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Resumo

A crescente busca por variedades de cana-de-agicar com maior produtividade e
resistentes as principais doencas consiste em um importante objetivo para o sucesso de um
programa de melhoramento. Assim, a utilizacdo de marcadores moleculares na identificacdo de
locos que controlam caracteristicas quantitativas (QTLs — Quantitative Trait Loci) vém ganhando
cada vez mais destaque no programas de melhoramento genético. A presente tese teve como
objetivo contribuir para o conhecimento basico sobre a genética e a biologia molecular da cana-
de-acucar através da deteccao de marcadores ligados a caracteristicas quantitativas. Foi utilizado
uma populacdo de cana-de-acucar contendo 240 individuos F1 derivada do cruzamento entre as
variedades comerciais SP81-3250 e RB925345. Para detectar os QTLs foi necessario realizar
estudos fenotipicos e genotipicos. Foram coletados dados fenotipicos para as caracteristicas de
producao (altura, didmetro, numero e peso dos colmos) e de qualidade (sdlidos soluveis, teor de
sacarose do caldo e do colmo, pureza do caldo, teor de fibra) por trés anos (2011, 2012 e 2013)
nos municipios de Araras e Ipaussu, estado de Sdo Paulo. Através de modelos mistos foi
estimada a média, matriz de variancia e covariancia (VCOV), herdabilidade e a correlacdo
fenotipica entre as caracteristicas. Os resultados apresentados mostraram um 6timo controle
ambiental, com menor valor de herdabilidade para pureza (0,77), além de 30 correlagcoes
fenotipicas significativas, confirmando que estes dados podem ser utilizados na detec¢dao dos
QTLs. Os dados genotipicos foram obtidos através da andlise das regides contendo
microssatélites e de variacdes genéticas de tnico nucleotideo, pelos marcadores SSR (Simple
Sequence Repeat) e SNP (Single Nucleotide Polymorphism), respectivamente. A genotipagem
dos SNPs foi realizada por espectrometria de massa pela Plataforma Sequenom MassARRAY®
(Sequenom Inc., San Diego, California, USA). A andlise foi realizada utilizando o programa
SuperMASSA, que possibilitou estimar a ploidia dos locos. Assim, as marcas SNPs foram
utilizadas na deteccdo dos QTLs para as caracteristicas de produgdo e de qualidade. Por regressao
linear foram encontradas 17 evidéncias de associacdo de QTL entre diametro dos colmos (quatro
evidéncias), nimero de colmos (uma evidéncia), peso dos colmos (uma evidéncia), conteido de
sOlidos soluveis (duas evidéncias), teor de sacarose do caldo (trés evidéncias), pureza (duas
evidéncias), toneladas de cana por hectare (duas evidéncias) e toneladas de Pol por hectare (duas

evidéncias). A propor¢ao da variacdo fenotipica explicada pelo genétipo variou de 1,6% a 11,1%.
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Todos os SNPs que apresentaram associacdes com as caracteristicas mencionadas tiveram oS
niveis de ploidia variando de hexaploide a dodecaploide. Por correlacdo genotipica-fenotipica, foi
detectado sete evidéncias de associacdo de QTL entre didmetro dos colmos (uma evidéncia),
contetdo de soélidos soldveis (duas evidéncias), teor de sacarose da cana (uma evidéncia), teor de
sacarose do caldo (duas evidéncias) e pureza (uma evidéncia). Os SNPs detectados com
correlacdes genotipica-fenotipica significativas apresentaram niveis de ploidia variando
tetradecaploide a icosaploide. As diferentes ploidias permitiu a detec¢do de QTLs em multi-dose
e podem ser usadas como informagdes prévias sobre os provaveis QTLs, contribuindo para o

avanco do conhecimento da genética da cana-de-actcar.
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Abstract

The increasing search for sugarcane varieties with higher productivity and resistant to
major diseases is an important goal for the success of Sugarcane Breeding Program. Thus,
molecular markers can be used to identify Quantitative Trait Loci (QTLs) and have become a
powerful tool in Breeding Programs. This thesis aimed to contribute for the basic knowledge of
genetics and molecular biology in sugarcane through detection of markers linked to quantitative
traits. Was used a sugarcane population consisted of 240 Fi individuals derived from a cross
between SP81-3250 and RB925345. To detect the QTLs it was necessary to perform phenotypic
and genotypic studies. The phenotypic data were made for cane yield (stalk diameter, stalk
height, stalk number, stalk weight and tons of cane per hectare) and quality traits (soluble solid
content, sucrose content, juice sucrose content, purity, fiber and tons of Pol per hectare) for three
harvest years (2011, 2012 and 2013) in Araras and Ipaussu cities, located in the state of Sao
Paulo. The average, variance and covariance matrix (VCOV), heritability and phenotypic
correlation was estimated via mixed models. All results showed a great environmental control,
the lowest heritability was purity (0.77), besides 30 significant phenotypic correlations.
confirming that these data can be used for QTLs detection. The genotypic data were obtained
analyzing the regions containing microsatellites and single nucleotide genetic variants, by the
markers SSR (Simple Sequence Repeat) and SNP (Single Nucleotide Polymorphism),
respectively. The SNPs genotyping were performed via mass spectrometry by Sequenom
MassARRAY® platform (Sequenom Inc., San Diego, California, USA). The analysis was
performed using the SuperMASSA software allowing to estimate the loci ploidy. The SNPs
markers were used for QTL detection for cane yield and quality traits. By linear regression 17
QTL association evidences were found for stalk diameter (four evidences), stalk number (one
evidence), stalk weight (one evidence), soluble solid content (two evidences), juice sucrose
content (three evidences), purity (two evidences), tons of cane per hectare (two evidences) and
tons of Pol per hectare (two evidences). The phenotypic variation explained by genotype ranged
from 1.6% to 11.1%. The SNPs associated with the traits mentioned had ploidy levels ranging
from hexaploid to dodecaploide. Via genotypic-phenotypic correlation, it was detected seven
QTL evidence of association for stalk diameter (one evidence), soluble solid content (two

evidences), sucrose content (one evidence), juice sucrose content (two evidences) and purity (one
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evidence). The SNPs detected significant genotypic-phenotypic correlations showed ploidy levels
ranging from tetradecaploide to icosaploide. The different ploidies allowed the detection of QTLs
in multi-dose and can be used as prior information about QTL mapping, contributing to the

advancement of the sugarcane genetics knowledge.
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Organizacao da Tese

A presente tese teve como objetivo contribuir para o melhor entendimento genético da
cana-de-agucar através da deteccdo de marcadores moleculares ligados a caracteristicas de
importancia econdmica em cana-de-agicar (Saccharum spp). Além de sua importancia
econdmica, é amplamente utilizada em estudos cientificos devido a sua complexa organizacdo
gendmica. O fato das cultivares modernas serem derivadas entre cruzamentos interespecificos, o
organismo resultante apresenta alto nivel de ploidia e aneuploidia. O trabalho aqui realizado foi
de carater multi-institucional e estd inserido em um programa de pesquisa em genética e
melhoramento de cana-de-agucar. Os resultados obtidos durante o periodo de doutoramento estao
apresentados no formato de dois artigos, ainda ndo publicados.

O capitulo I descreve os resultados das andlises de fenotipagem procedida na populagdo
de mapeamento entre as variedades SP81-3250 e RB925345 em dois locais (Araras e Ipaussu,
ambos no estado de Sdo Paulo) durante trés anos (2011, 2012 e 2013). O coeficiente de variacao,
a herdabilidade e a correlacdo fenotipica foram calculados através de um modelo misto para 11
diferentes caracteristicas (didmetro, altura, nimero e peso dos colmos, sélidos soliveis (Brix),
teor de sacarose da cana e do caldo, pureza, fibra, TCH (Toneladas de Cana por Hectare) e TPH
(Toneladas de Pol por Hectare)). Os valores encontrados para herdabilidade foram altos, variando
entre 77% (pureza) e 96% (TCH), comprovando a exceléncia dos dados para a posterior
utilizacdo na deteccdo de QTLs (Quantitative Trait Loci). A este artigo serdo futuramente
agregados dados de outra populacdo de mapeamento, derivada do cruzamento entre as variedades
SP80-3280 e RB835486, que foi avaliada seguindo os mesmos critérios e locais, a qual ainda
encontra-se em fase de andlise. O capitulo II utiliza a andlise de todos os dados referentes a
caracteristicas fenotipicas para a detec¢do de QTLs por marcas individuais. Foram genotipados
290 marcadores SNPs (Single Nucleotide Polymorphisms), e um total de 17 evidéncias de
associacdo de QTL foi encontrado através de regressdo linear e sete SNPs foram associados
através da correlagdo genotipica-fenotipica, significando que os marcadores SNPs podem ser
promissores quando aplicados aos programas de melhoramento de cana-de-agtcar. Para realizar a
genotipagem dos SNPs foi necessdrio efetuar uma série de ajustes na técnica, que encontram-se

discutidos no Anexo 1.
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Durante todo o periodo de doutorado, foi realizado um estudo paralelo de mapeamento
genético e mapeamento de QTL em cana-de-acticar de um cruzamento bi-parental pertencente ao
IAC (Instituto Agrondmico de Campinas), Centro de Cana, localizado na cidade de Ribeirao
Preto, estado de Sdo Paulo. Foi construido um mapa genético, utilizando 634 marcas segregando
em dose tnica, com cobertura total de 4370 cM. O mapa genético foi utilizado para mapear os
QTLs, através de mapeamento por intervalo composto. Foram mapeados19 QTLs para diametro e
peso dos colmos, fibra, quantidade de sélidos soliveis (Brix) e teor de sacarose (Pol). Esses
resultados encontram-se no Anexo II, em forma de artigo, intitulado em “Mapping Quantitative
Trait Loci for yield components in a bi-parental cross between two commercial sugarcane
(Saccharum spp.) varieties” a ser submetido a revista Molecular Breeding.

Os genitores desta populacao também foram alvo de estudos envolvendo sequenciamento
do transcriptoma de folhas, o que resultou no artigo cientifico “De Novo Assembly and
Transcriptome Analysis of Contrasting Sugarcane Varieties” publicado no periddico Plos One
(DOLI: 10.1371/journal.pone.0088462). Este artigo encontra-se no Anexo III e refere-se a andlise
do transcriptoma de folhas de seis variedades de cana-de-agicar envolvidos em cruzamentos bi-
parentais (IACSP96-3046 e IACSP95-3018, SP81-3250 e RB925345, e SP80-3280 e
RB835486). Através de sequenciamento em larga escala de cDNA e montagem de novo, foi
possivel obter genes Unicos para cana-de-acucar além de identificar um grande nimero de
marcadores moleculares microssatélites (SSR) e polimorfismo de base tnica (SNP).

O grupo esteve inserido em um trabalho realizado com genotipagem de cana-de-actcar
por meio de SNPs, ajudando no conhecimento sobre as otimizacdes e principalmente na analise
dos dados da genotipagem dos SNP. Os resultados foram publicados no periddico Scientific
Reports (DOIL:  10.1038/srep03399), intitulado “SNP genotyping allows an in-depth
characterisation of the genome of sugarcane and other complex autopolyploids”, anexo IV.

A tese ainda conta com uma discussdo envolvendo todos os resultados obtidos ao longo
do desenvolvimento do trabalho, resumo dos resultados e uma conclusdo geral. A grande
complexidade do genoma da espécie representa um estimulante desafio para geneticistas de
espécies poliploides, em especial quando é alcangado conhecimento inédito, como é o caso da
presente tese. Muito ainda deve ser feito para que as informacdes sejam realmente aplicadas aos
programas de melhoramento genético de cana-de-agucar, que serdo discutidas nas perspectivas

para a continuidade do trabalho.
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Introducao

O género Saccharum e seu melhoramento ao longo da histéria

A cana-de-acucar (Saccharum spp) tem como centro de origem a Asia, destacando
Nova Guiné, China e India como centros de maior diversidade (Roach e Daniels 1987). Ao
longo de anos se disseminou para Africa e Europa. No apogeu da navegacdo portuguesa
(século XV) ocorreu uma fase de expansao para ilhas do Atlantico, figurando como centro
difusor para as Américas (Figura 1). O cultivo da cana-de-agucar no Brasil iniciou cerca de
30 anos apds sua descoberta, expandindo-se rapidamente ao Nordeste do pais, devido ao
clima favoravel e solo fértil, dando inicio a um monopdlio mundial de producdo de agicar

ao Brasil (Figueiredo 2008).
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Figura 1. Areas de cultivo de cana-de-acticar no mundo destacadas em preto. Centro de

origem, destacado em vermelho (Fonte: Ometto 1982).

E uma planta perene, alégama, autopoliploide, isto &, resultado da duplicagio de um
unico genoma, cultivada principalmente em regides tropicais e subtropicais e apresenta
habito de perfilhamento, caracteristica que influencia todo o manejo da cultura e confere
sua propagacdo vegetativa. Pertence a divisdo Magnoliophyta, classe Liliopsita, ordem
Cyperales, familia Poaceae, tribo Andropogoneae, subtribo Saccharininae, género
Saccharum, contendo seis espécies: Saccharum officinarum (2n=80), S. barberi (2n=81-
124), S. robustum (2n=60-250), S. spontaneum (2n=40-128), S. sinensis (2n=111-120) e S.
edule (2n=60-80) (Cronquist 1981). Hibridacdes interespecificas entre S. officinarum e S.
spontaneum seguido de sucessivos retrocruzamentos com S. officinarum, processo
denominado “nobiliza¢do” ou domesticagdo, mudaram o cendrio do cultivo de cana-de-

acucar, ja que antes, apenas a espécie S. officinarum era utilizada devido ao alto acumulo



nos niveis de sacarose. Este processo ocasionou um grande avango no melhoramento
genético da cultura, pois gerou maior variabilidade para a cana-de-agicar. Assim surgiram
as variedades modernas ainda cultivadas atualmente, que concentram as caracteristicas de
alto acimulo de sacarose e resisténcia a pragas e doencgas (Roach 1972, Ming et al. 2006).
Essas variedades apresentam a maior parte de seu genoma, cerca de 80%, originado do S.
officinarum (D’Hont et al. 1996).

Historicamente, o processo de melhoramento genético da cana-de-agucar € antigo,
tendo seu inicio no préprio centro de origem, baseado em domesticacdo e sele¢do visual.
Ao longo dos anos passou a sofrer maior interferéncia do homem ao realizar hibrida¢des
entre as espécies, em especial entre S. officinarum e S. spontaneum. Um programa de
melhoramento de cana-de-agucar tem inicio na obtencdo de variabilidade genética através
do cruzamento, geralmente, entre cultivares comerciais ou clones pré-comerciais que sejam
bastante distintos entre si € com bons atributos agrondmicos (Cruz et al. 2004), seguido por
diversos niveis de selecdo até identificar e selecionar o gendtipo superior (Souza Junior
1989, Souza Junior 1995, Bressiani 2001). Deste modo, a obtencdo de uma variedade de
cana-de-acucar exige longo tempo, normalmente 12 a 15 anos, desde a escolha dos
parentais até o plantio em escala comercial (Landell et al. 1999). Em razdo da cana-de-
acucar ser uma espécie alégama, autopoliploide e de propagacdo vegetativa, existe uma
grande variabilidade genética ji na primeira geracdo de cruzamento (F1), originando
progénies altamente heterozigéticas. Devido a propagacdo vegetativa, hd uma fixacdo do
potencial genético individual do clone, ndo havendo alteracdo genética ao longo das
geracdes (Borém e Miranda 2005). Entretanto, a autopoliploidia associado a hibridizacao
interespecifica entre S. officinarum e S. spontaneum, aneuploidia e variacdo dos eventos de
recombinacdo resulta em uma grande complexidade de seu genoma (Grivet e Arruda 2001).

A cana-de-acucar é considerada uma cultura de grande valor econdmico, assim
como seus principais derivados agucar e etanol, que geram milhdes de reais por ano e
colocam o pais como o maior produtor destes produtos. No Brasil, o agronegdcio da cana-
de-acucar constitui um dos setores de maior geragdo de empregos diretos e indiretos.
Segundo dados da Companhia Nacional de Abastecimento (CONAB), estima-se que a drea
colhida destinada a atividade sucroalcooleira seja de 9,5 milhdes de hectares (Unica 2014).

Aliado a isso, a previsdo total de cana que serd moida na safra 2013/2014 € de 625 milhdes



de toneladas, sendo a produtividade média brasileira estimada em 80 toneladas/ha (Unica

2014).

Marcadores moleculares

Marcadores moleculares sdao fragmentos de DNA que permitem a distingdo de
variagoes alélicas dentro do genoma de individuos da mesma espécie e entre espécies
(Borém e Santos 2004). As causas da variagdo genética entre os individuos sdo atribuidas
as recombinagdes génicas durante a meiose e pelas mutacdes, sendo a causa mais comum, a
troca de um nucleotideo por outro. Uma vez conhecida as causas das variagdes alélicas elas
podem ser classificadas quanto as diferengcas no nimero de sequéncias repetidas em tandem
em um determinado loco (regides de microssatélites ou SSR - Simple Sequence Repeat),
pelas insercoes ou delecdes (InDels) de parte do genoma e também no polimorfismo de
base unica ou SNP (Single Nucleotide Polymorphism).

Nos ultimos anos houve um grande avanco dos marcadores moleculares,
contribuindo para o desenvolvimento de estudos realizados pela comunidade cientifica. Os
marcadores moleculares podem ser divididos em trés grupos: (1) os de baixo rendimento,
que sdo aqueles baseados em hibridizacao incluindo o RFLP (Restriction Fragment Length
Polymorphism); (2) os que apresentam rendimento médio, constituido pelos marcadores
baseados em PCR, incluindo o RAPD (Random Amplified Polymorphic DNA), AFLP
(Amplified Fragment Length Polymorphism) e SSRs; (3) e os marcadores com alto
rendimento baseados em sequéncias, incluindo os SNPs.

Dentre suas aplicacdes no melhoramento genético vegetal, estd a selecdo assistida
de fenétipos de importancia agrondmica. Uma vez mapeados e identificados, tais fendtipos
podem ser selecionados indiretamente por marcadores moleculares diretamente ligados a
eles, através da selecdo assistida por marcadores (SAM). A identificagdo da ligacdo entre
marcador e a caracteristica de interesse € um pré-requisito para a aplicacio da SAM
(Grupta et al. 1999, Morgante e Salamini 2003, Charcosset € Moreau 2004, Pinto et al.
2009). Considerando que um programa de melhoramento de cana-de-acucar leva no
minimo 10 anos para lancar uma nova cultivar, os marcadores moleculares podem

representar uma importante ferramenta, ja que reduzem o tempo de lancamento de novas



cultivares e podem reunir diversas caracteristicas agronomicas desejdveis na mesma planta
(Pinto et al. 2009).

Em genomas eucariotos, as sequéncias de DNA contendo microssatélites sio muito
frequentes e distribuidas ao acaso, além de serem locos genéticos altamente polimorficos
(Ferreira e Grattapaglia 1998). Algumas de suas aplicacdes sd@o observadas em estudos de
diversidade genética e desequilibrio de ligacdo (Hao et al. 2011, Chen et al. 2012), na
constru¢do de mapas genéticos e na identificacdo de QTLs (Ting et al. 2012, Yu et al.
2011) e em estudos de transferibilidade entre espécies correlacionadas (Wang et al. 2005).
A explorag¢do dos marcadores com alvo nas sequéncias repetitivas apresenta uma limitacao,
o espacamento médio entre estas sequéncias em diferentes espécies vegetais € de
aproximadamente 6 a 7 Kb (Cardle et al. 2000). Porém, esta limita¢do € suprida por sua
natureza multialélica, o que torna estes locos altamente informativos.

Existem dois tipos de marcadores microssatélites: (1) os gendmicos, obtidos de
sequéncias randomicas do DNA, (2) e aqueles oriundos de sequéncias expressas,
denominados de EST-SSRs (Expressed Sequence Tags) ou marcadores funcionais. Os EST-
SSRs sdo menos informativos devido a sua origem, porém ha uma maior probabilidade de
estarem geneticamente associados a uma caracteristica fenotipica avaliada, além de
apresentarem homologia com genes candidatos, facilitando o mapeamento de QTLs. Desta
forma, sdo considerados marcadores ideais para SAM em programas de melhoramento
genético (Liu et al. 2012).

Os SNPs sdao variacdoes na sequéncia de DNA que ocorrem quando um unico
nucleotideo na sequéncia do genoma € alterado. Sao considerados a forma mais abundante
de variacdo, e encontram-se dispersos ao longo de todo o genoma (Brookes 1999). A
primeira observagdo das variagdes pontuais no DNA foi constatada com o sequenciamento
do genoma humano ao se comparar segmentos correspondentes. Em humanos, estima-se
que ocorra um a cada 1.000 nucleotideos (Collins et al. 1998). Estudos posteriores mostram
que a frequéncia de SNPs em algumas plantas pode ser maior do que a encontrada no
genoma humano, como € o caso da batata, que apresenta um SNP a cada 21 pb (Rickert et
al. 2003), do trigo, com um SNP a cada 370 pb (Khlestina e Salina 2006), do sorgo (planta
mais proxima geneticamente da cana-de-agicar) com pelo menos trés SNPs a cada Kb

(Feltus et al. 2004). Por apresentarem distribui¢io abundante, os SNPs vém sendo



aplicados na construcdo de mapas genéticos de alta resolu¢do (Ganal er al. 2011), na
identificacdo de cultivares (Cabezas et al. 2011), em estudos de mapeamento por
associacao com caracteristicas de interesse econdomico (Poland et al. 2011), entre outras.

Existem dois tipos de mutagdo, as classificadas como de transi¢ao, que sao as mais
comuns, em que hd troca de uma purina por outra purina (A/G) ou de uma pirimidina por
outra pirimidina (C/T), e as do tipo transversdes, menos frequentes e acontecem quando ha
troca de uma purina por uma pirimidina, ou pirimidina por purina (C/G, C/A, T/G ou T/A).
Teoricamente qualquer um dos quatro nucleotideos pode estar envolvido na variagdo em
uma posicdo do genoma de uma espécie. Entretanto na prética, observa-se que os SNPs se
comportam como marcadores bialélicos, e as muta¢des com maior incidéncia ocorrem entre
apenas dois nucleotideos (Brookes 1999). Este comportamento faz com que um tnico loco
SNP apresente contetdo informativo menor se comparado com marcadores multialélicos
(Gupta et al. 2001), deste modo € necessdria a utilizacdo de um maior nimero de SNPs para
assegurar a cobertura de todo o genoma.

Os SNPs ocorrem em regides codificadoras e nao codificadoras nos genomas.
Quando ocorre uma substituicio de aminodcido na sequéncia proteica em regides
codificadoras, ela pode ser classificada como nao-sindnima. Nesse caso hd mudanca de
aminodcido e pode ocorrer modificacdes estruturais e funcionais na proteina. Se a
substituicdo nao alterar o aminodcido formado, € considerada sindnima. Embora SNPs
sindbnimos ndo alterem a sequéncia proteica, eles podem modificar a estrutura e a
estabilidade do RNA mensageiro (Kwok 1999).

Existem diferentes metodologias utilizadas na identificacdo de SNPs. Entre elas
estdo o sequenciamento direto do DNA ou RNA, a busca in silico em banco de dados
disponiveis, e também através de métodos bioquimicos que investigam a presenca de
variantes. Apds a identificacdo de SNPs € necessdrio determinar sua frequéncia em um
grupo de individuos, certificando-se de sua natureza polimérfica. O rédpido
desenvolvimento dos métodos de genotipagem de SNPs vem acontecendo devido a redugao
dos custos assim como o aumento da eficiéncia dos métodos. Destacam-se a utilizacdo da
espectrometria de massas (MALDI-TOF MS- Matrix Assisted Laser Desorption/lonization
Time-of-Flight Mass Spectrometry) (Bundock et al. 2009), de PCR em tempo real e de

microarranjos (Syvédnen 2001), além de metodologias para genotipar dezenas de milhares



de SNPs em um unico ensaio utilizando as tecnologias de nova geracdo (Davey et al.
2011).

O grande diferencial dos marcadores SNPs € sua aplicac@o nas espécies poliploides.
A maioria dos trabalhos envolvendo estas espécies utilizam marcadores moleculares em
dose unica SDRF (Single Dose Restriction Fragment) (Wu et al. 1992). Estes marcadores
baseiam-se apenas na presenca ou auséncia do alelo. Desta forma, mesmo os marcadores
co-dominantes, funcionam como dominantes (da Silva et al. 1995), significando perdas de
informacgdes sobre outras dosagens. Neste cendrio, os marcadores SNPs sdo mais
informativos, j& que ndo s6 determinam a existéncia de polimorfismo de um loco SNP,
como também sao capazes de determinar sua frequéncia em diferentes genotipos. No caso
especial da cana-de-agucar a genotipagem de locos SNPs envolve a identificacio do
polimorfismo e o nimero de copias alélicas (frequéncia de cada alelo que possui o loco
SNP). Desta forma, um SNP serd polimoérfico entre dois genétipos quando diferir quanto a
base analisada ou ao ndmero de cdpias alélicas presente em cada um dos genotipos.

Os métodos de espectrometria de massa t€ém sido geralmente utilizados para
detectar e quantificar com precisao alelos com frequéncias muito baixas (Oberacher 2008).
A técnica de espectrometria de massa MALDI-TOF vem sendo aplicada em estudos
envolvendo DNA e se mostrou uma metodologia poderosa na genotipagem de SNPs.
Apresenta algumas vantagens sobre os métodos tradicionais de andlise de DNA: (1) é um
método extremamente preciso, pois os resultados gerados ndo se baseiam no comprimento
dos alelos, mas sim a partir do peso molecular de cada molécula, uma propriedade fisica
intrinseca da molécula, excluindo a utilizacdo de padrdes de tamanho; (2) os experimentos
também excluem a necessidade da utilizacdo de géis, permitindo que a separacdo e
deteccao de variagdes no DNA seja significativamente mais rdpida se comparada aos
métodos tradicionais de eletroforese (Tost e Gut 2003). A velocidade da aquisi¢do de um
sinal completo leva cerca de 100 microsegundos; (3) e, finalmente, a técnica possibilita a
andlise de mualtiplas reacdes (multiplex), além da automac¢do completa de todos os
procedimentos, desde a preparacdo das amostras até a aquisi¢do e processamentos dos
dados. Esta caracteristica assegura uma andlise dos 4cidos nucléicos em larga escala
(Griffin e Smith 2000), conferindo um alto rendimento, o que significa tempo e custos

reduzidos.



A resolucdo da atual geracdo de espectrometros de massa MALDI-TOF permite a
facil distin¢ao da substituicdo de nucleotideos com variagdo de massa de 1-7 Daltons, o que
corresponde ao tamanho de DNA de 3-25 nucleotideos (Gut 2004). Isto significa que em
um individuo heterozigoto € possivel distinguir as seis possibilidades bialélicas do primer
de extensdo: A/C, A/G, A/T, C/G, C/T e G/T. A variacdo mais facil de ser resolvida se da
entre os nucleotideos G e C, pois a diferenca é de 40 Daltons. O maior desafio da
genotipagem bialélica € a configuragdo A/T, porque os nucleotideos A e T diferem-se em
apenas 9 Daltons. Enquanto os SNPs bialélicos de maiores frequéncias de ocorréncia sdao
A/G e C/T, diferindo de 16 e 15 Daltons, respectivamente (Haff et al. 2001).

A identificacdo de marcadores SNPs em plantas com genoma complexo apresenta
uma série de obstidculos. O maior deles € a alta repetitividade de regides do genoma
(Meyers et al. 2001) e como evitar tais por¢des. Algumas abordagens vém sendo utilizadas,
entre elas o re-sequenciamento pelo método Sanger (Wright et al. 2005), que é caro e
laborioso, assim como o desenvolvimento in silico, através da mineracdo de banco de dados
de EST (Batley et al. 2003). Como muitas culturas poliploides apresentam muitas regioes
do genoma duplicadas, a mineragdo em banco de dados de EST resulta em um grande
nimero de SNPs ndo polimérficos, representando sequéncias pardlogas, consideradas
pouco uteis para o melhoramento molecular. Em ambas as estratégias a frequéncia de

desenvolvimento de SNPs € baixa por usar regides codificantes do genoma.

Mapeamento genético com énfase em cana-de-agicar

Os mapas genéticos, ou mapas de ligacdo, identificam a posicdo de genes ou
marcadores correspondente a sua ordem linear nos cromossomos, tornando-os uma
ferramenta fundamental para estudos genéticos, com importante aplicacio no
melhoramento genético. Os primeiros mapas publicados foram baseados em marcadores
morfolégicos e citoldgicos, seguido por aqueles construidos através das isoenzimas e por
fim, pelos construidos por marcadores de DNA (Carneiro e Vieira 2002). A disponibilidade
de marcadores moleculares juntamente com eficientes métodos de andlise dos dados
permitiu uma popularizacdo dos mapas genéticos entre a grande maioria das espécies
vegetais, incluindo as que apresentam ciclo longo de vida, visto que antes era restrito as

espécies com marcadores morfoldgicos disponiveis (Carneiro e Vieira 2002). Novos



marcadores moleculares foram surgindo ao longo dos anos, fazendo com que o rendimento
da genotipagem aumentasse. O uso de diferentes marcadores moleculares para a construgao
de mapas genéticos apresenta como resultado final mapas com maior acuricia e resolugdo
(Ball et al. 2010), permitindo um melhor entendimento de fenOmenos importantes para a
genética e o melhoramento.

O passo inicial para a constru¢do de um mapa genético € a escolha da populagdo de
mapeamento, que deve ser originada de genitores com maior distancia genética entre si,
objetivando explorar a0 maximo o polimorfismo a ser revelado na populacdo segregante
(Paterson et al. 1991), além do desequilibrio de ligacdo entre os locos. Tradicionalmente, as
linhagens endogamicas, oriundas de retrocruzamentos e populacdes F2, sao utilizadas na
constru¢do dos mapas genéticos (Tanksley 1993) e s@o bem estabelecidas em espécies
diploides. Contudo, cerca de 75% das espécies vegetais sdo poliploides (Henry et al. 2008)
restringindo a aplicagdo de técnicas genético-estatisticas na construcdo de seus mapas
genéticos (Pastina et al. 2010, Gazaffi et al. 2010). Em especial, para cana-de-acucar, a
dificuldade na constru¢do dos mapas genéticos aumenta devido: (1) ao alto nivel de ploidia
associado a aneuploidia, resultando em um complexo padrao de segregacdo cromossdmica
durante a meiose (Heinz e Tew 1987), (2) a populagdo de mapeamento € derivada de
cruzamento entre genitores altamente heterozigotos, com nimeros diferentes de alelos por
loco, resultando em diversas propor¢des de segregacdes dos marcadores na progénie (Wu et
al. 2002, Lin et al. 2003) e (3) as fases de ligacdo entre os marcadores sdo desconhecidas
(Pastina et al. 2012). Contornando esta situagdo, Wu et al. (1992) propuseram a utilizacao
de marcadores SDRF para a construcdo dos mapas genéticos, independente do nivel de
ploidia da planta. Estes marcadores estdo presentes em copia Unica em um dos genitores,
segregando na progénie na propor¢ao de 1:1, ou em uma tnica cOpia em ambos genitores,
segregando na proporcao de 3:1.

