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NEGRI, Barbara Franca (DS). Universidade Federal de Sao Jodo del Rei, mar¢o
de 2019. Titulo: Caracterizacao funcional dos genes de milho homadlogos ao
Phosphorus Starvation Tolerance 1, responsavel por aumentar a superficie
radicular, a aquisicdo de fosforo e a producdo de grdos em arroz.
Orientadora: Dra. Sylvia Morais de Sousa Tinoco. Co-orientadores: Dra. Claudia

Teixeira Guimaraes e Dr. Jurandir Vieira Magalhaes.

RESUMO

A baixa disponibilidade de fésforo (P) é uma das principais limitacdes para
produtividade de cereais em solos tropicais. A modificacdo na morfologia
radicular € o principal mecanismo de adaptacéo ao baixo P pelas plantas, uma
vez que proporcionam maior aquisicdo do nutriente, através de uma maior
exploracdo do solo. O gene Phosphorus-starvation tolerance 1 (PSTOL1) foi
identificado como o responséavel pelo l6cus Phosphorus Uptake 1 (Pupl), e
codifica uma proteina quinase responsavel pelo aumento do crescimento
precoce das raizes, absorcéo de P e, producdo de grédos em arroz. Homélogos
do OsPSTOL1 em sorgo (Sorghum bicolor, SbPSTOL1) e em milho (Zea mays,
ZmPSTOL1) foram identificados via mapeamento associativo e de lécus de
caracteristica quantitativa (QTLs) na modulacdo da morfologia do sistema
radicular e aumento de producéo sob condi¢cbes de baixo P. Este trabalho teve
como objetivo caracterizar funcionalmente os genes de arroz OsPSTOL1, sorgo
(Sb03g006765, Sb03g031690 e Sb07g002840) e milho (ZmMPSTOL1_8.05,
ZmPSTOL1 3.06 e ZmPSTOL1 8.02). Para tanto, os genes OsPSTOL1,
SbPSTOL1 e ZmPSTOL1 foram superexpressos na linhagem de milho B104. Os
eventos transgénicos foram analisados em solucéo nutritiva sob baixo P e em
solo sob baixo P e alto. Os eventos OsPSTOL1 e SbPSTOL1 tiveram um
incremento de raizes superfinas, o que levou a um aumento da area de superficie
radicular e de biomassa vegetal, tanto em camara de crescimento quanto em
casa de vegetacdo. Apenas 0 evento superexpressando o0 gene
ZmPSTOL1_3.06 apresentou diferenca significativa para altura da planta quando
comparado com a linhagem selvagem B104. Além disso, foi feita a

caracterizacao detalhada do gene de milho ZmPSTOL1_3.06, sendo analisada
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a expressao e a regulacdo desse gene. A expressdo de ZmPSTOL1_3.06
ocorreu preferencialmente na zona de diferenciacdo da raiz priméaria, mais
precisamente nos pelos radiculares, do genotipo eficiente na aquisicdo de P e
foi modulada pela disponibilidade e P. A presenca dos motivos de ligacdo
relacionados a aquisicdo de P (ZmPHR1) e formag&o de pelos radiculares
(ZmLRL5) na regido promotora de ZmPSTOL1_3.06, junto ao fato das plantas
transgénicas sob seu promotor apresentarem maior atividade de GUS sob baixo
P e nos pelos radiculares indicaram uma potencial relacdo entre esses fatores
de transcricdo e ZmPSTOL1 3.06. Além disso, plantas transgénicas
superexpressando ZmPSTOL1 3.06 alteraram o alongamento dos pelos
radiculares e a expressao de genes relacionados com a sua formacédo. Os
resultados sugerem até o momento, que os genes PSTOL1 tem um papel mais
geral no desenvolvimento do sistema radicular, o que resulta no aumento da

eficiéncia de P, que pode beneficiar a producdo de cereais.

Palavras-chaves: Eficiéncia de P; raiz; quinase; expressao génica.
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NEGRI, Barbara Franca (DS). Universidade Federal de Sdo Jodo del Rei, marco
de 2019. Titulo: Functional characterization of maize genes homologous to
Phosphorus Starvation Tolerance 1, responsible for increasing a root
surface, phosphorus acquisition and grain yield in rice. Orientadora: Dra.
Sylvia Morais de Sousa Tinoco. Co-orientadores: Dra. Claudia Teixeira

Guimaraes e Dr. Jurandir Vieira Magalhaes.

ABSTRACT

Low phosphorus (P) availability is a major constraint for cereal productivity in
tropical soils. Modifications in root morphology are the major adaptation
mechanism plant developed under P starvation, once provide greater nutrient
acquisition through larger soil exploration. The Phosphorus-starvation tolerance
1 (PSTOL1) gene was identified as responsible for the locus Phosphorus Uptake
1 (Pupl), and encodes a protein kinase responsible for increased early root
growth, P uptake, and grain yield in rice. Sorghum (Sorghum bicolor, SbOPSTOL1)
and maize (Zea mays, ZmPSTOL1) homologs to OsPSTOL1 were identified via
association and quantitative trait loci (QTLs) mapping of traits related to root
system morphology modulation and vyield increased under low P. This study
aimed to characterize rice OsPSTOL1, sorghum (Sb03g006765, Sb03g031690
and Sb07g002840) and maize (ZmPSTOL1 8.05, ZmPSTOL1 3.06 and
ZmPSTOL1_8.02) genes. For this, OsPSTOL1, SbPSTOL1 e ZmPSTOL1 genes
were overexpressed in maize line B104. The events were analyzed in nutrient
solution under low P and in soil under low and high P. OsPSTOL1 and
SbPSTOL1 events presented an increase of superfine roots, which led to an
increase in root surface area and plant biomass, both in the growing chamber
and in the greenhouse conditions. Only the event overexpressing the gene
ZmPSTOL1 3.06 presented significant difference for plant height when

compared to B104. In addition, we performed a detailed characterization of the
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ZmPSTOL1 3.06 gene, analyzing its expression and regulation.
ZmPSTOL1_ 3.06 expression occurred preferentially in the differentiation zone of
the primary root, more precisely in the root hairs of the P-efficient line and was
modulated by P availability. The presence of the binding motifs related to the P
acquisition (ZmPHR1) and the formation of root hairs (ZmLRL5) in
ZmPSTOL1 _3.06 promoter region, together with the fact that the transgenic
plants under its promoter showed higher GUS activity under low P and in root
hairs, indicated a potential relationship between these transcription factors and
ZmPSTOL1_3.06. Moreover, transgenic plants overexpressing
ZmPSTOL1_3.06 altered root hairs elongation the expression of genes related to
their formation. Our results suggested so far, that the PSTOL1 genes have a
more general role in the root system development, which results in an increased

P efficiency, which may benefit cereal production.

Keywords: P efficiency; root; kinase; gene expression.
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DELINEAMENTO DA TESE

Esta tese é constituida por dois capitulos e esta subdividida da seguinte maneira:

¢ Introducdo Geral, contendo o referencial tedrico sobre os principais temas
abordados na tese: a cultura do milho; a importancia do fosforo e os
mecanismos de eficiéncia ligados a sua aquisicéo; sistema radicular do milho
e a regulacdo da expressdo de genes relacionados a sua formacdo e a
tolerancia ao estresse de P; e os genes PSTOL1.

e Capitulo 1, que corresponde a um artigo cientifico que serd submetido a
revista Journal of Experimental Botany: “Overexpression of PSTOL1_like
genes increases root surface area and biomass accumulation for maize
cultivated under low P availability”.

e Capitulo 2, que corresponde a um artigo que serd submetido a revista Plant
Molecular Biology: “Phosphorus-Starvation Tolerance 1 (ZmPSTOL_3.06)
esta associado a formacéao do pelo radicular e eficiéncia de fosforo em milho”.

¢ Anexo, que contém o artigo cientifico de co-autoria publicado na revista BMC
Plant Biology intitulado “Multiple interval QTL mapping and searching for
PSTOL1 homologs associated with root morphology, biomass accumulation
and phosphorus content in maize seedlings under low-P”.
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1 INTRODUCAO

1.1 ACULTURA DO MILHO

O milho (Zea mays L.) € uma planta que pertence ao género Zea, familia
Poaceae e a ordem Cyperales. Dentre as espécies desse género, Zea mays L.
€ a espécie que possui maior interesse econémico e variabilidade quanto a
composicdo quimica e estrutural dos grédos (Shah et al., 2016). O milho,
juntamente com o arroz e o trigo, S80 0s cereais mais cultivados no mundo e sdo
parte da base alimentar humana. Estes cereais sdo consumidos de maneira
direta, in natura ou farinhas, como também de forma indireta, através da
alimentacéo de animais (FAO, 2015a; FAO, 2015b), constituindo cerca de 42,5%
do total das calorias consumidas mundialmente (FAO, 2016). Além disso, podem
ser utilizados na producdo de biocombustiveis, que € uma alternativa para
mitigar os impactos ambientais e atender novas demandas energéticas (Mohanty
& Swain, 2019).

Com o aumento populacional, ha uma crescente demanda por alimentos e
consequentemente uma maior necessidade de aumentar a produtividade do
milho. Estima-se que foram produzidos na safra de 2017/2018 1076,2 milhdes
de toneladas de milho, o que corresponde a 48% do total de cereais. Os trés
maiores produtores mundiais de milho séo os Estados Unidos, a China e o Brasil
com uma producao estimada da safra de 2017/2018 de aproximadamente 371,
259 e 82 milhdes de toneladas, respectivamente. O Brasil também participa do
mercado internacional, tendo exportado cerca 23,5 milhdes de toneladas da sua
producéo, o que corresponde a 29% do total (USDA, 2018).

De acordo os dados da Companhia Nacional de Abastecimento (CONAB),
a regiao Centro-Sul do Brasil foi a que mais produziu milho na safra de
2017/2018 com 71.817,1 milhdes de toneladas, enquanto a regido
Norte/Nordeste produziu 8.968,9 milhdes de toneladas (CONAB, 2019). O milho

€ cultivado principalmente na regido do Cerrado, que ocupa uma area de 204,7
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milhGes de hectares da porcao central do Brasil (Sano et al., 2008), cujo 46% do
solo é do tipo latossolo, que apresenta baixa fertilidade e alta acidez.

O melhoramento genético do milho seja por método convencional ou
transgenia, juntamente com praticas agricolas associadas, tais como: métodos
de cultivo, fertilizantes, maquinario e mecanizacdo, armazenamento de graos e
sementes, entre outros, garantem a produtividade e minimizam a exploracao de
novas areas de cultivo (Sariningpuri et al., 2017). Dentro desse contexto, 0s
transgénicos ganharam destaque nos Uultimos 20 anos, uma vez que a
produtividade e o rendimento das lavouras geneticamente modificadas foram,
em média, maiores do que em plantios convencionais, devido a redug¢do na
aplicacdo de defensivos por hectare e diminuicdo das perdas em virtude do
ataque de pragas (CIB, 2018). No ano de 2017, cerca de 189,8 mi/ha foram
usados para cultivo de transgénicos no mundo (ISAAA, 2018). O Brasil foi o
segundo pais que mais plantou transgénico, ficando atrds somente dos Estados
Unidos (ISAAA, 2018). Em 2017, dos cerca de 50,2 mi/ha plantados de
transgénicos no Brasil, 31% corresponde a producédo de milho (ISAAA, 2018),
que é a espécie que possui mais eventos regulamentados no mundo (232
aprovacoes em 30 paises) (ISAAA, 2018).

Recentemente, diversos genétipos de milho (B104, B73, Mo17, CML247,
PH207 e W22) que vem sendo utilizados como modelos para estudos genético-
moleculares relacionados a toleréncia a estresses bidticos, como resisténcia a
bactérias, fungos e viroses (Singh et al., 2016; Rossi et al., 2018; Ladejobi et al.,
2018), estresses abioticos, tais como hidrico, metais e fosforo (Azevedo et al.,
2015; Zhao et al., 2018a; Zhao et al., 2018b) tiveram seu genoma completamente
sequenciado (https://www.maizegdb.org/). O genétipo B104, é derivado da
mesma populacdo do B73 (genoma referéncia) e apesar de muito similares (93%
de similaridade, como definido por Romay et al. 2013), o B104 é facilmente
transformavel, enquanto o B73 ndo é. Essa caracteristica permite que ele seja
utilizado como uma ferramenta biotecnoldgica, tanto para estudos relacionados
a caracterizacdo funcional de genes quanto para introducdo de genes de
interesse agrondmico para o melhoramento genético (Anami et al., 2010; Raji et
al., 2018).
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1.2 FOSFORO — UM ELEMENTO ESSENCIAL

O fésforo (P) é um dos elementos essenciais para o crescimento das
plantas, onde a sua concentracao varia de 0,05 a 0,50% do peso seco (Bieleski,
1973; Schachtman et al., 1998). Este elemento tem uma participagdo em uma
variedade de processos, incluindo a geracdo de energia, sintese de acido
nucléico, fotossintese, glicolise, respiracao, sintese de membrana e estabilidade
de ativacdo e inativacdo de enzimas, reacdes redox, sinalizacdo, metabolismo
de carbono e de fixacdo de nitrogénio (Bieleski, 1973; Schachtman et al., 1998;
Raghothama, 1999).

Embora encontrado com abundancia em muitos solos, apenas uma
pequena fracdo esta na forma disponivel para as plantas (Araujo & Machado,
2006). A forma inorganica que as plantas absorvem, H2PO* e HPO4?, é
encontrada nos solos em uma concentracdo de 0,1 a 10 puM, sendo que 50% se
encontra na forma nao assimilavel pelas plantas, levando a uma condicdo sub-
Otima para a producdo de graos (Bieleski, 1973; Schachtman et al., 1998;
Hinsinger, 2001; Vance et al., 2003). Além disso, por causa da elevada
capacidade de fixagcdo com éxidos de ferro e aluminio em solos tropicais, o P
acaba se tornando um nutriente insoltvel e limitando a produtividade da cultura
nessas areas (Lopes & Cox, 1979; Raij, 1991; Rheinheimer et al., 2003), com
eficiéncia de uso em torno de <15% a 20% (Mitra, 2015).

A escassez do P pode ser exacerbada, uma vez que este elemento ndo é
renovavel, sendo que as reservas atuais de fosfato devem acabar entre 50 e 200
anos. Os precos dos alimentos tendem a dobrar ou triplicar, sem fontes
fosfatadas de baixo custo, caso a demanda continue a mesma ou aumente
(Cordell, 2014; Sattari et al., 2016). Portanto, os avancos biotecnoldgicos
associados a técnicas de melhoramento genético e manejo sustentavel se
tornam uma alternativa para garantir a producao de alimentos e a protecao de
recursos naturais.

As plantas adquirem o P do solo diretamente pelo sistema radicular ou
indiretamente pelos fungos micorrizicos arbusculares (FMA) (Bucher, 2007;

Jeong et al., 2015). Para que ocorra a absorcdo de P pelas plantas € necessario
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um mecanismo de absorcdo eficiente uma vez que as raizes absorvem e
concentram o P no xilema a partir de um baixo gradiente de concentracdo
presente na solucdo do solo (Raghothama, 2000; Hinsinger, 2001; Smith, 2002;
Kirkbly & Johnston, 2008). De forma geral, apos ser absorvido pelo processo de
difusdo, o P move-se do cortex ao cilindro central das raizes pelo simplasto e
depois de absorvido pelo simplasma radicular, o P pode tomar cinco possiveis
destinos: 1) Ingressa no compartimento metabdlico (citoplasma celular e suas
organelas), onde a maior assimilagcdo de P em compostos organicos ocorre via
formacéo de uma ligacéo anidrido no ATP; 2) uma pequena fracéo de P ingressa
nas vias biossintéticas de lipideos, DNA e RNA, tornando-se um componente
estrutural da célula; 3) uma quantidade de P é perdida pela célula via efluxo,
particularmente em condi¢cdes de alto suprimento de P; 4) ocorre o influxo e
armazenamento de P no vacuolo para regular a homeostase de P no interior da
célula; e 5) o P é transportado simplasticamente para as células do parénquima
do xilema e, posteriormente, liberado no apoplasto do xilema para o transporte

a longa distancia para os tecidos da parte aérea (Rausch & Bucher, 2002).

1.3 MECANISMOS DE EFICIENCIA DE AQUISICAO DE P

A capacidade de adaptacdo de uma planta a baixa disponibilidade de P no
solo pode ser estabelecida de duas formas, por mecanismos internos, de forma
que a planta otimize a utilizacdo de P, e por mecanismos que melhoram a
aqguisicao de P a partir do solo. A eficiéncia no uso de P em milho em condi¢cbes
de campo estd mais associada com a capacidade da planta em adquirir P do
solo (eficiéncia de aquisicdo) do que com a sua capacidade em utilizar mais
eficientemente o P no interior da planta (eficiéncia de utilizacdo interna)
(Parentoni & Souza Jr. 2008). A eficiéncia na aquisicdo de P é de duas a trés
vezes mais importante do que a eficiéncia de utilizacdo interna para genotipos
de milho tropical em condicfes contrastantes de P (Parentoni et al., 2011). Além
disso, 80% dos QTLs mapeados para eficiéncia de aquisicdo de P co-localizam
com QTLs de eficiéncia de uso de P, indicando que a eficiéncia na aquisi¢cao € o



21

principal determinante da eficiéncia do uso em milho tropical (Mendes et al.,
2014).

Os mecanismos adaptativos relacionados ao aumento da aquisicao de P
estdo associados com alteragcbes na morfologia e arquitetura do sistema
radicular, interagcdes com microrganismos e modificacdes quimicas na rizosfera
(Vance et al., 2003; Ramaekers et al., 2010; Lynch, 2011). O P € um elemento
imovel localizado principalmente na camada superior do solo, sendo que
genatipos eficientes apresentam maior nUmero de raizes adventicias, sistema
radicular mais superficial e com menor diametro, raizes laterais mais dispersas,
pelos radiculares mais longos e densos, maior exsudacao de acidos organicos e
fosfatases, maior micorrizacdo e maior biomassa radicular (Lynch, 2007;
Ramaekers et al., 2010; Lynch, 2011). Em gendtipos eficientes, as alteracfes da
morfologia do sistema radicular levam ao aumento da aquisicdo de P com um
custo metabolico minimo (Lynch & Brown 2001; Lynch & Ho 2005; Lynch, 2011).
Genotipos de milho com maior niumero de raizes coronais ou adventicias
exploraram melhor a parte superficial do solo e melhoram a aquisicdo de P sob
baixa disponibilidade deste nutriente, resultando em um melhor crescimento e
rendimento de plantas (Sun et al., 2018).

Em plantas jovens com poucas raizes adventicias, a ramificagéo das raizes
laterais pode aumentar a exploracdo de novos dominios do solo ainda nao
alcancados pelas raizes adventicias (Lynch, 2011). Linhagens de milho
provenientes do cruzamento das linhagens B73 (P-ineficiente) e Mol7 (P-
eficiente) apresentam uma maior densidade de raizes laterais (Trachsel et al.,
2011; Trachsel et al., 2013; Zhan & Lynch, 2015; Zhan et al., 2015), maior
aguisicdo de P, maior biomassa e consequentemente, um aumento no
rendimento de grdos (Jia et al., 2018).

Em uma estratégia adaptativa para melhorar a eficiéncia metabdlica do
forrageamento do solo sob estresse, as raizes favorecem o crescimento primario
(alongamento) em relacdo ao crescimento secundario (espessamento radial)
para alcancar uma maior exploracdo dos dominios do solo (Lynch, 2007; Lynch
e Brown, 2008; Lynch, 2011). Foi observada uma correlagdo negativa entre
didmetro médio e a area de superficie da raiz numa populagéo de linhagens

endogamicas recombinantes (RILs) provenientes de um cruzamento de
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genaotipos contrastantes para eficiéncia de aquisicdo de P (L3 — eficiente e L22
— ineficiente) crescidas em solucao nutritiva com baixo P (Azevedo et al., 2015).
Além disso, o didametro radicular exerce um efeito indireto sob o peso seco e 0
conteudo de P da planta via &rea de superficie radicular (Azevedo et al., 2015).

1.4 SISTEMA RADICULAR DO MILHO

O sistema radicular tem duas fun¢bes principais, a aquisicdo de agua e
nutrientes do solo, e de ancoragem. O estabelecimento adequado da arquitetura
bésica de todo o sistema radicular é de fundamental importancia para o
cumprimento destas fun¢des. No milho a estrutura radicular € compreendida por
raizes que sao classificadas como embrionarias e pos-embrionarias
(Hochholdinger et al., 2004; Atkinson et al., 2014). As raizes embrionarias sdo
compostas por uma Unica raiz primaria e raizes seminais embrionarias que
emergem do no escutelar do milho. Essas raizes sédo importantes para o vigor
das plantulas nos estagios iniciais do desenvolvimento (Sanguineti et al., 1998).
J& as raizes pos-embrionarias compdem o sistema radicular da planta adulta e
compreendem nas raizes de primeira ordem, denominadas coronais, adventicias
ou nodais, e pelas raizes chamadas de segunda ordem, que emergem de outras
raizes, como as raizes laterais e os pelos radiculares, que permitem o aumento

da exploracéo do solo e da superficie de absorcédo (Yu et al., 2016).

