTEGDGEDFMNEVASISRTSHVNIVTLLGFCLQGRKRALIYEYM 390
Sb03g031670 RGNLYDGRQVAVKMLKDTKGDGEEFMNEVSSISRTSHVNVVTLLGFCLOGSKRALIYEYM 444
Sb03g031680 KGKLYDGRQVAVKMLKDTNGDGEEFMNEVASISRTSHVNVVTLLGFCLOGSKRALIYEYM 432
Sb03g031690 RGSLSDGGQVAVKMLKDPKGDGEEFMNEVSSISRTSHVNVVMLIGFCLEGSKRALIYEYM 433
Sb03g031700 KGSLPDGRLVAVKMLKELKGDDEQFMNEVASISTTSHVNIVTLLGFCVQGSKRALVYDYM 441
Sb03g006765 RGRLDDGRLVAVKFLHDSKGDGEEFVNEVMSIGRTSHINIVSLFGFCLEGSKRALIYEYM 392
:* * k% :*** *:: :**.*:*:*** .*. ***:*:* *:**.::* ****:*:**
PSTOL1 PNGSLDRYSFGDSSVQGDNTLSWDRLENIIVGIARGLEYLHCHCNIRIVHFDIKPONILL 174
Sb07g002840 PNGSLERYTFGSMSAEGDNSLCWDKLFEIVIGIARGLEYLHNGCNTRIVHFDIKPONILL 450
Sb03g031670 PNGSLERYAFNS-NMNSENSLSWEKLFDIAIGTARGLEYLHRGCNTRIVHFDIKPHNILL 503
Sb03g031680 PNGSLERYAFNS-NMNCENSLSWEKLFDIAIGTARGLEYLHRGCNTRIVHFDIKPHNILL 491
Sb03g031690 PNGSLERYAFNS-NMNNONSLGWEKLFDIAIGIARGLEYLHRGCNTRIVHFDIKPHNILL 492
Sb03g031700 TNGSLERFIFSR-HLEDKNSLSWGKLFEIVVGIARGLEYLHRGCKTRIVHFDIKPHNILL 500
Sb03g006765 PNGSLDKYIYSE---NPKAILGWDKLYTIAIGIARGLEYLHHSCNTRIVHFDIKPPNILL 449
**** s s, H . *x % :*: * * XKk KkKkKk KKk K *: Kk kkk kK kK ki Kk Xk*k%k
PSTOL1 AQDFCPKISDFGLSKLCHLKESRISINGLRGTPGYIAPEVESRQYGSASSKSDVYSYGMV 234
Sb07g002840 DONFCPKISDFGLAKLCQQKQSKISMVGMRGTIGYIAPEVENRSYGAVSNKSDVYSYGMM 510
Sb03g031670 DODFCPKISDFGLAKLCLNKESAISIAGARGTIGYIAPEVYSKQFGLVSSKSDVYSYGMM 563
Sb03g031680 DLDFCPKISDFGLAKLCLNKESAISIVGARGTIGYIAPEVYSKQFGTVSSKSDVYSYGMM 551
Sb03g031690 DHDFCPKISDFGLAKLCPNKESAISIAGARGTIGYIAPEVESKQFGTVSSKSDVYSYGMM 552
Sb03g031700 DENFCPKISDFGLAKLSVQKESAISIGVARGTIGYIAPEVEFSROQFGVVTSKSDVYSYGMM 560
Sb03g006765 DONFHPKIADFGLAKLCRSKESKLSMTGARGTPGFIAPEVHSRTFGVVSTKSDVYSYGMM 509
:‘k ‘k‘k‘k:‘k‘k‘k‘k:‘k‘k. ‘k:‘k :‘k: * Kk k ‘k:‘k‘k‘k‘k‘k..: :*k -.‘k‘k‘k‘k‘k‘k‘k‘k‘k:
PSTOL1 VLEMAGAKKNI--NVSTGSSSK-YFPOWLYDNLDQFCCPTG-EISSQTTDLVRKMVVVGL 290
Sb07g002840 VLEMVGARKQI--DVGIDTSSN-YFPRWLYDKLDQFCGATISEIGSDTTELVRKMIIVGL 567
Sb03g031670 VLEMVGARDKNNTSASVESSSQ-YFPOWLYEHLDEYCISAS-EINGETTELVRKMIVVGL 621
Sb03g031680 VLEMVGARDKN-TSGNSESSSQ-YFPOWIYEHLDDYCISAS-EIDGETTELVRKMIVVGL 608
Sb03g031690 VLEMVGARGKN-MNADSESSSQ-YFPOQWIYEHLDDYCISAS-EVNSETTELVRKMIVVGL 609
Sb03g031700 ILEMVGSTRTTNNNTNCESTDELYFPLWIYDNLDQYCLDAS-ETSKDDGEVVRKMIVVGL 619
Sb03g006765 LLEMVGGRKNV-KSLAQESSEK-YFPHWIYDHFGQDDGLPACEVTSENEGIAKKMSVIGL 567
:***.*. . *kk k. *.::.: . * . :.:** ::**
PSTOL1 WCIQLVPTDRPSMREVLEMLESNGRDLPLPPKGL—-—--—-- 324
Sb07g002840 WCIQLRPIDRPSMSKVLEMLESNTSDLQLPPKAFWTS-- 604
Sb03g031670 WCIQVIPTDRPTMTRVVEMLEGGTSNLELPPKVLLS--- 657
Sb03g031680 WCIQLIPTDRPTMTRVVEMLEGSTSNLELPPKVLLSYQA 647
Sb03g031690 WCIQVIPTDRPTMTKVVEMLEGSTSNLELPPKVIQI--- 645
Sb03g031700 WCVQVMPIDRPSMSQVVEMLESDLKDLQLPSKPLTLSS- 657
Sb03g006765 WCIQILPMHRPTIGKVLEMFDRGLDELDMPPRONFSEIL 606
**:*: * .**:: .*:**:: . :* :*.:
* = identical amino acid residues in all sequences