A maioria dos mapas genéticos publicados para cana-de-agicar baseia-se na
estratégia de pseudo-testcross (Grattapaglia e Sederoff 1994), que resulta na construgdo de
dois mapas individuais, um para cada genitor (Daugrois et al. 1996, Ming et al. 2001, 2002,
AlJanabi et al. 2007), explorando apenas a heterozigose em um dos genitores (segregacao
1:1). Refinando o mapeamento genético em poliploides, Garcia et al. (2006) propds um

mapa integrado baseando-se na metodologia proposta por Wu et al. (2002), incorporando



os marcadores em heterozigose em ambos os genitores (segregacdo 3:1), os quais atuam
como pontes entre os genomas, identificando regides de homologia entre eles (Maliepaard
et al. 1997). Esta estratégia de mapa integrado foi utilizado por Oliveira et al. (2007). Os
mapas genéticos integrados apresentam algumas vantagens, tais como mapas mais
saturados, além de estimar uma melhor localizacdo dos QTLs assim como as fases de
ligacdo de maneira mais eficiente se comparado com a estratégia do pesudo-testcross.
Porém, a utilizacdo da abordagem de marcadores em dose unica consegue acessar apenas
uma sub amostragem do genoma, resultando em mapas pouco saturados, além de
inviabilizar o estudo de dosagem alélica. Garcia et al. (2013) constatou que ndo existem
razdes bioldgicas consistentes em assumir que os locos em dose Unica se encontram em
maiores propor¢des no genoma. Este fato discorda de muitos estudos em cana-de-agucar
que afirmam que marcadores em dose Unica estdo presentes em maiores propor¢des (Aitken
et al. 2005).

Na literatura encontra-se diversos mapas genéticos disponiveis, destacando-se
alguns desenvolvidos para as espécies S. spontaneum (Al-Janabi et al. 1993, da Silva et al.
1993, Ming et al. 1998, Ming et al. 2002), S. officinarum (Al-Janabi et al. 1993, Mudge et
al. 1996, Guimaraes et al. 1999, Ming et al. 1998) e variedades comerciais (D’Hont et al.
1994, Grivet et al. 1996, Hoarau et al. 2001, Aitken et al. 2005, Reffay et al. 2005, Raboin
et al. 2006, Garcia et al. 2006, Aitken et al. 2007, Oliveira et al. 2007, Anoni et al. 2014
(dado n@o publicado)).

Deteccio e mapeamento de QTLs

Uma das aplica¢des de maior impacto dos mapas genéticos € a localizacao de genes
que controlam caracteristicas de importancia econdomica. Essas caracteristicas apresentam
herancas complexas e poligénicas, sendo que 0s genes ou locos cromossomicos que as
controlam sdao denominados de QTLs (Faconer e Mackay 1996, Lynch e Walsh 1998). O
principio basico do mapeamento de QTLs é de facil compreensdo. Consiste em uma
associacdo entre fendtipo e gendtipo, isto €, baseia-se na relacdo entre a expressdao
fenotipica de uma dada caracteristica quantitativa, com o resultado da avaliacdo dos
marcadores moleculares, podendo estar associado a um efeito positivo ou negativo desta

caracteristica. Porém, é necessario entender suas limitacdes e dificuldades quando aplicado



a cana-de-acgucar. Sabe-se que o tamanho da populagdo de mapeamento compromete a
deteccao de QTLs de efeito menor (Lych e Walsh 1998). Porém, esta dificuldade aumenta
porque os métodos estatisticos para mapeamento de QTLs foram desenvolvidos para
diploides, o que significa que sdo baseados em marcadores em dose tnica, € assim, como
no mapeamento genético continuamos estudar uma sub amostragem do genoma da cana-de-
acucar. Em outras palavras, a utilizagao apenas dos marcadores segregando em dose tnica
ocasiona a inutilizagcdo de todas as outras segregacdes diferentes de 1:1 e 3:1, exigindo que
a genotipagem da populacdo ocorra com maior nimero de marcadores moleculares. A
deteccao dos QTLs em cana-de-acticar ainda apresenta outro fator agravante atribuido ao
alto nivel de ploidia, resultando em baixo efeito individual do QTL (Aitken et al. 2008).
Uma vez que o mapeamento € realizado observando as descendéncias do cruzamento, a
herdabilidade adquiri grande importancia neste contexto. Por defini¢do, herdabilidade
revela o grau de correspondéncia entre o fendtipo e o gendtipo, e € a porcdo genotipica
transmitida aos descendentes (Faconer e Mackay 1996). Assim, valores de herdabilidade
altos para uma determinada caracteristica fenotipica significa que tal caracteristica pode ser
mapeada mais facilmente.

Para o mapeamento de QTLs € necessario o uso de sofisticadas metodologias
estatisticas, além de um grande suporte computacional devido a complexidade das andlises
(Pastina et al. 2010). Os modelos estatisticos mais usados em cana-de-acicar no
mapeamento de QTLs sdo (1) anélises de marcas individuais (Single Marker — SM): a ideia
central baseia-se na comparacdo entre as médias fenotipicas com as diferentes classes
genotipicas de um determinado marcador, calculada através do teste ¢, andlise de variancia,
regressdo linear simples e multipla e também pelo método de méxima verossimilhanca. E o
método mais simples que dispensa a necessidade de um mapa genético, porém a posi¢cdo do
QTL ndo pode ser inferida e existe uma confusdo entre efeito do QTL com distancia da
marca, ou seja, nao € possivel diferenciar um QTL de um pequeno efeito situado préximo
ao marcador de um QTL de grande efeito (Liu, 1998). Essas limitacdes conferem a anélise
baixo poder de detec¢do de QTLs (Doerge 2002); (2) mapeamento por intervalo (Interval
Mapping — IM) (Lander e Botstein 1989): através de um par de marcadores adjacentes faz
inferéncias sobre a presenga de um provavel QTL dentro deste intervalo utilizando

informacdes de um mapa genético. Apresenta maior poder estatistico comparado ao SM,
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porém por utilizar um par de marcas por vez, ndo permite analisar a interacao entre QTLs
presentes em diferentes intervalos de mapeamento dentro do genoma, podendo resultar no
mapeamento de QTLs falsos positivos (Doerge 2002); (3) mapeamento por intervalo
composto (Composite Interval Mapping — CIM) (Zeng 1993, Zeng 1994): combina o IM
com outros marcadores utilizados como cofatores, o que permite controlar os efeitos de
outros QTLs em diferentes intervalos de mapeamento. Por utilizar um tnico QTL por vez,
o risco de assumir muitas marcas como cofatores ¢ alto, (4) e recentemente Gazaffi (2009)
desenvolveu uma metodologia utilizando CIM especifico para populagdo de irmaos
completos, que ndo s6 permite a localizacao do QTL, fase de ligacdo e segregacdo entre os
genitores, mas também a andlise do QTL com diferentes segregacdes dos genitores. Esta
abordagem foi utilizada por Souza et al. (2012) e Anoni et al. (2014 dados nao publicado).
Diversos estudos relacionados a mapeamento de QTLs ligados a caracteristicas de
producdo e producdo de acticar foram publicados em cana-de-actcar, tais como Ming et al.
(2001, 2002a, 2002b), Hoarau et al. (2002), Mclntyre et al. (2005), da Silva e Bressiani
(2005), Reffay et al. (2005), Aitken et al. (2006; 2008), Piperidis et al. (2008), Pastina et
al. (2012), Shing et al. (2013). Todos contribuiram para aprimorar o conhecimento da
estrutura genética da cana-de-agucar, porém, até o presente momento nao foi possivel obter

um mapa altamente saturado utilizando apenas marcadores SRDF.
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Objetivos

Objetivo Geral

Contribuir para o melhor entendimento genético da cana-de-acticar por meio da
deteccao de marcadores moleculares ligados a caracteristicas de importancia econdmica em
populacdo biparental de mapeamento, considerando na andlise, a ploidia e dosagem alélica

variavel presente em cana-de-acucar.

Objetivos especificos

e Avaliar as caracteristicas fenotipicas de interesse econdmico relacionadas a
producdo (altura, diametro, nimero e peso dos colmos) e qualidade (sélidos
soluveis, teor de sacarose do caldo e do colmo, pureza do caldo, teor de fibra) em
diferentes locais e anos (colheita)

e Utilizar um modelo estatistico que permita a andlise da interacdo locais e anos
(colheita)

e Estabelecer uma metodologia de genotipagem dos SNPs, utilizando a plataforma
Sequenom iPLEX MassARRAY® (Sequenom Inc., San Diego, California, USA)

e Genotipar a populacdo de mapeamento com microssatélites ESTs e SNPs
polimérficos

e Integrar ambos os marcadores utilizados (EST-SSRs e SNPs) ao mapa genético
preliminar construido a partir do cruzamento SP81-3250 x RB925345

e Detectar os QTLs ligados as caracteristicas fenotipicas avaliadas
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Capitulo I

Uso de um modelo estatistico sofisticado para cana-de-aciicar usando caracteristicas

fenotipicas

* Centro de Biologia Molecular e Engenharia Genética (CBMEG), Departamento de Genética e Evolucdo, Universidade Estadual de
Campinas (UNICAMP), Cidade Universitaria Zeferino Vaz, CP 6010, 13083-875 Campinas, SP, Brazil

" Departamento de Genética, Escola Superior de Agricultura Luiz de Queiroz (ESALQ), Universidade de Sdo Paulo (USP), CP 83,
13400-970 Piracicaba, SP, Brazil

¢ Centro de Ciéncias Agrarias, Universidade Federal de Sao Carlos , Rodovia Anhanguera, Km 174, Araras - Sao Paulo — Brazil

Resumo

A populacido segregante de cana-de-acucar contendo 240 individuos F1 derivada do
cruzamento entre as variedades SP81-3250 e RB925345 foi avaliada por trés anos (2011,
2012 e 2013) para as caracteristicas de produgdo (altura, didmetro, nimero e peso dos
colmos e toneladas de cana por hectare) e caracteristicas de qualidade (so6lidos soluveis,
teor de sacarose do caldo e do colmo, pureza do caldo, teor de fibra e toneladas de pol por
hectare) nos municipios de Araras e Ipaussu, ambos no estado de Sao Paulo. Através de
modelos mistos foi estimada a média, matriz de varidncia e covariancia (VCOV),
herdabilidade e a correlagcao fenotipica entre todas as caracteristicas avaliadas. mostraram
um Otimo controle ambiental. Para as caracteristicas de produc¢do, a herdabilidade variou
entre 0,83 (altura dos colmos) a 0,96 (toneladas de cana por hectare). Entre as
caracteristicas de qualidade, o menor valor de herdabilidade foi 0,77 (pureza) enquanto que
o maior foi 0,88 (teor de fibra). Ao considerar todas as caracteristicas, foi encontrado 30
correlagdes fenotipicas significativas, importantes para uma possivel selecdo indireta. Os
resultados apresentados podem ser uteis ao melhoramento da cana-de-acticar no intuito de

diminuir o tempo da liberacio necessdria para novas cultivares.

Palavras-chave: poliploide, locos de caracteristicas quantitativas, multiplos ambientes
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1. Introducio

A cana-de-agucar (Saccharum spp.) € uma espécie autopoliploide complexa e €
considerada uma das culturas mais cultivadas mundialmente (ver http://www.fao.org).
Cultivares comerciais de cana-de-agucar sao resultados do cruzamento interespecifico entre
a espécie domesticada Saccharum officinarum (2n = 80) e a espécie selvagem S.
spontaneum (2n = 40-120), seguido de diversos retrocruzamentos com a S. officinarum
(Irvine, 1999; Ha et al., 1999). A complexidade de seu genoma pode ser atribuido ao
elevado nimero de cromossomos, variando de 100 a 130 (D’Hont et al., 1998; Irvine,
1999), ao tamanho do genoma, aproximadamente 10 Gb (D’Hont e Glaszmann, 2001;
D’Hont, 2005; Piperidis ef al., 2010) e a variacao do nimero de cromossomos que pode ser
encontrada nos grupos hom(e)dlogos, caracterizando a aneuploidia (Grivet e Arruda, 2001).

Um dos objetivos principais de um programa de melhoramento consiste em
aumentar a produgdo (Cox et al., 1994) e pode ser alcancado através do conhecimento
acumulado sobre o melhoramento de plantas. Desde o inicio da agricultura, a domesticagao
das plantas foi baseada na sele¢do visual do melhor fenétipo. Gregor Mendel em 1900
formulou as teorias que originaram as leis da genética e os mecanismos de heranga das
caracteristicas. A partir destes conhecimentos, o fenétipo passou a ser definido como
resultado da a¢do de um ou mais genes com o ambiente. Assim, o entendimento dos
componentes genéticos e relacdes entre as caracteristicas de interesse com o ambiente sdo
essenciais para desenvolver as estratégias de melhoramento (Cruz et al., 2004). A porcao da
variancia genética também € importante para calcular a herdabilidade e conhecer a por¢cao
da variancia fenotipica atribuida aos efeitos genéticos hereditdrios (Falconer e Mackay,
1996), podendo ser utilizada em estudos de resposta a selegao.

Virias caracteristicas relacionadas a produgdo de cana-de-acuicar apresentam
varia¢io quantitativa e podem ser correlacionadas entre si. Por exemplo, os componentes de
producdo de agucar dependem da combinagdo entre o didmetro, altura, nimero e peso dos
colmos e Brix (Hoagarth, 1971). Alto teor de fibra afeta o teor de agucar e a eficiéncia da
moagem, pois reduz a quantidade de caldo extraido, exigindo mais energia para moer a
cana-de-acuicar (Ming et al., 2002). Por outro lado o baixo teor de fibra diminui a queima

do bagaco, resultando em baixa eficiéncia da energia recuperada (Hoagarth, 1971; Ming et
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al., 2002). Através dos exemplos citados fica comprovado a existéncia de uma complexa
relacdo entre as caracteristicas, dificultando a selecdo de variedades superiores. Assim, o
mapeamento dos locos de caracteristicas quantitativas (QTL - Quantitative Traits Loct)
tornou-se uma ferramenta importante para buscar um melhor entendimento da arquitetura
genética dos locos que as controlam.

Devido a complexidade destas caracteristicas, a estimativa eficiente de parametros
genéticos estd condicionada a escolha de modelos estatisticos mais refinados. Respondendo
a essa demanda é observada diferentes estratégias disponivies na literatura cientifica. Nos
modelos tradicionais, como a andlise de varidncia conjunta, todos os efeitos sao
considerados fixos (com excec¢do do erro residual) o que limita o poder da andlise. A
abordagem de modelos lineares mistos (Henderson 1984) tem proporcionado algumas
vantagens em compara¢do aos modelos lineares comuns principalmente em experimentos
de cana-de-agicar que normalmente sdo conduzidos em vdérios locais e anos (colheitas),
chamados de METs (Multi-Environment Trial). Entre as vantagens, destacam-se a
capacidade de considerar algumas varidveis como aleatdrias, ao invés de fixas, além de
utilizar diferentes estruturas de variincia-covariancia de efeitos aleatorios para verificar a
presenca de heterocedasticidade e correlacdes entre os fatores. Esta abordagem permite a
analise de dados desbalanceados (Smith et al., 2005; Pastina et al., 2012), além de utilizar
modelos mais realistas para a variagao de erro (blocos incompletos, a correlacdo espacial) e
assumir alguns conjuntos de efeitos (por exemplo, gendtipos) como aleatorio (Smith et al.,
2005).

A escolha em estabelecer um efeito como sendo fixo ou aleatério depende do
objetivo da andlise (Smith er al., 2005). Se o objetivo da andlise for selecdo, isto &,
identificar as melhores variedades entre outras em sele¢do, os efeitos devem ser
considerados como aleatdrios. Na andlise em que o objetivo é a diferenca entre pares de
variedades, o mais indicado é considerar o efeito como fixo. De acordo com o tipo de
efeito, existem dois procedimentos de estimagdo, o melhor estimador linear ndo viesado
(BLUE - Best Linear Unbiased Estimation) para efeitos fixos e o melhor preditor linear ndo
viesado (BLUP - Best Linear Unbiased Prediction, Henderson, 1950) para efeitos

aleatorios.

17



O objetivo deste trabalho foi propor o uso de modelos lineares mistos através da
modelagem adequada das matrizes de varidncia-covariancia (VCOV) para os efeitos
genéticos (G) e ndo genéticos, obter os componentes de varidncia para estimar a
herdabilidade e as correlagdes fenotipicas entre as caracteristicas de producdo e de
qualidade de uma populacdo segregante de cana-de-agicar. Estas andlises devem ser

consideradas o primeiro passo para o mapeamento de QTLs.

2. Material e métodos

2.1 Material vegetal

A populacdo segregante usada para coletar dados fenotipicos foi desenvolvida pelo
Programa de Melhoramento Genético da Cana-de-Acgtcar da UFSCar (Universidade
Federal de Sado Carlos), que faz parte da RIDESA (Rede interinstitucional de
Desenvolvimento do Setor sucroalcooleiro). Foi constituida por 240 individuos
provenientes do cruzamento entre as variedades comerciais SP81-3250 (genitor feminino) e
RB925345 (genitor masculino). A variedade SP81-3250 apresenta resisténcia a ferrugem

marrom, enquanto RB925345 ¢ suscetivel. Ambas as variedades apresentam alta

produtividade, teor de sacarose e teor de fibra.

2.2 Dados fenotipicos

A populacdo segregante foi plantada em 2010 em dois locais (Araras e Ipaussu,
ambos no Estado de Sdo Paulo, Brasil) e avaliados no primeiro, segundo e terceiro anos de
colheita (2011, 2012 e 2013) para didametro dos colmos (DC, em mm), altura dos colmos
(AC, em m), nimero de colmos (NC), peso dos colmos (PC, em kg), teor de sélidos
soliveis (Brix), teor de sacarose da cana-de-acgucar (Pol%Cana), teor de sacarose do caldo
(Pol%Caldo), pureza (PUR), fibra (FIB), toneladas de cana por hectare (TCH) e toneladas
de Pol por hectare (TPH). O delineamento experimental foi em blocos aumentados de

Federer, composto por blocos incompletos com até 27 gen6tipos do cruzamento bi-parental
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e trés padroes de checagem. Os padrdes foram as variedades SP80-3150, RB925345,
RB867515.

Todos os dados fenotipicos foram coletados e avaliados 12 meses apds o plantio e
12 meses apds o corte, nos trés anos, de acordo com a metodologia descrita por
CONSECANA (2006). Para Brix, Pol%Cana, Pol%Caldo, PUR e FIB apenas duas
repeticoes de cada local foram avaliadas, enquanto que o restante das caracteristicas foram
avaliadas em todas as repeticoes dos dois locais. Todas as caracteristicas foram avaliadas
em um conjunto de 10 colmos por parcela. Ao compor o peso foi adicionado o peso total de
cada parcela. O nimero de colmos foi estimado por contagem direta dos mesmos no
campo. O valor de TCH foi determinado multiplicando o peso por metro linear pela

constante 6.666,67. Através dos valores para TCH e Pol% Cana foi estimado TPH.
2.3 Andlise dos dados

O modelo misto para diferentes locais e anos (colheita) foi usado para calcular as
médias ajustadas conjuntas, para obter correlacdes genéticas entre as caracteristicas e
classificacdo de gendtipos para a selecdo. As andlises foram realizadas no programa
GenStat 16 * edicdo (Payne et al., 2009), baseado na maxima verossimilhanca (REML),

utilizando o seguinte modelo linear:

Yijkmn = K + 1+ hy + Tk(mn) T bj(kmn) + timn T Eijkmn

onde y;jxmn € 0 fendtipo do gendtipo i no bloco j na repeti¢do k do local n e colheita m, u
é a média, 1, é o efeito fixo do local n™ (n = 1, N = 2), h,,, é o efeito fixo da colheita m™
(m=1,..,M; M =2 ouM = 3 dependendo do local), 7y mn) € 0 efeito fixo da repeti¢ao
k" (k=1,..,K; K =2 or K =3 dependendo da caracteristica) no local m e colheita n,
bjkmn) € 0 efeito aleatdrio do bloco j™ na repeticio k no local n e colheita m, t,, €é o
efeito aleatério tratamento i™ (i = 1,...,I; I = 243) no local n e colheita m, e ¢; jkmn € O
erro residual. Os tratamentos foram separados em dois grupos, sendo g;,ng;; o efeito
genético aleatério do genétipo ij® (I = 1, v lgy Iy = 2405 =1, ..., ], = 380) no local n e

colheita m, e cjp, 0 efeito fixo do padrio ij* (i = I+, 0+ 1 [ =3j=],+
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1,..,Jg +Jc =383 and [; + I, = 243) no local n e colheita m. Para gendtipos, assumiu-se

que o vetor g = (9111, --» 9mn)’ possui distribuicio normal multivariada com vetor de

média zero e matriz VCOV genética G = GP®I,g, isto é, g N(0,G), onde P é o ndimero de

combinacdes de local-colheita, ® representa o produto direto de Kronecker entre as

matrizes genética Gp e de identidade [ 1, com respectivas dimensdes P X P e I X [ nimero

de combinagdes de local-colheita e gendtipos, respectivamente. Diversas estruturas de
variancia e covariancia foram examinadas para matriz Gp (Talela 1) e comparadas pelos
critérios de informacao Akaike (AIC; Akaike, 1974) e Bayesiano (BIC; Schwarz, 1978)
(Pastina et al., 2012). Os modelos de /-6 usaram a combinagao fatorial local-colheita como
ambientes diferentes (E), isto é, Gp = GE,p, enquanto que os modelos de 7—I2 usaram
produtos diretos da matriz VCOV matriz para local (L) e colheita (H), isto é, Gp =
GxmGhixy- Para os residuos, assumiu-se & N(0,R), onde € = (&1111, -, €yxmn) € R é a
matriz VCOV residual. Similarmente a matriz G, R = Rp®I; , onde P é o ndmero de
combinagOes de colheita-local-repeti¢do, Rp € uma matriz PxP e [; € o numero de
combinacdes entre locais-cortes-repeticio e blocos. A matriz Rp foi examinada e
comparada por AIC e BIC para varias estruturas de locais, colheita e repeticdo apds a
selecdo para Gp. Para cada caracteristica, os efeitos fixos para efeitos de interacdo entre
local, colheita e padrdes foram testados pelo teste de Wald e mantidas no modelo se forem
estatisticamente significativas (P < 0.05). As correlacdes genéticas entre as caracteristicas
foram calculadas utilizando-se as médias ajustadas de cada caracteristisca por meio do
coeficiente de correlacdo de Pearson, assumindo nivel de significancia de a = 0.05
realizado no programa R (http://www.cran.r-project.org).

A herdabilidade individual a nivel de plantas (Hglants) foi calculada com base nas
estimativas dos componentes de variancia assumindo estrutura de identidade para a matriz
Gp (modelo 1) usando a razdo 82/6%, onde 62 é o componente da varidncia genotipica e
82 é a variacdo fenotipica total para cada caracteristica. Por meio do cdlculo da média
harmoénica do nimero de ambientes utilizada como numerador da estimativa da variancia
da interagdo gendtipo-ambiente; e da média harmdnica do nimero de parcelas utilizada
como numerador da estimativa da variancia residual (Holland et al. 2003), foi possivel

calcular a razdo entre 6Z/67 com o objetivo de fornecer estimativas apropriadas do cdlculo
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da herdabilidade no sentido amplo com base na média dos genétipos (HZeqns), Onde é‘ﬁ éa

variancia fenotipica entre as médias dos genétipos para cada caracteristica.

Tabela 1 - Descricdo e nimero de parametros (nppr) dos modelos examinados para a
matriz genética de variancia-covariancia Gp.

Matrix Gp Npar Descricao
Gp = GEXP

() ID 1 Identidade (variancia genética homogénea)

(2) UNIF 2 Uniforme

(3) DIAG P Diagonal (ou varidncia genética heterogénea)

(4) CShet P+1 Simetria Composta

(5) FA1 2P Fator Analitico de primeira ordem

(6) UNST P(P+1) Nio-estruturada
2

Gp = GI%IXN®GI\IZXM

(7) UNST ® ID NWNHD g Nio estruturada e identidade para locais e
2 colheitas; respectivamente

(8) UNST ® UNIF NN+1) +2 Nao-estruturada e uniforme para locais e colheitas;
2 respectivamente

(9) UNST ® DIAG N(N+1) +M Nao-estruturada e diagonal para locais e colheiras;
2 respectivamente

(10) UNST ® AR1 NIN+D+2M+D) 4 Nao-estruturada e auto-regressiva de primeira

2 ordem para locais e colheitas; respectivamente
(/1) UNST ® CSyet N(N+1) +M+1 Nao-estruturada e simetria composta para locais e

2 colheiras; respectivamete

(I12) UNST @ UNST  NW+D+MM+1) _,  Nao-estruturada para ambos locais e colheitas.
2

3. Resultados

Na tabela 2 encontram-se os modelos selecionados para a matriz G considerando
cada caracteristica. Como € possivel notar diferentes modelos foram selecionados. Em
geral, observa-se que os modelos selecionados para as caracteristicas de produgdao
consideraram as estruturas de VCOV Gp = Gk y®GLL ,,, com excecdo para didmetro dos
colmos, que utiliza a combinacdo de cortes-locais como ambiente. Nas caracteristicas de
qualidade os modelos selecionados consideraram as estruturas de VCOV Gp = GE,p,
porém este modelo necessita estimar um nimero maior de parametros quando comparados
a estrutura Gp = G5 w®GH. ;. Os modelos selecionados para: TCH, TPH e PC
apresentaram diferentes componentes de varidncia e covaridncia genéticos nado

correlacionados tanto entre locais como entre colheita; DC, POL%Caldo e PUR
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apresentaram variancias genéticas diferentes (heterogéneas) e covariancias genéticas iguais
(homogéneas) para as diferentes combinagdes de ambientes; Brix, Pol%Cana e FIB
indicaram as mesmas variancias e covariancias genéticas para as diferentes combinagdes de
ambientes; AC assumiu que variancias e covarincias genéticas foram heterogéneas para
locais enquanto que as covaridncias entre cortes sdo correlacionas, conferindo menor
correlagdo a medida que aumenta o nimero de cortes; NC mostrou varidncia e covariancia
genética heterogé€nea entre locais e cortes, embora as variancias genéticas diferiram, as
covariancias genéticas sao comuns. Baseados em tais modelos foi possivel a obtencdo dos

BLUPs para cada caracteristica individual e posterior obtencdo dos pardmetros genéticos

Tabela 2 — Modelos selecionados para a matriz Gp considerando cada caracteristica
separadamente. Os critérios AIC e BIC foram utilizados para comparar as estruturas de
variancias-covariancias da matriz.

Caracteristica Modelo selecionado” Critério AIC Critério BIC
Diametro dos colmos 4 20155,60 20213,70
Altura dos colmos 10 790,01 828,74
Numero de colmos 11 45439,25 45490,97
Peso dos colmos 12 47036,89 47101,53
Brix 2 7818,48 7841,98
Pol%Cana 2 7691,9 771541
Pol%Caldo 4 8656,28 8656,28
PUR 4 11899,07 11946,07
FIB 2 6695,41 6718,91
TCH 12 45321,05 45385,65
TPH 12 15464,73 15523,41

“Modelo selecionado para a matriz G, como descrito na Tabela 1.

Os resultados das médias e herdabilidades para as 11 caracteristicas nos trés anos
(colheita) e nos dois locais estdo resumidos na Tabela 3. A média fenotipica para as
caracteristicas de producgdo variou de 21,07 a 31,67 mm para DC, 1,99 a 2,67 m para AC,
57,5 a 203,3 para NC, 76,2 a 239,1 kg para PC e 90,2 a 210 para TCH, enquanto que as
caracteristicas de qualidade variaram de 21 a 19,62 para BRIX, 16 a 14,07 para Pol%Cana,
19 para 16,66 para Pol%Caldo, 90,19 a 84,44 para PUR, 11,97 a 12,91 para FIB e 22,99 a
16,32 para TPH. As médias gerais das caracteristicas estudadas entre genitores nado
apresentaram grandes diferencgas (Figura 1 e 2). No geral, foi encontrada uma boa precisao
experimental além de alta herdabilidade (Tabela 3). A média fenotipica encontrada para DC
foi 25,62, com coeficiente de variagdo residual (CV_R) de 7,15. AC apresentou média de

2,34 e valor de CV_R de 10,06. Os valores do CV_R para NC e PC foram de 22,06 e 18,23,
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respectivamente, com médias de 117,72 para NC e 168,86 para PC, e varidncia genética
(529,90 para NC e 734,20 para PC). Os altos valores de CV_R podem ser explicados pela
influéncia direta da variancia, que por sua vez estd relacionado com a magnitude da
caracteristica alvo de estudo. BRIX teve sua média em 20,94 e CV_R em 4,05. As
caracteristicas de qualidade Pol%Cana e Pol%Caldo mostraram valores similares, com
médias de 15,53 e 18,58, respectivamente, ¢ mesmo valor de CV_R (5,48). PUR teve média
de 88,52 e CV_R 2,26. FIB mostrou média de 12,65 e 5,66 para CV_R. Finalmente, TCH e
TPH tiveram as médias em 149,48 e 22,24, e CV_R de 6,8 e 18,29, respectivamente.

Tabela 3. Médias, estimativas dos componetes de varidncia genotipica (6Z) e fenotipica
(67), coeficiente de variacdo genotipica (CV_G) e residual (CV_R), e herdabilidade no
sentido amplo entre a média (HZ,,4ns) € individual (H;lams) para didmetro, altura, nimero
de peso dos colmos, TCH, Brix, Pol%Cana, Pol%Caldo, PUR, FIB e TPH dos 240
individuos da populacdo segregante de cana-de-acgucar derivados do cruzamento entre as
variedades SP81-3250 e RB925345, avaliados em dois locais e trés anos (colheita).

Trait Médias 62 62 CV.G CVR HZ..ns Hglan ts
Diametro dos colmos 25,62 3,55 7,30 7,35 7,15 0,94 0,49
Altura dos colmos 2,34 0,02 0,08 5,87 10,06 0,83 0,23
Numero dos colmos 117,72 529,90 1296,20 19,56 22,06 0,92 0,41
Peso dos colmos 168,86 734,20 1884,30 16,05 18,23 0,90 0,39
Brix 20,94 0,65 1,65 3,86 4,05 0,85 0,39
Pol%Cana 1553 0,53 1,47 4,68 5,48 0,83 0,39
Pol%Caldo 18,58 0,81 2,18 4,84 5,48 0,84 0,37
PUR 88,52 1,79 6,51 1,51 2,26 0,77 0,27
FIB 12,65 0,52 1,13 5,73 5,66 0,88 0,46
TCH 149,48 543,10 772,90 15,59 6,80 0,96 0,70
TPH 22,24 11,540 29,90 15,27 18,29 0,85 0,39
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Figura 1. Frequéncia de distribuicao dos valores fenotipicos para altura, nimero, peso e
diametro dos colmos e TCH dos 240 individuos da populacio segregante de cana-de-agucar
e dos genitores SP81-3250 (1) e RB925345 (2), avaliados em dois locais e trés anos
(colheita).
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Figura 2. Frequéncia de distribuicdo dos valores fenotipicos para Brix, Pol%Cana,
Pol%Caldo, Pureza, Fibra e TPH dos 240 individuos da populacio segregante de cana-de-
acucar e dos genitores SP81-3250 (1) e RB925345 (2), avaliados em dois locais e trés anos

(colheita).
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Os maiores valores para herdabilidade foram aqueles encontrados pela
herdabilidade média (Tabela 3). TCH apresentou a maior herdabilidade (0,94), seguido de
DC (0,94), NC (0,92) e PC (0,90), enquanto PUR mostrou o valor mais baixo (0,77). Para
AC e Pol%Cana a herdabilidade foi a mesma (0,83), tal como para Brix e TPH (0,85).
Pol%Caldo apresentou valor de 0,88. J4 a herdabilidade individual de plantas, por ter sido
calculada adicionando a variancia genética, bem como a interacao entre local e nimero de
repeticoes, apresentou os menores valores. Constatou-se que TCH também apresentou o
maior valor (0,70), seguido de DC (0,49), FIB (0,46) e NC (0,41), enquanto AC e PUR
apresentaram os valores mais baixos (0,23 e 0,27, respectivamente). PC, Brix, Pol%Cana e
TPH a herdabilidade foi a mesma (0,39). O valor encontrado para Pol%Caldo foi de 0,37.