1.5 RAIZES EMBRIONARIAS DO MILHO

s s

A primeira raiz a emergir € a primaria que é derivada do tecido
meristematico formado embrionariamente. A raiz primaria € composta pelo
xilema e floema dentro de uma coluna vascular e pelo periciclo, que constituem
a estela, que é rodeada por camadas concéntricas de tecido da epiderme, do

cortex e da endoderme (Smith & De Smet, 2012). A iniciagéo da raiz primaria
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ocorre durante a embriogénese através da especificacdo de uma unica célula
superior do suspensor, denominada hipofise. Essa célula gera o centro
quiescente, através de divisdo celular assimétrica, formando o meristema da raiz
priméria (De Smet et al., 2010). Esse meristema primario da origem a todas as
células e tecidos que compdem a raiz. A divisdo celular, combinada com
alongamento e diferenciacdo, é responsavel pelo crescimento continuo e
desenvolvimento da raiz (Jiang & Feldman, 2005).

Ao contrario da raiz primaria, as raizes seminais sdo de numero variavel e
surgem da coleorriza e sao visiveis apenas por um curto periodo de tempo apos
a germinacao, sendo logo substituidas pelas raizes coronais (Imin et al., 2007).
As raizes seminais de monocotiledéneas, como o milho e o arroz, séo formadas
embrionariamente e os primordios emergem do n6 escutelar em estagios tardios
da embriogénese (Sass, 1977; Erdelska & Vidovencova, 1993; Feldman, 1994;

Hochhildinger et al., 2004).

1.6 RAIZES POS-EMBRIONARIAS DO MILHO

As raizes coronais, também chamadas de raizes nodais e seminais pés-
embrionarias surgem durante toda a vida da planta nos nés coleoptilares,
podendo ser consideradas raizes de primeira ordem pelo fato de ndo emergirem
de outra raiz (Hochholdinger & Tuberosa, 2009). Esse tipo de raiz é exclusivo
das espécies de monocotileddneas e proporcionam apoio mecanico necessario
para a sustentacdo da planta adulta (Hochholdinger, 2009). Além disso,
juntamente com as raizes laterais, sdo de grande importancia para o
fornecimento de agua e nutrientes, compondo a maior parte do sistema radicular
fibroso dos cereais nas plantas adultas (Hochholdinger et al., 2004).

Os primoérdios das raizes laterais sdo originarios de um subconjunto de
células na periferia da parte vascular interna da raiz. Em milho, arroz, cevada e
trigo, as células quiescentes originam-se do periciclo e células da endoderme
opostas ao floema. Ao contrario das dicotiledéneas, como Arabidopsis, em que

as raizes laterais sao exclusivamente provenientes do periciclo e de células
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opostas ao protoxilema (Casero et al., 1995; Demchenko & Demchenko, 2001).
As raizes laterais contribuem significativamente para plasticidade do sistema
radicular do milho e absor¢céo de agua e nutrientes (Yu et al., 2016).

O aumento na proliferacdo de pelos radiculares permite um grande
aumento do volume de solo a ser explorado. Nas plantas cultivadas, os pelos
radiculares contribuem com até 77% da area total de raiz, maximizando o volume
de solo a ser explorado, com um minimo de biomassa possivel (Parker et al.,
2000). Eles sao um instrumento para aquisicao de nutrientes, agua, ancoragem
e interacdo com microrganismos (Gilroy & Jones, 2000). Os pelos radiculares
sdo unicelulares e uma das poucas células nas plantas superiores que usam o
crescimento no apice para expandir (Kropf et al., 1998). No milho (Zea mays),
trés mutantes, roothairlessl, 2, e 3 (rth1, rth2, rth3), foram identificados por afetar
o alongamento dos pelos radiculares, porém exibem iniciacdo normal da sua
formacao (Wen e Schnable, 1994). Mutantes com defeitos na formacgao de pelos
radiculares tém menor capacidade de adquirir P e crescem menos do que 0s

selvagens (Hochholdinger & Tuberosa, 2009).

1.7 ZONAS DE CRESCIMENTO E DESENVOLVIMENTO DAS RAIZES

Todas as raizes do milho, apresentam uma estrutura longitudinal
caracterizada por uma coifa na extremidade terminal, uma zona meristematica
subterminal (juntas denominadas de zona de divisao celular), seguida por zonas
nas quais células recém-formadas se alongam (zona de alongamento celular) e
se diferenciam (zona de diferenciacao celular) (Ishikawa & Evans, 1995). A zona
de diferenciacao, na qual tipos celulares funcionalmente distintos sdo formados,
pode ser identificada pela presenca de pelos radiculares epidérmicos. Assim, as
raizes representam um gradiente de diferenciacdo celular ao longo do eixo
longitudinal, células jovens e indiferenciadas estédo localizadas na extremidade
distal perto da ponta da raiz, enquanto células diferenciadas estéo localizadas
em direcdo a extremidade proximal da raiz (Ishikawa & Evans, 1995).
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1.8 REGULACAO DA EXPRESSAO DE GENES ENVOLVIDOS NA
MORFOLOGIA DO SISTEMA RADICULAR E NA TOLERANCIA AO ESTRESSE
DE P

As respostas genéticas aos estresses abidticos sao complexas e
multigénicas e as proteinas que compreendem a classe de fatores de transcricao
(FT) desempenham um papel importante na regulacéo da transcricdo de genes
relacionados com a formacdo e desenvolvimento do sistema radicular e que
compdem 0s mecanismos de resposta ao estresse de P. A regido promotora ou
regulatoria dos genes, além de conter as sequéncias de sitio de ligacdo da RNA
polimerase (TATA box e GC box), podem conter sitios de ligacdo para esses FT,
ativando ou inibindo a sintese do RNA mensageiro do gene alvo.

Um dos exemplos de FT que estéo relacionados com o desenvolvimento
do sistema radicular sdo as proteinas RTCS e RTCL. As plantas mutantes com
perda de funcdo do RTCS ndo possuem raizes seminais embriondrias e raizes
da coroa, enquanto o mutante com perda de funcdo do RTCL possui um
desenvolvimento radicular reduzido, indicando que o RTCS atua na iniciacao e
o RTCL atua no alongamento radicular (Taramino et al., 2007; Xu et al., 2015).
Além disso, estudos demostram que RTCS pode atuar reprimindo a expressao
de RTCL (Xu et al.,, 2015). Tanto o gene RTCS quanto RTCL tem a sua
expressao controlada por um FT, ARF 34, que é responsivo a auxina (Xu et al.,
2015). ARF34 se liga a elementos cis presente na regido promotora desses
genes, ativando a transcricdo de RTCS e RTCL. Por outro lado, a proteina RTCS
atua na ativacao da transcricdo do gene ARF34 (Majer et al., 2012).

O gene RUML1 esta relacionado com a formacao de raizes laterais e
codifica uma proteina da familia AUX/IAA que participa das vias de sinalizagcéo
de auxina (Woll et al., 2005; Von Behrens et al., 2011). Em situagbes em que
ocorre baixas concentracdes de auxina, o FT codificado por RUM1 se liga aos
fatores responsivos a auxina ARF25 e ARF34, inibindo a transcricdo desses
genes e impedindo que as proteinas codificadas por esses genes, que também

sao FT, interajam com elementos responsivos a auxina. O cendrio oposto ocorre
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guando existem altos niveis de auxina, onde ha uma estabilidade na interacéo
entre AUX/IAA e o complexo de degradacdo SCF/TIR1 E3 ubiquitina-ligase,
ocorrendo a degradacdo da proteina AUX/IAA pelo proteossomo 26S. A
degradacédo do FT AUX/IAA possibilita a interacédo entre as ARFs e 0s elementos
responsivos a auxinas, possibilitando a sua transcricdo (Mockaitis & Estelle,
2008; Von Behrens et al., 2011; Zhang et al., 2014b).

O gene ZMLRL5 é preferencialmente expresso nos pelos radiculares e
codifica uma proteina do tipo FT pertencente a familia bHLH (basic helix-loop-
helix) (Wang et al., 2018). Esse FT controla a expressao de genes especificos
de pelos radiculares e uma mutacdo no seu primeiro éxon causa a reducdo do
comprimento dos pelos. Além disso, as analises realizadas na regido promotora
desses genes preferencialmente expressos nos pelos, incluindo ZmLRL5,
revelam a presenca de um motivo de ligacdo de DNA degenerado de 6 pb de
comprimento de sequéncia ‘GWACGW’ (onde W = C/T) em 765 genes. O motivo
CACGTG é estritamente conservado e é descrito nos promotores de dois genes
especificos de pelo radicular de Arabidopsis, AtEXPA7 e AtEXPA18 (Kim et al.,
2006; Won et al., 2009).

Uma variedade de fatores de transcricdo, que se ligam aos elementos cis
regulatérios envolvidos na rede de sinalizacdo de P foram identificados. Esses
elementos sdo conhecidos por modular a expressao de genes envolvidos no
desenvolvimento radicular, na absorcdo, assimilacdo, remobilizacdo e no
armazenamento de P (Chiou & Lin, 2011; Zhang et al., 2014a). Um desses
exemplos é o fator de transcricdo PHR1 que possui um papel central na rede de
sinalizacdo de P (Rubio et al.,, 2001; Chiou & Lin, 2011). PHR1 se liga ao
elemento cis regulatério PBS1 que esta presente em varios promotores de genes
envolvidos com a sinalizacdo de P (Rubio et al., 2001). Os homdlogos de PHR1
em Arabidopsis e arroz regulam o desenvolvimento da raiz e a expresséo de sete
genes induzidos pela privacao de P (Rubio et al., 2001; Nilsson et al., 2007; Zhou
et al., 2008; Bustos et al., 2010). O seu homologo em trigo (TaPHR1) estimula a
ramificacdo lateral, aumenta a absorcdo de P e producdo de graos, e regula
positivamente um subconjunto de genes de resposta a privacao de P no trigo
(Wang et al., 2013).
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1.9 GENES PHOSPHORUS-STARVATION TOLERANCE 1 (PSTOL1)

1.9.1 OsPSTOL1

A identificacdo de vias e de genes em diferentes espécies de plantas pode
ajudar na compreensdo do funcionamento da aquisicdo e sinalizacdo de P e
permite o desenvolvimento de culturas mais eficientes (Zhang et al., 2014a; Malhi
et al.,, 2015). Um dos genes relacionados a adaptacdo da planta a baixa
disponibilidade de P € o Phosphorus Starvation Tolerance 1 (PSTOL1),
descoberto em uma variedade de arroz aus-type (Kasalath) originaria de uma
regi&o da india onde o solo é pobre nutricionalmente (Londo et al., 2006; Haefele
& Hijmans, 2007). Variedades dessa regido tem sido utilizadas como fonte de
genes ligados a tolerancia a alagamento, seca, calor e baixa condicéo de P (Xu
et al., 2006; Manzanilla et al., 2011; Gowda et al., 2012; Gamuyao et al., 2012).

O loco de caracteristica quantitativa (Quantitative Trait Loci, QTL)
Phosphorus uptake 1 (Pupl) localizado no cromossomo 12 explica 80% da
variagdo fenotipica para tolerancia a deficiéncia de P em arroz e esta associado
ao aumento da taxa de crescimento radicular (Ni et al., 1998; Wissuwa et al.,
1998; Wissuwa & Ae, 2001; Wissuwa et al., 2002). Existe uma insercao/delecao
de cerca de 90 kb na regido do Pupl, quando comparado o genoma de
referéncia Nipponbare com a variedade Kasalath, doadora do loco Pupl
(Gamuyao et al., 2012). Essa regido é rica em retransposons e outros elementos
transponiveis e 0s 68 genes preditos em Kasalath sdo novos ou desconhecidos.
Dentre esses genes, 0 OsPupk46 codifica uma quinase serina/treonina do tipo
receptora citoplasmatica da subfamilia LRK10L-2 e apresenta maior expressao
sob baixo P. Esse gene foi clonado e denominado Phosphorus Starvation
Tolerance 1 (PSTOL1) (BAK26566). Quando o OsPSTOLL1 foi superexpresso
nas variedades IR64 e Nipponbare, representando duas variedades distintas de

arroz irrigado moderno (indica e japonica, respectivamente), que naturalmente



28

nao possuem o0 gene, houve aumento da area de superficie radicular e da
aquisicdo de P, o que levou a um aumento de rendimento de grados de
aproximadamente 30% em condicéo de baixa disponibilidade de P (Gamuyao et
al., 2012). O desempenho superior do OsPSTOL1 também foi confirmado em
linhagens semi-isogénicas (NILs), criadas a partir do background genético da
variedade IR64, que apresentaram um aumento significativo do crescimento
radicular (Gamuyao et al., 2012).

Além disso, a analise da expressdo do gene reporter RR-glucuronidase
(GUS) sob o controle do promotor do OsPSTOL1 mostra a presenca de GUS na
regido meristeméatica, onde sédo formadas as raizes da coroa, mais precisamente
nos primordios das raizes coronais e nas células do parénquima. Nenhuma
coloracdo do GUS ¢ identificada em tecidos maduros, sugerindo que PSTOLL1 é
um regulador do crescimento e desenvolvimento precoce das raizes da coroa
(Gamuyao et al., 2012).

1.9.2 TaPSTOL

Em trigo, a proteina TaPSTOL possui 74,2% de identidade e 92,7% de
similaridade da sua sequéncia de aminoacidos com a sequéncia do OsPSTOL1,
apresentando também o dominio quinase serina/treonina (Milner et al., 2018). A
expressdo de TaPSTOL é presente tanto na raiz quanto na parte aérea sendo
suprimida sob altas concentracdes de P. Os ensaios histoquimicos demonstram
a presenca de GUS controlado pelo promotor de TaPSTOL em varios tipos da
raiz, porém mais fortemente nas pontas das raizes primarias e laterais, nos
coleoptiles e nos pelos radiculares, e com maior intensidade em condicao
limitante de P. Além disso, TaPSTOL esta relacionado com uma série de
caracteristicas agrondmicas importantes, como tempo de florescimento e

tamanho de graos (Milner et al., 2018).
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1.9.3 SbPSTOL1

Utilizando uma abordagem de genOmica comparativa com mapeamento
associativo e de QTL, foram identificados no genoma do sorgo seis homélogos
(Sb03g006765, Sb03g031670, Sb03g031680, Sh03g031690, Sh03g0311700,
Sb07g002840) ao gene OsPSTOL1 (Hufnagel et al., 2014). A identidade da
sequéncia dos aminoacidos das proteinas SbPSTOL1 com OsPSTOLL1 é de 55%
a 73% e a predicdo dos dominios demonstra que todas as proteinas
compartilham o dominio serinal/treonina quinase. O homodlogo de sorgo com
maior similaridade € o Sb07g002840, que esta localizado no cromossomo 7,
enguanto 0s outros cinco estdo localizados no cromossomo 3 (Hufnagel et al.,
2014). Uma peculiaridade das proteinas PSTOL1 de sorgo é a presenca de um
peptideo sinal que sugere uma via secretéria, um dominio transmembrana e de
interacdo com parede celular. O dominio de associacao com parede celular do
tipo WAK na regido C-terminal ndo sdo encontrados no OsPSTOL1 e nem no
Sb07g002840, mas estéo presentes nas demais proteinas PSTOL1 de sorgo. Ja
o dominio do tipo GUB_WAK ¢é encontrado especificamente no Sh03g006765 e
Sb03g031700 (Hufnagel et al., 2014).

Ha uma associacao significativa entre os genes SbPSTOLL1 e producao de
graos em campo no Brasil e morfologia e arquitetura radicular em solucao
nutritiva sob baixa disponibilidade de P (Hufnagel et al., 2014). Além disso, 0s
genes sdo associados ao acumulo de biomassa, contetdo de P e produtividade
de grdos em uma populacéo originada da Africa, sugerindo uma estabilidade
desses genes em diferentes ambientes e gendtipos de sorgo. Quatro dos
homologos identificados em sorgo sao, provavelmente, produtos de eventos de
duplicacdo in tandem, o que pode ser um mecanismo adicional de amplificacéo
dos efeitos do SbPSTOL1 em baixo P. Hufnagel et al. (2014) sugerem que 0s
homélogos SbPSTOL1 possuem a capacidade de aumentar a absor¢do de P em
condicdo de baixa disponibilidade deste nutriente por um mecanismo
relacionado ndo somente pelo crescimento precoce da raiz, como é o caso de

OsPSTOL1, mas também por meio da modulag&o da arquitetura radicular.
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Além disso, os genes SbPSTOLL1 co-localizam com QTLs relacionados a
caracteristicas de morfologia radicular, aquisi¢cdo de P e produtividade de gréos
de sorgo em solo tropical com baixo P (Hufnagel et al., 2014; Bernardino et al.,
2019). O gene Sb03g006765 co-localiza com QTL relacionado com area de
superficie de raizes finas (diametro entre 1 e 2 mm), assim como 0S genes
Sb03g031670, Sh03g031680, Sb03g031690 e Sb03g031700, que também co-
localizam com um QTL de produtividade de grédos. O gene Sb07g002840 co-
localiza com QTLs relacionados a produtividade de graos e diametro médio da
raiz. A correlacédo significativa entre as caracteristicas de eficiéncia na aquisicao
de P e producdo de grédos de sorgo sob baixo P, indicam que a morfologia
radicular deve ser um dos principais alvos para o melhoramento de cultivares de

sorgo quanto ao aumento da eficiéncia de uso de P (Bernardino et al., 2019).

1.9.4ZmPSTOL1

Por meio do mapeamento de QTL com uma populacdo de RILs
(Recombinant Inbred Lines) de milho, provenientes do cruzamento de duas
linhagens caracterizadas em campo, como eficiente para uso de P (L3) e
ineficiente (L22) (Parentoni et al., 2010) e contrastantes para morfologia radicular
(de Sousa et al., 2012), foi possivel identificar QTLs de interesse agronémico e
mostrar que a superficie radicular total € o componente que mais contribui para
0 peso seco e conteudo de P de plantulas de milho crescidas sob baixo P
(Azevedo et al., 2015). Neste estudo, foi usado um modelo de mapeamento para
uma Unica caracteristica (MIM), que permitiu a identificacdo de sete QTLs que
controlam comprimento radicular, diametro médio, area de superficie radicular,
razdo de peso seco raiz:parte aérea. A proporcado da variancia fenotipica
explicada por cada QTL (R?) é de 6,84% a 15,12%. Quando utilizado um modelo
de caracteristicas multiplas (MT-MIM) sdo encontrados dez QTLs com R? de
2,04% a 15,17% (Azevedo et al.,, 2015). Além disso alguns desses QTLs
coincidem com QTLs de morfologia radicular e producéo de graos previamente

mapeados, enquanto outros flanqueiam os genes ZmPSTOL1, com mais de 55%
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de identidade e o dominio serina/treonina quinase conservado com OsPSTOL1.
Dos seis genes candidatos, dois estdo localizados no cromossomo 3
(ZmPSTOL3.04 e ZmPSTOL3.06), um no cromossomo 4 (ZmPSTOL4.05) e trés
no cromossomo 8 (ZMPSTOL8.02, ZmPSTOL8.05_1 e ZmPSTOLS8.05_2).
Desses, ZmPSTOL3.06, ZmPSTOL4.05, ZmPSTOL8.05_1 e ZmPSTOL8.05_2
co-localizam com QTLs para razdo de peso seco raiz:parte aérea, diametro
médio e comprimento radicular total, respectivamente. Desses seis genes,
ZmPSTOL3.06, ZmPSTOL8.02 e ZmPSTOL8.05_1 apresentam maior
expressao na raiz do que na parte aérea e ZmPSTOL3.06 maior expressao sob
baixo P. A expressdo dos genes ZmPSTOL1 € maior no parental que contribui
com os alelos do fenétipo correspondente (Azevedo et al., 2015).

Considerando as informacfBes apresentadas, torna-se de grande
importancia estudos mais aprofundados dos genes PSTOL1, devido ao seu
potencial em aumentar a superficie radicular, a eficiéncia na aquisicdo de P e

consequentemente a producédo de cereais.
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2 OBJETIVOS

2.1 OBJETIVO GERAL

Caracterizar funcionalmente os genes PSTOL1 na modulagéo do sistema

radicular de milho.

2.2 OBJETIVOS ESPECIFICOS

2.2.1 Capitulol
Avaliar as modificacbes morfolégicas do sistema radicular, e a

performance de plantas de milho transgénico com superexpressdo dos genes
OsPSTOL1, SbPSTOL1 e ZmPSTOL1 cultivados em condi¢cdes de deficiéncia
de P.