highly conserved amino acids

= different but somewhat similar amino acids
blank = dissimilar amino acids or gaps

Signal Peptide

GUB-WAK-bind Domain — Wall-associated receptor kinase galacturonan-binding (GUB-WAK-Bind)
WAK ASSOC Domain — Wall-associated kinase C-Terminal (WAK_ASSOC)

Transmembrane Domain

Kinase Domain

Supplemental Figure S1: Multiple sequence alignment of OsPSTOL1 and SbPSTOLL1 proteins depicting

structural predictions.
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Supplemental Figure S2: Association model selection. (A) Second order change in the log
probability of data (Ak) across different numbers of subpopulations (Evanno et al., 2005). The log
likelihood of data was plotted as a function of successive number of subpopulatons. (B) Type | error
simulation with different models based on 310 SNP markers randomly distributed across the
sorghum genome. Cumulative distribution of p-values is shown for the naive, Q (population
structure), K (kinship) and Q+K models. Methods that appropriately control for Type | error should
show a uniform distribution of p-values near the diagonal line.
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Supplemental Figure S3: Linkage disequilibrium across the SbPSTOL1 gene on chromosome
7. The standardized linkage disequilibrium coefficient (D’, Lewontin, 1964) was estimated
among all pairwise combinations between associated SNP loci within Sb07g002840. Squares
shows D’ between two loci and the log of the odds (LOD) of two loci being in LD (Barrett et al.,
2005). The red color indicates strong (D' > 0.8) and statistically significant (LOD > 2) LD
Numbers inside squares represent D" values expressed in percentages (squares without
numbers represent D' values of 1.0). LD plots were generated using Haploview v4.2 (Barrett et
al., 2005).
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Supplemental Figure S4: Allele effects of SNPs Sb03g031690 2305 and
Sb03g031670_1312. Effects on root P concentration and shoot P content (SAPst), and single
tiller biomass and P content in single tillers (WAP) are shown. The p-values from association
analysis are shown in Tables Il and IV.
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Supplemental Figure S5: Validation of PSTOL1 homologs on chromosome 7 by bi-parental
mapping. QTL analysis of root morphology traits, shoot and root dry weight accumulation in the
BR0O07 x SC283 RIL population. Physical positions on chromosome 7 are shown on the x-axis
(Mb). The positions for Sb07g002840 (depicted as 002840 in the graphs) in the beginning of
chromosome 7 are shown. Blue asterisks denote significant QTL declared based on
permutation tests at 0.01 < p < 0.05 (**). Numbers in blue indicate the physical positions (Mb) of
SNPs at the —logio(p) peak within the different QTL and the closest SbPSTOL1 genes. The
SNPs that are closest to SbPSTOL1 homologs are highlighted in green.