A correlacdo fenotipica para todas as caracteristicas medidas foi realizada com base
no p valor (P <0.05) (Figura 3). Foram encontradas 30 correlagdes significativas separadas
em correlagcdes positivas e negativas. Entre as correlagcdes fenotipicas positivas houve a
separacao em forte (PC-TCH, PC-TPH, Brix-Pol%Cana, BRIX-Pol%Caldo, Pol%Cana-
Pol%Caldo, Pol%Cana-PUR, Pol%Caldo-PUR e TCH-TPH); moderada (AC-PC, AC-
TCH, AC-TPH, NC-PC, NC-TCH, NC-TPH, Brix-PUR e Brix-FIB); e baixa (DC-AC, DC-
PC, DC-TCH, DC-TPH, Brix-TPH, Pol% Cana-TPH, Pol% Caldo-FIB, Pol% Caldo-TPH e
PUR-TPH). As correlacdes negativas e significativas foram encontradas em: DC-NC, DC-

FIB, PC-FIB, FIB-TCH e FIB-TPH.
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Figura 3. Estimativas da correlagdo fenotipica entre DC, AC, NC, PC, Brix, Pol%Cana,
Pol%Caldo, PUR, FIB, TCH e TPH para os 240 individuos da populacdo segregante de
cana-de-agucar e dos genitores SP81-3250 e RB925345, avaliados em dois locais e trés
anos (colheita).

* Significativo ao nivel de 5% (P <0.05)

4. Discussao

A cana-de-actcar é uma das culturas mais importantes ao redor do mundo e sua
importancia é atribuida principalmente a seus derivados, acucar e etanol. A producdo de
cana-de-acucar colocou o Brasil como maior produtor mundial (Unica 2014), com
constante busca por aumento de producdo. No entanto, aumentar a producdo gera a
necessidade de criar uma forma adequada e sustentdvel para a modernizacdo do cultivo da

cana-de-acucar. Neste sentido, a agricultura de alta tecnologia associada a biologia
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molecular vem se tornando uma ferramenta poderosa para aumentar a produtividade sem
aumentar a drea plantada de cana-de-agucar.

O aumento da produtividade exige o conhecimento da base genética das
caracteristicas que estdo diretamente ligadas a producdo de acgucar, e assim conseguir
manusear corretamente um conjunto de caracteristicas simultameamente. Varios estudos
que envolvem caracteristicas de producdo e de qualidade foram conduzidos em cana-de-
acucar, no entanto, utilizando uma abordagem estatistica com uma série de limitacdes (Lin
et al., 1993; Gallacher, 1997), especialmente em dados desbalanceados (Smith et al., 2005;
Piepho e Mohring, 2007; Pastina et al., 2012), ao assumir homogeneidade das variancias e
a auséncia de correlacdes genéticas entre anos (colheita) e locais para estimar os valores
genéticos (Balzarini, 2002) e a falta de dados fenotipicos. Assim, o uso de modelos mistos
permitiu a heterogeneidade de variancias e correlagdes genéticas (Malosetti ef al., 2013) e a
andlise dos dados passou a ser mais adequado ao experimento, principalmente por
considerar a intera¢ao anos (colheita) e local (Pastina et al., 2012).

Embora o ajuste das estruturas de variancia e covariancia tenha sido ideal para os
dados do presente estudo, é importante ressaltar que o uso de maior nimero de locais e
cortes muito provavelmente possibilitaria o ajuste de outras estruturas de variancia e
covariancia. Por exemplo, considerando dados de cana-de-aguicar provenientes de cortes da
mesma planta ao longo dos anos, espera-se que os dados apresentem algum grau de
correlacdo pelo simples fato das medidas serem tomadas no mesmo individuo. Este fato
pode ser mais pronunciado em populacdes de programas de melhorameto, onde o nimero
de cortes e locais € maior em relacdo aos experimentos utilizando populacdes de
mapeamento. Devido ao foco do estudo, a estruturagao da matriz VCOV foi primeiramente
realizada considerando a matriz de efeitos genéticos (matriz G) para posteriormente ser
considerada a matriz de efeitos ndo genéticos (matriz R) (Material Suplementar). Assim,
houve a possibilidade de definir estruturas da matriz G mais verossimeis, o que possibilitou
a estimativa mais eficiente de componentes de variancia genéticos e estimativa dos
parametros genéticos.

O experimento contou com uma boa precisdo experimental e controle da variagdao
ambiental, medidos através do coeficiente de variacdo. Sabe-se que quanto menor € a

estimativa do CV maior serd a precisao e qualidade do experimento e consequentemente as
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pequenas diferencas entre as estimativas de médias serdo significativas (Filho Cargnelutti e
Storck, 2007). A maioria dos resultados encontrados atendeu a recomendacao descrita para
alta precisdo experimental com valores de CV inferiores a 10% (Pimentel-Gomes, 1985;
Costa et al., 2002; Perecin et al., 2004), com exce¢do para nimero e peso dos colmos e
TPH. Provavelmente, o maior valor do CV para nimero e peso dos colmos € porque o0s
colmos da cana-de-acicar continuam se alongando enquanto novos ainda estdo sendo
formados (Hoarau et al., 2002), dificultando a fenotipagem.

A variacao fenotipica encontrada entre os 240 individuos ja era esperada, pois sdao
considerados hibridos interespecipicos, além de serem derivados de um cruzamento que
nao sofreu nenhuma sele¢do. Observou-se que a amplitude fenotipica encontrada entre os
individuos foi maior que entre os genitores, caracterizando segregacdo transgressiva,
também observada por Hoarau et al. (2002) e Mancini et al. (2012). O peso e diametro dos
colmos entre os genitores apresentaram quase os mesmos valores, que pode refletir anos de
selecdo até terem sidos lancados como variedades do Programa de Melhoramento Genético
de Cana da UFSCar.

Definida como a porcdo herddvel transmitida em um cruzamento (Falconer e
Mackay, 1996), herdabilidade € um pardmetro importante, uma vez que determina a
resposta a selecdo e pode ajudar na escolha da melhor estratégia para ser aplicada em um
programa de melhoramento (Piepho e Mohring, 2007). Todos os valores de herdabilidade
apresentados foram classificados como alto segundo Resende (2002) (h*>0,50), variando de
0,77 a 0,96, indicando que a variacdo fenotipica observada € devido a variagdo genotipica
desta populacdo. Os valores de herdabilidade foram mais elevados em relacdo aos
apresentados por Hoarau et al. (2002), Aitken et al. (2006), Liu et al. (2007), Aitken et al.
(2008), Pinto et al. (2009), Ahmed et al. (2012) e Mancini et al. (2012), lembrando que
todos estes estudos ndo consideraram a interagdo entre os anos (colheita). A superioridade
dos valores € atribuida ndo apenas ao baixo CV do experimento, mas também ao modelo
estatistico utilizado, que permitiu a integracdo dos dados entre os anos (colheita) e locais e
assumindo heterogeneidade das variancias, o que tornou as estimativas de herdabilidade
mais precisas. Este fato ganha um foco importante no melhoramento de plantas ao
selecionar os gendtipos através das caracteristicas com alta herdabilidade, atuando na

selecdo de geragdes precoces.
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Outra forma de selecdo de genétipos € através da correlagdo fenotipica que pode
combinar mais de uma caracteristica desejavel na mesma planta, permitindo uma selecao
indireta (Ram et al., 1997). Por exemplo, o principal objetivo de um programa de
melhoramento genético da cana-de-actiicar € aumentar o rendimento de acucar. Porém,
atualmente vem se notado pequenos aumentos nesta taxa. Isto pode ser explicado por anos
de selecdo para agucar, o que dificulta o aumento neste indice. Uma forma de contornar
essa dificuldade € realizar a selecdo em outras caracteristicas correlacionadas. Por meio dos
resultados alcangados, observou-se um grande nuimero de correlagdes fenotipicas
significativas entre as caracteristicas avaliadas, incluindo aquelas relacionadas a producdo
de acgucar e produtividade, medida em TCH. Este fato favorece a sele¢do indireta entre estas
caracteristicas o que pode contribuir no aumento da produtividade da cana-de-agucar.

Usando os resultados apresentados neste estudo, podemos expandir o conhecimento
para andlise e detec¢do de QTLs. Estas informagdes sdo importantes para entendimento da
arquitetura genética da espécie (Liu et al., 2007) tornando-se uma ferramenta poderosa se
aplicada em programas de melhoramento genético da cana-de-acgucar através da selecao

assistida por marcadores.

5. Conclusao

O uso de modelos lineares mistos permitiu calcular a herdabilidade e correlagdo
fenotipica entre as caracteristicas de producdo e de qualidade para uma populagdo
segregante de cana-de-acucar, assumindo heterogeneidade das variancias e interacdo local e
anos (colheita), resultando em valores mais precisos e realistas. Os resultados apresentados

sdo confidvies para a utilizacdo no mapeamento e detec¢ao de QTL.
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Material suplementar

Modelos selecionados para a matriz R considerando cada caracteristica separadamente.

Critérios AIC e BIC corresponde ao modelo selecionado especificado na segunda coluna.

Caracteristica Matriz R Critério AIC  Critério BIC

R = RE.p®Rixx

Diametro dos colmos R = CSHet @ UNS 19358,01 19487,12
Brix R =DIAGQ ID 7794,62 7841,62
Pol%Caldo R =1D® ID 8656,28 8656,28
Pol%Cana R =DIAG Q® ID 7657,58 7704,59
PUR R=ID®ID 11899,07 11946,07

FIB R = CSuet ® UNIF 6504,71 6563,46

R = Rl n @Ry ®RY

Altura dos colmos R =1ID ® CSHet ® ID 591,57 649,68
Peso dos colmos R =DIAG ® UNS ® UNS 46065,27 45929,51
Numeros de colmos R =ID ® UNS ® CSHet 45083,84 45187,28
TCH R =DIAG ® CShet ® UNIF 44740,68 44837,57
TPH R =DIAG ® CShet ® ID 15291,42 15361,84
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Capitulo II

Anadlise de marcas individuais utilizadas na deteccao de QTLs considerando diferentes

ploidias em cana-de-acicar

# Centro de Biologia Molecular e Engenharia Genética (CBMEG), Departamento de Genética e Evolucdo, Universidade Estadual de
Campinas (UNICAMP), Cidade Universitaria Zeferino Vaz, CP 6010, 13083-875 Campinas, SP, Brazil

" Departamento de Genética, Escola Superior de Agricultura Luiz de Queiroz (ESALQ), Universidade de Sdo Paulo (USP), CP 83,
13400-970 Piracicaba, SP, Brazil

¢ Centro de Ciéncias Agrarias, Universidade Federal de Sao Carlos , Rodovia Anhanguera, Km 174, Araras - Sdo Paulo — Brazil

Resumo

A maioria das espécies vegetais € poliploide e representa aproximadamente 70% das
angiospermas, sendo que muitas apresentam importancia econdmica. A presenca de varios
conjuntos de cromossomos no genoma destas plantas confere grande complexidade em sua
estrutura gendmica, € no caso especial da cana-de-actcar, o nivel de complexidade ¢é
aumentado devido a aneuploidia. A maioria dos modelos utilizados para estudos genéticos
e gendmicos foi desenvolvida para organismos diploides. Um exemplo pratico em cana-de-
acucar € a interpretacdo do polimorfismo dos marcadores microssatelites como marcas
dominantes e o fato de detectar apenas o polimorfismo entre os marcadores segregando em
dose unica. Neste contexto, os marcadores de polimorfismo de nucleotideo unico, por
serem co-dominates em cana-de-acucar, foram utilizados com intuito de detectar indicios
de QTLs associados a caracteristicas de producdo (didmetro, altura, nimero e peso dos
colmos e Toneladas de Cana por Hectare) e de qualidade (Brix, Pol%Cana, Pol%Caldo,
pureza, fibra e Toneladas de Pol por Hectare). Um total de 240 individuos derivados do
cruzamento entre as variedades comerciais de cana-de-actiicar SP81-3250 e RB925345
foram genotipados com SNPs por meio de espectrometria de massa pela Plataforma
Sequenom iPLEX MassARRAY®. A ploidia dos locos SNPs foi estimada com o programa
SuperMASSA. Pelo método de regressdo linear foram encontradas 17 evidéncias de
associacao de QTL entre diametro dos colmos (quatro evidéncias), nimero de colmos (uma
evidéncia), peso dos colmos (uma evidéncia), conteido de sélidos soldveis (duas

evidéncias), teor de sacarose do caldo (trés evidéncias), pureza (duas evidéncias), toneladas

35



de cana por hectare (duas evidéncias) e toneladas de Pol por hectare (duas evidéncias). A
propor¢ao da variacdo fenotipica explicada pelo genétipo variou de 1,6% a 11,1%. Todos
os SNPs que apresentaram associacOes com as caracteristicas mencionadas tiveram o0s
niveis de ploidia variando de hexaploide a dodecaploide. Por correlacdo genotipica-
fenotipica, foi detectado sete evidéncias de associacdo de QTL entre diametro dos colmos
(uma evidéncia), conteido de sélidos soluveis (duas evidéncias), teor de sacarose da cana
(uma evidéncia), teor de sacarose do caldo (duas evidéncias) e pureza (uma evidéncia). Os
SNPs detectados com correlagdes genotipica-fenotipica significativas apresentaram niveis
de ploidia variando tetradecaploide a icosaploide. O conhecimento de diferentes ploidias
permitiu a deteccdo de QTLs em multi-dose que podem ser usadas como informacdes
prévias sobre os provaveis QTLs para esta populacdo de mapeamento, contribuindo para o

avango do conhecimento da genética da cana-de-acucar.

Palavras-chave: poliploidia, marcadores moleculares

Introducao

O processo de evolucdao que tornou a cana-de-acgucar (Saccharum spp) uma espécie
poliploide teve inicio com a combinag¢do de ao menos dois conjuntos de cromossomos
originados do mesmo genoma, caracterizando-a como um organismo autopoliploide
(Acquaah 2007; Chen 2010). A principal limita¢do ao realizar estudos genéticos em cana-
de-agucar € atribuida ao alto nivel de ploidia e aneuploidia de seu genoma. A aneuploidia é
devido ao cruzamento interespecifico entre S. officinarum (2n = 80) e S. spontaneum (2n =
40-120), resultando na variacdo cromossomal entre 100 a 130 (D’Hont et al. 1998). Outro
fator que dificulta o estudo genético em cana-de-agtcar € atribuido ao fato que a maior
parte das ferramentas moleculares disponiveis foi desenvolvida para espécies diploides e
para aplica-las em espécies poliploides faz-se necessario realizar ajustes para a correta
interpretacdo dos dados.

Dentre as principais aplicacdes das técnicas moleculares destacam-se a construcao

de mapas genéticos e deteccao de QTL (Quantitative Trait Loci) através do uso de
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marcadores moleculares. Essas ferramentas sdo de extrema importancia, pois aumentam o
conhecimento das estruturas genéticas e da arquitetura genética das caracteristicas
quantitativas. Estudos envolvendo mapeamento de QTLs podem ser aplicados em
programas de melhoramento de plantas para identificar marcadores moleculares ligados as
caracteristicas de importancia agrondmica (Pinto et al. 2009).

Os marcadores moleculares que mais foram empregados para os estudos genéticos
em cana-de-acucar sdo o RFLP (Restriction Fragment Length polymorphism), RAPD
(Random  Amplified Polymorphic DNA), AFLP (Amplified Fragment Length
Polymorphism) e SSR (Simple Sequence Repeat) por originarem um grande nimero de
marcas polimérficas (Alwala e Kimbeng 2010).

A constru¢do de mapas genéticos e a identificacio de QTLs em organismos
poliploides € baseada em marcadores de dose tnica (Wu et al. 1992), fato que representou
um avango nas ultimas décadas. Marcadores em dose Unica representam alelos presentes
em cdpia Gnica em apenas um dos genitores, segregando na propor¢do mendeliana de 1:1,
ou em uma copia presente nos dois genitores, segregando na propor¢ao mendeliana de 3:1
(Wu et al. 2002). Existem poucos mapas genéticos de cana-de-agucar que incluiram locos
em multi-doses, ou seja, alelos que estdo presentes em mais de uma copia em um dos
genitores. As multi-doses mais comuns sdao as duplas-doses e as triplas-doses. O uso de
locos com alta dosagem alélica (multi-doses) poderd aumentar a cobertura do genoma da
cana-de-acucar (Aitken et al. 2007; Edemé et al. 2006), contudo, ainda ndo existem estudos
para detec¢do de QTLs baseado em multi-doses para cana-de-agucar.

Apesar dos marcadores RFLP, RAPD, AFLP e SSR gerarem, via de regra, muitas
marcar polimérficas, eles ndo permitem estimar o nimero de alelos presentes em um loco
em organismos poliploides (Garcia et al. 2013). Este fato evidencia a necessidade de
utilizar marcadores moleculares que permitam a distincdo de dosagem alélica desses
organismos. Assim, os SNPs (Single Nucleotide Polymorphisms) sao marcadores
moleculares adequados para contornar esta limitagdo. Especialmente por serem marcadores
amplamente distribuidos ao longo do genoma, bialélicos, co-dominantes e de alto
rendimento (Giancola et al. 2006; Masouleh et al. 2009), sdo indicados para construg¢do de

mapas genéticos de alta resolucdo (Batley ef al. 2003).

37



Atualmente, diferentes técnicas de genotipagem de SNPs estdo disponiveis, entre
elas destacam-se a plataforma Sequenom iPLEX MassARRAY® (Sequenom Inc., San
Diego, California, USA), Illumina GoldenGate Genotyping Assay™ (Illumina Inc., San
Diego, California, USA), Genotipagem-por-sequenciamento (Genotyping by Sequencing —
GBS; Elshire et al. 2011) e RADseq (Baird et al. 2008). Todas estas tecnologias permitem
a constru¢do de mapas genéticos e a deteccdo de QTLs com maior precisdo. Como
consequéncia, o conhecimento da arquitetura genética das caracteristicas quantitativas
torna-se maior e sua aplicacdo em programas de melhoramento genético mais eficiente. Um
grande nimero de estudos cientificos envolvendo a associacdo entre marcador molecular e
caracteristica fenotipica estd disponivel para cana-de-acicar (Al- Janabi et al. 2007,
Piperidis et al. 2008; Aitken et al. 2008). Entre os modelos estatisticos para estabelecer
uma relacdo entre o gendtipo e fendtipo do individuo, a andlise de marcas individuais
(Single Marker - SM) é um método simples e amplamente utilizado para mapeamento de
QTLs em cana-de-actcar, aplicada por Al- Janabi et al. (2007), Piperidis et al. (2008),
Aitken et al. (2008), Pinto et al. (2009). Esta abordagem pode ser implementada através de
testes 7, andlise de variincia, regressdo linear simples e multipla (Pastina et al. 2010). Entre
as principais vantagens deste método destacam-se a simplicidade e rdpida velocidade de
execuc¢do das andlises; disponibilidade de programas amplamente utilizados, tais como SAS
(SAS Institute 1989) e pacotes do R (Team R Development Core 2008); o mapa genético
nao € necessario; permite a inclusdo de marcadores ndo ligados nos mapas genéticos e pode
ser estendido para modelos de multiplos locos (Pinto et al. 2009; Pastina et al. 2010).

Utilizando modelo estatisticos de SM, marcadores moleculares SNPs foram usados
para a deteccdo de QTLs associados as caracteristicas de producdo (didmetro, altura,
nimero e peso dos colmos e Toneladas de Cana por Hectare - TCH) e de qualidade (Brix,
Pol%Cana, Pol%Caldo, pureza, fibra e Toneladas de Pol por Hectare - TPH). A associagcdo
marcador molecular e caracteristica fenotipica foi realizada por meio de regressao linear e
andlise de correlacdo genotipica-fenotipica considerando uma marca por vez entre todos os
individuos de uma populagdo de mapeamento de cana-de-agucar, derivada de um

cruzamento bi-parental entre variedades comerciais.
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Material e métodos

Populacdo segregante e dados fenotipicos

Foi utilizada uma populacdo segregante composta por 240 individuos Fi derivada
do cruzamento entre as variedades comerciais SP81-3250 (genitor feminino) e RB925345
(genitor masculino), ambas do Programa de Melhoramento de Cana-de-Acucar da UFSCar
(Universidade Federal de Sdo Carlos), inserido nos trabalhos realizados pela RIDESA
(Rede Interinstitucional de Desenvolvimento do Setor Sucroalcooleiro). A populacao
segregante foi plantada em 2010 em dois locais (Araras e Ipaussu, ambos no estado de Sao
Paulo, Brasil), e avaliada no primeiro, segundo e terceiro cortes anuais (2011, 2012 e 2013)
para as caracteristicas de producdo (diametro, altura, nimero e peso dos colmos e
Toneladas de Cana por Hectare - TCH) e de qualidade (Brix, Pol%Cana, Pol%Caldo,
pureza, fibra e Toneladas de Pol por Hectare - TPH). O experimento foi instalado em
Blocos de Federer (Federer, 1956), com trés repeti¢cdes. A coleta de dados, avaliagdo e
andlise dos dados fenotipicos foram descritos por Mancini et al. (2014 - dados ndo

publicados).

Extracdo de DNA

O DNA gen6mico foi extraido do meristema apical da cana-de-acicar, usando o
protocolo CTAB modificado por Al-Janabi et al. (1999). A qualidade e concentracdo do
DNA foi verificada por meio de eletroforese em gel de agarose 1%, no NanoDrop® 8000
Espectrofotometro (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) e
Quantifluor® (Promega, Fitchburg, Wisconsin, USA).

Marcadores moleculares

Foram genotipados 290 locos SNPs desenvolvidos a partir do projeto SUCEST
(Projeto de Sequenciamento de EST de Cana-de-Actcar — Sugarcane Expressed Sequence

Tag) e descritos por Garcia et al. (2013). O método de genotipagem dos SNPs utilizado foi
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espectrometria de massa com ionizagdo por dessorcdo a laser auxiliada por matrix e anélise
por tempo de voo (MALDI-TOF - Matrix-Assisted Laser Desorption/ lonization-Time of
Flight), através da plataforma Sequenom iPLEX MassARRAY® (Sequenom Inc., San
Diego, Califérnia, USA). A genotipagem seguiu o guia descrito pelo fabricante iIPLEX
Gold Application Guide - Sequenom) para baixo nivel de plex por reacdo (low iPLEX Gold
Reactions — Sequenom). Ambos os genitores da populagdo segregante foram genotipados
20 vezes para cada loco SNP. A andlise do SNP € baseada em informacdes alelo-
especificas e por extensdo de uma unica base do primer seguida pela espectrometria de
massa para detectar polimorfismos. Foi assumida a mesma eficiéncia de ionizacdo para

todos os alelos, com as intensidades de massa proporcionais a abundancia de cada alelo.

Classificacdo dos locos SNPs

Os dados de genotipagem originados pelo Sequenom iPLEX MassARRAY® foram
representado por graficos de dispersdo bi-dimensional e representam intensidades dos
alelos de cada individuo. Todos os locos foram classificados usando o programa
SuperMASSA (Serang et al. 2012), que determinou a probabilidade a posteriori do loco
apresentar nivel de ploidia variando de dois a 20.

Ap6s todos os locos SNPs serem classificados para a ploidia mais provavel, houve
uma atribui¢do em trés categorias diferentes, baseada na probabilidade a posteriori de cada
ploidia por loco e também na dosagem para cada ploidia fixada, utilizando as medianas.
Assim, as categorias foram divididas em: (1) categoria A.1: locos SNPs e medianas do
conjunto de individuos com probabilidade a posteriori maior ou igual a 0,8; (2) categoria
A.2: locos SNPs com probabilidade a posteriori maior ou igual a 0,8 e medianas do
conjunto de individuos com probabilidade a posteriori menor que 0,8 e (3) categoria B:
locos SNPs com probabilidade a posteriori menor que 0,8. Esta categorizacdo foi
necessdria em virtude da baixa qualidade nos dados de genotipagem de alguns locos SNPs,

com o intuito de ndo comprometer os resultados finais.
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Anadlises das caracteristicas quantitativas e de marcas individuais
Os SNPs pertencentes a categoria A.l foram submetidos a andlises de marcas

individuais e foi adotado o modelo de regressado linear:

yj= ,u+bxj+ej

Onde, y; € o fendtipo do j-€simo individuo j, u € a média geral, b € o efeito
aditivo, x; € a dosagem alélica do j-ésimo individuo e e; € o termo residual. A hipétese de
nulidade testada foi a auséncia de associacdo (HO:b = 0). Os critérios utilizados para
detectar evidéncias de associa¢do foram p-valor menor ou igual a 0,05 e p-valor menor ou
igual a 0,001 (correcdo de Bonferroni para mdltiplos testes) (Province 1999). Para os SNPs
com evidéncia de associagdo, a propor¢do da variagdo fenotipica explicada pelo gendtipo
foi estimada por meio do coeficiente de determinagdo (R?). Todas as andlises foram

realizadas no programa R (http://www.cran.r-project.org).

Correlagdo genotipica-fenotipica

Os SNPs atribuidos as categorias A.2 e B foram utilizados para o estudo da
correlacdo entre os gendtipos e os fendtipos observados. No entanto, devido a baixa
qualidade dos dados de genotipagem de tais SNPs, a informacdo genotipica utilizada para
este estudo foi a razdo entre as intensidades dos alelos de cada individuo, originadas pela
genotipagem dos locos SNPs pelo Sequenom Iplex MassARRAY® (Sequenom Inc., San
Diego, Califérnia, USA). O coeficiente de correlagdo de Pearson foi utilizado como medida
para o célculo da correlacao entre as razdes de intensidade dos alelos e as caracteristicas em
estudo. A hipétese de nulidade testada foi a auséncia de correlacdo (HO: v = 0), com niveis
de significancia igual a 0,01 e 0,001. Todas as andlises foram realizadas no programa R

(http://www.cran.r-project.org).
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Resultados e discussao

Classificacdo dos locos SNPs

A ploidia estimada para os 290 locos SNPs, através do programa SuperMASSA
(Serang et al. 2012), variou de dois a 20, com probabilidade a posteriori variando de 0,22 a
1. Estas estimativas confirmam que o nimero de cromossomos homoélogos em cana-de-
acucar ndo é constante, caracterizando sua condi¢do aneuploide (Heinz e Tew 1987). As
estimativas do nivel de ploidia em 209 locos SNPs (79%) apresentaram probabilidade a
posteriori maiores ou iguais a 0,80 e para os 89 locos SNPs (21%) restantes a probabilidade
a posteriori foi menor que 0,80. (Figura 1 e Tabela 1). As probabilidades menores que 0,35
foram identificadas em locos classificado com nivel de ploidia 20, e estes resultados foram
associados com dados de baixa qualidade. Entretanto, todos os locos SNPs foram
classificados no nivel de ploidia com maior probabilidade a posteriori de acordo com o

método de classificagdo.

Distribuigdo da Ploidia
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Figura 1. Distribuicdo dos niveis de ploidia classificados pelo SuperMASSA entre os
individuos da populacio segregante derivada do cruzamento entre as variedades comerciais
SP81-3250 e RB925345 de cana-de-actiicar. Em amarelo, a probabilidade a posteriori maior
ou igual a 0,8 e em vermelho a probabilidade a posteriori menor que 0,8, de acordo com o
nivel de ploidia a qual foram classificados.
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Tabela 1. Classificacdo dos 290 locos SNPs e a probabilidade a posteriori entre os
individuos da populacio segregante derivada do cruzamento entre as variedades comerciais

SP81-3250 e RB925345 de cana-de-acucar.

Nivel de ploidia Quantidade de loco SNP por nivel de ploidia Variacdo da probabilidade a posteriori
2 5 095-1
4 9 0,47 -1
6 15 0,87 -1
8 20 0,77 -1
10 18 0,48 -1
12 15 0,54 -1
14 26 0,60 -1
16 25 0,42 -1
18 41 0,38 -1
20 116 0,22 -1

Total 290

Trés locos SNPs (SugSNP0032, SugSNP0553 e SugSNP0467) foram escolhidos
para exemplificar o gendtipo em relagdo ao nivel de ploidia classificado (Figura 2). Cada
grifico foi representado por 240 pontos que representam os individuos genotipados da
populacdo segregante. O eixo horizontal indica a intensidade do alelo com menor massa e o
eixo vertical a intensidade do alelo com maior massa. As linhas pontilhadas correspondem
ao nivel de ploidia para cada loco e suas respectivas classes genotipicas (dosagem). Assim,
a ploidia do loco € fixa enquanto que a dosagem € varidvel entre os individuos.

A SugSNPOO3 (B w©)
RIS SugSNPOSS3 SugSNPO467

o T o + 9

o J

-]

MAIDR MASSA(T)
4 &
MAIOR MASSA(T)
2
L
BLATOR MASSAC)
2
L
&

Y a;ﬁ}%’““ﬁ

@ ond W
o = COOBEEC D O OO0-OE oo . )

Q

T T e o l b | T T
2 4 [ 8 10 12 > 0 1 2

g : ko MENOR MASSA(T)
MENOR MASSAIG) MENOR MASSA{C) £

Figura 2. Classificacdo de trés locos SNPs (SugSNP0032, SugSNP0553 e SugSNP0467)
utilizando o programa SuperMASSA entre os individuos da populacdo segregante de cana-
de-agucar derivada do cruzamento entre as variedades comerciais SP81-3250 e RB925345.
O primeiro loco foi classificado como octaploide com trés classes genotipicas (A); o
segundo foi classificado como dodecaploide com cinco classes genotipicas (B) e o terceiro
loco classificado como icosaploide (C).
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No SugSNP0032, trés nuvens de pontos estiveram claramente definidas, sendo
classificado com nivel de ploidia oito e probabilidade a posteriori igual a um. As trés
nuvens de pontos representam que para este loco foram encontradas trés classe genotipicas
(GGGGGGGEG, TGGGGGGG e TTGGGGGAE). Entre os genitores foram encontrados sete
e uma dose para os nucleotideos T e G, respectivamente, o que significa que uma dose do
nucleotideo T e sete doses do nucleotideo G estdo presentes nos oito Cromossomos
homodlogos. Para o SugSNP0553 foi observado a formagdo de cinco nuvens e classificado
com nivel de ploidia 12 com probabilidade a posteriori igual a um. O genitor SP81-3250
apresentou 9T:3C (genétipo TTTTTTTTTCCC), ou seja, com nove nucleotideos T e trés
nucleotideos C presentes nos 12 cromossomos homdlogos. O genitor RB925345 apresentou
11T:1C (gendtipo TTTTTTTTTTTC), representando 11 nucleotideos T e um nucleotideo C
presentes nos 12 cromossomos homoélogos. Finalmente para o SugSNP0467 as nuvens
apresentaram grande dispersdo e houve confundimento entre as classes genotipicas. Este
loco foi classificado com nivel de ploidia 20. Apesar de ser possivel encontrar modelos
com alta probabilidade a posteriori com alto nivel de ploidia (Garcia et al. 2013), para este
loco, a probabilidade a posteriori foi menor que 0,35. Os genitores apresentaram 7C:13T
(genétipo CCCCCCCTTTTTTTTTTTTT), que representa a presenca de sete doses do
nucleotideo C e 13 doses do nucleotideo T entre os 20 cromossomos homdlogos.