2.2.2 Capitulo 2
Caracterizar o perfil de expressdo e a regulacédo transcricional do gene

ZmPSTOL1_3.06 no sistema radicular do milho
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ABSTRACT

Low phosphorus (P) availability in the soil is one of the major constraints for crop
development and grain yield, mainly in tropical regions. In tropical soils, the
bioavailability of P is low due to its fixation in the soil clay fraction with iron (Fe)
and aluminum (Al) oxides. In order to adapt to this limitation, plants have
developed different mechanisms to maximize P acquisition efficiency. These
changes include alterations in root morphology and architecture in order to
increase the area of the soil explored by the roots. In rice (Oryza sativa), the
protein kinase PHOSPHORUS-STARVATION TOLERANCE1l (OsPSTOL1)
enhances total root length and total root surface area, increasing P acquisition
and grain yield under P deficiency. OSPSTOL1 homologs in sorghum (Sorghum
bicolor, SbPSTOL1) and maize (Zea mays, ZmPSTOL1) were characterized via
QTL and association mapping, and were found to affect root morphology and

architecture under P deficiency. In addition, SbPSTOL1 genes were associated
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with increased P acquisition and grain yield under low P availability in the soil.
We overexpressed OsPSTOL1, SbPSTOL1 (Sbh07g002840, Sh03g031690 and
Sb03g006765) and ZmPSTOL1 (ZmPSTOL1_8.05, ZmPSTOL1 3.06 and
ZmPSTOL1_8.02) in maize B104 in order to functionally characterize the role of
these genes. Our data showed a strong negative correlation between root
diameter and root length, and moreover, a strong positive correlation between
root length with shoot dry weight. These results suggest that OsPSTOL1 and
SbPSTOL1 genes in maize modulate the root system by increasing proliferation
of very fine roots enhancing P uptake and biomass accumulation under low and
high P conditions. No significant differences were detected between the
ZmPSTOL1 events and the non-transgenic line, possibly because B104 high
endogenous expression of the ZmPSTOL1 genes. All evidence so far, indicate
that PSTOL1 genes have a more general role in the root system, which resulted

in the enhanced P acquisition, which could benefit cereal production worldwide.

Keywords: Phosphorus acquisition, protein Kinase, root system morphology,
PSTOL1-Like genes

INTRODUCTION

One of the greatest challenges in modern agriculture is to increase food
production without expanding agriculture into new areas to preserve the
environment and biodiversity. Thus, although food production needs to be
increased at a global scale to cope with a continuously growing population
(Godfray et al., 2010; Rojas et al., 2016), efficient production systems are equally
essential for sustainability. Most of the crop production areas in the world are
located on tropical and subtropical regions, where the soils are often acidic (von
Uexkull and Mutert, 1995; Lynch, 2011).

The clay fraction of the tropical soils is enriched in Al and Fe oxides, which
bind stably to soil P, restricting bioavailability (Marschner, 1996; Heuer et al.,
2009). In addition, P shows low mobility in the soil and is more available in the

soil superficial layer [0-20 cm (Raghothama, 1999; Rausch and Bucher, 2002;
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Vance et al., 2003)]. Soil amendment with P fertilizers is the most common
strategy to increase yield on soils with low-P availability. However, phosphate
fertilizers are extracted from rock phosphate reserves, a natural non-renewable
resource that can be depleted over the next 50 years; in addition, intensive use
of P-fertilizers increases production costs (Cordell et al., 2009; Sattari et al.,
2012). Therefore, the development of cultivars that use P more efficiently
becomes an important strategy to improve food security worldwide.

Phosphorus is an essential macronutrient for plant growth and
development (Abel et al., 2002; Vance et al., 2003; Niu et al., 2013). Plants
acquire P from the soil solution in the orthophosphate forms, H2PO4 and HPO4?
. Throughout evolution, plants have developed mechanisms to overcome low-P
availability in the soil, which act to optimize P internal utilization or to enhance P
acquisition from the soil (Vance et al., 2003). The mechanisms of internal
translocation and acquisition of P are orchestrated by modulation of phosphate
transporters, exudation of organic acids, secretion of phosphatases, association
with mycorrhizae, chemical modifications of the rhizosphere, root morphology
and architecture remodeling (Reviewed by Lopez-Arredondo et al., 2014).
Previous studies indicated that P use efficiency in maize and sorghum cultivated
on a tropical low-P soils is largely determined by mechanisms that act to enhance
P acquisition rather than internal efficiency mechanisms (Parentoni and Souza,
2008; Mendes et al., 2014; Bernardino et al., 2019).

Changes in root morphology and architecture, such as adventitious root
proliferation and changes in crown root angle, lead to a broader dispersion of
lateral branching that may enhance P uptake (Lynch, 2011; Lambers et al., 2011,
2013). Increase of shallow roots increase topsoil foraging where most of P is
available. In maize, increased adventitious root length has been considered as
an adaptive response that enable plants to explore more efficiently soil patches
enriched in P (Richardson et al., 2011). The density, length and longevity of root
hairs are also relevant for P efficiency. In common bean (Phaseolus vulgaris),
genotypes with both long root hairs and shallow roots had 298% greater biomass
accumulation than short-haired, deep-rooted phenotypes under low P-conditions
when grown in a low-P soil (Miguel et al., 2015).

Identification of genes that control root morphology and architecture



47

provide important leads to enhance crop yield under low-P availability (Gamuyao
et al., 2012; Ma et al., 2013; Li et al., 2016; Lee et al., 2016; Wang et al., 2017;
Chen et al., 2018; Zhang et al., 2018). In rice, PHOSPHORUS-STARVATION
TOLERANCE 1 (OsPSTOL1) enhances root surface area, P acquisition and
grain yield in rice cultivated under low-P conditions. OsPSTOL1 is a
serine/threonine receptor-like kinase of the LRK10L-2 subfamily, involved in the
development control of early root growth (Gamuyao et al., 2012). Proteins that
share more than 55% identity with OsPSTOL1 were identified in sorghum
(SbPSTOL1) and maize (ZmPSTOL1) (Hufnagel et al., 2014; Azevedo et al.,
2015). QTL mapping indicated that SbPSTOL1 genes co-localize with QTLs
related to root morphology and increased performance in soils with low P
availability (Hufnagel et al., 2014; Bernardino et al., 2019). In addition, single-
nucleotide polymorphisms (SNPs) within SbPSTOL1 genes were associated with
grain yield, root morphology, and root system architecture under low P conditions
(Hufnagel et al., 2014). In maize, ZmPSTOL1 genes also co-localized with QTLs
related to root morphology and P acquisition efficiency (Azevedo et al., 2015).
OsPSTOLL1 as well as maize and sorghum PSTOL1-like proteins share a
conserved serine/threonine kinase C-terminal domain. The sorghum SbPSTOL1
proteins differed from the rice and maize PSTOL1 proteins by the presence of an
extracellular N-terminal portion, composed of a cysteine-rich wall-associated
receptor kinase galacturonan-binding (Gub), and an also cysteine-rich wall-
associated receptor kinase C-terminal (Wak) domain (Hufnagel et al., 2014).
Here, we overexpressed the genes OsPSTOL1, Sb07g002840, Sb03g006765,
Sb03g031690, ZmPSTOL1_8.05, ZmPSTOL1_3.06, ZmPSTOL1_8.03 driven by
the ubiquitin promoter in maize to characterize their function in root morphology
and biomass accumulation in a low-P soil. Our data demonstrated that the
overexpression of OsPSTOL1 and SbPSTOL1, but not of the ZmPSTOL1
homologs, enhanced total root length and shoot biomass for maize cultivated in
low and high-P soils. These results suggest OsPSTOL1 and SbPSTOL1 may
have a more global effect than simply increasing P uptake, leading to enhanced

uptake of other mineral nutrients and possibly water.
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MATERIALS AND METHODS

Maize transformation via Agrobacterium tumefaciens with rice, maize and
sorghum PSTOL1

The coding sequence of Sb07g002840, Sb03g006765, Sb03g031690
were obtained from the sorghum BROO7 line (Hufnagel et al., 2014).
ZmPSTOL1 8.05 and ZmPSTOL1 8.03 sequences were obtained from the
maize line L22, whereas ZmPSTOL1_3.06 sequence was obtained from L3
(Azevedo et al., 2015). These coding sequences in addition to OsPSTOL1
(BAK26566) were synthesized by Genscript (Piscataway, NJ). The PSTOL1
genes were introduced into the pMCG1005 binary vector (McGinnis et al., 2005),
where gene expression is driven by the maize ubiquitin promoter (Ubi), and
contained the octopine synthase gene terminator from Agrobacterium
tumefaciens (OCs3’). This plasmid contains the phosphinothricin
acetyltransferase gene (Bar) as the plant selection marker, whose expression is
driven by the CaMV35S promoter, and contained the Nopaline synthase gene
terminator from A. tumefaciens [NOS (Fig. 2A)].

Maize transformation of the inbred line B104 was mediated by A.
tumefaciens and carried out at lowa State University Plant Transformation Center
(lowa State University, Ames, IA), according to Frame et al. (2011). The events
were named according to the gene used in the transformation (OsPSTO1,
Sb07g002840, Sb03g031690, Sb03g006765, ZmPSTOL1_8.05,
ZmPSTOL1 3.06 and ZmPSTOL1_8.02) followed by the underline character ()
and the event number (1 to 21).

The maize transgenic progeny T1 was obtained backcrossing the
regenerated events TO with wild -type B104. First, the 204 independent
transgenic events for all constructs were grown in a paper pouch system for 14
days in hydroponics with low P (2.5 uM) and sprayed with 0.5% Finale® herbicide
[glufosinate ammonium (Bayer CropScience)], to eliminate the non-transgenic
plants. A bulk of nine plants was used to evaluate PSTOL1 expression by
quantitative real-time PCR (qRT-PCR), and together with total root length trait

was used to select the events for the next generations.
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Forty-six independent transgenic events were grown in greenhouse and
self-pollinated to obtain T2 progeny. Sixteen seeds from each T2 event, were
soaked with 0.2% Finale and incubated at 20 °C for 6 hours, before being planted
in soil. DNA from each individual plant was extracted and a semi-quantitative
PCR was performed to screen for homozygous plants. T2 events with one copy
were self-pollinated to multiply homozygous plants (T3 and T4), that were used
for phenotypic characterization under hydroponics and greenhouse conditions.
Mendelian segregation based on herbicide resistance was tested for maize

transgenic generations T1 and T4 using the chi-square test (x?).

Phenotypic assessment of root morphology in hydroponics

Root morphology traits were assessed in nutrient solution as described by
de Sousa et al. (2012), using a randomized block design with three replicates.
Maize seeds were surface-sterilized using 0.5% (w/v) sodium hypochlorite,
washed with distilled water and placed in moistened paper rolls. After 4 days,
uniform seedlings were transferred to moistened blotting papers and placed into
paper pouches (24 x 33 x 0.02 cm) after removing the endosperm (de Sousa et
al., 2012).

Each experimental unit consisted of one pouch with three seedlings per
pouch, whose bottom 3 cm was immersed in containers filled with 5 L of modified
Magnavaca’s nutrient solution (Magnavaca et al., 1987) at pH 5.65 and 2.5 uM
P, which was changed every three days. The containers were kept in a growth
chamber at 27/20° C day/night temperatures and a 12-h photoperiod under
continuous aeration.

After 13 days, root images were acquired using a digital camera Nikon
D300S SLR. Images were analyzed wusing the RootReader2D
(http://www.plantmineralnutrition.net/software/rootreader2d/) and WinRhizo
(http://www.regent.qc.ca/) softwares. We assessed total root length (cm),
average root diameter (mm), total root surface area (cm?), surface area of very
fine roots with diameter between 0 and 1 mm (cm?), surface area of fine roots
with diameter between 1 and 2 mm (cm?), shoot dry weight (mg) and shoot P

content (g).


http://www.plantmineralnutrition.net/software/rootreader2d/
http://www.regent.qc.ca/
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Root tissues were frozen in liquid nitrogen and stored at -80° C until RNA
extraction and shoot tissues were dried at 65°C in a forced-air oven until constant
weight to obtain shoot dry weight. For P concentration analysis, shoot tissues
were subjected to a nitric perchloric acid digestion followed by P quantification
with an inductively-coupled argon plasma (ICP) emission spectrometry (Silva,
2009). Phosphorus content was calculated by multiplying dry weight and P

concentration.

Expression analysis of PSTOL1 genes under low-P

Total RNA was isolated from a bulk of nine roots grown in nutrient solution
with low P, using the SV Total RNA Isolation System kit (Promega, Madison, W1),
according to the manufacturer’s instructions. Total RNA (1 ug) was used for cDNA
synthesis using the High Capacity cDNA Reverse Transcription kit (Applied
Biosystems, Foster City, CA). Transcript expression levels were assessed by
guantitative real-time PCR (qPCR-RT) using SYBR Green | (for OsPSTOL1 and
SbPSTOL1 genes) and TagMan (for ZmPSTOL1 genes) assays in ABI Prism
7500 Fast System (Applied Biosystems, Foster City, CA), using 18 s rRNA as an
endogenous constitutive control and gene-specific primers (Table S1).
Calculation of relative gene expression with three technical replicates was
performed using the 2"22¢t method (Schmittgen and Livak, 2008).

Phenotypic assessment of maize biomass accumulation and plant height
under low and high P concentrations in the soil

The experiment was conducted in a greenhouse using a randomized
complete block design with four replicates. Each experimental unit consisted of a
pot with three plants. The soil was a red-latosol with very clayey texture, pH 6.0
and low P (2.8 mg/dm3), supplemented with 2 g/kg of the dolomite lime and 0.5
a/kg of
gypsum. For the high P treatment, 0.225 g of super triple phosphate per kg of soil
was added.

Seeds of transgenics events were surface-sterilized using sodium
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hypochlorite 0.5% for 5 min, washed with distilled water and placed in moistened
paper rolls. After seven days, three uniform seedlings of each transgenic event
were transferred to pots containing 30 kg of soil. One gram of urea was added to
each pot, 15 and 30 days after transplanting. Irrigation was performed daily based
on the field capacity.

After 45 days of transplanting, plant height was determined by measuring
the distance from the base of the stem to the last fully expanded leaf. Then, the
shoots were harvested and dried at 65°C in a forced-air oven until constant
weight. Shoot was ground in a Wiley mill prior determining P content. Chemical
analyses were conducted in the Plant Chemical Analysis Laboratory at Embrapa
Maize and Sorghum using inductively-coupled argon plasma (ICP-OES)

(Nogueira and Souza 2005).

Statistical analyses

Analysis of variance (ANOVA) was performed using the package Agricole
(Mendiburu, 2019) in R (RCore Team, 2018). Differences between means were
assessed by the t-test considering a 5% significance level (a). Scott-Knott
clustering analyses were performed considering 5%, 10% and 15% significance
level for root morphology , shoot dry weight and plant height, respectively [a
(Jelihovschi, 2014)]. Pearson’s correlation coefficients were estimated based on
trait means for root morphology, shoot dry weight, shoot P content, and PSTOL1
gene expression (measured by delta Ct) with the R package Psych (Revelle,
2018).

RESULTS

Root morphology of non-transgenic lines

In order to phenotypically characterize the non-transgenic background, the
root system of B104 was initially compared with L3 and L22, which were
previously classified as P-efficient and P-inefficient lines, respectively based on
grain yield assessed in low-P soil (Parentoni et al., 2010; de Sousa et al., 2012).
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In addition, L3 and L22 were used as parents of the RIL population that previously
indicated that the PSTOL1-like genes in maize co-localize with QTLs for root
morphology, biomass accumulation and P content (Azevedo et al., 2015).

The P-efficient line, L3, showed higher total root length, total root surface
area, surface area of very fine roots and fine roots compared to L22 (Fig. 1A-B).
Shoot dry weight and shoot P content in a low-P nutrient solution were also higher
in L3 compared to L22. These results confirm previous findings indicating that L3
is more efficient than L22, to some extent due to root morphology changes that
enhances P acquisition efficiency (de Sousa et al., 2012).Total root length and
surface area of fine roots in B104 was found to be higher compared to L3.

B104 showed higher expression of the ZmPSTOL1 genes,
ZmPSTOL1_8.05, ZmPSTOL1_3.06 and ZmPSTOL1_8.02 (Fig. 1C) than L3.
B104 genome was recently sequenced (www.maizegdb.org) and harbors in its

genome one copy of each ZmPSTOL1.

Selection of transgenic events

The maize line B104 was transformed with the constructs shown in Fig.
2A. Twenty-one independent T3 transgenic maize events were selected from a
total of forty-six independent T1 transgenic maize events. The selection was
based on the increase in total root length under low P availability compared to
B104. (Table S2). At least one T3 event for each transgenic maize construct
(OsPSTOL1_1, Sb07g002840_5, Sb03g031690_8, Sb03g06765_10,
Sb03g06765_11, ZmPSTOL1_8.05_14, ZmPSTOL1_3.06_18 and
ZmPSTOL1 8.02_19) increased total root length under low availability P (Table
S2). Segregation analysis in the T4 generation indicated that the maize events
for OsPSTOL1_1, Sb07g002840_5, ZmPSTOL1 8.05 14 and
ZmPSTOL1 8.02_19 were still segregating (Table S2).
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Phenotypic characterization of maize events overexpressing PSTOL1 for

root morphology in nutrient solution with low-P

We performed a correlation analysis with root morphology traits, shoot dry
weight, shoot P content and transgene expression (Fig.3). Total root length was
highly and positively correlated with root surface area of very fine (r = 0.96, p <
0.01) and fine roots (r = 0.68, p = 0.064), whereas increased root length was
strongly associated with reduced root diameter (r = -0.80, p = 0.016). Shoot dry
matter accumulation, which reflects maize performance in hydroponics, was
highly associated with increased root length, surface area of very fine and fine
roots (r > 0.7) and negatively correlated with root diameter (r = -0.84, p < 0.01),
which is consistent with the significant negative association between fine root
proliferation and root diameter. Shoot P content was neither associated with root
length nor root surface area but tended to be negatively correlated with root
diameter, which was positively correlated with shoot dry weight. Increased
PSTOL1 expression resulted in higher root surface area via enhanced
proliferation of finer roots, which lead to increased shoot dry weight and P content
of maize transgenic events cultivated under low-P (Fig. 3).

Events expressing rice (OsPSTOL1 1) and sorghum (Sb07g002840 5,
Sb03g031690_8, Sb03g006765_10 and Sb03g006765 11) PSTOL1 genes
showed enhanced total root length and surface area when compared to the non-
transgenic B104 [p < 0.05 (Fig. 4A-B)]. Root length, root surface area of very fine
and fine roots of Sb07g002840 5 were increased by 35%, 46% and 20%
respectively, compared to B104 (p < 0.05). Root length and root surface of very
fine roots were also increased by 10% and 19% in OsPSTOL1_1, 16% and 25%
in Sb03g3g31690 8 and 24%-12% and 18%-20% for the maize events
overexpressing Sb03g006765 (Sb03g006765 10 and Sb03g006765 11) (p>
0.05). Transgenic OsPSTOL1 and SbPSTOL1 events showed a reduction in root
diameter from 5.4% (Sb03g006765 10) to 8.3% (Sb03g031690 8) in
comparison with the wild type B104 (p < 0.1). However, the events for
ZmPSTOL1 presented no significant differences for root traits compared to wild-
type B104.

A linear regression model fitted to B104 and the PSTOL1 transgenic
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events suggested that, in general, overexpression of PSTOL1 genes led to an
increase in root length specifically of finer roots (Fig. 4C). These root traits were
negatively correlated (r = -0.8 and p < 0.05), suggesting that the increased total

root length tended to reduce its diameter.

Overexpression of PSTOL1 genes increases shoot dry matter
accumulation in a low P soil

We assessed dry matter accumulation of selected transgenic and wild type
B104 lines in pots containing soil supplemented with 0 or 200 kg P hat. B104 line
flowers late, the kernels do not always mature before the end of the growing
season, hampering routine seed yield evaluations of biotech traits introduced in
B104 at many geographical locations (Feys et al., 2018), thus we evaluated the
plant performance before flowering. The ANOVA analysis for shoot dry weight
and plant height showed significant effects of P and genotype but non-significant
P x genotype (Table 1).

Shoot biomass for OsPSTOL1 1, Sb03g031690 8, Sb03g006765 10,
and Sb03g006765 11 was significantly increased by 22% (OsPSTOL1_1) and
11% (Sb03g006765 10) compared to B104 [p < 0.10 (Fig. 5A)]. There was no
significant different for root dry weight (Fig. 5C). Plant height of transgenic maize
was also enhanced compared with B104 (Fig. 5B). The differences found were
~10% for OsPSTOL1_1, ~13% for Sb03g006765_10, ~6% for Sb03g006765 11,
and ~9% for ZmPSTOL1 3.06 18 (p < 0.15). No significant difference was
detected on shoot biomass accumulation between transgenic maize lines
expressing maize PSTOL1 genes and B104.

A correlation analysis among total root length assessed in hydroponics
and shoot dry matter accumulation in a low P soil revealed a significant and
positive correlation [r = 0.6, p > 0.01 (Fig. 5C)]. Differences in the development
of transgenic maize grown with low P availability were also visually detected (Fig.
5D).
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DISCUSSION

The knowledge of the molecular mechanisms involved in the regulation of
phenotypic plasticity in roots can assist plant breeders to develop strategies to
select cultivars more adapted to abiotic stresses (Villordon et al., 2014; Topp,
2016). Studies conducted with important crops, such as maize and rice,
confirmed the association between genes and root system modulation, which
increased grain yield in soils with nutrient or water deprivation (Saengwilai et al.,
2014; Lee et al., 2016; Wang et al., 2017). Unravelling adaptive mechanisms
associated to root morphology and architecture is crucial for crops cultivated in
regions with marginal soil fertility and in low-input agricultural systems, where low
P availability is a major constraint can significantly improve food security
worldwide.