Supplemental Table Sl: Correlation matrix for traits assessed in hydropinically-grown plants. The Pearson Correlations among the
10 traits measured in hydroponics were estimated using Hmisc package (http://biostat.mc.vanderbilt.edu/wiki/Main/Hmisc) on R. The
correlation coefficents (top value) and p-values (bottom value) are shown for each pair of traits.

Root Length (cm Root Length

-0.05
0.397

o) 063 0.60
0.000 0.000

0.95 0.21 0.77

Root Diameter (mm) Root Diameter

Volume of Fine Roots Volume of Fine Roots

Root Surface Area (c) Root Surface Area

0.000 0.001 0.000
. 0.06 -0.02 0.01 0.03
k 1
Root P (9ka") 0.370 0.719 0.890 0.631 Root P
Root Dry Weight (9 0.16 "0.35 0.05 0.06 0.12 Root Dry Weight

0.012 0.000 0.425 0.384 0.070

0.20 -0.23 0.13 0.12 0.58 0.83
0.002 0.000 0.053 0.070 0.000 0.000
0.10 -0.26 0.03 0.03 0.37 0.27 0.37
0.107 0.000 0.637 0.641 0.000 0.000 0.000 Shoot P
0.14 -0.39 0.01 0.02 0.14 0.70 0.60 0.33 :
0.036 0.000 0.835 0.722 0.032 0.000 0.000 0.000 Shoot Dry Weight

0.28 -0.24 0.23 0.21 0.28 0.50 0.53 0.78 0.74
0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000

Root P Content (mg) Root P Content
Shoot P (gkg?)
Shoot Dry Weight (9

Shoot P Content (mg) Shoot P Content




Supplemental Table Slil: SNP effects on RSA traits for SbPSTOL1 homologs. Genotypic
effects were estimated as deviations from the alleles with effects set as zero.

Polymorphism Bushiness Centroid Median SRL
Gene o Allele 4 Roots 3
Position (bp) (nn?) (cm) n) (cm cm?)
G 0
5b03g006765 2002 C 0.44
C 2.19
5b03g031670 1312 A 0
A 0
1541 G 24.66
Sb03g031680
9 T 0
1591 c 28.94
T 0.49
2305 G 0
C 0 0.46 2.78
4020 A 0.51 0 0
$h030031690 A 0 0.48 2.86
9 4085 G 0.55 0 0
A 0 0.47 2.48
4121 G 0.50 0 0
4170 G 1.98
A 0




Supplemental Table SIV: Sorghum PSTOL1 primers sequences. Sequence of each primer
amplifying SbPSTOL1 genes. D: Direction of the primer. Ta: annealing temperature. F: forward.
R: reverse

v o Ta
Sequence (5'->3') p| (c)
Sbh03g006765
TGGCTTGGAGCAAAATACGTGGC Fl oo
GGGCCCGCTTTGAGCCTTCC R

SNPs: 1912 (G/A); 1998 (C/T); 2002 (G/C); 2042 (G/C);
2042 (G/C); 2067 (G/C); 2073 (T/C); 2141(T/C)

$b03g031670
CGTTGGTTTTGCATCGGCCACC Fl oo
TCGTCTCGTCGCGTTGAACACA R
SNPs: 1312 (A/C)
$b03g031680
ATGGCGCTGCGAAAATCCGT .
TGTTGCCCAAAGGGAGGATCAAATC R
SNPs: 1541 (A/G); 1591(T/C)
$b03g031690
GGCAAAAACGGTCCGAAGGGC Fl oo
CGCTGCATCAATGGCGTTGCA R
SNPs: 305 (T/G); 2330 (G/A); 2433 (A/T); 2644 (A/C)
ACGGCGGTCAGGTAGCAGTCA Fl oo
GCACCGGCAATGGAAATGGCA R
SNPs: 4020 (A/C); 4085 (G/A); 4121 (G/A); 4170 (G/A)
$b03g031700
TCGACTGCGTGGACGGCAAC Fl oo
TCGTAAGGGCTGAGTGTGCGT R
SNPs: 381 (C/T); 463 (A/G)
AGGGCATTAAACAGAAGCAGCAGT Fl oo
ACACCACATCCACCTCGCCCT R
SNPs: 2006 (C/T); 2096 (G/A); 2304 (G/A)
$h07g002840
GCAACCTGGCTGATGGCCGT Fl o
AGGCCTTCGGTGGCAACTGC R

SNPs: 3783 (A/G); 3795 (A/G); 3810 (C/T); 3939 (G/A);
3975 (T/C); 3987 (G/A); 4019 (G/C)