A classificacdo dos SNPs nas trés categorias de acordo com a probabilidade a
posteriori resultou em 33 SNPs classificados na categoria A.1, 163 SNPs classificados na
categoria A.2 e 94 SNPs classificados na categoria B (Figura 3). O principal motivo que
levou a atribui¢do dos SNPs em categorias diferentes pode ser devido a grande quantidade
de dados perdidos para estes locos SNPs, fazendo com que os resultados da classificacao
realizada pelo programa SuperMASSA sejam menos confidveis, o que pode comprometer
os resultados da andlise de correlacdo. Assim, a estratégia para aumentar a qualidade dos
dados foi utilizar as intensidades dos alelos de cada individuo, originadas pela genotipagem
dos locos SNPs pelo Sequenom Iplex MassARRAY®, através da mediana da probabilidade
a posteriori do conjunto de individuos a serem classificados de acordo com a ploidia mais
provavel. Desta forma, ao utilizar apenas os locos SNPs classificados na categoria A.1, na

andlise de marcas individuais, esperou-se evitar a ocorréncia de associagdes falso-positivas.
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Figura 3. Distribuicdo dos locos SNPs em trés categorias diferentes de acordo com a
probabilidade a posteriori para a ploidia mais provavel classificados pelo SuperMASSA.
A.1: locos SNPs e medianas do conjunto de individuos com probabilidade a posteriori
maior ou igual a 0,8; A.2: locos SNPs com probabilidade a posteriori maior ou igual a 0,8 e
medianas do conjunto de individuos com probabilidade a posteriori menor que 0,8 e B:
locos SNPs com probabilidade a posteriori menor que 0,8.

Anadlise de marcas individuais

Os 33 locos SNPs pertencentes a categoria A.l foram utilizados na andlise de
marcas individuais para as caracteristicas de produ¢do (diametro, altura, nimero e peso dos
colmos e TPH) e de qualidade (Brix, Pol%Cana, Pol%Caldo, pureza, fibra e TCH).
Considerando que apenas 33 SNPs classificados com boa estimativa de ploidia, optou-se
por considerar o nivel de significancia igual a 5% (p < 0,05), para detectar evidéncia de
associacao. Além disso, uma vez que a andlise por marcas individuais € uma abordagem de
baixo poder estatistico, e que a correcdo de Bonferroni ¢ uma medida muito conservativa,
as evidéncias de associacdo entre a marca e a caracteristica poderiam ndo ser detectadas ao
considerar corre¢ao para multiplos testes.

No total, foram encontradas 17 (51,5%) evidéncias de associacdo entre a marca e a
caracteristica e seis possiveis efeito de pleiotropia, ou seja, um unico loco influenciando

mais de uma caracteristica fenotipica (Figura 4). A magnitude da propor¢do da variacao
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fenotipica (R?) explicada pelo genétipo variou de 11,1% para didmetro dos colmos a 1,6%
para Brix (Tabela 2). O baixo valor da variacdo fenotipica que os marcadores conseguiram
detectar pode ser explicado, a0 menos em parte, devido ao alto nivel de ploidia da cana-de-
acucar, e a existéncia de varios alelos em cada loco influenciando a mesma caracteristica,
fazendo com que o efeito individual de cada associacdo seja baixo (Hoarau et al. 2002).
Pinto et al. (2009) e Anoni et al. (2014 - dados ndo publicados) utilizando uma populacio
bi-parental derivada de um cruzamento entre variedades comercias, também detectaram

QTLs de pequeno efeito.
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Figura 4. Andlise de marcas individuais associados com diametro, altura, niimero e peso

dos colmos, TCH, Brix, Pol%Cana, Pol%Caldo, pureza, fibra e TPH. A linha em cinza

representa nivel de significancia de 5% e a vermelha 0,1%, (Correcdo de Bonferroni),

considerando somente os locos SNPs pertencentes a categoria A.l entre os individuos da

populagdo segregante derivada do cruzamento entre as variedades comerciais SP81-3250 e

RB925345 de cana-de-agucar.
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Tabela 2. Deteccao de associacOes entre a marca e a caracteristica nos individuos da populacdo segregante derivada do cruzamento

entre as variedades comerciais SP81-3250 e RB925345 de cana-de-agucar.

Numero de colmos Peso dos colmos Diametro dos Brix Pol%Caldo Pureza TCH TPH
colmos
Caracteristica R*(%) -log (p- R*(%) -log (p- R*(%) -log (p- RX%) -log(p- RX%) -log(p- RX%) -log(p- R %) -log(p- R %) -log(p-
valor) valor) valor) valor) valor) valor) valor) valor)
SugSNP_0756 32 2,13
SugSNP_0689 3,7 2,47 39 2,60 3,1 2,12
SugSNP_0464 7,0 3,32
SugSNP_0470 11,1 1,39 10,4 1,32
SugSNP_0711 1.9 1,40
SugSNP_0229 2,3 1,69 3,0 2,08 1,8 1,39
SugSNP_0393 1,6 1,30 1.9 1,46
SugSNP_0837 1.8 1,34 2,1 1,55
SugSNP_0194 2,0 1,43 1,9 1,41
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Foi encontrada associacdo entre o loco SNP SugSNP_0756 com nimero de colmos e o
loco SNP SugSNP_0689 com peso dos colmos, com variagdo fenotipica de 3,2% e 3,7%,
respectivamente. Entre as caracteristicas, o maior ndmero de associacdes encontradas foi para
diametro dos colmos, detectando quatro locos SNPs, com variagdo fenotipica entre 1,9 a 11,1%.
Ao observar Pol%Caldo, foram encontradas trés associagdes com locos SNPs, cada uma
explicando 1,8, 1,9 e 1,8% da variagdo fenotipica. Duas associacdes foram encontradas para Brix
(1,6 e 3% da variagao fenotipica), pureza (2,1 e 10,4% da variagdo fenotipica), TCH (2 e 3,9% da
variacdo fenotipica) e TPH (1,9 e 3,1% da variagado fenotipica) (Tabela 2).

Os possiveis efeitos pleiotrdpicos foram encontrados entre as caracteristicas peso dos
colmos, TCH e TPH através do loco SNP SugSNP_0689. Esse fato pode ser explicado porque
TCH € uma estimativa calculada através do peso dos colmos, que por sua vez também € usada
para estimar TPH. O loco SNP SugSNP_0194 também revelou evidéncias de influéncia as
caracteristicas TCH e TPH. Dois locos SNPs detectados em didmetro também foram associados a
outras caracteristicas, o SugSNP_0470 relacionados a pureza e o SugSNP_0229 a Brix e
Pol%Caldo. Brix e Pol%Caldo foram influenciados pelos SNP SugSNP_0393 e Pol%Cana e
pureza pelo SNP SugSNP_0837. Muitas dessas caracteristicas também apresentaram correlacdes
fenotipicas, como Brix e Pol, Pol e pureza, e TCH e TPH (Mancini et al. 2014- dados nao
publicados). Outros estudos envolvendo sorgo (Shiringani et al. 2010), milho (Clark ez al. 2006)
e trigo (Sukhwinder-Singh ef al. 2012) também encontraram efeitos pleiotropicos.

Percebe-se que as caracteristicas ligadas ao teor de actcar tiveram a influéncia de mesmas
regides no genoma, indicando a possibilidade de sele¢do simultanea por marcadores, para mais de
uma caracteristica. Muitos estudos realizados em cana-de-acucar detectaram QTLs ligados a
caracteristicas relacionadas ao agucar, tais como Brix (Hoarau et al. 2002, Aitken et al. 2006),
Pol (Ming et al. 2001, 2002, Aitken et al. 2006, Pinto et al. 2009) e producdo de actcar (Ming et
al. 2002).

Todos os SNPs que apresentaram associagdes com as caracteristicas citadas acima tiveram
os menores niveis de ploidia estimados, variando de hexaploides a dodecaploide, que sdo mais
aceitdveis para cana-de-agucar. Estes niveis de ploidia estdo de acordo com estudos citogenéticos
realizados em cana-de-acticar, sendo proposto como numero bdsico de cromossomos para o

género Saccahrum entre x=6, 8, 10 e 12 (Sreenivasan et al. 1987). Posteriormente as espécies S.
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spontaneum e S. officinarum foram descritas com nimero bésico de cromossomos de x=8 e x=10

respectivamente (D’Hont et al. 1996, 1998).

Correlagdo genotipica-fenotipica

A correlagdo genotipica-fenotipica para os parametros de producdo (didmetro, altura,
nimero e peso dos colmos e TPH) e de qualidade (Brix, Pol%C, Pol%]J, pureza, fibra e TCH)
foram feitas considerando nivel de significancia de 0,01% (p < 0,001). Foi usado um p-valor mais
conservativo quando comparado com a andlise de marcas simples devido a probabilidade a
posteriori da classificagdo dos SNPs ser menor que 0,8. Um total de sete correlagdes genotipica-
fenotipicas significativas foram encontradas, em especial entre as caracteristicas que sdo ligadas
ao teor de acucar (Figura 5, Tabela 3).

Observa-se que praticamente as mesmas caracteristicas que tiveram correlagdes
genotipicas-fenotipicas foram detectadas para a andlise de marcas individuais, com excecdo de
Pol%Cana. O SNP SugSNP_0375 foi correlacionado com Brix e Pol%Caldo, enquanto que o
SNP SugSNP_0197 com Pol%Cana e Pol%Caldo. Estes resultados, assim como os das marcas
individuais, reforca a hipétese de que as caracteristicas ligadas ao teor de acicar podem ser
influenciadas pelas mesmas regides gendmicas.

Todos os locos SNPs em que foram detectadas correlagdes genotipica-fenotipica
significativas, a variacdo do nivel de ploidia foi mais alta comparada a encontrada na andlise de
marcas individuais, variando de 14 a 20. Estes niveis de ploidia sdo menos provaveis para cana-
de-acicar (D’Hont er al. 1996, 1998), o que pode comprometer a confiabilidade destes

resultados.
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Figura 5. Correlagdo genotipica-fenotipica associados com didmetro, altura, nimero e peso dos
colmos, TCH, Brix, Pol%Cana, Pol%Caldo, pureza, fibra e TPH. A linha em preto representa
nivel de significancia de 5%, a vermelha 1% e a verde 0,01%, considerando os locos SNPs
pertencentes a categoria A.2 e B entre os individuos da populacdo segregante derivada do
cruzamento entre as variedades comerciais SP81-3250 e RB925345 de cana-de-actcar.
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Tabela 3. Correlagao genotipica-fenotipica entre os individuos da populacdo segregante derivada
do cruzamento de cana-de-acucar entre as variedades comerciais SP81-3250 e RB925345.

Diametro dos Brix Pol%Cana Pol%Caldo Pureza
colmos
-log(p valor)  -log(p valor) -log(p valor) -log(p valor) -log(p valor)
SugSNP_0724 3,66
SugSNP_0132 3,04
SugSNP_0375 3,18 3,13
SugSNP_0197 3,04 3,44
SugSNP_0520 3,23

Conclusao

O uso de uma populacio segregante derivada do cruzamento entre variedades comerciais
favorece a deteccdo de QTLs associados com caracteristicas de interesse econdmico por ter
passado por muitos ciclos de selecio. Sabe-se que € de grande importincia para os Programas de
Melhoramento da cana-de-agicar conhecer essa associacdo e existem diferentes métodos
estatisticos que a possibilitam. O motivo por ter optado pela andlise de marcas individuais é
devido ao baixo nimero de marcas polimoérficas para a construcdo do mapa genético. Porém a
abordagem usada permitiu a andlise de multi-doses originadas dos marcadores SNPs, além de
obter informacdes prévias sobre os provaveis QTLs para esta populacdo segregante, com grande

potencial de serem aplicados na selecdo assistida por marcadores moleculares.
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Consideracoes Gerais

A populacdo de mapeamento da presente tese € constituida de 240 individuos Fi. Foi
desenvolvida pelo Programa de Melhoramento Genético da Cana-de-Acticar da
UFSCar/RIDESA, sendo derivada do cruzamento bi-parental entre as variedades SP81-3250 e
RB925345, apresentando segregacdo para as caracteristicas agroindustriais tonelada de cana por
hectare (TCH), Pol%Cana, tonelada de pol por hectare (TPH) e resisténcia a ferrugem. A
variedade SP81-3250 (CP70-1547 x SP71-1279) apresenta alta produtividade, com altos teores
de sacarose e de fibra, resisténcia a ferrugem e periodo util de industrializacdo (PUI) longo,
enquanto a RB925345 (H59-1966 x genitor masculino desconhecido) apresenta alto teor de
sacarose, alta produtividade, alto teor de fibra no inicio de safra, suscetibilidade a ferrugem e PUI
curto.

Estudos genotipicos e fenotipicos essenciais para o mapeamento genético e detec¢do de
QTLs foram realizados com esta populagdo, garantindo uma confidvel relagcdo genétipo-fenétipo
para cada individuo. Com o objetivo de confirmar a identidade dos individuos F1 de todas as
repeticoes do experimento plantado em Araras-SP e em Ipaussu-SP, foi realizada uma nova
genotipagem em cerca de 1.500 individuos que estavam plantados nos respectivos campos, assim
como a coleta dos dados fenotipicos dos mesmos. Através do método de UPGMA (método da
distincia genética média) e similaridade genética de Jaccard (Jaccard 1908), foi calculada a
similaridade genética entre todos os individuos analisados através do programa NTSYS v.2.1
(Rohlf 2000). Os grupos que apresentaram similaridade inferior a 100% foram considerados
como contaminantes ndo sendo observada nestes casos associagdo com outros grupos. Apenas no
campo experimental de Ipaussu foi observada a ocorréncia de quatro trocas entre os individuos.
Os resultados apresentados indicam que houve erros a uma taxa insignificante (cerca de 1%)
durante a implantacdo do experimento, considerando a magnitude destes campos experimentais.

A abordagem de modelos mistos na andlise dos dados fenotipicos permitiu contornar o
problema de dados desbalanceados sem interferir na qualidade dos resultados, além de considerar
a interagdo genodtipo-local-corte ao assumir a heterogeneidade da varidncia genética. Isso porque
o modelo estatistico empregado representou fielmente o experimento, considerando a média dos
240 diferentes genotipos, em dois locais distintos e avaliados durante os anos de 2011, 2012 e

2013. Todos os resultados encontram-se discutidos no artigo apresentado no Capitulo I, com
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excecdo da avaliagdo de isoporizagdo, florescimento e resisténcia a ferrugem. A exclusio destas
caracteristicas da andlise por modelos mistos foi devido ao sistema de avalia¢do, baseado em
escalas de notas, aliado a falta de tempo hdbil para maior investigacio de um modelo que
representasse esse cenario.

Em paralelo as fenotipagens, os 240 individuos Fi1 foram genotipados através de
marcadores SSRs e SNPs. Uma das propostas desta tese foi adequar as metodologias de
genotipagem para organismos poliploides, justificando a necessidade de uma série de otimizagdes
para um resultado final robusto, confidvel e de alta reprodutibilidade. Desta forma, foram
necessdrios alguns ajustes e padronizacdes na metodologia de genotipagem dos SSRs para
utilizar com maior precisdo o sequenciador Li-Cor 4300 DNA Analyser. Assim como foi
despendido tempo e esforco para garantir uma andlise de qualidade utilizando os marcadores
SNPs, processo descrito em maiores detalhes no Anexo I. Vale ainda ressaltar que a genotipagem
dos SNPs pela tecnologia Sequenom iPLEX MassARRAY® (Sequenom Inc., San Diego,
California, USA) foi estabelecida no LAGM através dos trabalhos desenvolvidos pela presente
tese.

O grupo contava com um conjunto prévio de dados de um painel de associag@o brasileiro
de cana-de-acicar referente a genotipagem de cerca de 1000 locos SNPs. Este painel foi
composto por 134 variedades de cana-de-acticar envolvidas nos programas de melhoramento
genético brasileiro da cana-de-agucar. Também contava com informacdes sobre a genotipagem
de 241 locos SNPs em uma populacdo bi-parental (Marconi 2011). Tais informacdes foram
usadas como norte para o inicio das otimizacdes. Nas andlises prévias foi constatada uma
possivel tendéncia de aumento da variancia dentro das classes genotipicas, a medida que as
dosagens alélicas aumentavam. Enquanto que os locos SNPs em dose unica apresentavam baixa
variancia e alta qualidade. Lembrando que até entdo, as andlises percorreram somente entre 0S
marcadores SNPs em dose Unica, portanto tornou-se imprescindivel o aprimoramento da técnica
de genotipagem para diminuir o ruido que as altas doses apresentavam, e assim garantir reagdes
de amplifica¢do dos marcadores SNPs com alta confianca e qualidade.

De posse dos resultados fenotipicos e genotipicos foi possivel realizar a deteccdo dos
QTLs para as caracteristicas relacionadas as caracteristicas de producdo e de qualidade,

utilizando multi-doses originadas dos marcadores SNPs, por meio da andlise de marcas
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individuais e correlacdo genotipica-fenotipica. Esses resultados encontram-se discutidos no
Capitulo II e mostrou-se um método inovador no estudo de poliploides complexos.

A fim de verificar o comportamento genético dos marcadores moleculares genotipados,
aqueles que apresentaram dose unica (254 SSRs e 31 SNPs) foram utilizados para a construcao
do mapa genético prévio, através do programa OneMap (Margarido et al. 2007). Adotou-se um
LOD minimo de 4,5 e fracdo de recombinacao 0,4, para definicdo dos grupos de ligacao (GL),
adotando a fun¢do de Kosambi (REF) para determinar as distacias em centimorgans (cM) entre as
marcas estimadas. Mesmo com a utilizacdo de SNPs apresentando segregacdo 1:2:1, o mapa
preliminar resultante obteve baixa cobertura. Um total de 163 marcas foram ligadas a 50 grupos
de ligagdo, com cobertura total de 2147,6 cM (Anexo V). O mapa genético aqui apresentado
ficou aquém de todos os mapas disponiveis na literatura cientifica (Hoarau et al. 2001, Aitken et
al. 2005, Reffay et al. 2005, Raboin et al. 2006, Garcia et al. 2006, Aitken et al. 2007, Oliveira et
al. 2007, Anoni et al. 2014 (dados nao publicados). Tal resultado comprova a necessidade de uma
maior saturacdo do mapa por marcadores moleculares e inviabiliza qualquer conclusdao mais
precisa em relacao a este mapa genético preliminar.

Um fato curioso foi notado no GL4, o maior grupo de ligacdo formado (611cM), que
agrupou todos os marcadores SNPs (20) que foram ligados ao mapa genético (Figura 2). Por
andlise de dois pontos, foi estimada a fase de ligacdo entre todos os marcadores ligados ao GL4.
Constatou-se que os marcadores SNPs estavam em fase de repulsdo em ambos os genitores.
Notou-se que nas posicoes 284 e 588,4 cM do GL4 os marcadores ndo estavam ligados, o que
resultaria em dois GLs de menor comprimento. Este cendrio pode ser alterado quando mais
marcas forem adicionadas ao mapa genético. No entanto, as sequéncias dos clusters de onde
foram originadas os 20 SNPs ligados ao GL4 foram alinhadas contra o genoma do sorgo
(Sorghum bicolor) (Tabela 1), por ser considerado o organismo mais préximo evolutivamente da
cana-de-acucar. Esta andlise evidenciou similaridade entre cana-de-agicar e sorgo nesta regidao
analisada, contudo a ordenacdo do genoma nao foi mantida.

No mesmo GL foram alinhados fragmentos de seis diferentes cromossomos de sorgo
(cromossomos 1, 2, 3, 8, 9 e 10). Uma possivel hipdtese para explicar esta diferenca reside em
assumirmos que durante o processo de poliploidiza¢do, o genoma da cana-de-actcar passou por
uma série de rearranjos até chegar na qual € cultivada atualmente, ndo sendo mantida a

arquitetura gendmica do ancestral diploide. Tal hipdtese poderd ser investigada em futuros
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estudos de gendmica comparativa. Outra abordagem para este aspecto é considerar que este
resultado provavelmente deve-se ao nimero reduzido de marcadores utilizados, sugerindo uma
nova organizacio assim que o mapa genético for saturado por mais marcadores moleculares. Um
fator a ser lembrado € que as cultivares modernas de cana-de-agucar sdo hibridos interespecificos,
apresentando alto nivel de ploidia e aneuploidia, dificultando interpretacdes e hipdteses acerca da

estruturacio e evolugdo do genoma dessa espécie.
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Figura 2. A esquerda, representacio do maior grupo de ligagio (GL4) formados por marcadores SSRs e
SNPs, com cobertura total de 611,4 cM. Em vermelho sinaliza regides do GL que ndo estdo ligadas ao
considerar os critérios estabelecidos. A direita, o heatmap para o GL4, sendo que as cores quentes
representam ligagao forte entre os marcadores moleculares, enquanto as cores friasas ligacdes fracas,
resultados embasados pelos valores de LOD (acima da diagonal) e pela fracdo de recombinacio.
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Tabela 1. Alinhamento dos SNPs ligados ao GL4 do mapa genético preliminar entre os
individuos da populacdo segregante derivada do cruzamento entre as variedades comerciais
SP81-3250 e RB925345 de cana-de-agicar, em relacdo ao genoma do sorgo.

SNP Cluster/cana Proteina/sorgo Crom Posi¢do Proteina anotada
SugSNP_0429  Contig2449b2  Sb01g044810.2 1 67.970.813 - 67.981.206 Putative MADS-domain transcription factor
SugSNP_0674  Contigl253b2  Sb03g026370.1 3 53.131.814 - 53.136.957 Putative uncharacterized protein
SugSNP_0813  Contig543b2 Sb09g019930.3 9 48.939.510 - 48.952.130 Pyruvate phosphate dikinase
SugSNP_0828  Contigd72b2 Sb09g006050.1 9 8.731.871 - 8.733.975 Putative uncharacterized protein
SugSNP_0559  Contigl674b2  Sb01g000730.1 1 728.960 - 732.969 Putative heat shock transcription factor
SugSNP_0560  Contigl674b2  Sb01g000730.1 1 728.960 - 732.969 Putative heat shock transcription factor
SugSNP_0339  Contig2843b2  Sb02g024270.1 2 58.508.033 - 58.511.011 Putative uncharacterized protein
SugSNP_0227  Contig267bl Sb10g030840.1 10 60.510.083 - 60.514.690 Catalase isozyme 1
SugSNP_0194  Contig368bl Sb02g034490.3 2 69.068.354 - 69.073.043 Cathepsin B-like cysteine protease
SugSNP_0518  Contigl949b2  Sb08g020580.1 8 51.607.702 - 51.613.086 Auxin-responsive protein IAA30
SugSNP_0772  Contig652b2 Sb03g036650.1 3 64.710.004 - 64.718.045 Receptor-like protein kinase ARK1
SugSNP_0678  Contigl159b2  Sb10g030910.2 10 60.564.328 - 60.566.485 unkwon protein
SugSNP_0753  Contig747b2 Sb09g024340.1 9 53.900.807 - 53.903.670 Phosphoglycerate kinase
SugSNP_0229  Contig241bl Sb01g047140.1 1 70.246.505 - 7.024.865 Aquaporin TIP1-1
SugSNP_0263  Contigl09b1 Sb03g003220.1 3 3.357.017 - 3.362.737 NADP-dependent malic enzyme
SugSNP_0619  Contigl424b2  Sb01g033020.1 1 56.062.629 - 56.065.118 Putative uncharacterized protein
SugSNP_0629  Contigl293b2  Sb01g028760.2 1 50.183.023 - 50.186.127 Serine/threonine-protein kinase SAPK3
SugSNP_0589  Contigl552b2  Sb08g001480.1 8 1.439.461 - 1.444.900 Putative uncharacterized protein
SugSNP_0329  Contig2962b2  Sb08g006530.1 8 10.179.089 - 10.183.678 PHD finger protein, putative, expressed
SugSNP_0643  Contigl253b2  Sb03g026370.1 3 53.131.814 - 53.136.957 Putative uncharacterized protein

SNP: identificagdo do SNP genotipado; Cluster/cana: sequéncias de onde foram selecionados e desenvolvidos os
SNPs em cana-de-agticar; Proteina/sorgo: proteina da sequéncia de cana-de-acticar correspondente em sorgo; Crom:
cromossomo equivalente em sorgo; Posicdo: posi¢do fisica, em pares de base, da sequéncia de cana-de-agticar no
genoma do sorgo.

O marcadores SNPs SugSNP_0559 e SugSNP_0560 foram desenvolvidos a partir do
mesmo cluster, e informagdes adquiridas por meio do alinhamento contra o genoma do sorgo
indicou que estes locos estido fisicamente ligados e posicionados no cromossomo 1 do sorgo
(Tabela 1). Geneticamente estes locos estdo a uma distincia de aproximadamente 10 cM segundo
o mapa genético construido nesta tese, o que pode significar uma distancia muito pequena quando
comparada com o tamanho total do genoma da cana-de-agucar. Tal resultado sugere que estes
marcadores estdo ligados geneticamente e fisicamente, sendo corroborado pela posicdo em que
foram ligados ao mapa genético preliminar. J4 os marcadores SNPs SugSNP_0674 e
SugSNP_0643, foram desenvolvidos a partir do mesmo cluster e estdo fisicamente ligados no
cromossomo 3 do sorgo, porém apareceram ligados ao GL4 de cana-de-ag¢ticar com uma grande
distancia genética, o que sustenta o fato da necessidade de mais marcas para a constru¢cdo do

mapa genético.
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Resumo dos resultados

Os resultados apresentados pela presente tese alcancaram os objetivos de maneira

satisfatoria, e encontram-se aqui resumidos:

Capitulo I

Os dados fenotipicos para as caracteristicas de producdo (altura, didmetro, peso de
colmos) e de qualidade (s6lidos soluveis, teor de sacarose do caldo e da cana, pureza do
caldo e teor de fibra) foram coletados com sucesso durante trés anos e dois locais
Utilizando a abordagem por modelos mistos os resultados apresentados mostraram um
6timo controle ambiental para as caracteristicas avaliadas

O valor de herdabilidade para as caracteristicas de produgdo variou entre 0,83 e 0,96 para
peso dos colmos e toneladas de cana por hectare, respectivamente, enquanto que para as
caracteristicas de qualidade variou de 0,77 a 0,88 para pureza e fibra, respectivamente
Foram encontradas 30 correlacdes fenotipicas significativas, confirmando que estes dados

podem ser utilizados na detec¢do dos QTLs

Capitulo 11

A metodologia de genotipagem dos SNPs utilizando a plataforma Sequenom iPLEX
MassARRAY® (Sequenom Inc., San Diego, California, USA) foi estabelecida com éxito
no LAGM

Utilizando o programa SuperMASSA foi possivel estimar a ploidia de cada loco SNP

Foi identificado 17 evidéncias de associacdo de QTL pelo método de regressdo linear e
sete pela correlacdo genotipica-fenotipica, utilizando os marcadores SNPs entre as
caracteristicas relacionadas a producdo e a qualidade

A abordagem usada permitiu a andlise de multi-doses originadas dos marcadores SNPs,
mostrou-se um método inovador no estudo de cana-de-agtcar e com grande potencial de

serem aplicados na selecdo assistida por marcadores moleculares
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Conclusoes

A genotipagem com SNPs da populagdo Fi1 permitiu a identificacdo de locos com
diferentes ploidias e dosagens alélicas. Tais informagdes possibilitaram que um modelo genético
apropriado para organismos com alto nivel de ploidia fosse aplicado a andlise dos dados
fenotipicos obtidos, fornecendo assim, estimativas mais confidveis e precisas da variacdo

genética observada.

Concluimos que foi possivel contribuir para o0 maior conhecimento genético da cana-de-
acucar ao detectarmos evidéncias de QTLs presentes em locos com variagdo de dosagem alélica,

associados a caracteristicas de importancia econdmica.
O estabelecimento de metodologias apropriadas para genotipagem permitiu o

mapemaneto de QTLs em organismos poliploides complexos é, portanto, uma das contribui¢des

desta tese ao estudo de espécies poliploides em geral.
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Perspectivas

Os resultados da presente tese abriram novos caminhos no estudo genético da cana-de-
acucar resultando em um grande avanco cientifico. Porém este estudo necessita de continuidade
para que o mapa genético possa ser saturado a tal ponto que permita 0 mapeamento preciso de
QTLs. Neste contexto serd aplicada uma nova abordagem, baseada na metodologia de
genotipagem-por-sequenciamento ou GBS (Genotyping-by-Sequencing - Elshire et al. 2011). E
uma estratégia bastante robusta e de alto rendimento, que pode ser aplicada em espécies de
grande variabilidade genética (Elshire ef al. 2011).

A fenotipagem desta populagdo de mapeamento foi encerrada em 2013, resultando em
dados de excelente qualidade. Ao Capitulo I serdo adicionados os dados referentes as mesmas
caracteristicas avaliadas para outra populacdo de mapeamento, derivada do cruzamento entre as
variedades SP80-3280 e RB835486, para s6 entdo o manuscrito final ser submetido ao peridédico
Field Crops Research. Até o presente momento a avaliagdo de florescimento, isoporizacdo e
resisténcia a ferrugem foram excluidas das andlises para ndo comprometer a qualidade dos
resultados. Esse fato foi atribuido ao tempo habil disponivel para a conclusdao do Doutorado.
Assim, as trés caracteristicas aqui descritas serdo alvo de estudos posteriores.

Vale reforcar que devido a complexidade do genoma da cana-de-agicar os estudos que
visam sua compreensdo ndo devem ser baseados em estudos pontuais e isolados. Por isso outras
atividades de pesquisa estdo sendo realizadas com o intuito de colaborar com a elucidacdo da
genética e genOmica da cana-de-acucar, destacando-se a andlise do transcriptoma de folhas e

bibliotecas de BACs (Bacterial Artificial Chromosome).
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Anexo I

Estabelecimento de novas técnicas de genotipagem de marcadores SSRs e SNPs otimizadas

para organismos poliploides complexos

A andlise do polimorfismo em organismos poliploides complexos requer o
estabelecimento de metodologias apropriadas nas técnicas de genotipagem, o que justificou a
série de otimizagdes realizadas.

Dois métodos de genotipagem de microssatelites (SSR) foram utilizados na populagdo de
mapeamento: (1) eletroforese em gel de poliacrilamida desnaturante a 6% revelado em coloracdo
com prata, seguindo o protocolo descrito por Creste et al. (2001), que encontra-se estabelecido na
rotina de genotipagem para cana-de-agicar no Laboratério de Andlise Genética e Molecular,
UNICAMP (LAGM), e (2) pelo método de genotipagem baseado na deteccdo a laser na
eletroforese em gel poliacrilamida desnaturante a 6%, analisado no sequenciador 4300 DNA
Analyser (Li-Cor, Lincoln), que foi introduzido na rotina de genotipagem de cana-de-acticar no
LAGM, técnica que exigiu alguns ajustes.

A genotipagem no sequenciador 4300 DNA Analyser também € baseada em PCR (Reacdo
de Polimerizacdo em Cadeia) e consiste no uso de um dos primers carregando uma fluorescéncia,
que pode ser 6-carboxyfluorescein (FAN), hexachloro-6-carboxy-fluorescine (HEX), 6-carboxy-
X-rhodamine (ROX) e tetrachloro-6-carboxy-fluorescine (TET). Porém esses primers marcados
com a fluorescéncia apresentam um elevado custo o que torna invidvel a genotipagem de uma
populacdo de mapeamento, devido ao elevado niimero de locos necessarios para gerar 0 mapa
genético. A fim de tornar o método menos custoso foi utilizada a abordagem descrita por
Schuelke (2000), cujo principio € a utilizac@o de trés primers: um deles € o forward (Figura 3A)
que carrega uma cauda M13 em sua terminagdo 5°, composta por 18 bases (CAC GAC GTT
GTA AAA CGA), o outro € reverse (Figura 3B) com sequéncia especifica e reversa ao forward e
por fim a fluorescéncia universal M13 (Figura 3C).