We showed that the overexpression in maize of rice PSTOL1 (OsPSTOL1)
and its sorghum homologs (Sb07g002840, Sbh03g006765 and Sb03g031690)
increased total root length and surface area of very fine and fine roots in maize
seedlings grown in nutrient solution with low-P. In addition, these transgenic lines
improved shoot dry weight in high and low-P soil in greenhouse low P soil. In
rice, overexpression of OsPSTOL1 increased total root length and surface area
of transgenic seedlings and led to an enhancement of more than 60% of grain
yield (Gamuyao et al., 2012). In maize, the presence of OsPSTOL1 increased the
biomass accumulation by 22%, suggesting that this gene has potential to be used
in different species to improve P acquisition efficiency and yield.

Total root length in nutrient solution was positively correlated with shoot
biomass accumulation in soil, being the highest for transgenic maize
overexpressing OsPSTOL1, Sb03g031690 and Sb03g006765 (Fig. 5B).
Although, Sb07g002840 presented higher root surface area of fine roots in
nutrient solution (Fig. 4), its shoot biomass accumulation and height on soil were
similar to the wild type B104 (Fig. 5). These results suggested that
overexpression of the Sb07g002840 gene could interfere with plant development,
as lethality was observed in some events overexpressing Sb07g002840. The
lethal phenotype has been described for other genes that were overexpressed,
such as the more root transcription factor (TaMOR-D) in wheat (Li et al., 2016),
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and auxin-responsive genes in petunia and rice (Tobefa-Santamaria et al., 2002;
Yamamoto et al., 2007).

Although, ZmPSTOL1 genes co-localize with QTLs for root and P-
acquisition traits in hydroponics (Azevedo et al., 2015) and were coincident with
QTLs for grain yield (Mendes et al., 2014), the transgenic events for
ZmPSTOL1 8.05, ZmPSTOL1_3.06 and ZmPSTOL1_8.03 presented the same
performance as the wild type B104. Unlike the Pupl QTL that explains 80% of
the phenotypic variance for P-efficiency in rice (Wissuwa et al., 2002), maize
QTLs explain from 6.87% to 15.17% (Azevedo et al., 2015), having a much minor
effect than OsPSTOL1. ZmPSTOL1 genes co-localized with QTLs for root
morphology, biomass accumulation and/or P content are preferentially expressed
in roots of the parental lines that contributed the alleles enhancing the respective
phenotypes (Azevedo et al., 2015). One possible explanation for the absence of
phenotypic differences of the expression of ZmPSTOL1 genes could be the high
expression of such genes in the B104 inbred line, which was higher than in L3
and L22, the parental lines of our QTL mapping study (Azevedo et al., 2015). The
high endogenous expression levels of such transcripts could mask their
phenotypic effect of the ZmPSTOLL1 transgenes.

Increased root surface area, especially of finer roots in transgenic maize
overexpressing SbPSTOL1 genes is consistent with the results obtained in an
association mapping undertaken in two sorghum panels and in a biparental QTL
mapping phenotyped for P uptake, root system morphology in hydroponics
(Hufnagel et al., 2014; Bernardino et al., 2019). SbPSTOL1 alleles reducing root
diameter enhanced P uptake under low P in hydroponics, whereas Sb03g006765
and Sb03g0031680 alleles increase root surface area and grain yield in a low-P
soil. Tightly linked or pleiotropic QTL underlying the surface area of fine roots and
grain yield co-located with Sb03g006765 and Sb03g031690. Sb07g02840
appears to enhance grain yield via small increases in root diameter. In sorghum,
root surface area was positively associated with grain yield (Hufnagel et al., 2014;
Bernardino et al., 2019) and maize overexpressing SbPSTOL1 genes presented
a significant correlation between root length and shoot biomass. There was no
interaction between the transgenic events and P treatment in a greenhouse.

However, PSTOL1-like genes were under the control of the constitutive promoter
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Ubiquitin and most PSTOL1 genes do not respond strongly to low P (Gamuyao
et al., 2012; Azevedo et al., 2015). Sorghum homologs of OsPSTOL1 seemed to
be linked with enhanced early root growth and grain yield under low-P availability.

The significant negative correlation of root diameter and surface area of
very fine roots and total root length indicate that overexpression of OsPSTOL1
and SbPSTOL1 increased root surface area via enhanced proliferation of very
fine roots, but not root dry weight, leading to an increasing of absorption surface
with a minimal metabolic cost (Wu et al., 2016). Proliferation of fine roots allows
greater soils exploration and nutrient uptake, especially for nutrients with low
mobility such as P. For cylindrical roots, root diameter determines the ratio of
root length to root volume, which can be directly compared to the root length/root
dry mass ratio (i.e. specific root length, SRL, [Eissenstat, 1991]). Zhu and Lynch
(2004) found a negative correlation between SRL and average root diameter of
both lateral and non-lateral roots in maize RILs. These authors implicated the
elongation ability of lateral roots to their smaller diameter and greater SRL than
non-lateral roots in most maize genotypes, which is related to the P investment
for lateral root growth. All evidences so far, indicate that PSTOL1 genes have a
more general role in the root system, which results in the enhancement of P
acquisition, benefiting cereal production worldwide.

SUPPLEMENTARY DATA

Supplemental Table S1: Primers used for PCR and RT-gPCR assays

Supplemental Table S2: Description of maize transgenic events overexpressing
OsPSTOL1, SbPSTOL1 and ZmPSTOL1 genes
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TABLES

Table 1: Analysis of variance for three quantitative traits of transgenic maize grown in
greenhouse conditions with low and high P.

Mean Square

o Shoot dry weight Plant height Root dry weight
Block 3 239.1* 546.4%+* 14.55
Genotype 8 118.6 114.9 7.67
Phosphorus 1 31224.6*** 28751.4%** 1175.24***
Phosphorus X Genotype 8 66.2 49.2 2.08
Residuals 51 79.2 68.9 10.51

Df: degree of freedom (n-1). Values are significant at p-value <0.05 (*), <0.01 (**) and
<0.01 (***).



Supplemental Table S1: Primers used for PCR and RT-gPCR assays

Product length

Gene ID Assays Primer sequence 5' - 3' (bp)
Bar PCR Bar F: AGAAACCCACGTCATGC 427
Bar R: GTGGTTGACGATGGTGCA
PCR Ubi_F: GTGTTTAGCAAGGGCGAAAA 707
OsPSTOL1 sp_R: TCAGATGGCACAGTTTGCTC
RT-gPCR F: GTTTGTGGTGCATACAACTCGT 165
SYBR Green R: GGTTCCTCAAAAACAGAAGATG
PCR Ubi_F: GTGTTTAGCAAGGGCGAAAA 667
Sh07g002840 sp_R CAGCGGGTAGGTAAGCAAGA
RT-gPCR F: CACCAGCCTCGATTTCATACAA 59
SYBR Green R: AGCCGCACCGGAAGTAGAC
PCR Ubi_F: GTGTTTAGCAAGGGCGAAAA 721
Sh03g03190 sp_ R TTGGTAGGGCACCTCTGAAG
RT-gPCR F: CGCTCCTCCTTGCTGTCTTG 60
SYBR Green R: TGTAATCGTCGTCGGAAGGAT
PCR Ubi_F: GTGTTTAGCAAGGGCGAAAA 738
sp_R CACTCCACGAGAAACCCATT
Sb03g006765 =
g RT-gPCR F: CGCCGACGATGAACATCTC S7
SYBR Green R: TGGCTCTGCTGAAGACGAA
RT-gPCR F: CGTCCTAGTCTCAACCATAAACG 82
18 SrRNA
SYBR Green R: CCCCGGAACCCAAAGACT
PCR Ubi_F: GTGTTTAGCAAGGGCGAAAA 733
ZmPSTOLL 8.05 sp_R: TAGGTATTCGAGCCCTCTGG
- RT-gPCR F: ATCAAAAAGAAAAGAAGCAGCA 78

Tagman

R: AAGGATGTGAGAATGACTAGACAC

65



Probe: AACGGCAACAGCACCAACAATAGG

bCR Ubi_F: GTGTTTAGCAAGGGCGAAAA 670
sp_R: GGCCAATCCAAAGTCAGAGA
ZmPSTOL1_3.06 RT-GPCR F: AGTATCAGCAGGACTTGTCATG 97
Tagman R: CGCCCTCTTGGATCCTTG
Probe: CAAGCAGAACCCCGTCAGTGTCA
BCR Ubi_F: GTGTTTAGCAAGGGCGAAAA 736
sp_R: CCATCCTAAAACTGCCTTCG
ZmPSTOL1_8.02 4RT-PCR F: TGGTTTTCAAGGGAAGGCTAG 73
Tagman R: CCGTCACCTTTGGAGTCATG

Probe: CAGGAATTTCACTGCAACTAGACGACCA
Ubi= Ubiquitin gene. sp = specific gene. F= forward. R =reverse. Tagman assay: 18S rRNA 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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Supplemental Table S2: Description of maize transgenic events overexpressing OsPSTOL1, SbPSTOL1 and ZmPSTOL1 genes

Event

OsPSTOL1_1*
OsPSTOL1_2
OsPSTOL1_3
Sb07g002840_4
Sb07g002840_5*
Sb07g002840_6
Sb03g031690_7
Sb03g031690_8*
Sb03g031690_9
Sb03g006765_10*
Sb03g006765_11°
Sb03g006765_12
ZmPSTOL1_8.05_13
ZmPSTOL1_8.05 14+
ZmPSTOL1_8.05_15
ZmPSTOL1_3.06_16
ZmPSTOL1_3.06_17
ZmPSTOL1_3.06_18*
ZmPSTOL1_8.02 19+
ZmPSTOL1_8.02_20
ZmPSTOL1_8.02 21
B104

Selection of transgenics events maize

T1 T3 T4
X?value Relative expression Total Root Length (cm) Relative expression X? value

0.529* 937 467 1.15 0.01**
0.250* 593 319 2.47
0.067* 393 355 2.3
0.429* 1 325 2.24
0.800* 6 575 1.89 0.05**
1.190* 12 264 3.86

6 1 400 1.08
0.200* 4308 493 414.1 -
0.200* 1764 331 70.2
0.474* 709 525 1.65 -
0.474* 1124 474 7.79 -
0.182* 1253 402 6.69
0.154* 25 295 58.44

5 4180 418 1649.51 2.97**
2.33* 2828 375 2935.19
3.20* 6 254 19.46
0.200* 20 295 51.76

6 19 375 9.43 -
0.474* 38 387 49.29 4.76
0.250* 64 340 11.03
0.474* 3 395 3.29

424

+ selected maize transgenic events. x* =chi-square test. *x? <3.841, follows the 1:1 segregation (p <0.05). ** x* <3.841, follows the

3:1 segregation (p <0.05).
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FIGURE LEGENDS

Figure 1: Phenotypic characterization of non-transgenic maize lines in low P conditions. (A)
Images of the B104, L3 and L22 root systems. (B) Phenotypic means for total root length
(cm); root diameter (mm); total root surface area (cm?); root surface area 1 (very fine roots,
diameter between 0 and 1 mm) (cm?); root surface area 2 (fine roots, diameter between 1
and 2 mm) (cm3); shoot dry weight (mg) and shoot P content (g). (C) Expression profile of
ZmPSTOL1 genes in B104, L3 and L22. Root image, root morphology traits and expression
profile were assessed after 13 days in nutrient solution with low-P. Error bars are shown.

Different letters indicated statistical differences by the t-test (p-values < 0.5).

Figure 2. Schematic structure of pMCG1005-PSTOL1 cassette. (A) LB: left border T-DNA.
RB: right border T-DNA. Ubi: ubiquitin promoter. Adnl-intron: enhancer of the ubiquitin
promoter. OCs3’ terminator (octopine synthase gene A. tumefaciens). 4x35S: Cauliflower
mosaic virus (CaMV) 35S promoter tetramer. Bar: phosphinothricin acetyltransferase gene.
NOS: terminator (nopaline synthase gene in A. tumefaciens). (B) Protein domain prediction
of OsPSTOL1, Sb07g002840, Sb03g006765, Sb03g031690, ZmPSTOL1_8.05,
ZmPSTOL1 _3.06, ZmPSTOL1_8.02. Predicted domains are in color. Wall-associated
receptor kinase galacturonan-binding (GUB_WAK). Wall-associated receptor kinase C-

terminal (Wak). Serine/threonine kinase C-terminal (Kinase).

Figure 3: Correlation analysis of root morphology traits, shoot dry weight and shoot P
content traits and PSTOL1 expression (ACt). All traits were assessed after 13 days of
treatment in nutrient solution with low-P. The root morphology traits assessed were root
length (cm), root diameter (mm), root surface area 1 (very fine roots, diameter between 0
and 1 mm) (cm?) root surface area 2 (fine roots, diameter between 1 and 2 mm) (cm3).

Pearson correlation coefficients (r) and p values (p).

Figure 4: Phenotypic characterization of wild type B104 and transgenic lines PSTOL1
(OsPSTOL1, SbPSTOL1 and ZmPSTOL1) in nutrient solution with low-P. (A) Images of the
B104, OsPSTOL1 (OsPSTOL1_1), SbPSTOL1 (Sb07g002840_5, Sb03g031690 8,
Sb03g006765_10 and Sb03g006765_11) and ZmPSTOL1 (ZmPSTOL1_8.05 14,
ZmPSTOL1 3.06_18, ZmPSTOL1 8.02_19) events root systems. (B) Phenotypic means
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for total root length (cm); root diameter (mm); root surface area 1 (very fine roots, diameter
between 0 and 1 mm) (cm?) and root surface area 2 (fine roots, diameter between 1 and 2
mm) (cm?). Significance level of Scott-Knott test, p-value < 0.05 for total root length, root
surface area 1 and root surface area 2; p-value < 0.10 for root diameter. (C) Linear
regression between total root length and root diameter. Pearson correlation coefficients (r)
and p-values (p) are shown. B104, ZmPSTOL1- OsPSTOL1- SbPSTOL1-expressing lines
are depicted by black, red and blue circles, respectively.

Figure 5: Phenotypic characterization of wild type B104 and transgenic lines PSTOL1
(OsPSTOL1, SbPSTOL1 and ZmPSTOL1) grown in a low P soil. (A) Shoot dry weight (g).
(B) Plant height (cm). (C) Root dry weight (g) were assessed after 45 days in soil with low
and high-P. Error bars are shown. Different letters indicated statistical differences by the
Scott-Knott test (p-values<0.15). (D) Linear regression between total root length (cm) of
plants grown in nutrient solution under low-P and shoot dry weigh (g) of the plants grown in
soil with low-P in the greenhouse. Pearson correlation coefficients (r) and p-values (p) are
shown. B104, ZmPSTOL1, OsPSTOL1, SbPSTOL1 expressing lines are depicted by black,
red and blue circles, respectively. (E) Images comparing the wild type B104, OsPSTOL1 1,
Sh03g006765 10 and Sb03g006765 11 events after 45 days in low soil.



70

a
ab
Hlb

b—.
b.

0..

wn (= wn
2 B 8 o
o o o

(B) yuauo9 d Jooys

ZmPSTOL1_8.02

b. ™ o~ - o
uoissaldxa aAlje|ay

a
a
B104 L3 L22

-

({=]
fEge- EREE° 3 -
(6w) ybiap A1 100ys (o) z ey 90B4NS 300 w -
- S oEly -
& T ® 3 % 3
£ o ~ 0 o~ =)

N

uoissaldxa aAe|ay

b
b
B104 L3 L22

m [Te] o wn m o (=] (=1 (=] (=] o
q A o B .S B ¥ ® § w
(ww) Jajowelq J00y (guo) 1 eaay ovruNS J0O - -

= il
- —
v ¥ ® N - o
r v uoissaldxa aAlje|ay

ZmPSTOL1_8.05

b
a
B104 L3 L22

. . .
- T T T T

1=} =} o o o
o © © © © o
S © © © o < w = 0
H ¥ ® § v

m (wo) ybua Jooy [eroL AN_SV 2.y 90BLING JOOY 201 (&)

FIGURES
Figure 1

B104 L3 L22

B104 L3 L22

B104 L3 L22



Figure 2

LB

71

RB

|— 0CS3'H

. Adn1i
PSTOL1-like genes Intron w bar | nos —|

B
/ ATG TGA \
OsPSTOL1 ] Kinase 975 nt
ATG TAA
Sb07g002840 | 1815 nt
ATG TGA
$b03g031690 | 1938 nt
ATG TAA
Sb03gooe7es | RSN WUCTS | Kinase 1821 nt

ZmPSTOL1_8.05

ZmPSTOL1_3.06

@DSTOU_&OZ

TGA

ATG TAG

ATG TAA

_ Kinase 1332 nt




Figure 3

115 120 1.25

1.10

85 95

75

0.70

0.80

.10 1.15 1.20 1.25 75 80 85 90 95 0.80 0B85 070 0.75
Root Length (cm)
r=-0.80 =0.96 =0.88 r=0.81 =028 r=-059
p=0.016 p=<0.01 p=0.064 p=0.016 p=0.50 p=0.12
Root Diameter (mm)
.
. . =-0.85 =-0.48 =-0.84 =-0.64 =067
p=<0.01 p=0.23 p= <0.01 p= 0.086 p=0.071
.
Root Surface Area 1 (cm?)
. .
- . . . =078 r=0.89 r=-0.78
p=0.022 p=<0.01 p=0023
.o .ot _’_ |
.
Root Surface Area 2 (cm?)
=073 =043 r=-0.76
: * * p= 0.041 p=0.29 p=0.027
ofe
. . . . . . . . -
Shoot Dry Weigth (mg)
. . . . r=0.66 1=-0.75
. ' ' . . . p=0.077 p=0.033
. . . .
T g g T T
. . . . . Shoot P Content (g)
r=-0.84
- . - * - -
. - . - ., . . " p= <0.01
. . o [= . . .
Delta Ct
o - . e . L - . . .. -
400 450 500 550 35 40 45 50 55 60 110 130 150 -2 2 4

500

400

45 55

35

130 150

110

2 0 2 4 6 8

72



73

Figure 4

L TR | 64208 91018dwz
iy s} 847 90°€ vI0LSdwZ
o — o} PV S0°8T1I0LSdWZ
of ] o} H75929006€0aS
N ]} 01L75929006¢0as
o T off ]} 87 069L£06c0as
of 1] o]} § 0v8zo0bL0as
o ] oG} b 17018dSO
L — o IMTYoLE
S 2233 ®ggrBR-C
(ww) J932WeIq JoOy ANEuv Z Baly 92eLng jooy
] =]} 61720'871701SdWZ 2
of ] =-F ]} 81790°€ 110LSdWZ S o
ol T o—=" ]t ¥1750'871701SdWZ La
el et 7 692900P€0aS
ef ] e—f—= |t 0L 5929006¢0aS
aof ] oFE |t 8 0691£06¢0aS
of ] et S 0v8z00B620aS
e — of ]} 117018ds0 :
o] o} iMTvola

1.20

1.15

Root Diameter (mm)

1.10

Sb079g002840_5
Sbh03g006765_11

ZmPSTOL1_8.02_19

OsPSTOL1_1

Sb039g006765_10

(ool
-
©
=
L]
-
-
o
[t
[
o

E
N

B104_WT

Sbh039g031690_8

Zm PSTOL1_8.05_14

5cm




74

Figure 5
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CAPITULO 2

PHOPHORUS-STARVATION TOLERANCE 1 (ZmPSTOL1_3.06) ESTA
ASSOCIADO A FORMACAO DO PELO RADICULAR E EFICIENCIA DE
FOSFORO EM MILHO

Negri, BFY; Ferreira, NF?; Ribeiro, CAG3; Lopes, SS%; Lana, UGP3; Alves, MC3;
Magalhaes, JV3; Guimaraes, CT?; Carneiro, AA3; de Sousa, SM*23

lUniversidade Federal de Sdo Jodo Del Rei (UFSJ), Sete Lagoas, MG, Brasil
2Centro Universitario de Sete Lagoas (UNIFEMM), Sete Lagoas, MG, Brasil
SEmbrapa Milho e Sorgo, Sete Lagoas, MG, Brasil

ABSTRACT

Phosphorus (P) is an essential macronutrient, however tropical soils are deficient
in readily available forms of P, which limits cereal production. A multiple interval
QTL mapping in a maize recombinant inbred line population derived from a bi-
parental cross between contrasting lines for P-efficiency revealed maize
homologs to Phosphorus-Starvation Tolerance 1 (OsPstoll) that enhances root
surface area, P acquisition and grain yield under P deficiency in rice. Of these
candidate genes, ZmPSTOL1_3.06 co-localized with QTLs for root morphology,
biomass accumulation and/or P content on chromosome 3 and is highly
expressed in the root of L3 maize line, the donor line of the favorable QTL allele.
To gain insights on the role of Phosphorus-Starvation Tolerance 1 in maize roots
we cloned and characterized the transcriptional control of the ZmPSTOL1_3.06
gene. ZMPSTOL1 3.06 was more expressed in L3 primary root, especially at the
differentiation zone. We verified the expression of ZmPSTOL1 3.06 in 77
genotypes from a maize diversity panel genotyped with over 300,000 GBS based-
SNPs and in order to detect possible genomic regions related to
ZmPSTOL1 3.06 expression we performed an eGWAS analysis. We found an
extend gene expression variation within the genotypes. The most significant SNP
(Single Nucleotide Polymorphism) associated with ZmPSTOL1_3.06 expression

in the GWAS (Genome Wide Association Studies) was the closest to the target
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gene, indicating that the variation in this gene expression was mainly controlled
by cis elements. Furthermore, sequencing around 2 Kb of L3 and L22 promoter
region revealed an insertion of a MITE transposon (PIF/Harbinger) in the
promoter of L22 line around -800 bp, which probably disrupted the
ZmPSTOL1_3.06 expression in the inefficient genotype. Cis-regulatory elements
(CRES) related to phosphorus deficiency and root hairs were found in this region
using Genomatix Matinspector software. To confirm the region responsible for
transcriptional regulation of ZmPSTOL1_3.06, 2,282 Kb upstream of ATG from
L3 line was isolated and cloned on pTF102 vector with Gus as a reporter gene
for permanent expression assays. GUS activity driven by the ZmPSTOL1_3.06
promoter was higher under low P, corroborating with expression analysis.
Histochemical staining of the transgenic plants showed that GUS was specifically
expressed in maize root hairs. It is interesting to notice that L3 presented longer
and denser root hairs than L22. The overexpression of ZmPSTOL1_3.06 affects
the expression of genes reported with the hair root development of maize, Rthl
and Rth3 and increases the length of the root hair. We speculate that
ZmPSTOL1_3.06 is related to root hair formation and adaptation to the low-P

environment.