Porém, com a adicdo da cauda M13 ao primer forward, sua temperatura de anelamento
tende a sofrer uma queda de 5° da temperatura em relacdo a sua temperatura otimizada sem a
cauda. Assim, alguns ajustes foram necessarios nas reacdes de PCR, desde a quantidade e

concentracdo dos reagentes presentes no ensaio, até adaptacoes na ciclagem. Devido a
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dificuldade de otimizar os primers com cauda M13 em cana-de-agicar, optou-se pela PCR
baseada em touchdown, com variagdo de 56 a 51°C. Essas temperaturas foram utilizadas por
adequar a temperatura média dos primers sem a cauda de forma a abranger todos os marcadores
utilizados. Duas etapas compdem a técnica sendo que nos primeiros ciclos da reacdo de PCR, o
primer forward com a sequéncia M13 é incorporado ao produto de amplificacdo (Figura 3D).
Posteriormente, seguem-se os ciclos visando o anelamento da fluorescéncia M 13 (Figura 3E) que
€ incorporada ao produto final da amplificacdo (Figura 3F). A grande vantagem do método € a
andlise simultanea de dois diferentes fragmentos amplificados, através da deteccdo de distintas
fluorescéncias a partir de dois comprimentos de onda (700 e 800 nanometros). Além do mais, a
eletroforese € visualizada em tempo real dispensando a coloracio em prata e conferindo

automacdo e maior sensibilidade a genotipagem dos marcadores microssatélites.

%m—b Forward primer with M13(-21) tail at the 5 -end

B NN Reverse primer
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Universal FAM labeled M13{-21) primer

D Template
5= OnNA izl CACA......(CA),......CACA RN _Templaie DNA ~——3°
. SSSSS
iﬁﬁf“}
E RAAN—
5 —RINIRINZZZ4 CACA......(CA),..... CACA RN 3

o
W CACA......(CA),......CACA RN

Figura 3: Método de PCR utilizando fuorescéncia. (A) primer forward marcado com a cauda
M13 na extremidade 5°, (B) primer reverse, (C) primer com fluorescéncia universal M13, (D)
incorporagdo do primer forward com a cauda M13 ao produto de amplificacdo, (E) anelamento
dos produtos amplificados a fluorescéncia universal M13 e (F) produto final detectado pelo

sistema a laser (Fonte: Schuelke 2000).
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Além da utilizacdo dos SSRs foram também utilizados os marcadores SNPs (Single
Nucleotide Polymorphism) na genotipagem da populagdo de mapeamento em questdo. Os SNPs
foram escolhidos por serem marcadores codominantes em organismos poliploides, de natureza
bialélica e abundantes no genoma. Em geral, os métodos de genotipagem disponiveis para
marcadores SNPs ndo sdo aplicdveis a organismos complexos como a cana-de-actcar. Por esta
razao foi utilizada a andlise por espectrometria de massas, que apresenta alta acurédcia dos dados,
pois permite a medicao direta e rapida de produtos de DNA, ao invés de ler apenas uma marcacgdo
(fluorescente ou radioativa), além do alto rendimento na identificacdo de variagcdes genéticas. As
vantagens de utilizar tal metodologia sdo as possibilidades de incorporar marcadores com
segregacdao 1:2:1 (Wu et al. 2002) aos mapas genéticos e identificar locos em multi-doses,
aumentando o conhecimento genético da cana-de-agucar, j4 que a priori sua ploidia €
desconhecida.

Assim, a genotipagem de 290 maradores SNPs foi feita através da plataforma Sequenom
iPLEX MassARRAY® (Sequenom Inc., San Diego, Califérnia, USA), e baseia-se na extensao de
um primer alelo-especifico por um terminador de massa modificada (Sequenom 2007). Os
produtos dessa reacdo sdo analisados usando um espectrometro de massas MALDI-TOF (Matrix-
Assisted Laser Desorption/ lonization-Time of Flight) e cada regido polimérfica € detectada pela
massa do alelo especifico. Cada genitor foi genotipado 20 vezes para cada loco SNP afim de
garantir alta confianga nos resultados.

As etapas do processo de genotipagem dos SNPs consistiram de: (1) definicdo do ensaio:
oligonucleotideos de captura dos SNPs e de extensdo de bases tnicas foram desenhados a partir
das sequéncias selecionadas com possiveis locos SNPs, utilizando o banco de dados do SucEST
(Projeto de sequenciamento de EST de cana-de-acicar). O desenvolvimento dos
oligonucleotideos foi realizado por meio do programa MassArray Assay Design (Sequenom, Inc.
San Diego), que também checou a possivel formagao de dimeros e agrupou conjuntos de 10 locos
por reacdo. Esta etapa foi desenvolvida por Marconi (2011); (2) amplificacdo dos produtos
contendo os SNPs; (3) tratamento com a enzima SAP (Shrimp Alkaline Phosphatase):
neutralizacdo dos dNTPs nao incorporados na amplificacdo dos produtos contendo os SNPs,
tornando-os invidveis para futuras reagdes; (4) reacdo de extensdo (iPLEX Gold Reaction):
utilizando os produtos amplificados contendo os SNPs, o primer alelo especifico se anelou

exatamente adjacente ao sitio do SNP, estendendo apenas uma base; (5) limpeza dos produtos
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amplificados: remocao do excesso de ions das reagdes de iPLEX; (6) transferéncia do produto
amplificado para o SpectroCHIP e anélise no espectrometro de massa MALDI-TOF: as amostras
foram transferidas para o SpectroCHIP; e (7) andlise da intensidade produzida pela
espectrometria de massa: através dos produtos estendidos alelo-especificos de massas diferentes,
dependendo do nucleotideo que foi adicionado, ou seja, dependendo da forma alélica presente
naquela amostra (Figura 4). Assim, os dados obtidos fornecem dois sinais de intensidade de
massa referentes ao loco SNP genotipado, sendo que a intensidade € proporcional a cada um dos
alelos analisados. Essa distincdo das dosagens alélicas permite observar classes genotipicas que
ndo é possivel visualizar com o uso dos marcadores microssatélites, fato que qualifica os
marcadores SNPs na exceléncia de estudos genéticos para organismos poliploides. A

classificagdo da ploidia foi realizada utilizando o programa SuperMASSA (Serang et al. 2012).
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Figura 4. iPLEX Gold Reaction: amplificacdo dos fragmentos contendo os sitios polimérficos,
reacdo de extensao e espectrometria de massas resultando em picos com medidas das massas das

formas alélicas presentes nas amostras analisadas.
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Foi realizada uma andlise prévia a partir de um conjunto de dados disponiveis pelo grupo,
que indicou uma possivel tendéncia de aumento da variancia dentro das classes genotipicas, a
medida que as dosagens aumentavam. Isso significa que os dados de loco SNP em dose unica tem
baixa varidncia e alta qualidade. Como as andlises anteriores sempre foram feitas com
marcadores em dose Unica, ndo houve necessidade em aperfeicoar a técnica para doses maiores,
ja que esses dados sempre eram descartados. Notou-se claramente que os SNPs em dose unica
estdo otimizados e a medida em que a dosagem aumenta o ruido do sinal também aumenta.
Porém uma nova abordagem para detectar locos SNPs em altas doses vem sendo proposta através
do uso do programa SuperMASSA (Serang et al. 2012). E para validar tal proposta, os protocolos
foram otimizados para ndo comprometer a aplicagdo da metodologia para organismos
poliploides.

A ideia inicial foi verificar como um mesmo loco SNP se comporta em diferentes niveis
de ensaio multiplex, porém, realizar este tipo de andlise torna a técnica economicamente invidvel.
Por essa razao, como uma primeira abordagem, foram analisados os resultados obtidos a partir da
reacdo de captura da regido contendo loco o SNP, em gel de agarose 3% corado com brometo de
etidio. Para todos os testes realizados constatou-se a formagdo de produtos inespecificos, com
uma tendéncia de ndo formagdo de produtos inespecificos para aqueles que ja eram conhecidos
como SNPs em dose tnica. Com o intuito de obter maior controle na especificidade dos produtos
amplificados, foram realizados testes de gradiente (56° a 61°C) na reacdo de captura, e
visualizados em gel de agarose 3% corado com brometo de etidio. A quantidade de produtos
inespecificos diminuiram, enquanto que a intensidade das bandas referente aos produtos
especificos aumentaram. Também foi testada a interacdo entre os pares de primers que
amplificam os fragmentos contendo locos SNPs, pela andlise dos multiplex juntos (10 locos) e
separados, visualizados em gel de agarose 3% corado com brometo de etidio. Conclui-se que
através destes estudos que, aparentemente, a formacdo de produtos inespecificos, bem como a
quantidade de reacdes plexadas na mesma reagdo nao interfere no resultado final.

Resultados apresentados em nota cientifica pelo Sequenom® (Sequenom, Inc. San
Diego), “Targeted Genotyping Solutions for Plant and Animal Genomics”, (PAG 2012)
demonstraram que uma melhor acurdcia dos dados € obtida quando a quantidade de DNA est4
bem otimizada. A partir desse estudo, foi realizado uma nova abordagem nas otimizagdes, agora

usando diferentes concentragdes de DNA. Foram testadas as quantidades de 1, 4, 8 e 10 ng nas
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variedades TACSP95-3018, IACSP93-3046 e SP80-3280, cada reagdo repetida 10 vezes. Para ter
maior confiabilidade sobre a concentragao 6tima de DNA, as amostras envolvidas na otimizacdo
foram requantificadas utilizando o aparelho Quantifluor® (Promega, Fitchburg, Wisconsin,
USA), método mais confidvel por usar fluorescéncia que s6 se anela em DNA fita dupla. A partir
dos resultados desse experimento constatou-se que a concentracdo de DNA nao interferiu na
acurdcia dos dados. Porém depois de todas as otimizacdes houve um grande avango na
interpretacdo dos resultados, sendo fundamentais nas estratégias de analises em desenvolvimento.
Apo6s as etapas de otimizacdes, os 290 marcadores SNPs foram genotipados na populacdo de
mapeamento, através da Plataforma Sequenom iPLEX MassARRAY® seguindo as etapas ja

descritas acima.
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Abstract

Quantitative Trait Loci (QTL) mapping is an important tool in sugarcane (Saccharum spp.) breeding
programs because it provides information about genetic effects, allelic interactions, and the position and
number of QTLs and knowledge of the genetic architecture of quantitative traits. Such information
combined with marker-assisted selection can help breeders reduce the development time of new sugarcane
varieties. In this study, we performed QTL mapping of important agronomic traits in a commercial
sugarcane cross via Composite Interval Mapping (CIM). An integrated genetic linkage map was
constructed that considered 634 molecular markers (AFLP and SSR) displaying 1:1 and 3:1 segregation
ratios. A total of 187 individuals were obtained from a bi-parental cross between IAC95-3018 and
TACSP93-3046; these individuals were arranged in two locations across three harvests. The yield
components evaluated were stalk diameter (SD), stalk weight (SW), fiber percentage (Fiber), sucrose
content (Pol), and the soluble solid content (Brix). The genetic linkage map had a total length of 4370 cM,
with 113 linkage groups in 15 putative homology groups. A total of 19 QTLs were detected for SD (four
QTLs), SW (three QTLs), Fiber (five QTLs), Pol (four QTLs) and Brix (three QTLs). The proportion of
phenotypic variation explained by each QTL ranged from 0.10% to 6.67%. The estimated additive effects
and dominance effects for each mapped QTL were used to obtain segregation patterns for the QTLs that
varied between 1:1:1:1, 1:2:1, 3:1 and 1:1 segregation ratios. Our results provide assistance for breeding
programs by accounting for an improved dissection of complex traits in sugarcane.

Keywords: polyploidy; linkage analysis; association; QTL
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Introduction

Sugarcane is a complex autopolyploid and outbred species with high levels of
heterozygosity, belongs to the Poaceae family and the Saccharum genus, of which the following
species are often recognized: S. barbari (2n = 111 - 120), S. edule (2n = 60 - 80), S. officinarum
(2n = 80), S. robustum (2n = 60 - 80), S. sinense (2n = 80 - 140) and S. spontaneum (2n = 40 -
128) (Mukherjee, 1957). Modern sugarcane varieties are derived from interspecific hybridization
between S. officinarum and S. spontaneum, which results in highly polyploid and aneuploid
plants. This hybridization represented a large breakthrough in modern sugarcane breeding.
Disease problems were solved, yields increased, ratooning capacity improved, and plants were
adapted for growth under several environmental conditions (Roach, 1972).

Genetic linkage map construction and Quantitative Trait Loci (QTL) mapping are
important tools that allow for the optimization and improvement of breeding programs. In
addition to information concerning the genetic architecture of traits, linkage and pleiotropy
(Garcia et al., 2008), genetic maps also provide information regarding gene localization, the
quantitative traits associated with specific genomic regions, genomic synteny analyses, and
whole-genome quantification. However, the construction of genetic maps for sugarcane is more
complicated and laborious compared to work in diploid species for the following reasons: 1) the
high level of polyploidy and aneuploidy results in a complex chromosomal segregation pattern
during meiosis (Heinz and Tew, 1987); i1) the mapping progenies are derived from bi-parental
crosses between highly heterozygous outbred parents, in which there are different numbers of
alleles per locus, resulting in a mixture of marker segregation ratios in the progeny (Wu et al.,
2002; Lin et al., 2003); and iii) the linkage phases between the markers are unknown (Pastina et
al., 2012).

Wu et al. (1992) outlined these limitations and proposed the development of genetic
linkage maps using only the segregation analysis of single-dose markers (SDMs). These markers
represent alleles present in one copy in one of the parents, segregating at a 1:1 ratio in the
progeny, or alleles present in one copy in both parents, segregating at a 3:1 ratio (Wu et al.,
2002). The majority of the published sugarcane linkage maps were commonly constructed based
on a double pseudo-testcross strategy (Grattapaglia et al., 1994). This strategy results in two
individual maps, one for each parent (Daugrois et al., 1996; Ming et al., 2001; 2002; Aljanabi et
al., 2007). Garcia et al. (2006) presented an integrated sugarcane linkage map constructed using
the methodology proposed by Wu et al. (2002), in which the information provided by the markers
segregating in 1:1 and 3:1 ratios were combined. This arrangement resulted in an integrated
linkage map for both parents. Integrated linkage maps have some advantages. Maps with greater
saturation are obtained, providing the best estimates concerning QTL location, and the linkage
and linkage phases can also be more efficiently estimated compared to maps developed using the
double pseudo-testcross strategy. This approach was also used for the sugarcane linkage map
presented by Oliveira et al. (2007). At this time, none of the published sugarcane genetic linkage
maps are considered saturated. The most saturated map presents with a total map length of 9774.4
cM (Aitken et al., 2014).

An important application of genetic linkage maps is QTL mapping, which allows for the
identification of loci along the genome that contribute to trait phenotypic variance. Most
agronomic traits have a quantitative nature with polygenic inheritance (Falconer and Mackay,
1996; Lynch and Walsh, 1998), such traits are highly influenced by the environment. QTL
mapping studies in sugarcane are commonly performed for traits of agronomic importance, such
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as brown rust (Puccinia melanocephala) resistance, smut (Ustilago scitaminea) resistance,
yellow spot (Mycovellosiella koepkei) resistance, flowering time, sugar yield, stalk length, stalk
diameter (SD), stalk number, stalk weight (SW) and fiber content (reviewed by Pastina et al.,
2010). In sugarcane, QTL mapping for yield-related traits is usually performed using single-
marker analysis, interval mapping and composite interval mapping for individual maps obtained
through a double pseudo-testcross strategy. The first QTL mapping study in sugarcane, analyzing
cane yield and sugar yield, was performed by Sills et al. (1995). This study was followed by other
works that made important contributions to QTL mapping research, including Ming et al. (2001;
2002a; 2002b), Hoarau et al. (2002), Mclntyre et al., (2005), da Silva and Bressiani, (2005),
Reffay et al. (2005), Aitken et al. (2006; 2008), Piperidis et al. (2008), Pastina et al. (2012), and
Shing et al. (2013).

The majority of QTL studies in sugarcane are performed based on two individual genetic
maps, one for each parent (Daugrois et al., 1996; Ming et al., 2001; 2002; Hoarau et al., 2002;
Reffay et al., 2005; Aitken et al., 2006; 2008; Shing et al., 2013). According to Pastina et al.
(2010), the pseudo-testcross strategy reduces statistical power and does not allow for the
estimation of additive and dominant effects separately, which complicates the interpretation of
QTL mapping results. The first approach to consider information related to linkage phase,
segregation patterns and QTL effects in a full-sib family was developed by Lin et al. (2003). The
QTL results are biased when only the intervals of adjacent markers are considered, as there is no
control for the interference caused by the QTLs located outside the mapping interval, resulting in
false-positive detection. Recently, Gazaffi et al. (2014) developed an approach for Composite
Interval Mapping (CIM) that considers full-sib progenies. In this methodology, linkage phase and
segregation patterns are determined in addition to QTL location, which allows for the
simultaneous analysis of QTLs with different segregation patterns. Additionally, Gazaffi et al.
(2014) took cofactors into account during the mapping procedure, enabling more precise
estimates of putative QTLs located along the genome. In this study, we constructed an integrated
genetic linkage map in a bi-parental cross between two Brazilian commercial sugarcane varieties
with Simple Sequence Repeats (SSR) derived from Expressed Sequence Tags (ESTs) and
Amplified Fragment Length Polymorphism (AFLP) markers. We also performed QTL mapping
using CIM for traits related to cane and sugar yields. We report on the segregation pattern and the
additive and dominance effects for each mapped QTL.

Material and Methods
Mapping population and field experiments

Full-sib progeny, a composite of 187 individuals, were obtained from a bi-parental cross
between the elite clone IACSP95-3018 (female parent) and the variety IACSP93-3046 (male
parent) developed at the Sugarcane Breeding Program at the Instituto Agrondmico de Campinas
(IAC). TACSP95-3018 is a promising clone used as parent in the IAC Sugarcane Breeding
Program. IACSP93-3046 has a high level of sucrose, good tillering and an erect stool habit and is
recommended for mechanical harvesting and prone environments.

The full-sib progeny and the sugarcane varieties RB835486 and SP81-3250, which were
used as common checks, were planted in 2007 in the Sales de Oliveira region in the state of Sdao
Paulo, Brazil. Plants were placed in a randomized complete block design with four replicates, and
2-meter rows were spaced 1.5 meters apart. The same population was also planted in 2011 in the
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Ribeirdao Preto region in Sdo Paulo, Brazil. This planting followed the same design, however,
only three replicates were planted. Both parents and two varieties (SP81-3250 and RB83-5486)
were included in each replicate as checks. The field experiment was evaluated in 2008 (plant
cane) and 2009 (ratoon cane) in Sales de Oliveira and in 2012 (plant cane) and 2013 (ratoon
cane) in Ribeirdo Preto.

Molecular marker data and map construction

To construct the linkage map, 187 individuals from the full-sib progeny were screened.
The following two types of molecular markers were used: SSRs, which were divided among
genomic (gSSR) and Expressed Sequence Tags (EST-SSR), and AFLPs. Of the 140 SSRs used,
105 were EST-SSR primers developed in the Brazilian Sugarcane EST Project (SUCEST),
presented in Pinto et al. (2004; 2006), Oliveira et al. (2007; 2009), and Marconi et al. (2011). The
remaining 35 SSRs were gSSRs developed by Cordeiro et al. (2000) and CIRAD (Centre de
Cooperation Internationale em Recherché Agronomique pour le Développement, Montpellier,
France) as described in Rossi et al. (2003). For the AFLPs, DNA was digested with EcoRI and
Msel, and a total of 25 selected primer combinations (EcoRI/Msel) were screened according to
Vos et al. (1995). The amplification products from the SSRs and AFLPs were separated by
electrophoresis on 6% denaturing polyacrylamide gels. The gels were visualized by silver
staining according to Creste et al. (2001). Markers were scored based on their presence (1) or
absence (0) in the parents and the segregating progeny. Marker segregation (1:1 or 3:1 presence
to absence ratio) was verified through a chi-square test and a Bonferroni correction was
considered to control for type I error in multiple tests (Province, 1999).

The SSR markers were named according to the origin of their locus and were followed by
a number referring to the amplified allele. The AFLP markers were identified by six letters
representing the EcoRI/Msel selective primer and were followed by a number referring to the
amplified fragment. All of these markers received a letter to denote the origin of the parental
polymorphism according to the cross type described by Wu et al. (2002). For example, the D1
locus is heterozygous in IACSP95-3018 and homozygous in IACSP93-3046. The D2 locus is
homozygous in IACSP95-3018 and heterozygous in IACSP93-3046. Both D: and D2 present
with 1:1 segregation ratios. Locus C is heterozygous in both parents, with a 3:1 segregation ratio.

The linkage map was constructed using the OneMap package (Margarido et al., 2007) and
only SDMs were considered. To avoid false-positive linkages, a stringent LOD score of 5.77 and
recombination frequency of 0.40 were used to determine the linkage groups (LGs). The higher
LOD value was used due to the large number of evaluated markers and the high number of
chromosomes in modern sugarcane cultivars (over 100). To determine the marker order and
linkage phases in each LG with a maximum of five markers, all possible orders were compared,
and the most likely order was considered. For LGs with more than five markers, all possible
orders for the five most informative markers were compared, and then other markers were added
sequentially and were arranged in the most likely initial order at positions with greater likelihood.
The distances in the genetic map were expressed in centimorgans (cM) based on the Kosambi
function (Kosambi, 1944).
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Phenotypic data analysis

The quantitative traits measured corresponded to important economic components in sugarcane
production, including soluble solid content (Brix), fiber percentage (Fiber), sucrose content (Pol),
stalk weight (SW), and stalk diameter (SD). Each measurement was obtained from a sample of 10
stalks that were harvested from each individual plot according to the methods, for plant cane and
ratoon crops, described by Consecana (2006). Brix corresponds to the total dissolved solids in
cane juice. Fiber refers to the insoluble mater in water that is present in the stalk.

To evaluate the phenotypic data obtained from different locations and harvests, an
appropriate mixed model was adjusted by comparing different structures for the variance-
covariance (VCOV) matrices of genetic (G) and non-genetic (R) effects. The statistical model
used for each trait separately was as follows (bold terms indicate random variables):

Yijrkm = u+Lg+Hy,+ Bj(km) + Gi(km) + €ijrkm

where: Y 4, is the phenotype of the i “*genotype (i = 1,---,n) in the j** block (j = 1, 2,3,4),
the r t" replication (r = 1,-+, 4), the k" location (k = 1,2) and the m*harvest (m = 1, 2); u is
the trait mean; Ly is the location effect; Hy, is the harvest effect; Bj(y) is the block effect of the
j" block in the k ©* location and the m*™" harvest; G; () is the genetic effect of the i*" genotype
in the k" location and the m*" harvest; and e; jrkm 18 the non-genetic effect.

The VCOV matrix G was obtained via the Kronecker direct product of Gy & I,g, where

Gy = G!'® GY, ® is the Kronecker direct product of the genetic effects for the matrices Gy, e
Ig, and Ig is an identity VCOV matrix of the genotypes as proposed by Pastina et al. (2012).

Likewise, the Ry matrix was obtained via the Kronecker direct product of Rl (the residual
effects between locations) and the Ry; (the residual effects between harvests) matrices; therefore,
Ry= RE® RY. It was assumed that e~N (0,R) and g~ N(0,G), where e =
11111, -+, €;jpm and g = 111, -+, g, respectively. Different models for VCOV structures
were compared via AIC (Akaike Information Criterion) (Akaike, 1974) and BIC (Bayesian
Information Criterion) (Schwarz, 1978). For the Gy; matrix, five different models were compared.
The models (a-d) (see Table 1 in the results) consider the combination of the location-harvest as a
specific environment for the Gy matrix structures. Model (e) (see Table 1 in the results)
considers the direct product of location and harvest. Model (a) specifies homogeneous variance
and no covariance (correlation) between environments. Model (b) considers heterogeneous
variance but not the correlation between environments. Model (c) takes into account an
approximation of an unstructured VCOV matrix that had no correlation between environments.
Model (d) specifies different variances and no correlation between environments. Model (e)
considers different variances and no correlation for locations and harvests separately. The models
described above were also compared for the Ry matrix. Once G and R VCOV matrices were
modeled, BLUPs (Best Linear Unbiased Predictors) combining information concerning the
locations and harvests were obtained for each trait. The variance components were then estimated
using Residual Maximum Likelihood. All of the statistical analysis previously described was
performed using Genstat /6" edition (Payne et al., 2013).

The broad-sense heritability coefficient was calculated for each trait based on the
following equation:
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where: 62, 02, and o2 are the genotypic, the genotype-environment interaction and the residual
variance components, respectively; r is the harmonic mean of the replicates; and km is the
harmonic mean of the factorial combination of locations and harvests in different environments.
Genetic correlations were estimated for each pair of traits based on BLUPs using the Pearson
correlation coefficient implemented using R software (R Development Core Team 2013).

Quantitative trait analysis

To test the association between phenotype and genotype, each of the five traits related to
cane yield and sugar yield were analyzed separately using CIM methodology (Zeng, 1993)
according to the extended approach described by Gazaffi et al. (2014). The model is based on
three orthogonal contrasts and estimates the additive effects for each parental and intralocus
interaction (dominance effect) for the QTL alleles. QTL mapping analyses were performed as
described below: (i) conditional multipoint probabilities of the QTL genotype for all positions in
a discrete grid of evaluation points with a step size of 1 cM along the genome were estimated via
Hidden Markov Models (HMM), which were implemented using the OneMap package
(Margarido et al., 2007); (ii) genetic predictors were estimated for each position along the
genome, as described in Gazaffi et al. (2014); (iii) the genome scan was performed (in a 1 cM
grid) to detect the QTLs; (iv) following the identification of a QTL, the significance levels of the
additive (ap, @4) and dominance (6,,) effects were verified, and the segregation pattern was
estimated (Gazaffi et al., 2014). The inclusion of cofactors was based on a multiple linear
regression analysis using stepwise selection based on AIC criteria. For this purpose, we
considered a maximum of 27 cofactors and a window size of 20 cM. The threshold used for the
detection of a QTL was calculated using 1,000 permutations and a significance level of 0.05
(Churchill and Doerge, 1994) and the distribution of the second highest peak for each LG was
considered (Chen and Storey, 2006). For positions with evidence of putative QTLs, significant
marginal effects for a,, a, and 8§,, were verified through the chi-square statistic converted to
LOD Scores, with a significance level of 0.05. In this step, no corrections for multiple tests were
considered, as chi-square statistics were performed only in positions with evidence of QTLs and
not in the entire genome. The proportions of phenotypic variance (R?) explained by each detected
QTL were obtained for all of the effects simultaneously. All analyses were performed in the R
environment (R Development Core Team 2013).

Results
Linkage map

In total, 140 SSR and 25 AFLP primer combinations were used. We scored 1102
polymorphic markers in this mapping progeny. Of these markers, 634 (57.5%) were segregating
in single dose (SD), according to 1:1 (377) and 3:1 (257) proportions. 420 markers (66.2%) were
linked in 113 LGs, and 214 (33.8%) remained unlinked. The LGs varied in length, from 1.0 cM
to 142.9 cM, the average length was 39 cM by LG, and the accumulated length was 4370 cM.
The average distance between markers was 10.7 cM, with an irregular distribution along the
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chromosomes. Seventeen gaps were observed, ranging from 30 cM to 35 cM. These gaps
demonstrated that some parts of the genome were partially covered. The final linkage map
obtained was smaller than the maps constructed for R570 (Hoarau et al., 2001), Q165 (Aitken et
al., 2005; 2014) and SP80-180 x SP80-4966 (Oliveira et al., 2007), which were 5849 cM, 9058.3
cM, 9774.4 cM and 6261.1 cM in length, respectively.

The 113 LGs were used to establish the putative homology groups (HGs), which were
based on at least one pair of common SSR derived markers due to their co-dominance
inheritance. In total, 82 LGs were regrouped into 15 putative HGs. Each HG contained between 2
and 16 LGs (Supplementary Material). The markers were not equally distributed within the
different HGs, in agreement with Hoarau et al. (2001), Aitken et al. (2005; 2014), Raboin et al.
(2006) and Oliveira et al. (2007). The largest HG grouped 54 markers distributed along 11 LGs.
The smallest HG grouped six markers distributed between 2 LGs. The remaining 31 LGs did not
contain a pair of common SSR derived markers that allowed for assignment into different HGs.
In some cases, the marker order was maintained between LGs. For example, in HG I, the markers
scb060 and SMC1047HA on LG 4 were found in the same order on LG 8. In HG III, the marker
order cv038 and cir012 on LG 29 was preserved in LG 30 and LG 39. In HG X, the marker order
scb007 and scb043 on LG 69 was preserved on LG 71. Gardiner et al. (1993), Aitken et al. (2005;
2014) and Oliveira et al. (2007) also reported that marker order was preserved in some LGs that
belonged to the same HG.

Phenotypic analysis

Different structures for the VCOV matrix were compared in the mixed model analysis, the
structure with the smaller AIC and BIC values was considered the most appropriate (Table 1).
For the traits SD, SW and Fiber, the smallest AIC and BIC values resulted in the selection of
different structures for the Gy; matrix. In this case, the VCOV structure with the smallest number
of parameters was selected. For SD, SW and Fiber, the best model for the Gy matrix was the
Unstructured-Unstructured model based on the direct product of G}x j and G4 .., matrices for
the locations and harvests, respectively. For Brix and Pol, the best model was the Unstructured
model, this model considered the factorial combination of locations and harvests as a specific
environment. The selected model for SD, SW and Fiber considers that each location and each
harvest have particular genetic variances and covariances. Likewise, the selected model for Brix
and Pol allows for a specific genetic variance and covariance for each environment. For all traits,
the adjusted Rjp; matrix (non-genetic effects) was the Identity that takes into account a lack of
genetic correlation between the location and the harvest. Other structures were not fitted due to
the non-convergence of parameters in the prediction procedure. Thus, BLUPs were obtained for
each trait, which allowed for the estimation of genetic parameters (Table 2).

Broad-sense heritability coefficients ranged from moderate to high. The coefficients were
as follows: 76.78 for SD, 69.24 for SW, 59.54 for Fiber, 43.74 for Brix and 45.89 for Pol.
Heritability estimates were consistent with the coefficient of variation (CV), confirming that the
field experiments had good controls. The SW trait had the highest CV value, which was
expected, as SW is highly influenced by environmental conditions. For the other traits, the CV
values were low. The CV values ranged from 5.40 for Brix to 9.70 for SD. The genetic and
phenotypic variability coefficients were low for all traits reported.

Pairwise correlation coefficients were significant for SD-SW, SD-Fiber, SD-Pol, SW-
Fiber, SW-Pol, Fiber-Brix and Brix-Pol. The greatest significant phenotypic correlation was
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measured for Brix and Pol (0.91). Intermediate significant phenotypic correlations were reported
for SD-SW (0.69), SD-Fiber (-0.39), SW-Fiber (-0.25), SW-Pol (0.23), Fiber-Brix (0.22) and
SW-Pol (0.23). The lowest significant correlation was observed for SD-Pol (0.17).