Key words: Root, Nutrient solution, Gene expression, Cis-regulatory elements

INTRODUCAO

Baixa disponibilidade de P representa um dos principais entraves a
produtividade das culturas agricolas. Mais de 70% da biomassa terrestre ocorre
em solos com baixo conteudo de fosforo, incluindo mais da metade das terras
agricultaveis do planeta (Lynch, 2011). Comparado com outros macronutrientes,
a concentracdo de P inorganico (Pi) na solucédo de solo é sub-6tima para a
producédo de graos, fazendo do P um dos macronutrientes menos disponiveis no
solo (Vance et al., 2003). Além disso, € um dos nutrientes com difusdo mais
lenta, criando uma zona de deficiéncia ao redor da rizosfera. O problema ainda
€ agravado pelo fato de que o P pode se fixar ao Ca em solos calcarios e ao Fe

e Al em solos acidos, reduzindo sua solubilidade e disponibilidade para as
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plantas (Marschner, 1995). Assim, a disponibilidade de P nos solos, em geral, €
muito baixa, apesar do conteudo total de P ser muito maior que a quantidade
disponivel para uso pelas plantas. Nesse sentido, nos diversos sistemas de
producdo agricola, principalmente nos solos tropicais, Sdo necessarias
aplicacoes de grandes quantidades de P no solo para garantir a produtividade,
uma vez que a eficiéncia de absorcdo do fosfato adicionado pode ser inferior a
20% (Zhu et al., 2006). 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 & Chiou, 2011).

A eficiéncia de uso de um nutriente (EFUSO) pode ser definida como
gramas de graos produzidos por grama de nutriente suprido a cultura. Este indice
€ dividido em dois componentes principais: eficiéncia de aquisicdo (EAQ) e
eficiéncia de utilizagao interna (EUTIL) (Moll et al., 1982). Para milho tropical, foi
verificado 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 (Parentoni & Souza Janior, 2008). Os principais mecanismos ligados
a eficiéencia de aquisicdo de P podem ser agrupados em: modificacbes de
atributos morfolégicos da raiz, modificacdes quimicas na rizosfera, alteracées
fisiolégicas na cinética de absor¢cdo e interacbes com microrganismos,
principalmente fungos micorrizicos (Lynch & Brown, 2012).

Modificagbes na configuracdo espacial do sistema radicular séo
importantes para a eficiéncia na aquisicdo de P em plantas devido a baixa
mobilidade do fésforo no solo (Zhu et al., 2005). Como estratégia para aumentar
a aquisicao de P, as plantas eficientes tendem a ter maior relagédo de massa seca
da raiz e da parte aérea e maior comprimento de raiz, além de raizes mais finas,
pelos radiculares mais longos e densos, obtendo assim uma maior area
superficial do sistema radicular (Marschner, 1995; Zhu et al., 2006, Zhu et al.,
2010). Como resposta adaptativa, a arquitetura do sistema radicular alterada
aumenta a aquisicdo de P com um custo metabdlico minimo (Lynch & Brown
2001; Lynch & Ho, 2005).
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A complexidade da eficiéncia na aquisi¢cao de fosforo em plantas tem sido
explorada por meio de estratégias de mapeamento de QTLs (Quantitative Trait
Loci) relacionados com a arquitetura do sistema radicular, formacao de pelos
radiculares (Lynch & Brown 2001; Zhu et al., 2005; Zhu et al., 2006; Miguel et al.,
2015), associacdo com fungos micorrizicos e producdo de matéria seca
(Kaeppler et al., 2000). Apesar de alguns QTLs ja terem sido descritos (revisado
por Magalhdes et al., 2017), eles ainda sdo pouco utilizados como critério de
selecdo nos programas de melhoramento. O Pupl é um QTL de efeito maior na
absorcao de fosforo (P), que afeta a morfologia radicular de plantas de arroz (Ni
et al., 1998; Wissuwa & Ae, 2001; Wissuwa et al., 1998). Trabalhos utilizando
uma populacdo de mapeamento derivada de Kasalath (eficiente na aquisicao de
P) e Nipponbare (ineficiente) indicaram que Pupl responde por cerca de 80% da
variabilidade fenotipica para caracteristicas correlacionadas com absorcéo de P
em arroz (Wissuwa et al., 2002). O gene responsavel pelo loco Pupl foi isolado
e chamado Phosphorus-starvation tolerance 1 (Pstoll). Este gene codifica uma
serina/treonina quinase que quando superexpressa em arroz aumenta o
crescimento radicular e a aquisicdo de P e, consequentemente, a produtividade
de grdos (Gamuyao et al., 2012). Em sorgo foram identificados homadlogos do
OsPSTOL1 que possuem um papel mais geral no sistema radicular, alterando
ndo somente a morfologia radicular, como também a arquitetura da raiz,
contribuindo assim para o ganho de rendimento de graos em solos com baixa
disponibilidade de P (Hufnagel et al., 2014; Bernardino et al., 2019).

Em milho foram identificadas seis proteinas com identidade superior a
55% com o0 OsPSTOL1 (BAK26566). Dos seis genes homadlogos ao OsPSTOL1
em milho, quatro candidatos co-localizam com clusters de QTLs relacionados a
morfologia radicular, peso seco total e eficiéncia na aquisicéo de P e trés deles
tiveram maior expressdo génica no sistema radicular do que na parte aérea
(ZmPSTOL1_8.05, ZmPSTOL1_3.06 e ZmPSTOL1_8.02) (Azevedo et al.,
2015). As proteinas codificadas por esses genes apresentam um dominio
guinase receptora serinal/treonina citoplasmatica (RLCKs) semelhante com do
OsPSTOL1, além de possuirem um dominio conservado de ligacdo de ATP
(Gamuyao et al., 2012; Azevedo et al., 2015).
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Apesar dos recentes avancos no entendimento das redes de sinalizacao,
poucas proteinas quinases foram diretamente relacionadas com o sistema
radicular e a eficiéncia na aquisicdo de fosforo (Gamuyao et al., 2012; Haruta et
al., 2014; Hufnagel et al., 2014; Azevedo et al., 2015; Boisson-Dernier et al.,
2015; Liao et al.,, 2016). O trabalho descrito nesse capitulo visou a
caracterizacdo do gene ZmPSTOL1l 3.06 e o mecanismo de regulacdo

transcricional implicado na sua expressédo em raizes de milho.

MATERIAL E METODOS

Andlise da expressao génica em gendtipos contrastantes para eficiéncia
no uso de P

Gendtipos contrastantes para eficiéncia no uso de P, L3 (eficiente) e L22
(ineficiente) (de Sousa et al., 2012) foram crescidos em casa de vegetacao por
100 dias em condicdes ideais de fertilizacdo e irrigacdo, sendo coletados
inflorescéncia masculina, caule, sementes, folhas e raiz.

Em camara de crescimento, as sementes dos gendtipos de milho (L3 e
L22) foram desinfestadas com hipoclorito de s6dio a 0,5% por 5 minutos, lavadas
com agua deionizada e germinadas em papel de germinacéo. Apés quatro dias,
foram selecionadas plantulas uniformes e para garantir o estresse de P foi
retirado o endosperma. As plantas foram crescidas em solucdo nutritiva de
Magnavaca modificada (pH 5,65) (Magnavaca et al., 1987) com 2,5 uyM de P em
um sistema composto de pastas de arquivo forradas com papel de germinacao
(Hund et al., 2009) por 13 dias em camara de crescimento com temperatura
diurna média de 27 + 3 °C, noturna de 20 + 3 °C e fotoperiodo de 12 horas, sob
aeracao continua. A solugdo nutritiva, em contato com aproximadamente 3 cm
das pastas, foi trocada a cada trés dias (de Sousa et al., 2012). As raizes foram
posteriormente separadas em raiz primaria, nodal, seminal e lateral, sendo a raiz
primaria dividida em zona de divisdo celular (o primeiro centimetro a partir do
apice apical), zona de alongamento celular (os trés centimentos apds o apice
radicular) e zona de diferenciacdo celular (restante da raiz primaria). Nos

experimentos de expressao temporal as linhagens L3 e L22 foram coletadas 4
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dias apds a germinacao e entdo submetidas ao estresse com baixo P (definido
como tempo zero), trés, seis, nove, treze e vinte dias apos o inicio do tratamento.

O RNA total foi extraido utilizando o kit Plant RNeasy (Qiagen), seguindo
as orientacdes do fabricante. A sintese do cDNA foi realizada utilizando-se 1 ug
de RNA total, previamente tratados com DNase |, utilizando o kit “High Capacity
cDNA Reverse Transcription” (Applied Biossystems, CA). As analises de gPCR
quantitativo foram realizadas no equipamento ABI Prism 7500 Sequence
Detection System (Applied Biosystems) utilizando a técnica de Tagman para o
ZmPSTOL1 3.06 (Direto: 5-AGTATCAGCAGGACTTGTCATG-3', Reverso: 5'-
CGCCCTCTTGGATCCTTG-3 e sonda: 5-
CAAGCAGAACCCCGTCAGTGTCA-3’) (Azevedo et al., 2015) e SYBRGreen®
para o gene Gus (Direto: 5-CGTGGCAAAGGATTCGATAA-3’ e reverso: 5'-
CTCTTCAGCGTAAGGGTAATG-3’), Rthl (direto: 5'-
CAACCGGAAAGTTGACGAAT-3' e reverso: 3'-~ACAACTCGTCGGAGGTCAGT-
5% (Wen et al.,, 2005) e Rth3 (direto: 5-TGGGTCCGACTACCTTGTTC-3' e
reverso: 3'-AAGCCATCTCCAGCAACAAC-5") (Hochholdinger et al., 2008),
segundo as recomendacdes do fabricante. Foi utilizado um par de primers 18S
ribossomal TagMan® (Life Technologies™) e 18S ribossomal SYBR como
controle enddégeno (direto: 5'-CGTCCTAGTCTCAACCATAAACG-3' e reverso:
3'-CCCCGGAACCCAAAGACT-5). A expressao génica relativa foi célculada

conforme o método 2-24CT (Livak & Schmittgen, 2001).

Andlise de expression Genome-Wide Association Study (eGWAS)

Os dados de expressao génica (Ct) dos 73 gendtipos, pertencentes ao
Banco de Germoplasma e Programa de Melhoramento da Embrapa Milho e
Sorgo (Tabela 1), e das linhagens L3 e L22 foram utilizados para as analises de
eGWAS. Os acessos foram genotipados com mais de 300.000 SNPs por GBS
(Genotyping-by-Sequencing) (Ribeiro, 2015). Brevemente, o DNA gendmico das
linhagens foram extraidos usando o método CTAB (Saghai-Marrof et al., 1984)
e submetido a GBS utilizando a enzima de restricdo ApeK1 para preparacdo da
biblioteca (Elshire et al.,, 2011). As sequéncias brutas produzidas foram

processadas de acordo com Glaubitz e colaboradores (2014). O processo de
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filtragem foi realizado no software TASSEL 5 (Bradbury et al., 2007). O perfil do
QQ-plot foi considerado para a selecdo do modelo do GWAS. A estrutura foi
corrigida através dos cinco primeiros componentes principais, que foram gerados
a partir dos dados genotipicos com no maximo 10% de dados perdidos. Um

conjunto aleatorio desses SNPs foram selecionados (24722 SNPs).

Tabela 1 — Lista dos genotipos de milho pertencentes ao Banco de Germoplasma e
Programa de Melhoramento da Embrapa Milho e Sorgo utilizados nos experimentos de

expressao génica.

N°,d_o Pedigree N°,d_o Pedigree
gendtipo genadtipo

1 L57500_07 41 DTMA-52
2 L57500_08 43 DTMA-56
3 L521274 44 DTMA-60
4 1521280 45 DTMA-70
6 L521462 46 DTMA-71
7 L521529 47 DTMA-73
8 L(228_3x876518) 4 1 1 1 1 48 DTMA-79
9 L724 50 DTMA-99
10 L726 51 DTMA-117
11 L845 52 DTMA-126
12 L1113 01 53 DTMA-138
13 CatAl237/67 54 DTMA-155
14 12321 55 DTMA-156
15 L4 62 DTMA-204
16 LPF963173 64 DTMA-219
17 CMS61L10 65 DTMA-222
18 L540404 11 66 DTMA-242
19 L5780121 67 DTMA-243
20 CMS28 17 _2 68 DTMA-275
21 L578073 69 DTMA-296
22 CML343 70 DTMA-297
23 CML348 71 DTMA-298
24 L56_3 228 9560 58 72 L(L3xL37) 5 6 1 1 1
25 L(5046xL3)xL3)_3_7)xL3) 1)xL3 73 L(5046x228 3) 2 1 1
26 L371056 1 76 L512388
27 L371060_1 77 L520992
28 L3L31113 01 1 1 1 1S2 78 L530837
29 L5702816 80 L83_3/28
30 L3810227_1 81 L951021 2 2
31 L482041_30 82 LPiracicabal4 04B

Continua
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Continuacéo

N°,d_o Pedigree N°,d_o Pedigree
gendtipo genatipo
32 13910994 1 83 L(228_3x1612841_102_
2) 1 4
33 L590449 1 84 L19
34 L2110764_3 85 L513330_01
35 L3100243_1 86 L5133302016_08
36 L3100182_7 87 L(504611_01xL3_17)
38 DTMA-11 88 L5320708
39 DTMA-27

Sequenciamento da regido promotora de ZmPSTOL1_3.06 e obtencéo de
eventos ZmPSTOL1 3.06::Gus

A regido promotora do gene ZmPSTOL1_3.06 foi amplificada a partir das
linhagens L3 e L22. O DNA foi extraido de acordo com Saghai-Maroof e
colaboradores (1984) e oligonucleotideos foram desenhados a partir da
sequéncia ZmPSTOL1_3.06 da linhagem Mol7
(http://www.phytozome.net/maize.php) com o software livre Primer3Plus
(Untergasser et al., 2007). Para a linhagem L3 foram amplificados 2282 pb
(Direto: 5'- GGATCCAAACCTCTTAGTTTCCAGTAGCA-3 e Reverso: 5'-
GGATCCCCCGTATTTGTAAGCAGAGAAGAAT-3') e L22, 2039 pb (Direto: 5'-
CCCGGGACAAACCATTTGGGGTTGAACCAT-3' e Reverso: 5-CCCGGG
CCCGTATTTGTAAGCAGAGAAGAAT-3") upstream ao cbédon de inicio da
transcricdo. O fragmento referente a regido promotora do gene na linhagem L3
foi subclonado no pGEM®-T Easy com BamHI e inserido no vetor binario pTF102
(Paz et al., 2004), que possui o0 gene reporter Gus e o marcador de selecao Bar.
O cassete de expressao foi inserido na Agrobacterium tumefaciens EHA101, via
eletroporagdo (Sambrook et al., 1989) e a transformacgéo de milho Hi Il foi
realizada utilizando o protocolo desenvolvido por Frame e colaboradores (2011).
As plantas TO foram plantadas em vaso em casa de vegetacdo e polinizadas

com L3 para obtencéo de plantas transgénicas T1.
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Anélise in silico da regido promotora

Para a identificacdo de possiveis elementos cis-regulatorios na regiao
promotora, foi considerado 2.282 pb acima do c6don de inicio da transcricdo do
gene para L3 e de 2.613 pb para L22. As sequéncias foram analisadas com o
software Genomatix MaTinspector (Cartharius et al., 2005) considerando apenas
motivos com o score de similaridade com o banco de dados maior que 0.8. Para
a andlise de elementos transponiveis, a sequéncia da regido promotora foi
contraposta no banco de dados de elementos transponiveis de plantas (P-MITE

disponivel em http://pmite.hzau.edu.cn/).

Ensaios fluorimétrico e histoquimico

Sementes de milho ZmPSTOL1 3.06::Gus T1 foram submersas em
herbicida Glufosinato (Finale®) 0,2% (v/v) por seis horais, para eliminar as
sementes ndo transgénicas, e depois colocadas em rolos de papel de
germinacao por quatro dias. Apos esse periodo, o endosperma foi retirado com
o auxilio de um bisturi, retirando as reservas nutricionais e garantindo o estresse
de P. As plantulas foram mantidas em rolos de papel de germinacao contendo
solucéo nutritiva de Magnavaca modificada (Magnavaca et al., 1987) com baixo
P (2,5 puM) e alto P (250 puM). Apos 7 dias as plantulas foram coletadas para
realizacdo da analise fluorimétrica, de acordo com o protocolo descrito por
Francis e Spiker (2005), histoquimicas conforme Jefferson e colaboradores
(1987) e de expresséo génica, conforme descrito acima. A atividade de GUS foi
fotografada com o auxilio do com o esteroscépio Axio Zoom V16 (Zeiss). Plantas
de milho contendo a construgcéo génica CaMV35S::Gus foram utilizadas como
controle positivo e como controle negativo foi utilizada a linhagem selvagem L3.

O delineamento experimental foi inteiramente casualizado com trés
repeticdes bioldgicas com trés plantas cada e triplicata técnica. Foi realizado uma
Anova seguido do teste de média de Tukey, com o P< 0,05, usando o pacote

emmeans do software livie R Core Team versao 3.5.2.
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Obtencéao das plantas transgénicas superexpressando ZmPSTOL1_3.06

A regido codificante do gene ZmPSTOL1_3.06 (1026 pb) da linhagem L3
foi sintetizada e clonada nos sitios Avrll e Spel no vetor binario pMCG1005 (lowa
State University Plant Transformation Facility) pela empresa GenScript USA Inc.
(http://www.genscript.com). O vetor pMCG1005 tem o promotor ubiquitina,
marcados de selecao Bar sob promotor 4x35S. As plantas de milho da linhagem
B104 foram transformadas via A. tumefaciens pela “Plant Transformation
Facility” da lowa State University. As plantas foram plantadas em casa de
vegetacdo e autofecundadas até a geracdo T3. Para a selecdo das plantas
transgénicas foi utilizado o herbicida Glufosinato (Finale®) 0,2% (v/v).

Comprimento dos pelos radiculares

As raizes foram coradas com solucéo de corante azul de tripano (m/v) em
lactoglicerol (1:1:1 acido lactico, glicerol e agua) por 24 horas e posteriormente
lavadas progressivamente em etanol 70%. Os pelos radiculares foram
fotografados, cerca de trés centimetros a partir da base da raiz, com o
esteroscépio Axio Zoom V16 (Zeiss). O comprimento foi medido com o auxilio
do software livre IMAGEJ (http://rsbweb.nih.gov/ij/). O comprimento dos pelos foi
estimado pela média de dez pelos de cada uma das dez imagens da raiz de cada
plantula (Miguel, 2004). Foi realizado uma Anova seguido do teste de média de
Tukey, com o0 P< 0,05, usando o pacote emmeans do software livre R Core Team

versao 3.5.2.

RESULTADOS

ZmPSTOL1_3.06 € mais expresso na zona de diferenciacdo celular da raiz

primaria do genétipo eficiente ao uso de P

A analise de expressao tecidual nas plantas adultas de L3 (eficiente) e
L22 (ineficiente) crescidas em casa de vegetacdo mostrou uma maior expressao

na raiz, seguida da inflorescéncia, caule e folhas, enquanto ndo foi detectado
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expressao nas sementes (Figura 1A). A linhagem eficiente para aquisicdo de P
teve maior expressdo em todos os tecidos em comparagcdo com a linhagem
ineficiente (L22).

Buscando uma melhor compreensdo da fase do desenvolvimento
radicular que esses genes sao expressos sob condicdo limitante de P, foi
realizada uma andlise de expressdo génica durante o desenvolvimento. Os
resultados obtidos revelaram que a expressdo do ZmPSTOL1 3.06 aumentou
no inicio do crescimento da raiz da linhagem L3 e manteve-se superior a
linhagem L22 durante os 20 dias de estresse (Figura 1B).

A andlise de expressdo relativa nos diferentes tipos radiculares de
plantulas de milho crescidas sob deficiéncia de P mostrou maiores niveis do
transcrito ZmPSTOL1_3.06 na raiz primaria e menores niveis na raiz lateral
(Figura 1C). A expresséo de ZmPSTOL1_3.06 foi maior em L3 em todos os tipos
radiculares (Figura 1C). Com 0 gene apresentou maior expressao na raiz
primaria, foi feito um detalhamento sobre a localiza¢do dos transcritos neste tipo
radicular. ZmPSTOL1_3.06 apresentou maiores niveis de expressao na zona de
diferenciacéo celular na linhagem L3 (Figura 1D). Este gene foi expresso 5 e 45
vezes mais na zona de elongacéo e diferenciacéo celular do que na zona de
divisdo celular na linhagem L3, com baixos niveis de expressdo em todas as

regides da raiz priméaria na L22.
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Figura 1 — Perfil de expressdo do gene ZmPSTOL1 3.06 nas linhagens L3 e L22
crescidas em solucdo nutritiva com baixo P (2,5 uM). A — Diferentes tecidos da planta
adulta de milho crescida em casa de vegetacdo por 100 dias (folha, caule, raiz,
inflorescéncia e sementes). B — Diferentes tempos de coleta (0, 3, 6, 9, 13 e 20 dias)
apos o inicio do estresse com baixo P. C - Diferentes tipos de raizes (primaria, lateral,
seminal, nodal e coroa). D - Diferentes regides da raiz primaria (divisdo, alongamento
e diferenciacdo). Cada amostra € composta por triplicata biolégica com trés plantas
cada. A expressdo génica relativa foi calculada utilizando o método 224T com trés

repeticdes técnicas.

Andlise de eGWAS com linhagens de milho contrastantes para morfologia

radicular

Foi verificada grande Vvariabilidade de expressdo do gene
ZmPSTOL1_3.06 entre as linhagens do Banco de Germoplasma e do Programa
de Melhoramento da Embrapa Milho e Sorgo (Figura 2). As linhagens 8, 15, 32,
34 e 87 mostraram maior expressdo do que a linhagem eficiente (L3) para
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aquisicao de P, sendo que na linhagem 34 o0 ZmPSTOL1_3.06 foi quatro vezes
mais expresso do que na linhagem eficiente L3. Os dados obtidos na analise de
expressdo génica das linhagens do painel de milho contrastantes para
comprimento total da raiz revelaram que ndo ha correlacéo significativa entre as
caracteristicas de morfologia radicular e a expressao desses genes.

A andlise de eGWAS utlizando os dados de expressdo de
ZmPSTOL1 3.06 e os dados genotipicos, mostraram a presenca de SNPs
(Single Nucleotide Polymorphism) significativos associados com a expressao do
gene ZMPSTOL1_3.06 (Tabela 2). Dois dos sete SNPs mais significativos estéo
localizados no cromossomo 3 a cerca de 23 Kb, sendo o mais significativo de
todos (p=9,99E%°), e 10.000 Kb de distancia do gene ZmPSTOL1_3.06 (Tabela
1).
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Expressdo Relativa de
ZmPSTOL1 3.06 (RQ)
— n w e (8]

40,2cm~-130,6cm 135,3cm-163,4cm 170,3cm - 266,8 cm 272,0cm=-332,8cm 333,0cm-469,4cm

Figura 2 - Expressao dos genes candidatos no sistema radicular de linhagens de milho contrastantes quanto ao comprimento total
de raizes. As linhagens do painel estdo em cinza, a linhagem L22 em preto e L3 em branco. As plantulas foram germinadas por 4
dias e crescidas em solugéo nutritiva com baixo P (2,5 puM) por 13 dias. Cada amostra foi composta por nove plantulas por genotipo.
A expressdo génica relativa foi calculada utilizando o método 2-22CT com trés repeticdes técnicas e a amostra L3 usada como

calibrador. As barras de erro sao referentes ao desvio padrdo das médias das repeti¢cdes técnicas.
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Tabela 2 — Posigao, distancia e p-valor dos marcadores significativos na analise de

eGWAS.

Marcador Cromossomo Posicéao fisica p-valor Pistancia de
ZmPSTOL1_3.06

S3_206944073 3 206944073 9,99E°° 23 Kb

S2_230865775 2 230865775 3,44E -

S10_122268788 10 122268788 2,90E%7 -

S2_202635930 2 202635930 3,60E7 -

S1 117161946 1 117161946  4,47E" -

S3_216948516 3 216948516  9,59EY 10.000Kb

S6_124855634 6 124855634  9,64E77 -

Caracterizacao da regido promotora de ZmPSTOL1 3.06

Por meio da comparacgéo da regido promotora do gene ZmPSTOL1_3.06

das linhagens contrastantes para uso de P, foi detectada uma insercao de 352

pb entre as posi¢cbes -790 e -1142 pb na linhagem L22, que corresponde a

posicdo -827 da linhagem L3 (Figura 3). Essa sequéncia de 352 pb tem

identidade de 93% com o transposon DTH_Zem11, pertencente a familia MITE

(Miniature inverted-repeat transposable element) e superfamilia PIF (P instability

fator)/Harbinger.
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Figura 3 — Esquema da sequéncia do gene ZmPSTOL1_3.06 das linhagens L3 e L22.
A figura ilustra a regido promotora, éxons, introns e inser¢éo do elemento transponivel
da familia DTHZm11, da superfamilia PIF/Harbinger na regido regulatéria do
ZmPstol1_3.06 na linhagem L22.

A andlise de elementos cis-regulatérios da regido promotora do gene
ZmPSTOL1_3.06 nas linhagens L3 e L22 revelou a presenca de trés sitios do
motivo P1BS (sequéncia GNATATNC), que é o sitio de ligacdo do fator de
transcricdo relacionado ao estresse de P, Phosphate Starvation Response 1
(PHR1) na posigao -705, -818 e -2268 da linhagem L3, e na posicao -378, -668
e -781 dalinhagem L22 (Tabela 3). Essas sequéncias apresentaram similaridade
de 1 a 0,8, sendo 0 maximo 1, com as sequéncias dispostas no banco de dados
do software Matlnspector para motivos de ligacao de fatores de transcricdo de
plantas. Além do motivo de ligacéo do fator de transcricao da familia MYB, PHR1,
foi verificado a presenca de um motivo de ligacéo especifico de pelos radiculares

na posicao -81 com similaridade de 0,9 em ambas as linhagens (Tabela 3).
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Tabela 3 — Elementos cis regulatérios localizados na regido promotora do gene
ZmPSTOL1_3.06 (L3) (-2282 pb) e ZmPSTOL1_3.06 (L22) (-2613 pb) envolvidos na
formacéao de raiz e estresse de P.

Elemento Posicao Sequéncia Similaridade
Cis L3 L22 L3 L22 L3 L22
Phosphate
starvation acaagaATTTgct ggcagaATATacc
-2268 -781 0,9 1,0
response 1 actgga aaaaat
(PHR1)
Phosphate
starvation ggcagaATATac tcctgtATATgccaa
-818 -668 1,0 1,0
response 1 caaaaat caaa
(PHR1)
Phosphate
starvation tcctgtATATgcca gtttgaATATgggta
-705 -378 J J e 999 1,0 0,8
response 1 acaaa ttgg
(PHR1)
Root hair- tattctt ttttattctt CA
o aggtatictigcagg attctigcagg
specific -81 -81 0,9 0,9
CACGctgtcg CGctgtcg
element

A anélise de expressao génica e fluorimétrica do GUS sob a regulacao do
promotor ZmPSTOL1_3.06(L3) (Figura 4 A) mostraram inducdo da expressao
sob baixo P nas raizes das plantulas de milho (Figura 4B e C). Apesar dos
eventos apresentarem maior atividade e expressao do GUS em relacao a planta
selvagem L3 (controle negativo), os eventos transgénicos apresentaram valores
baixos em relagcéo ao promotor constitutivo CaMV35S (controle positivo), sendo
a diferenca entre o CaMV35S:Gus e 0 ZmPSTOL1:Gus_EV2 de 15 a 120 vezes
no ensaio fluorimétrico e de expressao, respectivamente. A analise histoquimica
mostrou coloracdo azul em toda a planta no evento transgénico CaMV35S:Gus
(controle constitutivo) (Figura 4D) e nos eventos ZmPSTOL1:Gus a coloracdo
azul referente ao GUS foi observada apenas na raiz e mais precisamente nos

pelos radiculares das plantas crescidas sob baixo P (Figura 4E e F).
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Figura 4 — Perfil da atividade de GUS sob regulacéo do promotor ZmPSTOL1_3.06(L3).
(A) Esquema do cassete de transformacgéao inserido no vetor pTF102. (B) Ensaio de
expressdo génica, (C) ensaio fluorimétrico e histoquimico de plantas transgénicas
CaMV35S::Gus (D) (Controle positivo), ZmPSTOL1 3.06::GUS (E, F) e selvagem L3
(controle negativo) *Médias com diferenca significativa entre o tratamento de baixo e
alto P pelo teste de Tukey (p<0,05).

Caracterizacao de eventos superexpressando ZmPSTOL1 3.06

O evento UBI::ZmPSTOL1_3.06_EV2 apresentou a maior expressao de
ZmPSTOL1 3.06 entre os eventos transgénicos analisados, tendo uma
diferenca de quase seis vezes em relacéo ao selvagem (B104) (Figura 5A). Além
da expressédo do gene ZmPSTOL1_3.06 foi analisada a expressao dos genes
relacionados com o desenvolvimento de pelos radiculares em milho, o Rthl
(Roothairless 1) (Wen et al., 2005) e Rth3 (Roothairless 3) (Hochholdinger et al.,
2008) (Figura 5B e C). Foi observado que o evento 2 de UBI::ZmPSTOL1_3.06,
gue teve o0 maio nivel de expressdo do gene ZmPSTOL1 3.06, apresentou 0s

niveis mais baixos de expressédo dos genes Rthl e Rth3, enquanto o evento 1
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apresentou 0s maiores niveis de expressao de Rthl e Rth3, porém nao diferiu
de forma significativa do controle negativo quanto a expressao de
ZmPSTOL1_3.06.

O comprimento dos pelos radiculares de todos eventos transgénicos
ZmPSTOL1_3.06 foi superior ao comprimento de pelos radiculares das plantas
ndo transgénica (B104) (Figura 5D, E e F). Uma andlise mais detalhada do
sistema radicular mostrou que a linhagem L3, que possui maior expressao do
gene ZmPSTOL1_3.06, também possui pelos radiculares mais longos em
relacdo a linhagem L22, que possui baixa expressao desse gene. A diferenca de
expressao sob baixo P entre L3 e L22 chega a quase 2,5 vezes, podendo ser
notada visualmente (Figura 6).
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Figura 5 — Andlise de expressao génica dos genes (A) ZmPSTOL1_3.06, (B) Rth1, (C)
Rth3 e imagem de raiz selvagem — B104 (E) e de eventos UBI::ZmPSTOL1 3.06 (F).

As médias foram significativas a 5% de probabilidade pelo teste de Tukey.
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Figura 6 — Quantificacao dos pelos radiculares (mm) das linhagens L3 e L22. As médias

foram significativas a 5% de probabilidade pelo teste Tukey.

DISCUSSAO

ZmPSTOL1 3.06 € uma quinase expressa preferencialmente na raiz em
diferentes estagios da planta

As quinases do tipo receptoras em plantas sdo conhecidas por regular
uma ampla gama de processos, entre eles, a simbiose entre plantas e fungos
micorrizicos arbusculares (Roth et al., 2018), resisténcia a doencas (Hurni et al.,
2015; Miranda et al., 2017), regulagéo do crescimento celular (Hématy & Hofte,
2008), resposta a estresses abidticos, como hidrico (Ramegowda et al., 2014),
privacdo de P (Gamuyao et al., 2012; Hufnagel et al., 2014; Azevedo et al., 2015;
Milner et al., 2018; Bernadino et al., 2019) e salino (Yu & Assmann, 2018). No
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entanto, muito sobre os mecanismos genéticos e moleculares das vias de
sinalizacdo envolvendo essas quinases de milho ainda precisa ser
compreendido.

Neste trabalho verificamos o perfil de expressdo detalhado do gene
ZmPSTOL1_3.06, que codifica uma quinase do tipo receptora citoplasmatica
serinal/treonina, relacionada com caracteristicas morfologicas radiculares, peso
seco raiz:parte aérea, biomassa e conteudo de P em plantulas crescidas sob
condi¢cbes de baixo P (Azevedo et al., 2015). A expressao de ZmPSTOL1_3.06
nos parentais (L3 e L22) das linhagens endogamicas recombinantes (RILS) de
milho utilizadas no mapeamento de QTL para eficiéncia no uso de P € maior na
raiz das plantas crescidas sob baixo P, por essa razado as andlises foram
realizadas apenas nessa condicao (Azevedo et al., 2015). Apesar da expressao
de ZmPSTOL1_3.06 ser cerca de cinco vezes superior na linhagem L3 (eficiente)
em comparacdo com L22 (ineficiente) (Azevedo et al., 2015), foi feito um
detalhamento da expressao génica em diferentes tempos e tecidos em ambas
as linhagens.

Na fase vegetativa foram detectados transcritos hdo apenas no sistema
radicular, mas também na inflorescéncia masculina, caule e folhas.
Recentemente, foi mostrado que ZmPSTOL1_3.06 é induzido na inflorescéncia
feminina de plantas inoculadas com Colletotrichum graminicola, um fungo que
afeta o desenvolvimento normal da planta causando reducéo do rendimento de
graos em milho (Miranda et al., 2017). Ja foi mostrado, que algumas quinases
podem participar de diversos processos na planta, como é o caso da FERONIA
(FER), uma quinase do tipo receptora que contém o0s dominios extra e
intracelular, importante para a fertilidade feminina (Escobar-Restrepo et al.,
2006; Huck et al., 2003), crescimento de pelos radiculares (Duan et al., 2010),
modulagdo da sinalizacdo do sistema imunoldgico (Stegman et al., 2017)
crescimento celular, integridade da parede celular e tolerancia ao estresse salino
em Arabidopsis (Hofte, 2015; Yu & Assmann, 2018). Outro gene é a MARIS
(MIR), uma quinase citoplasmatica que € preferencialmente expressa no tubo
polinico e nos pelos radiculares e esta relacionada com o seu desenvolvimento
(Boisson-Dernier et al., 2015). Os dados de expressao génica sugerem que

apesar do ZmPSTOL1_3.06 ter sido mapeado para eficiéncia de aquisicédo de P
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(Azevedo et al., 2015), ele pode atuar em diferentes vias de fosforilagédo e estar
relacionado com a formacao e desenvolvimento do pélen, e na sinalizacdo em
resposta a patégenos, como descrito para outras quinases.

A expressdo ZmPSTOL1_3.06 foi maior na linhagem L3 crescida em
solucéo nutritiva do que na linhagem L22 desde o inicio do desenvolvimento,
onde h& presenca apenas da radicula, tendo seu pico aos trés dias apos o inicio
do estresse de P e indo até o final do tratamento, quando ha presenca de raiz
primaria, seminal e lateral. A maior expressdo de ZmPSTOL1 3.06 acontece

na zona de diferenciacéo celular da raiz primaria.

A regido promotora de ZmPSTOL1 3.06 possui elementos cis-regulatérios

relacionados com P e formacéo de pelos radiculares

A andlise de eGWAs sugeriu que a regulacdo da expressdo do gene
ZmPSTOL1 3.06 pode estar proxima a regido promotora do gene. O
sequenciamento da regido promotora desse gene revelou que na linhagem
ineficiente L22, na qual o gene € menos expresso, existe uma insergdo de um
transposon do tipo DTH_Zem11, pertencente a familia MITE (Miniature inverted-
repeat transposable element) e da superfamilia PIF (P instability fator)/Harbinger,
que pode estar reduzindo a transcricdo do ZmPSTOL1_3.06 nesta linhagem. A
familia MITE é composta de cinco superfamilias, sendo a DTH, que é a
nomeacdo dada a superfamilia PIF/Harbinger, composta por cerca de 108
diferentes elementos transponiveis (www.pmite.hzau.edu.cn). Os elementos
transponiveis do tipo MITE sao distribuidos principalmente nos bracos
cromossOmicos e estdo em grande parte associados a genes (Wessler, 1998;
Feng et al.,, 2002; Santiago et al., 2002; Oki et al., 2008). Esses elementos
transponiveis podem conter sequéncias regulatérias (Oki et al., 2008; Kuang et
al., 2009) e reduzir a expressao de genes por meio de pequenos RNAs (Kuang
et al., 2009). Além disso, os MITEs podem transpor para diferentes locais em
diferentes genotipos, formando polimorfismo de presenca/auséncia (Casa et al.,
2000; Lyons et al., 2008), e se inseridos em regides que contenham motivos de

regulacdo génica, podem alterar sua expressao.


http://www.pmite.hzau.edu.cn/
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Elementos cis-regulatérios relacionado a resposta a privacédo de P, como
o P1BS, foram encontrados tanto na regido promotora do gene em L3 quanto
em L22. O P1BS é um elemento cis presente em varios promotores de genes
responsivos ao P que sdo cruciais para o estabelecimento da homeostase em
situacdes de privacdo de P (Rubio et al., 2001; Schinmann et al., 2004a; Bustos
et al., 2010; Nilsson et al., 2010; Oropeza-Aburto et al., 2012). O ZmPHR1 é
expresso naraiz, colmo e folhas quando plantas de milho séo submetidas a baixo
P e sua superexpressdo aumenta o conteudo de P na parte area e regula genes
relacionados a resposta a privacdo de P em Arabidopsis (Wang et al., 2012).

Além do motivo P1BS, foi encontrado um elemento cis especifico de pelo
radicular. Esse motivo conservado de sequéncia composta por ‘GWACGW’
(onde W = C/T) é descrito em 765 promotores dos 1063 genes especificos de
pelo radicular de milho (Wang et al., 2018). Além disso, esse elemento cis esta
presente na regido promotora de dois genes especificos (AtEXPA7 e AtEXPA18)
de pelo radicular de Arabidopsis (Kim et al., 2006; Won et al., 2009). Em milho,
esse motivo foi relatado como possivel local de ligagdo do fator de transcricdo
com o dominio bHLH (Helix-Loop-Helix Basic), ZmLRL5 (Wang et al., 2018).
ZMLRL5 € mais expresso em pelos radiculares e uma mutacdo Unica em
ZmLRLS5 resulta em uma reducéo no alongamento do pelo radicular (Wang et al.,
2018). Outros fatores de transcricdo bHLH de outras espécies tem um papel
critico no controle do desenvolvimento de pelos radiculares (Jang et al., 2011,
Bruex et al., 2012; Pires et al., 2013; Tam et al., 2015; Breuninger et al., 2016;
Kim & Dolan, 2016; Proust et al., 2016; Kim et al., 2017).

A superexpressdo de ZmPSTOL1_3.06 aumenta o comprimento dos pelos

radiculares em milho

A superexpressao do gene ZmPSTOL1_3.06 aumenta significativamente
o comprimento dos pelos radiculares, aléem disso a linhagem L3, eficiente na
aquisicao de P e com maior expressao de ZmPSTOL1_3.06 apresenta maior
comprimento dos pelos radiculares do que a linhagem ineficiente L22. Os pelos
radiculares aumentam a superficies da raiz para ajudar na absorcdo de agua e

nutrientes e interagdo com a rizosfera biotica e abiotica. Os pelos radiculares s&o


https://www.frontiersin.org/articles/10.3389/fpls.2012.00058/full#B30
https://www.frontiersin.org/articles/10.3389/fpls.2012.00058/full#B31
https://www.frontiersin.org/articles/10.3389/fpls.2012.00058/full#B3
https://www.frontiersin.org/articles/10.3389/fpls.2012.00058/full#B3
https://www.frontiersin.org/articles/10.3389/fpls.2012.00058/full#B23
https://www.frontiersin.org/articles/10.3389/fpls.2012.00058/full#B24

99

unicelulares e sua forma € dada pelo crescimento polarizado das suas pontas,
um processo que é mediado pela fusé@o de vesiculas das membranas e exocitose
da parede celular. A formacao do pelo radicular pode ser dividida em duas fases
distintas: a iniciacdo da protuberancia ou iniciacdo do pelo radicular e
transformacao da protuberéancia na ponta crescente do pelo radicular emergente
(Ciamporova et al., 2003). No milho, a ultima divisdo das células de superficie
produz duas células filhas do mesmo tamanho e ambas podem produzir pelos
radiculares (Row & Reeder, 1957).

Apenas trés mutantes que apresentam fenotipos de alongamento de pelo
radicular foram identificados no milho. O Rth1, que codifica uma proteina do tipo
SEC-3, que € um membro do complexo exocisto (Wen et al., 2005). O Rth2,
ainda nao foi clonado (Wen & Schnable, 1994) e o Rth3, que codifica uma
proteina do tipo COBRA, é necessario para a elongacéo dos pelos radiculares e
produtividade normal dos graos (Hochholdinger et al., 2008). A expressdo do
gene Rthl e Rth3 foi maior no Evl UBI::ZmPSTOL1_3.06, que ndo apresentou
a maior expressdo de ZmPSTOL1_3.06, no entanto todos 0s eventos
UBI::ZmPSTOL1_3.06 apresentaram comprimento radicular maior do que o
controle selvagem B104. Os resultados sugerem que cada gene desempenhe
um papel especifico na rede altamente coordenada de genes responsaveis pelo
alongamento dos pelos radiculares na epiderme.