Table 1 — Different mixed models for the VCOV Gy matrix and the AIC and BIC values (bold values are

significant).
Trait Gy matrix Gy matrix® AIC criteria BIC criteria n Parameters
Gy = GHHL (a)1d 12480.12 12491.77 1
SD
(b) Diag 12461.48 12490.59 4
(c) FA1 12260.74 12313.15 8
(d) Uns 12185.27 12249.32 10
Gy = G;ij ® GH . (e) Uns x Uns 12194.31 12229.25 5
Gy = GLTH (a)1d 11434.12 11445.73 1
SW
(b) Diag 11385.78 11414.80 4
(c) FA1 11230.84 11283.08 8
(d) Uns 11212.33 11276.19 10
Gy = G]ij ® GH ... (e) Uns x Uns 11222.14 11256.97 5
Gy = GLTH (a)Id 4250.95 4261.46 1
Fiber
(b) Diag 4227.33 4253.62 4
(c) FA1 4126.75 4174.06 8
(d) Uns 4106.58 4164.40 10
Gy = G]ij QR GH ... (e) Uns x Uns 4126.86 4158.40 5
Brix Gy = GLTH (a)1d 4606.56 4617.07 1
(b) Diag 4586.77 4613.05 4
(c) FA1 4534.15 4581.46 8
(d) Uns 4520.26 4578.09 10
Gy = G}xj(g)(,‘fnxm (e) Uns x Uns - - 5
Gy = GLTH (a)1d 4578.34 4588.86 1
Pol
(b) Diag 4551.41 4577.70
(c) FA1 4506.14 4553.45 8
(d) Uns 4487.21 4545.03 10
Gy = G]ij@G%xm (e) Uns x Uns - - 5

(a) 1d: Identity model; (b) Diag: Diagonal model; (c) FA1: First-order factor analytic model; (d) Uns: Unstructured model; (e) Uns

x Uns: Unstructured model for locations and harvests.

Table 2 - Phenotypic correlations between traits, and parameter estimations considering BLUPs for the following
traits: broad-sense heritability coefficient (h2%); genotypic variance (62); phenotypic variance (o3); coefficient of

variation (CV%) and mean (u).

Trait SD SW Fiber Brix Pol

SD 1.000 0.69*  -0.39*% 0.03 0.17*
SW 1.000  -0.25*% 0.12 0.23*
Fiber 1.000  0.22*  -0.07
Brix 1.000  0.91%*
Pol 1.000

Parameter
h2?%

CV%

SD SW Fiber Brix Pol
76.78 69.24 5954 4374  45.89
2.294 1.160  0.221 0.179  0.164
9.451 6.482 1.172 1.494 1.452
9.703 22.623 7.286 5.407 7.428
25.91 9.65 12.92 19.99 14.91

*Significance level at 5% (P = 0.05).
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QOTL mapping

In total, 420 SDMs (1:1 and 3:1) were considered in the QTL mapping procedure. Based
on the information for these markers, 19 QTLs were detected for SD, SW, Fiber, Pol and Brix.
These QTLs were based on the CIM approach and the integrated genetic map constructed in this
study (Table 3, Figure 1). For all of the traits evaluated in plant and ratoon canes, 1,000
permutation tests were performed, which resulted in LOD Score threshold values of 4.03 for SD,
4.15 for SW, 4.77 for Fiber, 5.8 for Pol, 6.79 for Brix. QTLs were identified along 14 LGs and
seven distinct HGs. For all traits, at least one additive or dominance effect was significant.
Regardless, the majority of QTLs had significant additive effects in both parents. Overall, the
proportion of phenotypic variance (R?) explained by the QTLs was low, which is expected in
studies involving sugarcane. The R? ranged from 0.10% to 6.67%, and the QTLs segregated
according to ratios of 1:1:1:1, 1:2:1, 3:1 and 1:1.

QTL mapping for SD identified four QTLs (Table 3, Figure 1) in different LGs. The LGs
were as follows: 48 (3.46 cM), 68 (17 cM), 71(2 cM) and 87 (15.11 cM), which explains 18.34%
of the phenotypic variance (R?). The QTL located in LG 87 had the highest observed peak for
SD, with an LOD Score of 8.517, which explains 4.14% of the phenotypic variance and the QTL
segregates in a 1:1:1:1 fashion. QTLs in LGs 68 and 71 had a 3:1 segregation pattern. The QTL
in LG 48 had a 1:1 segregation ratio. The LGs 68, 71 and 48 contributed 5.97%, 2.88% and
6.67% of the phenotypic variance, respectively, for this trait. For SD, the parent IACSP93-3046
made the largest contribution to trait variability. The majority of the QTLs had negative effects,
contributing to a decrease in the SD phenotype. From the four mapped SD QTLs, two had
significant additive effects for the parent IACSP93-3046 (LG 48 and LG 87), and two had
significant additive effects for both parents (LG 68 and LG 71). The LG 87, besides presenting
with a significant additive effect for the parent IACSP93-3046, also demonstrated a significant
dominance effect. QTLs mapped in LG 68 and LG 71 were located in HG 10. QTLs mapped in
LG 48 and LG 87 were not assigned to any homology group.

Three QTLs were detected for SW. The QTLs were in LGs 35 (7 cM), 72 (47 cM) and 87
(15.11 cM) and explained 1.11%, 1.78% and 2.85% of the phenotypic variance, respectively. The
QTLs mapped for SW had predominant significant negative effects. The QTL detected in LG 35
(HG3) presented the highest LOD Score (6.862), a 1:2:1 segregation pattern, and negative effects
for SW in both parents. In LG 72 (HG11), a QTL was identified with an intermediate LOD Score
(6.284). This QTL had a significant positive additive effect for parent IACSP95-3018 and a
significant positive dominance effect, segregating in a 1:1:1:1 fashion. The smallest LOD Score
(4.738) was related to the QTL detected in LG 87, in the same position of QTL SD.1. This QTL
showed only a significant dominance effect, with a 1:1 segregation pattern.

Five putative QTLs were identified for fiber content in LGs 15 (3 cM), 31 (33.35 cM), 59
(14 cM), 72 (85.1 cM) and 110 (9.51 cM). These QTLs account for 6.26% of the phenotypic
variance (Table 3). The most significant QTL was mapped into LG 15 (HG2), with a LOD Score
of 8.518. The proportion of the phenotypic variance explained by each QTL ranged from 0.10
(LG 110) to 2.23 (LG 31). The QTLs located in LGs 31 and 72 had a 1:2:1 segregation pattern.
The QTLs in LGs 15 and 59 segregated in a 1:1 fashion, and the QTL in LG 110 had a 3:1
segregation pattern. The majority of the QTLs identified for fiber content had significant negative
effects. The QTL located in LG 15 had a significant additive effect for IACSP95-3018. The
QTLs located in LG 31 and LG 72 had significant additive effects for IACSP93-3046. The QTLs
in LG 59 and LG 110 had significant additive effects for both parents. The QTLs detected in LGs
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31 and 72 also had significant dominance effects. The QTLs mapped in LG 31, LG 59, LG 72
were placed in HG 3, HG 7 and HG 11, respectively. The LG 72 also presented with a QTL for
SW in a nearby region.

Table 3 - QTL effects estimated via CIM (SD.; SW.; F.; B. and P. are related to mapped QTLs for SD, SW, Fiber,
Pol and Brix, respectively. a;, a4 are the additive effects for the parents P (IACSP95-3018) and Q (IACSP93-3046),

and &y, is the dominance effect. R?is the proportion of phenotypic variance that is explained by each QTL).

QTL LG®  Position (cM) a,® ag® 8pq® Segregation R?(%)
LOD®
SD.1 87 15.11 8.517 0.159 -0.255 -0.58 1:1:1:1 4.14
SD.2 48 3.46 6.202 - -0.408 - 1:1 6.67
SD.3 71 2 5.079 -0.167 0.555 - 3:1 2.88
SD.4 68 17 3.192 0.939 -0.565 - 3:1
5.97
18.34
SW.1 35 7 6.862 -0.265 -0.3 - 1:2:1 1.11
SW.2 72 47 6.284 0.315 0.029 0.547 1:1:1:1 1.78
SW.3 87 15.11 4.738 0.116 0.06 -0.348 1:1
2.85
6.36
F.1 15 3 8.518 -0.154 - - 1:1 0.56
F.2 110 9.51 7.305 -0.064 -0.182 - 3:1 0.1
F.3 59 14 6.845 0.07 -0.158 - 1:1 1.23
F.4 72 85.1 6.046 -0.028 0.112 -0.115 1:2:1 1.74
F.5 31 33.35 5.75 0.051 -0.092 0.127 1:2:1
2.23
6.26
P.1 51 12 8.715 -0.068 0.108 0.057 3:1 1.06
P2 26 8.04 7.113 0.118 -0.032 - 1:1 0.25
P.3 84 22 6.751 -0.113 0.006 0.008 1:1 1.45
P4 72 57 6.381 0.054 0.056 0.117 1:1:1:1
2.77
5.17
B.1 72 85.1 12.259 0.052 0.093 0.149 1:1:1:1 2.26
B.2 51 21 8.945 -0.073 0.12 0.039 1:2:1 0.91
B.3 54 14.51 7.14 0.044 -0.02 -0.118 1:1:1:1
0.53
3.39

@ LG: Linkage Group;
@ LOD Score obtained for each trait separately (4.03 for SD, 4.15 for SW, 4.77 for Fiber, 5.8 for Pol, and 6.79 for Brix);
®Bold values correspond to significant marginal effects.
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Figure 1. QTLs estimated by CIM associated with SD, SW, Fiber, Pol and Brix in a bi-parental
cross between the elite clone IACSP95-3018 and the variety ITACSP93-3046.
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For Pol, four QTLs (Table 3) were identified in LGs 26 (8.04 cM), 51 (12 cM), 72 (57
cM) and 84 (22 cM). The proportion of the phenotypic variance explained for all QTLs was
5.17%, ranging from 0.25% (LG 26) to 2.77% (LG 72) for each QTL. The highest LOD Score
value (8.715) was related to the QTL detected in LG 51, and this QTL accounts for 1.06% of the
phenotypic variance. This QTL segregated in a 3:1 fashion and was placed in HG 5. The smallest
LOD Score (6.381) was noted for the QTL detected in LG 72 (HG11), this QTL had a 1:1:1:1
segregation pattern. The QTLs mapped in LGs 26 (HG2) and 84 (unknown HG) segregated in a
1:1 fashion. The parents contributed to the trait variance with significant positive effects. The
QTLs detected in LG 51 and LG 72 showed significant additive effects for both parents, along
with significant dominance effects. The QTLs in LG 26 and LG 84 had significant additive
effects for IACSP95-3018.

Three QTLs were identified for Brix. The QTLs were in LGs 51 (21 cM), 54 (14.51 cM)
and 72 (85.1 cM) and were placed in HG 5, HG 6 and HG 11, respectively. The proportions of
phenotypic variance explained for the QTLs were 0.53% (LG 54), 0.91% (LG 51) and 2.26%
(LG 72). The QTL in LG 72 showed the highest LOD Score value (12.259) among all of the
mapped QTLs for all of the evaluated traits. This QTL also showed significant positive additive
effects for both parents and a dominance effect. The QTL in LG 54 had the smallest LOD Score
value (7.14) and had a significant additive effect for parent JACSP95-3018 and a significant
dominance effect. The last QTL detected for Brix was located in LG 51 (LOD 8.945), with
significant additive effects for both parents. The QTLs in LG 51 and LG 54 had 1:1:1:1
segregation ratios. The QTL in LG 72 segregated in a 1:2:1 fashion. The QTL placed in LG 72
was mapped to the same region as the QTL detected for Fiber, at a distance of almost 30 cM to
the QTL mapped for Pol.

Discussion

QTL mapping is a useful tool to evaluate genotypes of putative importance for breeding
programs. The majority of quantitative traits in sugarcane are of complex inheritance. However,
the successful implementation of QTL mapping results depends on the construction of reliable
genetic linkage maps. Our genetic linkage map contains 113 LGs and is in agreement with the
chromosome number expected in modern sugarcane varieties derived from S. officinarum (2n=
80) and S. spontaneum (2n= 40 — 128). Such modern varieties have an expected genome
composition made up of approximately 70 - 80% S. officinarum, 10 - 20% S. spontaneum and 5 -
17% recombinant chromosomes. However, 214 markers remained unlinked. Combined with the
reduced size of the majority of LGs, with an average length of 39 cM, these results indicate that
the genetic linkage map is not well saturated. This finding can most likely be attributed to the low
level of polymorphism found in some regions of the genome of S. officinarum, which
corresponds to a large portion of the modern sugarcane genome as a consequence of the
nobilization process (Alwala and Kimberg, 2010). Grivet et al. (1996), Ming et al. (1998),
Hoarau et al. (2001), Aitken et al. (2005), Oliveira et al. (2007) and Pastina et al. (2012) also
identified small LGs with few linked markers. Moreover, saturated linkage maps could be
obtained in sugarcane if molecular markers with higher dosages were considered. These
multiplex markers, which segregate in 11:3, 13:1, 69:1, 7:1, or 15:1 ratios, are widely distributed
along the genome. Such markers would likely increase the coverage of the linkage map.

When only single-dose polymorphisms are considered, gaps are commonly expected. In
our linkage map, gaps ranging from 30 cM to 35 cM were observed. These values are smaller
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than 40 cM, as reported by Hoarau et al. (2001) and we observed an increase in the number of
unlinked markers and a decrease in the number of linked markers per LG. Another possible
explanation for the large number of unlinked markers is the fact that progeny derived from a
cross between two commercial varieties were used. This type of progeny has complex meiotic
behavior, including aneuploidy. In addition, no paring of chromosomes occurs, which may result
in a large proportion of unlinked markers in the genetic map (Garcia et al., 2006). The alleles
derived from the same SSR or EST-SSR locus were linked into 113 LGs. In total, 15 HGs were
identified, which was significantly greater than the expected number of chromosomes for the
genus Saccharum, which ranges between x = 8 and x = 10 (D’Hont et al., 1998; Irvine, 1999;
Grivet and Arruda, 2001). Four HGs were formed by only two LGs. The small size of LGs may
represent chromosome fragments, hindering the correct grouping of HGs. These findings confirm
that the map is not saturated and reinforces the need to use multiple dosages markers.

Because the association between genotype and phenotype in sugarcane is based on trial
data studies performed at different locations and harvests, it is important to take into account
appropriate assumptions of variance and covariance matrices for genotype and residual effects
(Smith et al., 2007). For all of the traits in this study, the fitted VCOV structure for the genetic
effects matrix was the Unstructured model. This model shows that each interaction, namely the
genotype-environment interaction (models a-d) (see Table 1 in results) or the genotype-location-
harvest interaction (model e) (see Table 1 in results), is inherent for each combination of the
location and harvest. Pastina et al. (2012) obtained similar results in their phenotypic analysis for
different genotypes and yield-related traits in sugarcane. By applying mixed models to trial data
performed in different environments, it is possible to detect the heterogeneity of genetic variances
and the correlation between environments (Malosetti et al., 2013), allowing for a more realistic
understanding of the genotype effects. It is important to consider the plausible correlations in the
residuals by fitting non-genetic effects via a (co)variance matrix. In this study, only one structure
for the Ry matrix was fitted: the Identity model, which considers uncorrelated residuals. We
believe that the lack of fit is due to the use of only two locations and two harvests. When large
numbers of combinations between the locations and harvests are used, the (co)variances of
residuals can be better captured. Analyses that account for the predicted means of different
environments obtained via BLUPs improve the detection of significant marker-phenotype
associations along different environments.

The phenotypic analysis demonstrates through the CV that the field trials had good
precision and that the environment was controlled with accuracy. CV values ranged from 5.407
(Brix) to 22.623 (SW). The highest CV among all traits was for SW, a yield related trait that is
strongly influenced by the semi-perennial nature of sugarcane, where stalk elongation and stalk
formation occur simultaneously. The heritability coefficients ranged from high values (SD, SW
and Fiber) to intermediate values (Brix and POL). These results indicate that SD, SW and Fiber
had larger proportions of genetic variation compared to Brix and Pol and explain the differences
between the genotypes under study. The pairwise phenotypic correlations performed in this study
suggest that certain traits, such as Brix-Pol and SW-SD, are highly correlated. Brix and Pol
measures are obtained from the proportion of sugar in the sugarcane stalks, therefore, high values
are expected for the significance correlations for these traits. We also observed negative
significant correlations for Fiber-SD and Fiber-SW. Using the same bi-parental cross described in
this study, Mancini et al. (2012) reported similar phenotypic correlations among the above traits,
confirmed a real correlation among these traits for this population.
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CIM offers several advantages when compared to single-marker and interval mapping
approaches (Zeng, 1993; 1994; Jansen and Stam, 1994). However, few studies use CIM in QTL
mapping for yield-related traits in sugarcane (Aitken et al., 2008; Gazaffi, 2009; Shing et al.,
2013). Considering that the CIM methodology was performed along with an integrated genetic
linkage map and that information about the QTL genotypes was obtained via conditional
probabilities, the QTL mapping results are more informative. The mapping model presented here,
proposed by Gazafti et al. (2014), has proven to be an excellent approach to QTL mapping in an
outcrossing species. This model considers a full-sib progeny obtained from two non-inbred
parents. The QTL mapping results provide estimates of the QTL effects, including information
about the additive effects for both parents and the dominance effects and segregation patterns for
the mapped QTLs. Using this approach, it is possible obtain the segregation pattern of mapped
QTLs, including those QTLs located at less informative regions. Furthermore, these results are
very useful in marker-assisted selection. It is possible to identify alleles influencing increasing or
decreasing phenotypic trait values. Such information has not been reported in previous studies
involving outcrossing species.

The number of detected QTLs was low. Considering the chosen threshold for distinct
traits, 19 QTLs were identified. These QTLs included four for SD, three for SW, five for Fiber,
four for Pol and three for Brix. Each QTL was located at a different LG, and each trait was
considered separately. Intermediate values of estimated heritability coefficients for Brix (43.74)
and Pol (45.89) may cause a decrease in QTL detection power. Only three QTLs were detected
for SW. This low number of QTLs can be explained by the high CV value (22.623), as SW is
strongly influenced by environmental conditions. A better control of environmental variation
could increase the QTL detection power for SW. A comparison between the sugarcane QTL
mapping results is difficult due to the choice of different parents during the crossing process,
different experimental designs, and performance in different environments. However, several
studies report the detection of a low number of QTLs associated with cane yield and sugar yield
traits (Sills et al., 1995; Ming et al., 2002a; 2002b; Jordan et al., 2004; da Silva and Bressiani,
2005; Aitken et al., 2006; Piperidis et al., 2008). By including additional markers as cofactors in a
mapping model, both the variation associated with QTLs located outside the mapping interval
and the detection of false-positive QTLs are reduced. It is worth noting that all of the mapped
QTLs had good performance considering the average of the environments (location x harvest).
We used BLUPs in the QTL mapping procedure, which prevents us from asserting QTL stability
across different combinations of environments or locations and harvests. Such claims can be
based on mapping models that take into account the QTL-location-harvest interaction, as
suggested by Pastina et al. (2012).

In the QTL mapping procedure, the genetic predictors were estimated for all of the
positions along the linkage map. Because we used only SDMs (in 1:1 or 3:1 segregation
patterns), there is a lack of genotypic information to classify QTL genotypic classes, and this
limitation that has been previously mentioned by Pastina et al. (2012) and Gazaffi et al. (2014).
Some genetic predictors could be obtained as linear combinations of others. In this sense, the
singular matrix of genetic predictors could create problems in the estimation of parameters due to
the collinearity of the matrix of genetic predictors. For instance, type D1 markers provide
information concerning the additive effects for the IACSP95-3018 parent, while type D2 markers
provide information for JACSP93-3046. Only informative contrasts were included in the QTL
mapping analysis. These occurrences clarify the non-estimate of certain QTL effects on SD.2,
SD.3,SD.4, SW.1, F.1, F2, F3 and P.2 (Table 3).
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All of the mapped QTLs demonstrated significant additive and/or dominance effects, with
a predominance of additive effects, indicating the presence of alleles that allow for polymorphism
in the investigated traits. In particular, these effects were detected in IACSP93-3046, since this
parent meets the current requirements of breeding programs. Significant dominance effects were
detected on QTLs SD.1, SW.2, SW.3, F4, E5, P.1, P4, B.1 and B.3. These QTLs assist in our
understanding of the genetic complexity of sugarcane. The phenotypic variation explained by
each QTL remained low and in accordance with the expected results for sugarcane. This variation
ranged from 0.10 (F.2) to 6.67 (SD.2). Due to the high level of polyploidy in sugarcane, low
effects for the associations between markers and QTLs are expected. Hoarau et al. (2002)
reported R? values between 3% and 7%. Aitken et al. (2006) reported variation between 2% to
8%, and Aitken et al. (2008) reported variation between 2% a 10%. Ming et al. (2002) reported
on phenotypic variation with a greater influence on the expression of the evaluated traits, which
ranged from 3.8% to 16.2%. It is likely that the inclusion of more molecular markers, in addition
to the use of mapping models that consider multiple traits and multiple environments, may
increase the proportion of phenotypic variation explained by each QTL.

Information concerning the segregation pattern was estimated only at positions of mapped
QTLs, and then no multiple correction tests were required. Those QTLs that demonstrated 1:1
segregation patterns had only one significant effect (a,, a4 or §,4). QTLs with 1:2:1 or 1:1:1:1
segregation patterns had two significant effects. QTLs with 3:1 segregation patterns, besides
meeting the assumptions of the hypothesis tests for effects, as described by Gazaffi et al. (2014),
had all three significant effects. This information helps us understand the behavior of QTL alleles
in progeny.

QTL mapping for correlated traits at nearby or common regions within the same LG is
important for future investigations involving linkage and pleiotropy. SD and SW have significant
positive correlations, and had two QTLs (SD.1 and SW.3) mapped to the same position at LG 87.
However, this LG remained unlinked, with no HG. We believe that these QTLs may be
pleiotropic. Brix and Pol showed high positive phenotypic correlations. Two QTLs, P.1 and B.2,
were located in the same LG (LG 51). The mapping profiles for these QTLs were similar and
these QTLs may be pleiotropic. In LG 72, the QTLs SW.2, F4, P4 and B.1 were detected in
nearby regions. SW and Pol and Fiber and Pol were positively correlated, providing evidence of
pleiotropic QTLs. SW and Fiber had a negative phenotypic correlation. QTLs F.4 and QTL P.4
were detected on LG 72 and deserve special attention in marker-assisted selection. When the
positive selection for one of these traits is performed, the other trait will be negatively selected.

Genome dissection by QTL mapping in polyploid species such as sugarcane is hindered
by the small number of markers, the exclusive use of SDMs and the large-scale occurrence of
unlinked markers, resulting in maps with poor saturation. The absence of inbred lines also
reduces mapping accuracy. In contrast with SDM, we use mixed models applied to phenotypic
data, which allowed us to model VCOV structures for genetic effects to predict genotype values
and avoid the unbalanced data. QTL genotypes were estimated via multipoint conditional
probabilities. The advantage of this approach is an increase in the statistical power of QTL
mapping. We also performed a QTL mapping procedure in an integrated genetic linkage map.
Was considered a CIM approach with the inclusion of additive and dominance effects, enabling
us to estimate the segregation patterns and linkage phases for all 19 of the mapped QTLs.

A recent study claims that the ploidy level of sugarcane ranges between six and 14 (a
mixed-ploidy). Only 30% of polymorphisms obtained by molecular markers are classified as
single-dose (Garcia et al. 2013). When molecular markers such as AFLP or SSR are used, it is
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impossible to determine the ploidy level of all polymorphisms due to the dominant nature of
these system markers. Using only the SDM to the linkage map construction and QTL mapping in
sugarcane is uncovered and underestimated. The linkage map construction and QTL mapping
methodology for outcrossing species were developed based on diploid approaches and do not
consider information relative to ploidy level and dosage. When information about ploidy and
multiple dosages are included, the construction of genetic linkage maps in complex species can
be more realistic. With information concerning multiple dosages is possible to obtain information
besides obtaining a more saturated genetic linkage map, so the location of QTLs can be more
precise, QTL effects and segregation patterns and interactions can also be estimated with more
precision. The development of new approaches that include ploidy and dosage information are
necessary to better understand the genetic architecture of complex polyploid genomes, such as
sugarcane. This information can then be used for assisted selection studies.
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Abstract

Sugarcane is an important crop and a major source of sugar and alcohol. In this study, we performed de novo assembly and
transcriptome annotation for six sugarcane genotypes involved in bi-parental crosses. The de nowo assembly of the
sugarcane transcriptome was performed using short reads generated using the lllumina RNA-Seq platform, We produced
more than 400 million reads, which were assembled into 72,269 unigenes, Based on a similarity search, the unigenes
showed significant similarity to more than 28,788 sorghum proteins, including a set of 5,272 unigenes that are not present
in the public sugarcane EST databases; many of these unigenes are likely putative undescribed sugarcane genes. From this
collection of unigenes, a large number of molecular markers were identified, including 5,106 simple sequence repeats (SSRs)
and 708,125 single-nucleotide polymorphisms (SNPs). This new dataset will be a useful resource for future genetic and
genomic studies in this species.
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Background application of ermerging penomic technologies, and the use of next-
generation sequencing (NGS) technologies could have significant
i'mplimrimu for crop generics and 'hreedjng. Althouph  the
sequencing of large genomes remains expensive, even using
NGS technologies [4], transcriptome sequencing can provide

information regarding the gene content of a species and can

Sugarcane belongs o the grass family (Poaceae), which &s an
economically important seed plant family that indudes maize,
wheat, rice, sorghum and many types of grasses. The sugarcane
crop is the main source of both sugar and aleohol, aceounting for

twiorthirds of the world's sugar production [1]. It is estimated that
approximately 653.81 million tons of sugarcane will be produced
during the 2013/2014 harvest in Brazil, surpassing the production
of the last harvest [2].

Maodern sugarcane varieties arc derived from interspecific
hybridization between Saccharum officinarm and Sacchanan sponta-
e, resulting in highly polyploid and aneuploid plants. Indeed,
the chromosome number of these varieties ranges from 80 to 140,
Modern varieties of sugarcane typically exhibit more than eight
homologous copies of each basic chromosome from 8 officinorn
and several copies of the homologous chromosomes from S
spontaneun: |3]. Therefore, sugarcane cultivars are highly hetero-
zygous, presenting several different alleles ar each locus, and this
high level of genetic complexity creates challenges during
conventional and molecular breeding programs.

Recent technological developments have the potential to greatly
increase our understanding of sugarcane plants through the
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complement genome sequencing approaches,

BNA sequencing (RNA-Seq) has been applied as a twol for
transcriptome analysis in many species, such as Arabidopsts thaliana
5], Brassica spp. |6], rice |[7] and maize |B]. RNA-5eq has several
advantages, including (i) allowing more precse measurement of
the levels of ranseripts and their isoforms than other methods, (i)
presenting the potential for the development of SNPs that can be
used to detect allele-specific expression because the same base is
sequenced multiple times, (ii) the ability to identify reads
containing post-transcriptional modifications or rearranged se-
quences that cannot be mapped directly to the genome [9] and (iv)
allowing the identification of species-specific genes [10]. Moreover,
the availability of a large number of genetic markers developed
using NG:S technologies is facilitating rrait mapping and marker-
assisted breeding [11].

In plant breeding programs, genotypes of interest to breeders,
such as the parental genotypes of mapping populations, can be
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sequenced using NGS echnologies. More than one genotype can
be emplnw.d 0 generate sequence data with these Wchno]-ngies,
and these data can be aligm!d u_';ing FENOME OF tramc;ripmme
sequencing dara for model or major crop species that are dosely
related to the species of interest [11]. This approach has also been
applied for marker discovery in some crop species, such as
eucalyprus [ 12|, maize |[13] and chickpea [14], and has been used
to identify SNPs between the parental genotypes of mapping
populations. These SNPs can then be employed to develop
markers for marker-deficient crops to allow trait mapping through
marker-assisted selection (MAS).

Despite its ecomomic  importance, no  published genome
sequence is currently available for suparcane. Instead, the basic
resource used for the study of sugarcane gene sequences is the
substantial expressed sequence tag (EST) information available in
public databases. Transcriptome studies in sugarcane began m
South Africa [15,16], and the largest EST collection (~238,000
LESTs) was developed through the Brazilian SUCEST project
[17,18]. Researchers in Australia [19-21] and the UUSA [22] have
generated three additional libraries containing 10,000 ES'Ts each.
Currently, all of the reported ESTs are collected in the Sugarcane
Gene Index, version 3.0, which contains 282 683 ESTs and 499
complete cDINA sequences, resulting in 121,342 unique assembled
sequences, or unigenes. There are sull more than 10,000
sugarcane coding genes that have yet to be identified [23],
highligh:ing the need for new scquem:‘ing efforts in the sugarcane
transeriptome. This information would increase the panel of
potential molecular markers and sequence information available
for sugarcane breeding programs, resuling in biotechnological
improvemnents. In the present study, using the Ilumina GA IIx
sequencing platform, we performed de novo transcriptome sequencs
ing in six sugarcane genorypes that are emploved as parents in
Brazilian Sugarcane Breeding Programs. We identified conserved
genes that have not previously been described in sugarcane, and
these data will be useful for furure genome assembly and marker
identification.

Materials and Methods

Ethics Statement

We confirm that no specific permis were required for the
described field smodies. This work was a collaborative research
project developed by researchers from UNICAMP, ESALCY USP,
IAC/Apta (Instituto Agrondmico de Campinas) and UFSCar-
RIDESA (Universidade Federal de Sio Carlos-Rede Interinstitu-
cional de Desenvolvimento do Setor Sucroaleooleiro) (all from
Brazil). We also confirm that the field studies did not involve
endangered or protected species.

Plant Materials and RNA Extraction

Six genorypes were included i this study, IACSPO6-5046 and
TACSPI5-3018 are the parents of a mapping population from the
Sugarcane Breeding Program ar TAC/Apta. TACSP95-3018 & a
pmm.isin.g clone that s also used as a parent in the brecding
program. IACSPO3-3(H6 is a variery that exhibits good tillering,
an erect stool habit [24] and resistance to rust [25]

SPB1-3250xRBI25345 and SPRO-3280x«RBA35486 are the
parents of two different mapping populations from the Sugarcane
Breeding Program ar UFSCar, which is part of RIDESA. These
parents exhibit contmfjﬂg pwpenio_i: SP81-3250 and SPB0-3280
are resistant to rust [26,27], whereas RB925345 and RBB35486
are susceptible [28]. All of the examined genotvpes display high
levels of surrose.
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Leaves at the third position [29] were collected from one plant
per genotype and immediawly frozen, and wtal RNA was
extracted using a modified protocol [30]. The integrity and
quantity of the solated RNA were assessed using a 2100
Bioanalyzer (Agilent), Equal quantities of high-quality RNA from
each genotype were pooled for cDNA synthesis.

mRNA-Seq Library Construction for lllumina Sequencing

Paired-end Illumina mRNA librares were generated from 4 pg
of total RNA in accordance with the manufacturer’s instructions
for mENA-Seq Sample Preparation (Ilumina Inc., San Diego,
CA, USA). The quality of the library was asessed using a 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA, USAJ

Cluster amplification was performed vsing the TruSeq PE
Cluster Kitand a cBot {Illumina), and each sample was sequenced
in a separate GAllx lane wsing the TruSeq SBS 36 Cyele Kit
(Tlumina). The read length was 72 bp.