O gene Rth3 é mais expresso no gendtipo eficiente L3 (de Sousa et al.,
2012), que tem pelos radiculares mais longos e mais abundantes. Além disso, o
Rth3 tem a expressdo mais elevada em raizes primarias jovens (Hochholdinger
& Zimmermann, 2008), assim como 0 ZmPSTOL1_3.06. A auséncia ou reducao
de pelos radiculares leva a reducdo do crescimento, auséncia de espigas e
pouca producdo de pendao, provavelmente causado pela deficiéncia de
nutrientes (Wen & Schnable, 1994; Hochholdinger et al., 2008). Gendtipos de
feijdo com pelos radiculares mais longos e com raizes mais superficiais
acumulam 298% mais biomassa que genoétipos com raiz mais profunda e pelos
radiculares mais curtos, demonstrando que o sinergismo entre esses fenétipos
tem importancia substancial para o aumento na aquisicdo de P (Miguel et al.,
2015).
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A plasticidade fenotipica dos pelos radiculares a adaptacdo em condicdes
com baixa disponibilidade de fésforo foi avaliada em seis RILs de milho indicando
que gendtipos com pelos radiculares mais longos em condigbes de baixo P
apresentam maior crescimento, aquisicao de P, taxas metabdlicas com custo-
beneficio melhores do que gendtipos de pelo radicular curto (Zhu et al., 2010). A
linhagem L3 (eficiente) apresenta maior area de superficie radicular e producao
de grédos em campo (de Sousa et al., 2012), além de pelos radiculares mais
longos do que a linhagem L22 (ineficiente). A plasticidade dos pelos radiculares
pode ser um componente de um conjunto mais amplo de caracteristicas,
incluindo a plasticidade na respiracéo radicular, que permite maior crescimento
da raiz e aquisicao de fosforo em solos pobres em P (Zhu et al., 2010).

Concluindo, nossos resultados mostraram que a expressdo de
ZmPSTOL1_3.06 ocorre preferencialmente na zona de diferenciacédo da raiz
priméria, mais precisamente nos pelos radiculares, do gendtipo eficiente na
aguisicao de P e foi modulada pela disponibilidade de P. A presenca dos motivos
de ligacdo relacionados a aquisicdao de P (ZmPHR1) e formacdo de pelos
radiculares (ZmLRL5) na regido promotora de ZmPSTOL1_3.06, junto ao fato
das plantas transgénicas sob seu promotor apresentarem maior atividade de
GUS sob baixo P e nos pelos radiculares indicaram uma potencial relagcéo entre
esses fatores de transcricdo e ZmPSTOL1 3.06. Além disso, plantas
transgénicas superexpressando ZmPSTOL1_3.06 alteraram o alongamento dos
pelos radiculares e a expresséo de genes relacionados a sua formacao. Esta é
a primeira vez que uma quinase foi relacionada com o processo de
desenvolvimento de pelo radicular de milho. Estudos mais aprofundados sobre
0s complexos mecanismos de sinalizacdo sdo necessarios para melhor

compreensao da regulacao do gene ZmPSTOL1_3.06 em milho.
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4 CONCLUSAO GERAL

Os eventos superexpressando os genes OsPSTOL1 e SbPSTOL1 tiveram
um incremento de raizes superfinas, o que levou a um aumento da area de
superficie radicular e de biomassa vegetal, tanto em camara de crescimento
quanto em casa de vegetacdo. Os eventos superexpressando 0s genes
ZmPSTOL1 néo apresentaram diferencas significativas em relacéo a linhagem
selvagem B104.

A expressdo do gene de milho ZmPSTOL1 3.06 ocorreu
preferencialmente na zona de diferenciagcéo da raiz priméria, mais precisamente
nos pelos radiculares, do genotipo eficiente na aquisicéo de P - L3 e foi modulada
pela disponibilidade de P.

A presenca dos motivos de ligacdo relacionados a aquisicdo de P
(ZmPHR1) e formacao de pelos radiculares (ZmLRL5) na regido promotora de
ZmPSTOL1 3.06, juntamente com o fato das plantas transgénicas sob seu
promotor apresentarem maior atividade de GUS sob baixo P e nos pelos
radiculares indicaram uma potencial relacdo entre esses fatores de transcricao
e ZmPSTOL1_3.06.

Plantas transgénicas superexpressando o gene ZmPSTOL1 3.06
alteraram o alongamento dos pelos radiculares e a expressdo de genes
relacionados com a sua formacéo.

Os resultados sugerem até o momento, que os genes PSTOL1 tem um
papel mais geral no desenvolvimento do sistema radicular, o que resulta no

aumento da eficiéncia de P, que pode beneficiar a producao de cereais.
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5 ANEXO

Este anexo contém o artigo cientifico intitulado: “Multiple interval QTL
mapping and searching for PSTOL1 homologs associated with root morphology,
biomass accumulation and phosphorus contente in maize seedlings under low-
P, publicado na revista BMC Plant Biology (2015), com co-autoria de Béarbara

Franca Negri.
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Abstract

Background: Modifications in root morphology are important strategies to maximize soil exploitation under
phosphorus starvation in plants. Here, we used two multiple interval models to map QTLs related to root traits,
biomass accumulation and P content in a maize RIL population cultivated in nutrient solution. In addition, we
searched for putative maize homologs to PSTOLT, a gene responsible to enhance early root growth, P uptake and
grain yield in rice and sorghum.

Results: Based on path analysis, root surface area was the root morphology component that most strongly
contributed to total dry weight and to P content in maize seedling under low-P availability. Multiple interval mapping
models for single (MIM) and multiple traits (MT-MIM) were combined and revealed 13 genomic regions significantly
associated with the target traits in a complementary way. The phenotypic variances explained by all QTLs and their
epistatic interactions using MT-MIM (23.4 to 35.5 %) were higher than in previous studies, and presented superior
statistical power. Some of these QTLs were coincident with QTLs for root morphology traits and grain yield previously
mapped, whereas others harbored ZmPSTOL candidate genes, which shared more than 55 % of amino acid sequence
identity and a conserved serine/threonine kinase domain with OsPSTOL1. Additionally, four ZmPSTOL candidate genes
co-localized with QTLs for root morphology, biomass accumulation and/or P content were preferentially expressed in
roots of the parental lines that contributed the alleles enhancing the respective phenotypes.

Conclusions: QTL mapping strategies adopted in this study revealed complementary results for single and
multiple traits with high accuracy. Some QTLs, mainly the ones that were also associated with yield performance in
other studies, can be good targets for marker-assisted selection to improve P-use efficiency in maize. Based on the
co-localization with QTLs, the protein domain conservation and the coincidence of gene expression, we selected
novel maize genes as putative homologs to PSTOLT that will require further validation studies.
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Background

The increasing demand for agricultural production poses
a global challenge to improve the phosphorus (P) use
efficiency in plants due to its low availability in a large
proportion of arable lands [1, 2]. Plants uptake phos-
phorus from the soil in the orthophosphate forms (P;),
which are available at low concentration in the soil solu-
tion [3]. In a large fraction of soils, P is tightly fixed to
the clay’s surface, which requires high amounts of phos-
phate fertilizers for high-yielding farming systems, in-
creasing production costs and hampering soil fertility
management [3-5]. However, low-input farmers have
limited access to phosphate fertilizer, which is the sec-
ond 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 limited P availability. Thus, improving
maize P-use efficiency is expected to increase yield sta-
bility and, consequently, food security [1, 4, 8].

Plants have evolved two major strategies to overcome
P limitation in the soil, which are P internal utilization
and P uptake [3]. P internal utilization mechanisms in-
volve transport, partitioning and remobilization of P
within the plant, whereas the mechanisms that increase
P uptake are associated with alterations in the root sys-
tem, interactions with microorganisms, and chemical
modifications of the rhizosphere [3]. Indeed, P acquisi-
tion efficiency has been considered from two to three
times more important than P internal utilization to ex-
plain the variability for P-use efficiency in tropical maize
genotypes evaluated in low- and high-P soils [9]. Consid-
ering the limited mobility and low P concentration in
the soil, mechanisms related to P acquisition are greatly
dependent of the proximity of this nutrient to the root
system (3, 10]. Thus, a well-developed root system should
be an important adaptation mechanism to maximize soil
exploitation, enabling plants to improve P acquisition effi-
ciency [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 roothair-
less (Rthl) [22], brittle stalk-2-like protein 3 (Bk2I3) [23],
and rootless concerning crown and seminal roots (Rtcs)
[24] have been cloned and characterized. However, an
appropriate strategy to dissect these traits is through
quantitative trait loci (QTL) mapping. Indeed, several
QTLs were mapped for root traits under contrasting
conditions of P availability in nutrient solution [25-27],
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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. These studies were carried out using composite
interval mapping (CIM) strategy, however, multiple inter-
val mapping (MIM) [33] offers a significant improvement
on both statistical power and precision for detecting main
and epistatic QTLs over CIM. This happens because MIM
utilizes the estimated positions of QTLs as cofactors in
the multiple regression model, whereas CIM utilizes the
nearest markers to the estimated QTL as cofactors [34].
Besides all statistical advantages achieved by MIM, it still
cannot capture the genetic correlation that might exist be-
tween traits. The multiple-trait multiple interval mapping
(MT-MIM) method [35], which is an extension of MIM,
applies multiple regression on a multiple dimensional
(traits) space context, which enables it to capture infor-
mation that might be available from the existing genetic
correlation between traits, therefore, boosting the precision
and power to detect QTLs [35]. To the best of our know-
ledge, this method has never been applied to map QTLs
with effects on root morphology traits in maize.

In rice, a major QTL controlling phosphorus uptake
(Pupl) was mapped to chromosome 12, explaining ap-
proximately 80 % of the phenotypic variance of this trait
[36]. Rice near isogenic lines (NILs) carrying the Pupl
QTL showed a three-fold increase in P uptake and en-
hanced root surface area when grown in P-deficient soil
[36, 37]. Additionally, irrigated and upland rice varieties
introgressed with Pupl showed a significant improve-
ment in grain yield in different low-P soils compared to
their parents [38, 39]. The gene underlying the Pupl
locus was identified and named Phosphorus-starvation
tolerance 1 (PSTOLI), which encodes a serine/threonine
kinase of the LRK10L-2 subfamily [40]. The overexpres-
sion of PSTOLI 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 nu-
trients [40]. Furthermore, Hufnagel et al. [41] showed that
sorghum homologs to OsPSTOLI were associated with
enhanced P uptake and grain yield in sorghum grown in a
low-P soil due modifications on root system morphology
and architecture. A remarkable conservation of protein-
encoding genes among maize, sorghum and rice has been
confirmed in silico based on genome sequencing compari-
son, once approximately 89 % of the 11,892 maize gene
families predicted in the B73 genome were shared with
rice and sorghum [42]. Of these, genes encoding import-
ant adaptive traits are expected to be conserved among
these grass species.

In order to better understand the genetic basis of root
morphology and P acquisition related traits, as well as
the relationship between these traits, a path analysis and
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a QTL mapping study were carried out in a maize RILs  for root:shoot dry weight ratio to 0.82 for root length
in nutrient solution cultivated under low P. We also in-  (Additional file 1: Table S1). The P-efficient line, L3,
tegrated the QTL mapping, sequence comparison and tended to present superior phenotypic measurements for
expression analysis to identify putative homologs to  all traits compared with the P-inefficient line L22, with the

PSTOLI in maize. exception of root diameter and root:shoot ratio (Fig. 1a).

The range of the phenotypic variation in the RILs was
Results larger than both parents, suggesting transgressive segrega-
Transgressive segregation of phenotypic traits in RILs tion for all phenotypic traits (Fig. 1a). The RILs showing

Significant genetic variation in root morphology traits, extreme root systems in comparison with their parental
biomass accumulation and phosphorus content in the lines were highlighted in the Fig. 1b. The parental lines
seedlings were observed for the RIL population with high  belonged to distinct heterotic groups (L3, flint and L22,
broad sense heritability estimates, which ranged from 0.65  dent) [43], were genetically divergent based on SNP
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Fig. 1 a Frequency distribution of traits evaluated in 145 maize RILs grown in low-P (2.5 uM). The P-efficient (L3) and the P-inefficient (L22) parental
lines are indicated by arrows. b Root system of the parental lines (L3 and L22) and two extreme RILs (RIL 66 and 113) after 13 days cultivated in nutrient
solution under low-P




Azevedo et al. BMC Plant Biology

markers [44] and contrasted for grain yield in low-P
soil [45] and for root morphology traits in nutrient so-
lution [46].

Surface area is an important root trait contributing to
seedling dry weight and P content

Root length, root surface area and surface area of fine
roots were high and positively correlated with each other
(Table 1). The correlation coefficients among these traits
exhibited comparable magnitudes to those observed in a
sorghum diversity panel composed of 287 accessions [41]
and in a group of 30 maize lines [46]. These root traits also
showed strong correlation coefficients with total seedling
dry weight (0.77 to 0.86), moderate correlations with total
P content in the seedling (0.31 to 0.48), and negative corre-
lations 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 per-
formed a path analysis, using the root traits as explana-
tory variables and the total seedling dry weight and P
content as dependent variables. As P content was the
product of total seedling dry weight and P concentration
as previously 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 had 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 counterba-
lanced by the indirect effect via root surface area, prob-
ably due to the high positive correlation between these
traits (r=0.98). A similar pattern was observed for

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

Traits RL SA2 RD RS TOW Pcont
SA 098**  080**  -048%  -0.38* 0.86** 0.39**
RL 069" =062 038" 079" 037
SA2 0.03 =029** 077 048**
RD 026" —025* 0.14
RS -043**  -002
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
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surface area of fine roots, which was also positively cor-
related 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 mit-
igated 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 cor-
roborates 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 total dry weight and P content in the seedlings
under P deficiency. This root morphology also promoted
an additional advantage for shoot over root develop-
ment, confirming that the investment in root growth
was beneficial to P acquisition as discussed by Zhu and
Lynch [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 (Additional
file 2: Figure S1). In addition to SSR and SNP markers, six
ZmPSTOL candidate genes and three genes previously as-
sociated with root morphology (Rthl, Bk2l3, and Rtcs)
were mapped to their predicted physical positions. Mul-
tiple 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 ana-
lysis or as “multi” if they were detected by multiple trait
analysis, followed by their genetic position in bin (Fig. 2).
A bin is the interval of approximately 20 cM between two
core markers previously defined and mapped in maize
[47], which are designated with the chromosome number
followed by a two-digit decimal.

MIM models for individual traits detected seven QTLs
controlling root length, root diameter, surface area of fine
roots, and root:shoot ratio. The proportion of the pheno-
typic variance explained by each QTL (R?) ranged from
6.84 % (qRD4.05) to 15.12 % (¢gSA2_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 % (gMulti8.02 for R:S)
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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

Independent variables

Dependent variables

Total dry weight Total P content

Root surface area Direct effect

Indirect effect via root length

Indirect effect via surface area of fine roots

Indirect effect via root diameter

Phenotypic correlation (r)
Root length Direct effect

Indirect effect via surface area

Indirect effect via surface area of fine roots

Indirect effect via root diameter

Phenotypic correlation (r)
Surface area of fine roots Direct effect
Indirect effect via root length

Indirect effect via surface area

Indirect effect via root diameter

Phenotypic correlation (r)
Root diameter Direct effect
Indirect effect via root length

Indirect effect via surface area

Indirect effect via surface area of fine roots

Phenotypic correlation (r)

Coefficient of determination

5935 1.597
-4.734 -0977
—-0.544 -0.094

0.203 -0.135

0.86 0.39
—4.831 -0.997

5816 1.565
-0462 —-0.081

0.267 -0.177

0.79 031
—-0.681 -0.117
—3.284 -0.678

4.748 1.277
-0.012 0.008

0.77 048
-0424 0.281

3.043 0.628
—2.848 —-0.766
-0.020 —-0.003
-025 0.14

0.869 0.295

up to 15.17 % (gMulti10.03 for SA2). The highest addi-
tive 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 stat-
istical power of MT-MIM compared with the MIM
models applied to each trait individually (Fig. 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, Silva et al. [35] 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 par-
ental 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 magni-
tudes 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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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

Trait  QTL® Bin cMP  Marker / Position (Mbp) ~ LOD  Flanking MarkersS / Position (Mbp) R? (%) Effect® R (%)
RL GRL8.05 805 1004  PZA00766_1 224 PHM934_19 ZmPSTOL8.05_1 687  —0271% 687
1338 116.8 1520
RD  gRD1.03 103 944  umcl073 380  bnlg1083 PZA03742_1 960 0307 2564
329 275 445
qRD4.05 405 250  ZmPSTOL4.05 274 PHM15427_11 PHM3587-6 6.84 0.270%**

398 339 594
gRD7.02 702 760  PZA01690_7 395  PZA01933_3 PZA01946_7 1001 —-0331%*

1231 9.1 1236
SA2  gSA2.1003 1003 342  PHM2770_19 516  PHM1155_14 PZA01877_2 1512 -0393** 1512
726 62.1 775
RS gRS1.07 107 2060  PHM12693_8 376 PZA01963_15 PZA03301_2 10.85 0377 1647
2235 2037 2406
qRS3.06 306 1320  PZA02212_1 300  PZA00186_4 PZA01154_1 853 0310%*

1745 1658 2160

°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

9R%; 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 significance based on p-values estimated via score statistics resampling (*p < 0.1, *p < 0.05,

*p <001, *¥*p < 0.001)
fR2;: genotypic variance of the full model

A phylogenetic analysis revealed that the six predicted
ZmPSTOL proteins clustered together with PSTOL1 from
rice, SNC4 and PR5 from Arabidopsis (circled in Fig. 3),
which were classified as LRK10L-2 subfamily of serine/
threonine receptor-like kinases by Gamuyao et al. [40]. 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 3: Figure S2). A distinct glycosyl hydrolase
domain was predicted for ZmPSTOL4.05. The maize pro-
teins ZmPSTOL4.05, ZmPSTOL8.02, ZmPSTOLS8.05_1
and ZmPSTOLB.05_2 were classified as receptor-like ki-
nases (RLKs), which are characterized by the presence of a
transmembrane domain for signal perception and an
intracellular kinase domain [48, 49]. In contrast, the pro-
teins ZmPSTOL3.04 and ZmPSTOL3.06 contained the
intracellular kinase domain but lacked the transmembrane
domain similarly to OsPSTOLLI [40], and thus were classi-
fied as receptor-like cytoplasmic kinases (RLCKs) [49].

ZmPSTOL candidate genes have distinct expression patterns
The expression analyses revealed that ZmPSTOL4.05,
ZmPSTOL8.02 and ZmPSTOLS8.05_1 were highly and
consistently expressed in the roots of the P-inefficient
genotype (L22) under low (2.5 uM) and high (250 uM) P
conditions, but were not responsive to P in either L22 or
L3 (Fig. 4). ZmPSTOL3.06 was preferentially expressed
in the roots of the P-efficient line (L3) with lower

expression under high-P compared to the low-P concen-
tration, and induced by high-P in roots of L22 (Fig. 4).
The expression of ZmPSTOL3.04 and ZmPSTOL8.05_2
was induced in the root and repressed in the shoot of
L22 under high-P concentration, but were not differen-
tially expressed in L3 (Fig. 4). Additionally, the expres-
sion pattern of ZmPSTOL3.04 and ZmPSTOLS8.05_2 in
roots may reflect the total P content in the seedling,
whereas the expression in shoots could be negatively
associated with the total P content in L22 (Additional
file 4: Table S2).

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, root:-
shoot ratio 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 23.4 to 35.5 %, which was higher than
in previous studies. To the best of our knowledge, the
present study demonstrates the first QTL mapping of root



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)

Qm? Bin cMP Marker/Position LOD Flanking markers“/Position Main effect? / R? (%)°
(Mbp) (Mop) RL RD SA SA2 RS TOW Peont
gMulti1.03 1.03 944 umc1073 184 bnlg1083 PZA03742_1 -0.109 0.163* -0.075 0.110 -0.168* —-0.147* 0.026
329 9 27.5 44.5 118 264 0.56 1.19 282 214 0.65
gMulti1.06 1.06 183. PZA00619_3 507 bnlg1598 umc1335 0.093 -0.028 —-0.084 0078 —-0.054 —-0.004 0.210**
8 1954 1878 196.9 0.85 0.08 0.70 0.60 027 0.00 433
qMulti1.07 1.07 209.0 PHM114614_22 2001 PZA01963_15 PHM12693_8 —-0.185* 0010 —02371** —0.224** 0.373%** —0.299*** -0.138"
2056 2037 2235 303 001 473 441 12.28 789 167
gMulti2.08 208 727 PZA01885_2 16.10 PZA02077_1 PZA01885_2 0.116 -0.109 0.083 -0.041 =011 -0.049 —0.262***
2069 206.5 206.9 1.28 113 0.65 0.02 1.16 0.23 6.50
gMulti3.04 3.04 830 PZA00297_2 7.90 ZmPSTOL3.04 PHMS5502_31 0.217%* -0.216** 0.192* 0.119" 0.124% -0.023 -0059
399 202 67.2 428 425 334 1.29 140 0.05 031
gMulti3.06 3.06 138. PZA01962 825 PZA02212_1 PZA03735_1 -0.018 -0.097 -0.049 —-0.047 0.306*** -0077 -0025
0 1782 1745 180.5 003 081 020 0.19 807 0.51 0.05
gMulti6.06 6.06 130. PHM16607_11 6.88 PHM597_18 PZB01569_7 -0.027 0.108 0010 0.178*% —-0.064 01m 0.045
5 160.2 1579 160.7 0.07 1.1 001 301 039 117 0.02
gMultis.02 8.02 480 ZmpPSTOL8.02 15.76 ZmPSTOL8.02 PHM1978_111 —0.252** 0.164 —0.243** —0.184* =0.177% -0.095 —0.239**
133 133 218 414 1.76 383 220 204 0.59 37
gMultio.04 9.04 275 PHM13183_12 2030 PZA0225_8 PZB01358_1 -0.022 -0.135" -0.079 —0.286*** 0.083 -0.164" -0.148"
104.7 1045 106.8 0.04 1.71 0.58 767 065 253 205
gMulti10.03 10.03 380 PHM1155_14 19.96 PHM1812_32 PZA01877_2 -0.180% -0.106 —0.240"* -0403** 15.17 -0.047 -0.171* -0013
62.1 47.7 725 3.03 1.06 0.21 274 0.02
rRzT 26.17 3554 2451 3353 34.04 2341 27.28

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

PcM 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

9Effect 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 significance 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

Interactions Interaction effect® / R* (9%)°
RL RD SA SA2 RS TDW Pcont
gMulti1.03 X gMulti1.07 -0.060 0.067 -0.078 -0.183* 0.054 -0.053 -0.005
033 041 0.56 307 027 025 0.03
gMulti1.03 X gMulti10.03 -0.009 -0.029 -0.029 -0.141" 0.148* -0.123 -0.235**
001 0.08 0.08 1.85 204 141 512
gMulti1.07 X gMulti9.04 0.324%%* —0.358%** 0.280** 0.127 —-0.108 0.196* 0.067
9.02 11.00 6.76 138 1.00 331 039
gMulti2.08 X gMulti10.03 -0.071 0.179** -0013 0.115 0.166* 0.028 0.077
045 2.86 0.02 1.18 247 0.07 053
gMulti8.02 X gMulti9.04 0231% -0.150 0.254* 0.188* -0221* 0307** 0.265**
3.24 137 393 216 299 574 4.29

°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
(fp<0.1, *p <0.05, ** p <0.01, **p <0.001)
PR?: 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

Predicted gene Gene ID Physical position (bp) Identity (%) Coverage (%) E-value

GRMZM2G412760 ZmPSTOL3.04 Chr3: 20,172,140 55 99 5.1e-104
GRMZM2G448672 ZmPSTOL3.06 Chr3: 206918421 66 97 4.7e-186
AC193632.2_FG002 ZmPSTOL4.05 Chr4: 39,792,602 69 95 20e-105
GRMZM2G172396 ZmPSTOL8.02 Chr8: 13,267,001 55 99 9.6e-123
GRMZM2G451147 ZmPSTOL8.05_1 Chr8: 152,043,859 70 97 34e-131
GRMZM2G164612 ZmPSTOL8.05_2 Chr8: 152,100,275 70 97 23e-127

morphology traits, seedling biomass and P content in
maize using the MT-MIM model, confirming that comple-
mentary information can be generated when this strategy
is combined with single trait MIM analyses, as previously
suggested by Silva et al. [35].

The genetic complexity of these traits was highlighted
by the epistatic interactions among QTLs that showed
effects of magnitudes comparable to those of main ef-
fects. The significant contribution of epistatic interac-
tions was also detected by other authors for root traits
in nutrient solution [25-27, 50] and for P-use efficiency
indices under field conditions [30, 51].

QTL mapping revealed that both parents contributed
favorable alleles for most of the traits evaluated, which
possibly leads to transgressive segregation. The parents
L3 and L22 were also shown to donate favorable alleles
for P acquisition efficiency and P-use efficiency based on
grain yield, when these RILs were backcrossed with both
parental lines and evaluated in low-P soil [51]. The occur-
rence of segregating progenies with extreme phenotypes,
out of the parental range, has been detected in plants sub-
jected to different abiotic stresses under field or nutrient
solution [50, 52, 53]. Transgressive segregation was also
observed in maize RILs derived from a cross between
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Fig. 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, PRSK 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
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250 pM) after 13 days of treatment. Error bars indicate the standard errors of three technical replicates composed of three seedlings each

Mol7 and B73 for the length and number of lateral and
seminal roots [25, 27] and for root hair length [26].

The QTL mapping results strongly reflected the pheno-
typic correlations among the target traits. The high correl-
ation 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 (gMulti1.07, 3.04, 8.02 and
10.03; Table 4). Additionally, two significant QTLs for root
diameter were either mapped to unique regions or with
opposite signs compared with other root traits, corrobor-
ating 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
(gMulti1.07, 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

Three genes previously associated with root morphology
in maize (Rthl, Bk2I3 and Rtcs) were mapped to chromo-
some 1, but did not overlap with any mapped QTLs
(Fig. 2). Even though early root growth enhancement has
not always led to superior yield performance in the field

[54], a large number of QTL studies have indicated that
some genomic regions consistently affect root morphology
traits during the seedling stage and agronomic perform-
ance under different environments. A similar situation
was also found for three QTL regions on chromosome 1
in our current study, which were coincident with QTLs
previously reported for early root traits and for yield
components in the field.

qMultil.03 associated with root diameter, total seedling
dry weight and root:shoot ratio overlapped with the QTL
influencing seminal root length and weight [50], primary
axile root diameter [55], daily elongation rate of axile roots
[56] and total length of second-order lateral roots [57] in
nutrient solution. This region was coincident with QTLs
for drought tolerance index [50], grain yield, kernel num-
ber and weight in low-P soil [58]. This genomic region
was also detected in a meta-analysis for low-P tolerance in
maize as the consensus cQTL1-2 [59].

gMultil.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 Fig. 2). A major QTL
at bin 1.06 was associated with root traits in nutrient solu-
tion, grain yield under well-watered and water-stressed con-
ditions [50], and root-pulling resistance in adult plants [60].
Due to the consistency in the effects of this genomic region
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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 [61]. A QTL for P utilization effi-
ciency (gPUTILI) based on grain yield under low-P soil also
overlapped in this region [51].

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 [54]. QTLs for grain yield and drought toler-
ance index were also mapped to this genomic region [50].

The association of root morphology QTLs in early
stages of plant development with yield performance, in-
cluding 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 co-localized with QTLs for root morphology,
biomass accumulation and P content

The QTL mapped using MT-MIM (gMulti8.02) that was
associated with root length, root surface area, root:shoot ra-
tio and P content co-localized with ZmPSTOLS8.02 (Fig. 2).
This ZmPSTOL candidate gene was highly expressed in the
roots of L22 (Fig. 4), the donor line of the favorable QTL
alleles for all traits mentioned above. In rice, the overexpres-
sion of OsPSTOL1 enhanced total root length and root sur-
face area in transgenic seedlings in nutrient solution as well
as grain yield of transgenic varieties cultivated in P-
deficient soils [40]. According to these authors, the larger
root system contributed to a significant increase in the up-
take of nutrients such as phosphorus, nitrogen and potas-
sium in transgenic rice lines overexpressing OsPSTOLI.
The sequence similarity and conserved domains of these
protein kinases from rice and maize combined with the evi-
dences 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 OsPSTOLI in rice. Additionally, QTLs associ-
ated with seminal root number in high-P levels [27], shoot
dry weight [32] and primary root length [56] 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 (ZmPSTOL8.05_1), root diam-
eter (ZmPSTOL4.05), and root:shoot ratio (ZmPSTOL3.06).
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.
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ZmPSTOL8.05_1 was mapped to 117 ¢cM on chromo-
some 8, flanking gRL8.05. Additionally, a weak LOD
peak for total P content was coincident with this candi-
date gene (Fig. 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 con-
tent in the seedling (data not shown). This genomic re-
gion also harbored QTLs explaining 5 to 6 % of the
phenotypic variance for P acquisition efficiency based on
grain yield [51], indicating that this genomic region con-
sistently 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, 50, 62]. The coincidence of QTLs
for root traits and for grain yield from different studies as-
sociated with the superior expression of ZmPSTOLS8.05_1
in roots under low-P are highly compatible with the role
of its putative homolog (OsPSTOLI) in rice.

ZmPSTOL3.06 was mapped to 169.6 cM on chromo-
some 3 within the confidence interval of gRS3.06 for
root:shoot ratio (Fig. 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 [54]. This candidate gene was highly expressed
in roots cultivated with both P levels of the P-efficient line
L3 (Fig. 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 3: Figure S2). This combined information
makes this predicted gene also a candidate to OsPSTOLI
homolog in maize.

ZmPSTOL4.05 was coincident with the gRD4.05, with
L22 donating the allele that reduced the root diameter.
ZmPSTOL4.05 was highly expressed only in roots of the
donor line, L22, cultivated in both P availability. Under
P starvation conditions the root diameter decreases,
while the root surface area increases, enabling the root
system to explore a larger volume of soil [11]. Thus, as
observed in the path analysis, fine roots are an import-
ant component to improve the root surface area, which
played a strong contribution to total seedling dry weight
and to P content in maize seedlings cultivated in low-P
conditions. A QTL controlling the plasticity of lateral
root number (i.e., change in the lateral root number in
response to P availability) in hydroponics [26] was also
mapped at this same region, suggesting that genes har-
boring in this genomic region may control root traits
across different populations.

The finding that ZmPSTOL genes were preferentially
expressed in the roots of the lines that contributed the
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allelic enhancing root traits, seedling dry weight and P con-
tent indicate that at least ZmPSTOL3.06, ZmPSTOL4.05,
ZmPSTOL8.02 and ZmPSTOLS8.05_1 may have a functional
relationship with root morphology and/or with P acquisi-
tion in maize. Considering the role of PSTOLI genes in rice
and sorghum, 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) [63] that was found
to be functionally conserved in maize (ZmMATEI) [64]
and rice (OsFRDL4) [65].

Conclusions

Comprehensive QTL analyses revealed important re-
gions associated with root traits, seedling dry weight and
P content in maize under low-P concentration. Using
the multiple trait-multiple interval mapping model, these
QTLs explained a larger extent of the phenotypic vari-
ance for the target traits compared with previous studies.
The complementary genomic regions identified using
both models jointly offered putative targets for molecu-
lar breeding aiming to improve P acquisition efficiency
in maize. Additionally, this study identified new maize
candidate genes sharing high identity with OsPSTOLI
that were preferentially expressed in the roots and co-
localized with QTLs for root morphology and P acquisi-
tion related traits.

Material and methods

Mapping population

The segregating population was composed by 145 maize
recombinant inbred lines (RILs) derived from a bi-parental
cross of lines L3 (P-efficient) and L22 (P-inefficient). F;
plants were self-pollinated and individual F, plants were
advanced for seven cycles of selfing by single seed descent,
after which seeds were bulked for multiplication. The par-
ental lines and the population were developed at Embrapa
Maize and Sorghum (Brazil, latitude 19_270S and 716 m
above sea level). The parental lines were previously charac-
terized as contrasting for P-use efficiency under low and
high P conditions in the field [45] and for root morphology
traits [46].

Quantitative analysis of root traits, seedling biomass
accumulation and P content using a paper pouch system
The mapping population and parents were evaluated in
randomized complete block design with four biological
replicates, each composed by three plants per pouch. Each
biological replicate was evaluated in an identical but inde-
pendent experiment performed on a seven-day interval.
Maize seeds were surface sterilized with 0.5 % (v/v) sodium
hypochlorite for 5 min and germinated in moistened ger-
mination paper rolls. After four days, uniform seedlings
were transferred to moist blots in paper pouches after
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removing the endosperm to eliminate seed reserves [46]. A
modified Magnavaca nutrient solution [66] containing
2.5 uM P was replaced every three days and the pH was
maintained at 5.65. Each container was filled with 5 | of nu-
trient solution with the bottom 3 cm of the pouches
immersed in the solution. The containers were maintained
in a growth chamber with a 12 h photoperiod at 27/
20 °C day/night temperatures and 330 pmol m™2 s™' of
light intensity. After 13 days, root images were cap-
tured using a digital photography setup and analyzed
using RootReader2D (http://www.plantmineralnutrition.net/
rr2d.php) and WinRHIZO (http://www.regent.qc.ca/assets/
winrhizo_about.html) software according to de Sousa et
al. [46]. The total root system, which includes all to-
gether primary, seminal and initial adventitious
roots, was evaluated for total root length (RL) (cm), aver-
age root diameter (RD) (cm®), total root surface area (SA)
(cm?) and surface area of fine roots (SA2) (1.0<d<
2.0 mm) (cm?).

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 [67]. 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. As maize absorbs phosphate in its orthophos-
phate form (Pi), the P in the nutrient solution refers to
phosphate, whereas the total P content in the seedling
comprises both organic and inorganic P forms.

Analysis of variance (ANOVA), correlations between
pairs of traits and path analysis were performed using
the GENES software [68]. The phenotypic correlations
were calculated based on the mean values. Broad sense
heritability was estimated as /’=6%/(62+6%) with
2= (MSg-MSg)/r and 62=MSg, where ¢Z and 77
are the estimates of genetic and error variance, respectively;
MSg and MSg are the genetic and error mean squares,
respectively, and r is the number of replications.

For the path analysis [69], the five root traits (total
root length, root average diameter, surface area and sur-
face area of fine roots) were considered as independent
variables x; (i=1, 2, ..., 5). The total seedling dry weight
and phosphorus content were considered as dependent
variables y; (j=1, 2) in two distinct path analyses. The
estimated path coefficient (P;;) was considered as the dir-
ect 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;- (r;?) by P;;. Root:-
shoot ratio was excluded from the analysis due to its
contribution to both dependent variables.
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Linkage map

DNA was isolated from young leaves using the CTAB
method [70]. Initially, 60 polymorphic SSR markers were
genotyped in the RIL population according to [71]. 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). The sequences, genetic and genomic
locations of SSR and SNP markers are available at the
Maize Genetics and Genomics Database (http://
www.maizegdb.org/data_center/locus).

The markers were tested for the expected segregation ra-
tio 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 [72] con-
sidering a minimum LOD of 3.0 and a maximum frequency
of recombination (r) of 0.4. The mapping function Kosambi
[73] was used to convert recombination fractions into map
distances. The final linkage map was drawn using Windows
QTL Cartographer v 2.5 (http://statgen.ncsu.edu/qtlcart/
WQTLCart.htm).

QTL mapping
Phenotypic fitted values were obtained from the following
statistical model adjusted for each single trait:

Yy =#u+Bi+Gj+eg

where y; is the phenotypic observation from the i
(i=1, ..., 4) replication on the j* genotype (j=1, ...,
145); p is the phenotypic average; B; is the effect of the i
block; G; is the j* genotype; and g; is the residual associ-
ated with the y; observation. We tested the fit of two
models by first assuming that the residuals were normally
distributed with constant variance, &;~N(0, ¢*) and by
second considering the heteroscedasticity, &;~N(0, of).
Both models were fitted using the gls function from the
nlme R package [74] 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. Each replicate was composed by three plants that
were bulked for all laboratorial analyses.

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:

Yie — He

Zip = ———+

Ot

y

where z;, is the standardized observation of trait ¢ (¢=1,
2, ..., 7) on subject i; y; is the observation of trait ¢ on
subject i; y, is the average of trait £ and o, is the stand-
ard deviation of trait .

For the joint QTL analysis, a multiple trait-multiple
interval mapping (MT-MIM) model was evaluated as
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previously described [35]. The complete model was fit-
ted using the following equation:

m p
2=+ Y Byt Y Wenkirku+esi
r=1

r<l

where z,; is the standardized observation of trait ¢ on
subject i; p, is the intercept for trait ¢; the parameter f3,,
has the genetic interpretation of the additive effect of
QTL r on trait ¢t (r=1, 2, ..., m QTLs included in the
model); and the regressive variables x;. represent the con-
trast coefficients codified according to the Cockerham
model [33, 75] (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 w,,; is the epistatic effect between QTL r
and QTL [/ on trait ¢ and the random error &; was as-
sumed to be independent and identically distributed ac-
cording to a multivariate normal distribution, with a mean
vector of zero and a positive definite symmetric variance-
covariance matrix ¥, i.e., &; = MVN(0, X).

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 epista-
sis 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 ef-
fect were kept in the final model. The Haley-Knott regres-
sion [76] was used to estimate the model parameters, and
the resampled score statistics [35, 77] 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 [78].

Multiple interval mapping (MIM) analysis was per-
formed for each single trait [33, 79] in a similar proced-
ure 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.C. Silva.
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Identification of maize PSTOL1 homologs

Using the OsPSTOL1 amino acid sequence [GenBank:
BAK26566] we performed searches against the maize gen-
ome database (http://ensembl.gramene.org/Zea_mays/Info/
Index) using BLASTp. Six predicted maize proteins with
more than 55 % sequence identity to rice PSTOL1 were se-
lected and aligned using ClustalX software version 1.83 [80];
the alignment included OsPSTOLI and the Arabidopsis
protein kinases SNC4 [81] and PRK5 [82]. The phylogenetic
tree was constructed based on the maximum likelihood
method with 1000 bootstraps [83] using MEGA software
[84]. The protein domains were identified using the CDART
(Conservative Domain Architecture Retrieval Tool (http://
www.ncbi.nlm.nih.gov/Structure/lexington/lexington.cgi).

Mapping candidate genes

Specific primers for the maize candidate genes were de-
signed using Primer Blast (ncbinlm.nih.gov/tools/primer-
blast/index.cgi). PCR reactions were performed using 30 ng
of DNA, 0.2 mM of each ANTP, 2 mM of MgCl,, 10 pmols
of each primer, 5 % (v/v) dimethyl sulfoxide (DMSO) and 1
U of Taqg 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 s, depending on the
primers, and extension at 72 °C for 1 min. The amplifica-
tion 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-TTGCCCAC
GGCTGGCAAGAG-3" and 5- GGCTCTGTAGCACG
CCCCTC - 3" and resolved on a silver-stained polyacryl-
amide gel [85]. The same strategy was used for the brit-
tle stalk-2-like protein 3 gene (Bk2[3) [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 5'-CGCGCCATAGCCCGCAGTAA-3" and 5'-
GATTGGCACGGGCCGGTCAG-3" with the restriction
enzyme Acil and was visualized on a silver-stained poly-
acrylamide gel [85].

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

124

Page 14 of 17

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'-TGC
ATACAAGGGACTGCTTCGGA-3'. CAPS markers were
resolved on silver stained polyacrylamide gels [85]. The im-
ages 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-TTGTT
GGCCGGTCCGTTGGG-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'-CCGCTA
CGCCTTGGTTGCCA-3" and 5'-CGCCGTAGTTAGCG
GAGCCG-3’ to map ZmPSTOL4.05, the primer pair
5'-AGCCTCCACGATGGCCGACA-3" and 5-TGCA
TTTGTGTGACCTGGAA-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 geno-
types harvested after 13 days in modified Magnavaca’s
nutrient solution containing low (2.5 pM) 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 pg of total RNA pretreated with
DNase I was used for cDNA synthesis using the High
Capacity cDNA Reverse Transcription kit (Applied Bio-
systems, Foster City, CA) according to the manufac-
turer’s instructions. Gene expression was determined by
quantitative PCR (qPCR-RT) using SYBR Green I and Taq-
Man 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 5:
Table S3). 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 5 are shown. The relative
gene expression was calculated using the 222" method
[86], with three technical replicates and L3 roots under
low-P conditions as a calibrator. Variance analysis of the
gene expression and total P content was performed
using GENES software [68].

Availability of supporting data
http://purl.org/phylo/treebase/phylows/study/TB2:517800.
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Additional files

P
Additional file 1: Table S1. Trait means, coefficients of variation (CV),
genetic variances (07), environmental variances (o) and heritability estimates
(h”) in 145 RILs derived from a cross between maize lines L3 and L22.

Additional file 2: Figure S1. Genetic linkage map including 292 markers
in a maize RIL population derived from a cross between L3 and L22. For each
chromosome (chr), marker names are indicated on the right and the genetic
distance in centimorgans (cM) is on the left. The colored bars indicate the
position of QTLs for root traits, total plant dry weight, root:shoot ratio and P
content (for details see Fig. 3, Tables 3 and 4).

Additional file 3: Figure S2. 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 ATP-binding site is highlighted with black
background with white letters and the Serine/Threonine protein kinase
active site with yellow background.

Additional file 4: Table S2. Total P content in the seedling and relative
expression of ZmPSTOL genes in shoots and roots of both parental lines
in low- and high-P concentration.

| Additional file 5: Table S3. Primers used for gene expression analyses.
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