Sequence Data Analysis and Assembly

The raw data generated by [lumina sequencing were converted
from the BCL format w0 gqSeq using Off-line Basecaller, v.1.9.4
(OLB) software, The qSeq files were transformed in Fast() files,
which contain sequences that are 72 bp in length, using a custom
seript, Low-quality sequences were removed; these sequences
mcluded reads with amhig'uous bases, reads with less than 70
bases, and reads with a Phred quality score (=20 using the NGS
QC toalkit [31]. All reads were deposited in the National Center
for Biotechnology Information (NCBI) database and can be found
under accession number SRANT73690,

All datasets were combined, and the sequenced reads were
assembled wusing Trnity (hop://trinityrnaseqsourceforge. net /),
which s a program developed specifically for de mope transcriptome
assembly from short-read RNA-Seq data that recovers transcript
soforms efficiently and sensitively using the de Bruijn graph
algorithm  |32]. The optimal assembly results were chosen
according to an evaluation of the asembly encompassing the
total mumber of mntigs. the distribution of'comjg lengths, the NSO
statistic and the average coverage. The assembled transeripts were
based on the main soform of each transcript, and only contigs
with lengths of greater than 300 bp were mcluded in the
downstream anabysis,

To identify the genotypic contribution to éach transcript, reads
from each library were mapped against the assembly generated
from all libraries using the bowtie aligner [33]. The BAM files
generated by bowtie were then used to estimate the transcript-level
abundance for each library using the RSEM (RNA-Seq by
Expectation Maximization) software |34].

Functional Annotation of Sugarcane Transcripts

The asembled sequences were comy against the NCHBI
non-redindant protein database (NR) using BLASTX with a cut-
off Ewvalue of 10® To annotate the assembled SPOUENCeS
according to Gene Ontology (GO) werms (The Gene Ontology
Consortium, 2000), the above BLAST results were analyzed using
Blast2GO |35] to determine and compare gene functions. The
GO terms were asigned to the representative transeripts for each
sample through an enrichment analysis using Fisher’s exact test (p-
value <001}, with a false discovery rate (FDR) correction in terms
of biological processes and molecular functions. The transcript
sequences were also aligned against the Vidiflanfae, grass and
sorghum protein databases (httpl//www phytozome.org!/) using
BLASTX and a.gai.mt the Sugzrca.ne Gene  Index {hrtp:z’,"
compbio.dfid harvard.edu/tgi/) using BLASTN; in both align-
ments, a cut-off E-value of 1077 was applied. The BLAST search
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was limited to the first ten significant query hits, and the gene
names were assigned o each query based on the highest score.
Transcripts that showed similarity to Vindiplantae proteins were
aligned against the sorghum genome using sim# software |36].
Open reading frames (ORFs) were predicted using a seript
available in the TransDecoder package (htrp://transdecoder.
sourceforgenet/), with 300 bp as the minimum ORF length.
Those transcripts showing predicted ORFs were aligned against
grass proteins using the STRING database, v.9.03 (htrp:/ /string-
db.org), to predict Clusters of Orthologous Groups (COG).

To further characterize the subset of unigenes that did not show
similarity to any known plant proteins, we applied a computational
strategy 0 mine putative long non-coding RNA (IncRNA) daa.
We first aligned all 121,342 EST unigenes to Firidiplantae proveins
and to the GenBank NR database using BLASTX. Those EST
unigenes that did not align with any proteins were then mapped to
the Sarghum bicolor genome, obtaining at least 7% coverage and a
maximum intron size of 15 kb, The coding probability of the
positively mapped unigenes was then evaluated by rernoving
sequences with potential ORFs longer than 100 aa using ESTScan
[37]. We further mvestigated the functional role of the remaining
unigenes and putative IncRNAs by searching for three indirect
indications of functionality: we examined the stability of the
secondary structure using the Vienna package [38], normalized w0
the Z-score index [39]; we mapped the small RNAs (sRNAs) [40]
against sugarcane umigenes; and we analyzed the sequence
similarities between the unigenes and 8 biolor ESTs (BLASTN,
E-value 519'5‘1. Only EST unigenes with at least one indirect
piece of functional evidence were analyzed further. The putative
IncENAs were then aligned to the 18,910 assembled transcapts
that showed no similarity to any plant protein but were successfully
mp}wd tw 8 bicolor (Text 54). Only hits with an E-value below
le”* and coverage higher than 40% were considered positive,

Putative Molecular Markers

We utilized the MISA program (http:/ /pgredpk-gatersleben.
de/misa/) to search for simple sequence repeat (SSR) motifs in the
unigenes; the MISA script can identfy both perfect and
compound {interrupted by a certain number of bases) motifs. To
identify the presence of 88Rs, anly moifs of two o six nudeotides
were considered, and the minimum repeat unit was defined as six
for dinucleotide motifs and five for wi-, tetra-, penta- and
hexanucleotide motif. A compound motf was defined as two or
more SSH motifs interrupted by sequences of up o 100 bp.

To identify putative single-nucleotide polymorphisms (SNPs) in
the sugarcane transcript assembly, we first separately mapped all
of the short reads from each library to the assembly using the
Burrows-Wheeler Aligner (BWA). Next, FreeBayes [41] and
SAMrools [42] were used to detect the variable positions of SNPs
from the consensus sugarcane asembly. The FreeBayes toal
allowed us to identify genetic vanants in the polyploid organisms.
The putative SNPs were then filiered uvsing the varFilter
command, where varians were called only for positions with a
minimal mapping quality (-0)) and coverage {-d) of 25. To
compare the composition of the SNP variation in the parental
genotype, unique and shared SNFs were extracted using an in-
house scripr. The transition and transversion ratios were calculated
using the tsrv ool developed by SnpSift software [43].

Results and Discussion

De novo assembly of the sugarcane transcriptome
The libraries sequenced using the Ilumina platform produced a
total of 610,232,490 paired-end (PE] sequence reads, each of
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which was 72 bp in length. We filtered the sequence data for low-
quality reads, resulting in 445,374,504 high-quality PE trimmed
reads (97,67 %), which were used to obtain the de move assembly. An
overview of the sequencing procedure is presented in Table 1. The
de novo assembly generated 119,768 wranscripts when all isoforms
were considered. These transcripts represent a total of 72,269
unigenes that were considered for downstream analvsis (Text S1).
The length of the unigenes ranged from 300 bp to ~7 kb, with a
mean length of 921 bp, an N50 equal to 1,367 bp and 46.39%
GO content. The average length of the asembled unigenes was
greater than those obtained from chickpea (523 bp) [14], rubber
trees (463 bp) |+ and bamboo (736 bp) [45] uwsing similar
sequencing technologies. Considering the N30 values, the values
for the sugarcane unigenes were greater than those for rubber trees
(592 bpl, bamboo (1,132 bp) and chili pepper (1076 bp) [46],
which were also assembled using short reads generated by the
llumina platform. In total, we obtained 18,624 (27.21%) unigenes
longer than | kb-and 7,657 (10.6%) unigenes longer than 2 kb.
The length distributions of the unigenes are shown in Table 2,
revealing that more than 40,000 uﬁigenes (35.76%) were longer
than 500 bp. These unigenes were submitted o an ORF predictor
using T'ransDecader, and we detecred 33,673 (46.59%) unigenes
with ORFs, with 9,350 (12.94%) presenting complete ORFs.

Unigene annotation

The 72,269 sugarcane unigenes were analyzed for sequence
similarity against the Vindiplantae (comprising all green plants) and
grass (8. Biolor, Onyza safiva, Jea mays, Pamgcum virgatim, Setaria italica
and Brachypodium pirgabwn) datasets through BIASTX searches.
The unigenes were also compared against the sugarcane EST
database via a BLASTN search (Table 3). A ol of 35456
(49.06%) unigenes showed sigmificant similarity to  Viridiplantae,
The high percentage of sugarcane unigenes obtained in this study
that did not match the Findiploniar protein database (50.84%)
indicates that there & potential for the discovery of as-yet-
undescribed and novel genes in sugarcane, although most of these
unigenes may encode non-coding RNAs. In fact, more than 26%
of the unigenes in this set exhibited high similarity to ntergenic
regions of the sorghum genome (Figure 1) Additonally, the
significance of a BLAST search depends on the length of the query
sequence; therefore, short sequences are rarely marched to known
genies |12], or these sequences may represent rapidly evolving
sequences that have diverged substantially from their homologs
[47].

In turn, alignment of the unigenes against the grass protein
database returned 34,814 significant hits,. When considering the
hits by species, 28,788 unigenes showed significant similarity to
sorghum, corresponding o 98% of sorghum proteins (Figure 1)

Table 1. Summary of lllumina transcriptome sequencing data
for the sugarcane varieties included in this study.

Read Trimmed
Sample  length (bp) Raw data data GC (%) Q20 (%)
5P95-3018 72:72 84105462 64906391 4904 9809
SP81-3250 72472 102971718 71002186 4752 9732
RB925345 72472 112,124334 77476268 4691 9711
SP80-3280 72472 101,983,186 73160814 4759 9756
RE835486 T71+72 119280444 BT E73521 4662 9766
S5P93-3046 71+72 BBTG67.346 T0955324 4807 98325

doi:10.1371 joumal pone 00BE462.t001

February 2014 | Volume 9 | lssue 2 | eBB462



Table 2. Summary of the de nove assembly results for the
sugarcane franscriptome.

Unigene length (bp) Total unigenes Percentage
300-500 3,971 44.24%
500-1000 20,634 28.55%
1000-2000 12,007 1661%
2000-3000 4827 G6E%
3000-4000 1790 247%
4000-5000 636 088%
>5000 404 0.56%

Total length (bp) 6,572 642 E

Unigenes 72,269 -

W50 length 1367 -

GC (%) 46.39 -
doi:10.1371/joumal pone 0088462 1002

These results were expected, as comparative genomic studies [48]
have revealed conservation and synteny among the sugarcane and
sorghum genomes. The sugarcane ranscriptome also significantly
marched that of rice, with approximately 29,285 unigenes
|corresponding to 28732 unique protein accessions) showing
significant similarity to rice proteins.

To investigate previously unidentfied potential genes in
sugarcane, we compared the unigenes against the sugarcane
rranscripts deposited in public databases and performed BLAST
searches to detect possible similarities with the SoGlI database (5
officinarian), Furthermore, the unigenes that did not show similarity
to sugarcane ESTs were compared against sorghum proteins.
Approximately 22,171 unigenes exhibited significant similarity to
sorghum proteins and sugarcane transcripts (Figure 1. The
remaining 3,272 unigenes (Text 83) showed significant similarity
o sorghum and rice proteins but not to the sugarcane transcrpts
that were considered to be putative new sugarcane genes (Fipure 11
By examining the presence of candidare coding regions in these
unigenes, we identified 4,895 sequences that contained ORFs,
with 732 unigenes containing complete ORFs. These unigenes
represent genes that have not vet been described for sugarcane.

Clusters of Orthologous Groups (COG) classification
COG classification was performed for the transcriptome data,

and a total of 7519 unigenes were identified (Figare 2). These

unigenes were classified into 23 COG categories, with the largest

Transcriptome Analysis of Sugarcane

Sugarcane

Sorghum

=

36,813
(18.910°)

2,208
{1.205°)

Rice

Figure 1. Proportions of sugarcane transcripts showing
homology to sugarcane unigenes and sorghum and rice
proteins. For annotation, the best BLASTX/N hit against the protein
or nucleotide sequences of the reference organisms was employed,
with an E-value cut-off of = 107" The number between the parentheses
indicates the number of different proteins/unigenes in each species
(sugarcane”, sorghum® and rice”). The number outside of the Venn
diagram indicates no-hit transcripts and the number nftransm’pts" that
mapped to the sorghum genome.

dot 10,137 1/journal pone.00884562.9001

number of unigenes being grouped in the ‘replication, recombi-
nation and repair’ cluster (20.49%), followed by the ‘general
function prediction only’ duster (17.05%) and the ‘posttransla-
tional modification, protein turnover and chaperones’ duster
(7.39%). These three categories are the same categories that are
highly represented in sorghum (Figure 2).

A total of 19 of the 23 COG categories were present in the
transcriptome data, and at least 60°% of the sugarcane unigenes
were annotated when compared with the annotation of sorghum
genes in the COG caregories.

The caregories ‘energy production and conversion® (3.72%),
‘carbohydrate transport and metabolism® (3%) and ‘defense
mechanisms’ (2%) exhibited ar least 56% of the expected genes
compared with the sorghum genes. These categories should be
considered to represent gene sequences showing a high potential
for the development of molecular markers in sugarcane breeding
programs. Therefore, the likelihood of these markers being
associated with agronomic traits of interest in QTL mapping
and marker-assisted selection {MAS) [49] i increased.
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Table 3. Summary of the annotation of each database.

Database MNumber of unigenes Number of proteins matched  Percentage of unigenes®
Virldiplantae proteins 35456 34969 49.06%
Grass proteins 34814 34304 4B 17%
Sarghum proteins 28788 28030 9.83%
Hits against sorghum proteins and sugarcane ESTs 22171 20969 30.68%
Total of no-hit unigenes 36813 50.94%
No-hit unigenes with high similarity to the sorghum 18910 26,14
gename

“Percentage relative to the total number of sugarcane unigenas,

doi10.1371/joumal pone 008 B462 1003
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ARNA processing and modification
B:Chromatin structure and dynamics
C:Energy production and convarsion
D:Cell cycle control, cell division,

chromosome partitioning

E:Amino acid transport and matabolism
F-Nucleatide transpart and matabolism
G:Carbohydrate transport and metabolism
H:Coenzyme transport and metabolism
I:Lipid transport and metaboiism

J:Translation, ribosomal structure and
biogenesis

K:Transcription

L Replication, recombination and rapair
M:Cell wallmembrane/envelope bicgenasis
N:Call motility

O:Posttranslational modification, protein
tumaover, chaperones

P:Inarganic ion transport and metabolism
Q:Secondary metabolites biosynthesis,
transport and catabolism

R:General function pradiction only
S:Function unknown

Tsignal transduction moechanisms
W:intraceliular trafficking, secretion, and
vesicular transport

V:Defense mechanisms

Z:Cytoskeleton

Figure 2. Histogram of the Clusters of Orthologous Groups (COG) classifications of the sugarcane transcripts and sorghum

proteins.
doi:10.1371/journal pone 0088462 .g002

Gene Ontology enrichment analyses

The identfication of functional classes that differ statistically
berween two lists of terms is a typical data-mining approach
applied in functional genomics research [33]. In this work, we
were interested in identfying which functons were distnctly
represented among the different sugarcane genotypes. A total of
14,983 unigenes (Text 52) were annotated based on BLAST
matches to known proteins in the NR database and were assigned
0 GO classes representing 39 rerms, including some (10) that
contain important informaton related tw the enriched genotype
(Figure 3).

(renes responsible for disease resistance, corresponding to the
categories ‘signaling’ ‘response to stimulus,” “cellular response to
stimulus,” ‘response to chemical stumulus’ and ‘response to auxin
stimulus’, were enriched in the SP81-3230, SP80-3280 and
TACSPU3-3046 genotypes, with IACSP93-3046 being represented
in all of these categories (Figure 3). These three genotypes exhibit
resigtance to rost  |25-27), whereas the other genotypes,
RBO253545, RBAE35486 and IACSPA5-3018, are susceptible to
rust [24.28]. Common sugarcane rust, caused by the fungus
Pugcinia melanocephala, i a disease that occurs worldwide and can
result in large losses of sugar tonnage i susceptible varieties [30].
Rust resistance is generally considered tw be a quantiatively
inherited trait showing a high degree of heritability and a strong
additive genetic variance component |[51,52].

The obtained enriched terms sugpest that these three genotypes
harbor ranscripts that are involved in stimulus response pathways
and probable disease responses. These results are correlated with
the characteristics of resistance and suscepibility in these varieties.

Ancther important characteristic of sugarcane cops is their
accumulation of sucrose. Wild sugarcane species produce less than
4% fresh weight of sucrose, whereas high-vield varieties can
produce sucrose contents of up to 20% of their fresh weighe [33].
The major differences between these varieties is based on sugar
rransport and metabolism in storage tissues [54]. The entire
network involving sucrose synthesis, accumulation, storage and
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retention is a complex system in which several metabolic pathways
interact with each other [535]. The most important aspect of this
network & transport, which chiefly involves specific carrier
molecules, jon transport and active transport and depends on
the amount of available ATP. Within this context, we observed
some genotypes that were enriched in categories related to this
netwark, particularly the transport process. These categories
included ‘organic substance transport’ (SP31-3250, RBO25345,
SPAO-3280, IACSPY6-3046 and [ACSP95-3018), ‘substrate-spe-
cifie transporter activity’, ‘substrate-specific transmembrane trans-
porter activiry’ (SPA1-3250 and SPB0-3280), ‘ion transmembrane
transport’  (SPA1-3230 and IACSP93-3046) and ‘transporter
activity’ (SPR1-3250, SP80-3280, and IACSPI3-3046).

Important categories involved in sugar transport and metabo-
lism in storage ossues inchide the “monosaccharide metabolic
process,” “plucose metabolic process,” “small molecule biosynthetic
process’ and “small molecule metabolic process’ categories. The
terms in the first and second categories were only enriched in the
SPR1-3250 genotype, whereas the terms in the third category were
enriched in both the TACSP93-3046 and [ACSP953-3018 geno-
types. All genorypes showed enrichment in the last category,
although SPE0-3280 was the least represented.

All of the genotypes were enriched for transeripts involved in
this complex network of sucrose synthesis, accumulation, storage
and retention, and these results were corroborated by the
agronomic characteristics of the plants. All of these penotypes
produce high levels of sucrose, in accordance with the agronomic
description  of the genotypes SPAI-3250 [26], RBO25345,
RBA35486 [28], SPA0-3280 [27], IACSPO3-3M6 [25] and
IACSPO5-3018 [24].

Putative IncRNAs

Among the initial set of 121,342 EST retrieved unigenes, 23,529
showed no similarity to any known plant protein. These unigenes
were mapped to the 8 bicolor genome, resulting in 4,476 positive
hits, with only 1,884 not exhibiting an ORF or presentingan ORF
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Figure 3. Enrichment of Gene Ontology terms for each sugarcane variety.
doi10.1371/journal pone 0088462 9003
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shorter than 100 aa. This subset comprised the putafive sugarcane
IncRNAs that are publicly avattable. We found that for ~4% of
these sequence, there were small RNAs (sRNAs) that mapped to
their sequence, with —589% showing similarity to 8 biolor and
-~ 39% showing a highly stable secondary structure, In total, 1,446
non-redundant putative IneRNAs were identified that showed
indirect evidence of functionality |Figure S1). We then compared
this incusive set {1,884 sequences) with the 18,910 assembled
transcripts that lacked similarity to plant proteins. We observed
358 putative lneRNAs represented among the assembled tran-
scripts, with ~42% of these sequences showing a highly stable
secondary stucture and ~40% showing evidence of transcription
in the & feolor EST dataser. None of the unigenes to which sRINAs
were mapped were similar to any assembled rranseript. Finally, we
compared the expression profiles of the putative IncRNAs between
the different genotypes, which suggested thar these ranscripts may
display genotype-specific expression patterns, as shown in Figure 4.
A hierarchical clustering analysis revealed a pattern of separation
between the genorypes from the different breeding programs, a
result that s in accordance with the observation that the varieties
from the same breeding program have the same genetic basis. We
observed thar the plant IncRNAs may display elevated intraspecific
variation m expression, and several recent works have demon-
strated that these tanseripts exhibit tissue- and cell-specific
expression patterns |36-59]. This study adds informarion regard-
ing the dynamic involvement of these transcripts and reveals
putative targets for further investipation |6(L61].

Marker discovery

SSR discovery. Expressed sequence tag/simple sequence
repeat (EST-S5R) markers are well established as important tools
for researchers asessing genetic diversity and are useful in the
development of genetic maps, comparative genomics and MAS
breeding. Thus, the unigene sequences were searched for repeat
maotifs to explore the SSR profiles in the sugarcane transeriptome.
A wral of 5,106 S8Rs were obtained from 4616 unigene
sequences (7.96%), and 576 of the unigenes contained more than
one SSR (Text 57). Of these unigenes, 189 exhibited compound
55K formanon. Trinuclectide repeat motifs were the most
abundant, accounting for 2,585 8SRs (50L65%) in 2,318 unigene
sequences; dinucleotide repeat motifs accounted for 1,927 55Rs
(37.74%) in 1,732 unigenes; and other motfs accounted for 594
S5Rs. (11.63%) in 1,708 unigenes (Table 4). The relative
percentage of the sequences containing SS5Rs was higher than
that obtained in the SUCEST (Sugarcane Expressed Sequence
Tag database) sdy, in which 2,005 clusters containing SSRs were
found among 43,141 clusters (4.64%) [62].

The most abundant motif included the dinudeotide AG moaf
(49.9%) and the rinucleotide COG{17%) and ACC [4.7%) morifs

These results are similar to those of the S8R maotif analysis

RBB354B6
— RB925345
SP80-3280
SP81-3250
IACSPYS-3018

IAC3PE3-3046
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Table 4. Summary of the simple sequence repeat (55R) types
in the sugarcane transcriptome.

Repeat motif  Number® Unigenes” Percentage (%)°
Di-nuclectide

ACGT 551

AGKT 962

ATITA 336

(s chic 7B

Total 1927 1,732 37.74
Tri-nucleatide

AACASTT 141

AAG/CTT 152

AAT/ATT a0

AGL/GET 219

ACGSTGT 197

AGT/ACT 62

ACC/GGT 122

AGGICCT 252

ACASTGT 97

AGATCT 46

ATATAT 24

ATC/GAT 42

ATGICAT 43

CAC/IGTG 69

CAG/CIG 228

CCGAOaGE 442

CeCAOG 241

CIC/GAG 148

Total 2,585 2,38 50.63
Other motifs” 594 1,708 11.63%
Total 5,106 5,758 -
“*Mumber of the total 85Fs (di-, tri- and other motifsh

UNumber of unigene sequences containing SSRs.

“The relative percentage of 55As with different repeat motifs among the total
S5Rs.

“The total number of 55Rs of other sizes,

doi:10.1371joumal pone D0BE 4G 2. 1004

performed in sorghum [63]. Additonally, COG and ACC were
the most commonly found morifs m the SUCEST smdy [62], and
COG was the motf that was identfied most often by Cordeiro e
al. [64]. The most frequent tetranucleotide modf found i the

Figure 4. Hierarchical clustering of the 358 putative sugarcane IncRMAs. The expression patterns allowed the identification of the
genotypes based on their ability to store sucrose and according to the bi-parertal crosses involed in the different mapping populations.

doi:10.1371journal pone 0088462 0004
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present study was AAAG. The overall frequency of S5Rs was
observed to be 1/1.6 kb,

The prevalence of trimeric motifs over other S8R repeats may
be explained based on the risk of frameshift mutations thar may
occur when microsatellites alternate in size [55]. Furthermare, a
large number of tinucleotide coding repeats appear o he
controlled primarily by mutation pressure.

The development of SSR markers associated with important
agronomic traits can be used to assist in the selection of varieties
during the early stages of MAS breeding programs and can be
helpful in the selection of the best parents for crossing [66].
Consequently, the application of such markers supports breeding
programs by significantly reducing the time and cost involved in
developing new varieties and can help bypass barriers in sugarcane
breeding programs.

SNP discovery. A total of 708,125 putative SNP positions
were identified {Text 35), with a density of | SNP per 86 bp. The
frequency of SNPs found in the sugarcane genes was higher than
has been observed in other grasses, such as rice and sorghum,
which exhibit a frequency of =1 SNP per 300 bp |67]. The
observed number of transitons was 456,666, and 254,658
transversions were detected, with the number of the former heing
1.79 times that of the latter. Transitions were most likely more
frequent because they are more tolerated by natural selection as
the tendency to generate synonymous mutations in coding
sequences is related to the number of ransversions [G8].

We identified SNPs in 58903 different unigenes, which
represent §1.50% of the rotal unigenes. Considering the number
of unigenes without SNPs, we verified thar 10,516 (79%) are
unigenes with a length of less than 500} bp. Considering only those
urtigenes with predicted ORFs (33,673 unigenes), we found a total
of 289,965 SNPs (37.5% of the total detected SNPs).

To detect different heterozygous SNPs between the parents
from each mapping population, the reads from each genotype
were mapped against all the unigenes (Text 56). Figure 5 shows
the heterozypous SNPs that were detected, and the unique and
shared SNPs in each parent from the mapping populations were
evalnated. The percentages of SNPs that were common in the
three mapping populatons, TACSPY5-3018 xIACSPI3-3046
(32.86%), SPA1-3250xRB925345  (32.42%) and SPBO-
3280 xRBA35486 (34.06%), were similar, and these SNPs may
thus be polymorphic between the parents. As sugarcane & a
polyploid species, polvmorphisms can be generated from a
different number of allelic copies present in each genotype.
However, such polymorphisms are difficult to validate (Garcia o af
2013, submitted).

The SNPs that were unique to each genotype (Figure 3)
exhibited a higher probahility of association with the contrasting
agronomic traits of mterest. Because polymorphism markers
hetween parents are important for generadng saturated genetic
mapping in mapping populations, these SNPs are a source of data
for generating markers associated with quantitative trait loci
(QTLs). Such functional molecular markers have been broadly
applied for the genetic improvement of several crops |69).

According to the Gene Ontology annotation, we identified
SNPs in 6,712 unigenes with annotation information, representing
H4.80% -:.-fﬂle unigenes induded in the enrichment analyses. Some
categories exhibited important resulis related w0 the genotype
(Figure 3, particularly those assodated with disease resistance. In
the ‘signaling” cawegory, we identified 161 unigene sequences with
SNPs, whereas we identified 477 unigenes with SNPs in the
‘response to stimulus’ category. These unigenes likely represent
source data for the development of functional markers related to
disease resistance,

PLOS OME | www.plosone.org
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IACSP95-3016
IACEP93-3046
SP81-3250
RB925345
SPB0-3280
RB835486

187,131

196,922

Figure 5. Unique and shared heterozygous putative SNPs in
the parental genotypes of the three sugarcane mapping

populations.
doi:10.137 Vjournal pone. D0BE462,9005

When we analyzed the categories related to sucrose synthesis,
accumulation, storage and retention, we also observed unigenes
with SNPs in the ‘organic substance transport” (226), ‘substrate-
specific transporter activity’ (186) and ‘“ion rransmemnbrane
transport’ (33) clusters. Equally important categories involving
sugar transport and metabolism in storage tssues, such as the
‘rlucose metabolic process” (43), ‘small molecule biosynthetic
process” (133) and ‘small molecule metabolic process’ (414)
categories, also containing unigene sequences with SNPs.

All of these unigene sequences with SNPs represent an
imporeant source of data. These sequences could be priority
candidates for the development of specific functional markers and
could be very useful in further genetic or genomic studies in
sugarcane.

Conclusion

This is the first publicly available sugarcane mranscriptome
sequencing study performed using NGS technology to investigate
the entire sugarcane transcriptome, and our data provide the most
comprehensive transcriptome  resource currently available for
sugarcane. In addition, polymorphisms associated with candidate
genes potentially involved i the stimulus  response, energy
production and growth were identified among the contrasting
varieties and deserve future investigation. Based on the enrichment
analysis, we identified putative genes related m disease and the
accumulation of sucrose. Additonally, a large number of SNPs
and S5Rs were identified, and marker development would be a
useful resource for fumire genetic or genomic studies of this species.
Finally, this work contributed information on 3,000 undescribed

February 2014 | Volume 9 | lsue 2 | eBB462



genes, which is more than half of the expected sugarcane genes
that are missing from sugarcane databases.

Supporting Information

Figure 81 Venn diagram showing the classification of the
identified putative sugarcane IncRNAs in the EST dam {A) and
RMNA-Seq data (B).

(TTF)
Text §1  Unigene sequences in FASTA formar.
z1p)

Text 82 Gene ontology enrichment annotation for the tran-
scripts of each genotype.
(£1F)

Text 83 Putative previously unknown sugarcane transcripts
showing the best matches o sorghum proteins.
(TXT)
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SNP genotyping allows an in-depth
characterisation of the genome of
sugarcane and other complex
autopolyploids

Antonio A. F. Garcia'™, Marcelo Mollinari'™*, Thiago G. Marconi'2, Oliver R. Serang?, Renato R. Silva’,
Maria L C. Vieira', Renato Vicentini?, Estela A. Costa®, Melina C. Mancini?, Melissa O. S. Garcia?,
Maria M. Pastina', Rodrigo Gazaffi', Eliana R. F. Martins?, Nair Dahmer?, Danilo A. Sforga?,

Claudio B. C. Silva?, Peter Bundock®, Robert J. Henry®, Glaucia M. Souza”, Marie-Anne van Sluys®,
Marcos G. A. Landell®, Monalisa S. Carneiro'?, Michel A. G. Vincentz24, Luciana R. Pinto®,

Roland Vencovsky' & Anete P. Souza*

'Departamento de Genética, Escola Superior de Agricultura “'Luiz de Queiroz” Universidade de Séo Paulo, Brazil, *Centro de
Biologia Molecular e Engenharia Genética, Universidade Estadual de Campinas, SP, Brazil, *Department of Neurobiology,
Harvard Medical School and Proteomics Center, Children’s Hospital Boston, USA, “Departamento de Biologia Vegetadl, Instituto de
Biologia, Universidade Estadual de Campinas, Campinas, SP, Brazil, *Southern Cross University, Lismore, Australia, *Queensland
Alliance for Agriculture and Food Innovation, The University of Queensland, Brisbane, Australia, “Instituto de Quimica,
Universidade de Séo Paulo, Séo Paulo, SP, Brazil, ®Departamento de Botanica, Instituto de Biociéncias, Universidade de Sao Paulo,
Sao Paulo, SP, Brazil, *Ceniro de Cana, Instituto Agrenémico de Campinas, Ribeirdo Preto, SP, Brazil, '°Depariamento de
Biotecnologia de Plantas, Ceniro de Ciéncias Agrdrias, Universidade Federal de Sdo Carlos, SGo Carlos, SP, Brazil.

Many plant species of great economic value (e.g., potato, wheat, cotton, and sugarcane) are polyploids.
Despite the essential roles of autopolyploid plants in human activities, our genetic understanding of these
species is still poor. Recent progress in instrumentation and biochemical manipulation has led to the
accumulation of an incredible amount of genomic data. In this study, we demonstrate for the first time a
successful genetic analysis in a highly pelyploid genome (sugarcane) by the quantitative analysis of
single-nucleotide polymorphism (SNP) allelic dosage and the application of a new data analysis framework.
This study provides a better understanding of autopolyploid genomic structure and is a sound basis for
genetic studies. The proposed methods can be employed to analyse the genome of any autopolyploid and will
permit the future development of high-quality genetic maps to assist in the assembly of reference genome
sequences for polyploid species.

Sequence Repeat (SSR), have been successfully used in the last few decades for several types of genetic
studies, including diversity analysis, genetic mapping, quantitative trait locus (QTL) mapping, synteny
(co-linearity) definition, co-ancestry estimation, and more. However, most of these applications have been
developed in diploid plant species in which the theoretical foundation for analysis and interpretation of the
results has already been established. These tools are less developed for autopolyploids, i.e., organisms that have
more than two sets of chromosomes of the same type and origin'. Despite the fact that great progress has been
made using marker systems in autotetraploids (e.g., potato), other, more complex polyploid species, such as
sugarcane, strawberry, and some forage crops, have not yet fully benefited from molecular marker information.
This is because several unrealistic and simplified assumptions need to be made. AFLP and SSR (and even RFLP)
do not allow a straightforward estimation of the number of copies of each allele (dosage) at a given polymorphic
locus in complex polyploids (species with more than four chromosomes per homology group). For example, in
sugarcane, there are approximately 22 linkage maps?, and only a few of these maps include loci with high allelic
doses. The scenario is similar for QTL studies®. Some models have attempted to consider the effects of QTL
dosage**, but these models still rely on marker data that are not fully informative. In Saccharomyces cerevisiae,

C ommon marker systems, such as Amplified Fragment Length Polymorphism (AFLP) and Simple
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microarray studies have demonstrated that gene expression and gene
regulation may depend upon the ploidy level®, emphasising that allele
dosage should be included in marker-assisted selection or genome-
wide association studies. Similar conclusions were reached by’

The development of modern genotyping technologies, such as the
Sequenom iPLEX MassARRAY®", [llumina GoldenGate'"”, and pro-
tocols such as Genotyping by Sequencing (GBS™) or RAD seq"', allows
the evaluation of single-nucleotide polymorphisms (SNP) throughout
the genome. One interesting feature of these novel approaches is the
possibility of evaluating the relative abundance of each allele, ie., the
allelic dosage. This significantly increases the information embodied in
each locus and provides several advantages for genetic analysis, such as
mapping mutants via quantitative bulked segregant analysis' and the
possibility of estimating ploidy level for polyploids'". For complex
polyploids, such as sugarcane, this is essential because each marker
locus needs to be positioned in a homology group. What is remarkable
is that the sugarcane homology groups have different numbers of
chromosomes". This makes the estimation of ploidy level for each
SNP an essential step for further analysis. Furthermore, less studied
polyploid species with unknown ploidy levels could directly benefit
from this modern marker approach.

To illustrate one of the advantages of using SNPs for these pur-
poses, let us assume a hypothetical population of an autohexaploid
species having the following genotypes for a given locus: aaaaaa,
Aaaaaa, AAaaaa, AAAaaa, and so on up to AAAAAA. Using the
A allele as reference, these individuals are said to have between zero
(nulliplex) and six copies (hexaplex) of the allele. The number of
copies of the reference allele is the allele dosage. If the individuals
are evaluated with a marker system, such as AFLPs or SSRs, they are
scored as 0 (gel band absent) for aaaaaa or1 (gel band present) for all
the other individuals due to one intrinsic limitation of the method
that is associated with overlooking ploidy level. Thus, a result of “1”
in a binary marker system indicates the presence of at least one copy
of allele A. However, if SNPs are evaluated, the scores will be 0A : 6a,
1A:5a, 2A: 4a, and so on up to 6A : 0a (this allelic dosage notation
will be used throughout this manuscript). A marker system that
allows for the direct observation of all genotypes is therefore much
more informative and should be preferred. Nevertheless, this raises
new challenges because new statistical methods must be developed to
allow for the comprehensive analysis and interpretation of data in
this new scenario.

In this work, we have evaluated the use of SNPs and novel statist-
ical methods for SNP calling and ploidy level estimation in sugarcane
using mass spectrometry-based procedures and the SuperMASSA
software'*!*. We demonstrate that it is possible to estimate the ploidy
level and the dosage of SNPs, providing useful insights into the
sugarcane genome interpretation. Sugarcane is an excellent test case
because it is a complex polyploid with an unknown ploidy level and
frequent aneuploidy ™. This work will make studies on linkage and
QTL mapping, association mapping, and genomic selection possible
by bringing the advantages of molecular markers to complex poly-
ploids that, with the exception of a few well-studied autotetraploids
(such as potato), have poorly understood genomes. We explored two
different scenarios. First, 271 SNPs generated using the Sequenom
iPLEX MassARRAY technology® were used to analyse a population
of 180 individuals from a biparental cross between the varieties
TACSP95-3018 and TACSP93-3046. Second, 1034 SNPs were ana-
lysed in a panel of 142 relevant sugarcane genotypes. The panel
consisted of important commercial varieties in addition to ancestral
and parental genotypes that have been frequently used in a wide
spectrum of breeding programs.

Results

Figure 1, panels A.1, B.1, and C.1 show examples of scatter plots of
genotypes in the segregating population for a selected SNP
(SugSNP382). It is clear that there are three clusters of points, each

corresponding to one genotype. The data are shown together with
dotted lines indicating the expected angles where the individuals
would be placed if the ploidy level were 8, 10, and 12. The results
suggest that the ploidy level was 10 because the clouds of points
deviated slightly from the lines to other ploidy levels. When observ-
ing the data from the parents (Figure 1, A.2, B.2, C.2) and considering
the closest distance to the expected genotype, the deduced config-
urations should be 8T:0G X 6T:2G, 10T:0G X 8T:2(G, and 12T:0G
X 9T:3G. We must note that to be consistent with the number of
observed clusters (three), the expected genotype distributions in the
population were set to assume that the locus had a double dosage in
one parent and was nulliplex in the other. The deduced value for
ploidy 12 was not consistent with the putative number of observed
clusters (three) in the progeny because a triple-dosage locus would
allow for four clusters in the progeny. The expected population ratios
(Figure 1, A.3, B.3, C.3) were slightly different for each ploidy level,
with 3:8:3,2:5:2, and 5:12:5 values for octa-, deca-, and dode-
caploidy, respectively. It must be emphasised that it would be extre-
mely difficult to distinguish these levels only by inspection or even by
a simple statistical test with reasonable sample sizes.

The results described above help to explain the complex scenarios
involved in determining ploidy and dosage. These issues have
recently been analysed using the statistical procedures included in
the Super MASSA software'*. The model simultaneously considers all
available information and the genetic constraints that the derived
results must fulfil, i.e., the possible genotypes to be observed given the
ploidy level and the parental genotypes, the ratio between allele
intensities, and the expected complete polysomic segregations.
This allowed the exclusion of a triple dosage for ploidy 12. Because
the expected segregations are similar, the classification relies on the
ratio of the alleles (indicated by dotted lines on Figure 1), and this is
one of the reasons why the choice of a technology with less bias for
ratios is essential. These issues have been thoroughly discussed in".
Those authors analysed how to address situations where some bias is
present. In our previous experience with Sequenom and [llumina
data", we observed that the former experimental approach is much
less likely to produce an allele ratio bias.

We present a deeper analysis of SNPs using SuperMASSA™ in
Figure 2, where the statistical results for three selected SNPs are
depicted. For SugSNP382 (described previously in Figure 1), the
results indicate that the posterior probability of ploidy 10 is close to
1; all individuals were allocated to clusters with individual posterior
probabilities no smaller than 0.6 (almost all these probability values
were close to 0.9). There was also a good agreement between the
observed and expected distribution of the genotypes in the biparental
population. In addition, we can deduce that the parental genotypes
must have been 8T: 2G X 10T : 0G. The preliminary visual inspection
of the scatter plot described in Figure 1 is consistent with our stat-
istical results.

For SugSNPI51 and SugSNP715, the other two SNPs shown in
Figure 2, the analysis is more complicated. Although it was possible
to find models with high posterior probability for ploidy levels 18 and
16, the individual posterior probabilities in both cases were all smaller
than 0.6. This means that if a small naive posterior threshold of 0.65
were used, none of the individuals would be classified as having a
specific genotype. This clearly shows that, as reported previously',
the posterior probability cannot be used as a single criterion to inter-
pret the results. There were also differences between the observed and
expected distributions. Although this result may not be considered
reliable enough to interpret the available laboratory data, the most
likely configuration for these SNPs is ploidy 18 and 16, with parental
genotypes of 15G:3A X 12G:6A and 10T:6C X 7T 9C, respectively.

The estimates of ploidy level for the 249 SNPs evaluated in the
biparental population fell between 2 and 20 (Figure 3a). An exam-
ination of three loci classified as having a ploidy of 2 (SugSNP_0004,
SugSNP_0033 and SugSNP_0036) showed that these results are
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Figure 1 | A panel of nine graphs, with three columns (A, B,and C) representing ploidy levels of 8, 10, and 12, respectively. Row 1: Raw data of two allele
intensities for SugSNP382in the biparental segregating population. Dotted lines show the possible genotypes and the allele ratios that could be observed
for each corresponding ploidy level. Row 2: allele intensities for the parents of the population (the average of 12 replicates), also considering the respective
ploidy level. Row 3: expected segregations for the respective ploidy level and assuming parents with genotypes 8T: 0G X 6T:2G, 10T: 0G X 8T:2G,

12T:0G ¥ 10T: 2G; these genotypes were chosen based on a visual inspection of rows 1 and 2.

clearly associated with data of poor quality. The ratios between the
masses of these alleles did not follow any expected pattern and were
quite different from what was observed for all other SNPs. Therefore,
these SNPs were not included in the final presentation of the results
(Figure 3); for the same reason, five loci with ploidy 4 were also
discarded (SugSNP_0011, SugSNP_0017, SugSNP_0018, SugSNP_
0048 and SugSNP_0083); note that another two SNPs with ploidy 4
(SugSNP_0008 and SugSNP_0061) are presented in Figure 3; both
had a single allelic dosage in one of the parents.

The procedure to develop the SNPs must not, in principle, exclude
or favour any homology group. In our analysis, only 2 out of 249 loci
were classified as having a ploidy of 4 and a single dosage, but there
are no reports of such ploidy levels in the sugarcane literature. We
must conclude that it is unlikely that sugarcane has homology groups

with four chromosomes (autotetraploid). One possible explanation is
that the observed results were caused by some bias in the angles of the
scatter plots. If the PCR amplification has a different efficiency for
each chromosome, the ratio between the allele intensities may be
slightly different from the real ratio and therefore the angles of lines
in the scatter plots could be biased by these differences (please see the
additional simulations examining this bias in the Supplementary
Material). As explained for Figure 1, for small dosages, the differ-
ences in the expected segregations are virtually indistinguishable and
rely heavily on the scattered plot angle estimation; therefore, if this
bias was present, some loci may have been misclassified as autote-
traploids. We applied the same reasoning when analysing the asso-
ciation mapping panel; consequently, loci with an estimated ploidy of
2 or 4 were not included in the final results (Figure 3b), and of the 987
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Figure 2 | Results of statistical analysis for three selected SNPs in a biparental sugarcane population. Each panel of three graphs correlates to one SNP.
The scatter plots show the classification of each individual in a cluster (genotype), indicated with a different colour; the centre of each circle has a small
grey dot, whose colour intensity indicates its posterior probability of being allocated in the cluster. Expected (in yellow) and observed distributions for the
estimated ploidy level and dosage on the parents are indicated on the histograms; the same colours used on the scatter plots were considered for the
observed distribution. The posterior probabilities for each ploidy evaluated in the range 2 to 20 (only even numbers) are also indicated.

SNPs that were initially available (after quality control), 855 were
taken into account. For all other ploidy levels, the number of loci
within each ploidy class suggests that our results are reliable. The
ploidy levels fell between 6 and 20, showing that the number of
chromosomes within the homologous groups is not constant in
sugarcane, which is in agreement with previous results'®.

The distribution of loci within each ploidy level and category (A, B,
and C) was similar for both the biparental population (Figure 3a) and
the panel of sugarcane genotypes (Figure 3b), with the exception of

those loci with ploidy 20, which were more frequent in the panel. All
of the category A ploidy levels seemed to be present in about the same
proportions (except ploidy 4, which was likely to be a misclassifica-
tion) in both scenarios (Figures 3a and 3b). For category B, there wasa
trend of having more loci with higher ploidy levels; this was even
clearer for loci of category C, particularly for the biparental population
(Figure 3a), where none of the loci had a ploidy level smaller than 12.

It is important to mention that the analysis of the 142 sugarcane
genotypes within the panel (Figure 3a) was much more complicated
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(a)

A (77.6%) C (5.0%)

(b
A (65.7%)
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2.9)

Figure 3 | Representation of the estimates of ploidy level (in bold font) for the configurations with highest posterior probabilities for the biparental
population (a) and association mapping panel (b). The areas of the rectangles are proportional to the number of SNPs that have the same ploidy level,
indicated within each rectangle in parenthesis. According to the posterior probabilities calculated for each even-numbered ploidy level in the range 2 to
20, each SNP was classified into one category, using the following ad hoc criteria: Category A (green), when the highest posterior probability is greater
than or equal to 0.80; Category B (yellow), when no single value of the posterior probability is higher than 0.80 but the sum of the two highest ones is
greater than or equal to 0.80; and Category C (red): all other cases. In parentheses: the number of SNPs within the given ploidy level and category.
The total SNP number for (a) was 241, and the total SNP number for (b) was 855.

because there were no parental genotypes available to guide the ana-
lysis, as there were in the biparental population. For this group, we
assumed Hardy-W einberg equilibrium and that all individuals had the
same ploidy level for a given locus. Given the complexity of the sugar-
cane genome, this assumption may seem rather strong, but the final
genetic results are consistent with a ploidy level distribution similar to
that of the biparental population. Again, we observed that the number
of chromosomes within homologous groups was not constant.

The number of single-dose loci for SNPs in categories A and B
(Figure 4) indicates that these are more frequent for ploidy levels up
to 12. At the ploidy level of 20, only 5% of the SNPs were single dose.
It is remarkable that so few SNPs overall had single-dose alleles.
Interestingly, if these SNPs were used to build a linkage map using
the conventional approach (single-dose markers), only loci classified
as single-dose loci in IACSP93-3046 and as nulliplex in IACSP95-
3018 (or vice-versa) or those classified as single-dose loci in both
parents would be considered. Only 76 (30.5%) SNPs would meet
these criteria if all ploidy levels were considered altogether.

The results presented in Figures 3 and 4 are interesting and
informative, but because they are based only on the posterior prob-
ability of a ploidy level, they need to be interpreted together with
individual probabilities'. Figure 5 shows that the analysis of ploidy
levels 6, 8, and 10 was more reliable, as most of the loci had medians
for the individual posterior probabilities in the range 0.80 to 1.00. The
opposite was observed for ploidy levels 18 and 20, as almost all of the
loci (both in the biparental population and the panel) had medians in
the range 0.40 to 0.60. Most of the individual medians at ploidy levels
12 and 14 were between 0.60 and 0.80, whereas the individual means
at ploidy level 16 was evenly distributed in the ranges of 0.60 to 0.80
and 0.40 to 0.60.

Discussion

Developing a consistent and self-contained analysis depends on being
able to estimate ploidy in species that have complicated genome
structures, such as sugarcane. Due to its particular domestication

process that involves the unequal participation of the parental species’
genomes (Saccharum officinarum and S. spontaneum, known to have
high chromosome numbers), cytogenetic studies may not be reliable
under some circumstances. The approach used in this study com-
bined mass spectrometry and the computer program SuperMASSA"

-OJ

Figure 4 | Proportion of loci with a single dose in the biparental
population. Loci were classified as single dosage when they had a SNP with
only a single copy of one of the alleles in one parent, being a nulliplex in the
other (thus segregating in a 1:1 fashion in the progeny), or when both
parents had a single copy of the same allele (segregatingina3:1 ratio). The
areas of the rectangles are proportional to the number of SNPs of each
ploidy level, indicated in bold font. SNPs with single doses are represented
in dark blue, with the proportion of the respective ploidy in parenthesis.
Only SNPs within categories A and B (see Figure 3) were considered.
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analysis.

and accomplished this task by simultaneously considering parental
information, the number of clusters, the intensities associated with
the different alleles, the expected frequencies of individuals in each
cluster, and experimental error. During the analysis, each individual
was assigned to a single cluster (genotype calling) with a high degree
of confidence for several loci (Figures 3 and 5). Thus, we were able to
use this technique to suggest a model to explain the complex genome
structure of sugarcane.

The primary advantage of the approach used by Super MASSA is
that it makes use of the distribution of alleles in the population in
addition to the relative intensities of each allele. Using both types of
information is important for resolving cases in which similar relative
allele intensities could be produced. For instance, tetraploid and
octoploid individuals can both produce relative allele intensities of
0:4,1:3,2:4, 3:1,and 4:0; however, if no distinct clusters of indi-
viduals with relative intensities near 1:7, 3:5, 5:3, or 7:1 are
observed, then it is highly unlikely that the population is octoploid.
No two octoploid parents (or, if no parental data are considered, no
Hardy-Weinberg allele frequency) can be expected to produce
alternating observed and absent genotype classes. Because several
ploidies can potentially produce clusters with similar relative allele
dosages, exploiting population information is critical when inferring
the ploidylevel. In sugarcane, this advancement is particularly useful
because the exact allele dosage of a locus is frequently unknown.
Furthermore, the availability of parental data adds further con-
straints and increases the accuracy of ploidy estimation.

Most genetic studies of sugarcane have considered only simplex
markers’®, and our results show that the actual portion of the genome
explored to date is rather small. Our observations are quite different
from previously published results. For example, one study reported
that 80% of the AFLP markers in a biparental population occurred at
a single dose'®. This is similar to the values we found for ploidy levels
from 6 to 12 for loci with category A, but not for the overall genome,
suggesting that the strategy for finding single-dose loci may involve a
biased genome sampling. Those authors considered only markers
that segregated in only one parent, but there is no biological reason

to support this approach because both parents can have different
alleles segregating in the population'”®. However, it is important
to note that AFLP analysis does not allow the identification of all
genotypic classes in a segregating population because all clusters that
have at least one copy of the allele will collapse into a single cluster
(i.e., a dominant action). This also suggests that the identification of
single-dose loci using AFLP is strongly biased.

What can be said about the sugarcane ploidy level? Our results
suggest that the most likely ploidy levels are between 6 and 14
(Figure 5), and several lines of evidence support our findings. The
genetic maps that have already been published using different sugar-
cane population types (e.g., biparental crosses, selfings, and others)
all have recognised homo(eo)logy groups; interestingly, most
homo(eo)logy groups were established with particular numbers of
co-segregation groups, which also supports the mixed-ploidy nature
of the sugarcane genome, consistent with the results presented here.
Our estimates for ploidies 6-14 showed high (or intermediate) indi-
vidual posterior probabilities. Furthermore, the proportion of loci
with single dosages for these ploidy levels in the biparental popu-
lation (Figure 4) is in agreement with previous reported results
(e.g'.), with the exception of ploidy 6. The proportion of loci with
ploidy levels between 6 and 14 was approximately the same for loci
within category A, both in the biparental population and in the
genotype panel (Figure 3). This was expected because sugarcane
chromosomes are approximately the same size and the markers were
in principle chosen to evenly cover the genome. There is also bio-
logical evidence to support these findings; ploidies 6 to 14 are found
in the group of species that contribute to the generation of modern
cultivars of sugarcane. S. officinarum is the domesticated sugar-pro-
ducing species that is directly derived from S. robustum, which
encompasses clones with 2n = 60 or 2n = 80. Both species are
autopolyploids, and their basic chromosome number is x = 10,
meaning that S. robustum has 6 or 8 copies of each chromosome,
depending on the genotype analysed'*'. A total 0f 13.4% of the SNPs
used to genotype the biparental population and 7.12% of the SNPs
used in the panel in this study have their level of ploidy classified as 6.
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We speculate that this class of SNPs belongs to the subgenome (or
haplotype) of 8. robustum that persists in the sugarcane genotypes
after breeding. The vast majority of S. officinarum clones display 2n
= 80 chromosomes. The species is stated to have eight sets (or
copies} of 10 chromosomes (x = 10), i.e., octoploid.

Currently, it is supposed that modern sugarcane cultivars could
exhibit 2n (S. efficinarum) + n (5. spontaneum) constitution; when
hybrids with S. spontaneum are produced, the chromosomes of S.
officinarum double their number and form pairs of homologues, and
those of 8. spontaneum pair among themselves. This point was con-
sideredin classical publications™*. Subsequent in sifu hybridisation-
based studies have confirmed the basic chromosome numbers (x) in
the genus Saccharum® and suggested that the genomes of modern
hybrids are composed of 10-20% S. spontaneum chromosomes, 5—
17% recombinant chromosomes and the remainder composed of S.
officinarum chromosomes***. Therefore, one would expect to find 8
as the most frequently estimated ploidy level, all derived from S.
officinarum. This particular value was found in 26.7% of SNPs clas-
sified in Category A (considering only ploidies 6-14) in the bipar-
ental population (Figure 3a) and 10.1% SNPs used in the panel of
genotypes and belonging to category A (Figure 3b). A possible
explanation is that almost all genotypes analysed here were commer-
cial varieties (mainly interspecific hybrids) with a modified chromo-
somal composition from the ancestors as a result of domestication.

For S. spontaneum, which displays a wide range of chromosome
numbers (from 2n = 40 to 2n = 128), a basic chromosome number
of x = 8 was suggested. The five major cytotypes with 2n = 64, 80, 96,
112, and 128* have 8, 10, 12, 14 and 16 sets (or copies) of eight
chromosomes, respectively. These are consistent with the values
observed in this study. We may suppose that all these SNP-contain-
ing loci were inherited from S. spontaneum (maybe as haplotypes) or
that they are located on the chromosomes that were identified as
recombinants between the two species §. officinarum and §. sponta-
neum. Alternatively, when looking at ploidylevel 8, all chromosomes
could be inherited only from S. officinarum. It is also important to
mention that the repeated cycles of backcrosses to S. officinarum
applied by early breeders, combined with the double transmission
phenomenon®#, could result in high ploidy levels because the con-
tribution of the recurrent parent will be prevalent.

Chromosomal rearrangements are reported to be a rapid response
to the formation of allopolyploid genomes™; intergenomic transloca-
tions occur predominantly between homo(eo)logous chromosomes™,
and homo(eo)logous shuffling and chromosome compensation
maintain genome balance in re-synthesised allopolyploids™. All the
rearrangements may have occurred in the early evolutionary process
of modern sugarcanes. Supposedly, there is a most regular ploidy
level, and all variations represent chromosome rearrangements that
were herein observed.

The observation of 18 or 20 copies of a SNP-containing locus does
not mean that this extreme figure represents the actual ploidy level.
One could suggest reasonable cytological explanations for these high
numbers; for example, for at least some of these loci, we may be
detecting polysomic loci as a consequence of chromosomal segment
copy number due to chromosomal rearrangements. On the other
hand, the presence of univalents as a result of intergenomic pairing
is well documented in sugarcane varieties. One should assume that
bivalent pairing is not random but rather involves the same homo
(eo)logous chromosomes™; therefore, two (or more) copies of the
same univalent can be inherited from ascendants and pair during
meiosis. The detection of certain high-copy SNP-containing loci may
be a consequence of additional non-homologous pairing. However, it
is important to mention that high values of ploidy were associated
with some loci that did not have a reliable classification in our study.
They were also more frequent in the panel, which is more difficult to
analyse. Loci with ploidy 16 fall between these two scenarios (ploidy
6-14 and 18-20).

A recent review of the quantitative genotyping of polyploids"
reported that, even when data are difficult to analyse (i.e., presenting
high variance or strong allele-specific bias), the SuperMASSA soft-
ware can still provide useful information to help to interpret the
results and allow the evaluation of the reliability of those results. In
that review, the authors evaluated the posterior probabilities of extre-
mely high ploidies (in the range 2 to 100). It is obvious that most of
these ploidies do not have biological support, but the study revealed
that when the locus displays a high variance, the generated model
tends toattribute a cluster to each pointin the diffuse cloud, resulting
in avery high estimate of ploidy level. We have not tried to adjust our
models with ploidy levels above 20 due to computing-time limita-
tions, but we have deliberately included ploidy values without bio-
logical support (2 and 4) or with weak evidence (18 and 20). The
results show that this was a good strategy because the resulting indi-
vidual posterior probabilities were rather small, indicating that our
observations of high ploidy values (18 and 20) are likely to be
explained as discussed above'®.

We have also performed some simulations to better understand
the SuperMASSA output under normal and extreme situations
(Figures S1 to 510, Supplementary Material). We observed that the
software performed well when no extreme violations of its under-
lying assumptions were considered (for example, skew on the
expected angles of clusters and segregation distortion). However,
in the presence of high segregation distortion (for example, due to
preferential pairing at meiosis) or some bias in the allele ratios, the
estimated ploidy could be rather high (18 or 20).

The in situ hybridisations also helped us interpret the
SuperMASSA estimations (Figure 6). The number of observed blocks
(or signals) in these hybridisations could be taken asa rough estimate
of ploidy level for IACSP 93-3046 (P2 of the biparental population).
For SugSNP382, which yielded good and reliable results in the ploidy
analysis (Figure 3), the number of observed blocks has been 8, which
is close enough to the estimate of 10 provided by SuperMASSA. It is
important to mention that SuperMASSA uses segregation ratios as
an important feature to estimate ploidy; this is not necessarily the
same as estimating ploidy by chromosome counting. For example, a
homo(eo)logy group could have 10 chromosomes: 6 from S. offici-
narum and 4 from S. spontaneum. If there is preferential pairing at
meiosis and the polymorphism is present in the genome of S. offici-
narum, the locus will behave like a hexaploid in the segregating
population; in contrast, the results from cytological studies revealed
a ploidy of 10. For SugSNP715 and SugSNP151, the number of blocks
was 10 for both. This is clear evidence that, as previously explained,
high ploidy estimates (16 and 18) combined with small individual
posterior probabilities are likely to be statistical artefacts. Moreover,
SugSNP382 yielded the same estimate for the ploidy level in the
biparental population and the panel of genotypes, which was not
the case for the other two SNPs analysed in Figure 3.

In conclusion, the results derived from the two different scenarios
presented here (a biparental population and a panel of genotypes)
provide extremely useful insights. First, as expected, itis clear that the
sugarcane genome is complex and that the number of chromosomes
in each hom(e)ology group varies depending on the SNP-containing
locus. Second, our results agree with previous sugarcane cytogenetic
data® and demonstrate the robustness of analysing SNP markers in
autopolyploid species. Third, the ploidy level of each SNP locus was
also estimated; it must be emphasised that this estimation cannot be
performed with common marker systems.

In the light of our results, the ploidy of sugarcane commercial
varieties (interspecific hybrids) was estimated to be in the range from
6 to 14 for each homo(eo)logy group; this has biological and statist-
ical support. Several factors may explain the observation of estimates
in the 16-20 ploidy range, a) they are actual results; b) they were
caused by a combination of preferential pairing at meiosis and a lack
of bivalent pairing or segregation distortion; ¢) there are intrinsic
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Figure 6 | In situ hybridisation of ITACSP93-3046 chromosomes. (A) SugSNP715 (10 blocks, arrows); (B) SugSNP151 (10 blocks; grey arrow, nucleus;
white arrow, metaphase nucleus) and SugSNP382 (8 blocks; grey arrowhead, interphase nuclens; white arrowhead, metaphase nucleus).

difficulties in analysing loci with high ploidy and allelic dosage; or d)
MassARRAY technology did not perform well for some loci, causing
bias in the allele ratio and/or high variance for clusters. The results
reported in the literature and our own in situ hybridisations for the
three selected SNPs suggest that reason (a) is very unlikely. However,
if these high estimates were actual results, further linkage studies will
show that these loci with high ploidy will show evidence of linkage
with other loci of the same ploidy level and, also, will not be linked
with the ones in the ploidy range 6-14. It is important to mention
that linkage studies based on genetic maps will require the develop-
ment of new statistical approaches, such as the ones presented by>
and® for autotetraploids, that would not be straightforward to use for
our results. Current ideas that put strong emphasis on single-dose
loci are not appropriate. Concerning point (b), this argument may be
verified by further cytological information, which will help us under-
stand the meiotic behaviour of this complex species and subse-
quently make modifications to the underlying assumptions in the
statistical model. For explanations (c) and (d), specific procedures
should be developed to optimise the methodology for dealing with
complex polyploids. It is reasonable to assume that if most of these
high ploidy values are true, these loci will co-segregate and will not be
linked with loci with small ploidy; this will result in homo(eo)logous
groups for the corresponding ploidy level. It is important to perform
linkage studies in the biparental population to determine if loci with
high/unknown ploidy are co-segregating with others showing high
posterior probability for ploidy level; then the ploidy of these loci
could be indirectly inferred.

None of the other currently available approaches are suitable to
investigate polyploid genome structures as comprehensively as this
approach. Therefore, we anticipate that the shaping of polyploid
genomes by evolutionary processes will be better understood by
applying this SNP genotyping method. Considering that most of
the angiosperms are polyploid™ and recent sequenced genomes also
suggest a polyploid ancestry for eukaryotes’, significant scientific
breakthroughs can be achieved using this novel approach.

We strongly believe that the results presented herein will lead to
new possibilities for the study of complicated autopolyploid species
not only in terms of new genetic understanding, statistical genetic
modelling, and prediction capabilities but also in terms of under-
standing the biological aspects of evolutionary and domestication
processes. Finally, it is interesting to note that our study unveiled
the genomic structure of a complex polyploid species by exploiting
the simplest manifestation of genetic variation, the SNP. This
approach should provide an important tool for developing high-
quality genetic maps that will assist in QTL mapping and the assem-
bly of reference genome sequences for the large proportion of plant

plants species that are polyploid or have duplicated chromosomal
regions.

Methods

Molecular and cytological analysis. Two representative scenarios were considered:
a) a progeny of 180 individuals from a sugarcane F1 biparental population derived
from the cross between two commercial varieties, TACSP 95-3018 (female, named P1
along the text) x [AC93-3046 (male, named P2); and b) an association mapping panel
with 142 relevant sugarcane genotypes (Table 1), representing commerdal varieties
and important ancestors of modern cultivars. Sugarcane genomic DNA was obtained
from young leaves using standard techniques. A total of 1034 sugarcane SNPs were
developed; 91 were derived from previously reported sequence data® (Table 51), and
the remaining 943 were developed from 2908 cluster sequences with differential
ex}!rmsmn“’ that were selected from the SUCEST database’ (Table §2). SNPs were
discovered using QualitySNP software™ with minor modifications, and primers were
designed using the MassARRAY Assay Design package. All 1034 sugarcane SNPs
(Tables S§1 and 52) were genotyped in the association mapping panel (PLEX GOLD
chemistry, Sequenom Inc,, San Diego/CA, USA) (Table 1), and 271 SNPs from these
(SUCEST database, Table 51) were evaluated in the progeny of the biparental
population. Due to data quality control (especially due to very low signal), the data
from 22 and 47 SNPs were discarded from the biparental population and from the
panel of genotypes, respectively. Therefore, for the statistical analysis, 249 and 987
SNPs were used in the biparental population and in the panel, respectively. The SNP
genotyping method was based on MALDI-TOF analysis performed on a mass
spectrometer platform from Sequenom Inc® Both parents from the biparental
population were scored 12 times for each SNP.

The SNP assay is based on the single-base extension of locus-specific primers
followed by mass spectrometry to detect polymorphisms, yielding allele-specific
information®, Assuming equal ionisation efficiency for all alleles, equal PCR amp-
lification of alternate alleles, and equal nucleotide incorporation accuracy/equilibria,
the mass intensities should be proportional to the abundances of each allele.

Three selected SNPs (SugSNP382, SugSNP151, and SugSNP715) were analysed with
FISH to check their hybridisation with TACSP93-3046. Leaf genomic DNA was iso-
lated using the DNeasy Plant Mini Kit (Qiagen) and amplified using a Pfu DNA
Polymerase kit (Thermo Scientific) and specific primers (Table §3). The fragments of
DNA were doned using Escherichia coli DH10b as host and pGEM-T Vector Systems
(Promega) as vector. Colonies containing recombinant plasmids were identified for
selection on LB agar medium supplemented with X-gal and IPTG. Recombinant
plasmids were isolated using the alkaline minipreparation procedure, and the insert
nucleotide sequences were determined with an ABI3500 automated DNA sequencer
(Applied Biosystems). DNA Sequences were analysed with Lasergene 7 (DNAStar,
Madison, W1, USA) and aligned by using the ClustalW option of the MegAlign
program. The clones were used to amplify the probes for FISH using Tag DNA
polymerase (Invitrogen) and purified using Wizard® SV Gel and PCR Clean-Up
System (Promega). Chromosome preparations were made from root Lips collected
from culms grown in a plastic box containing filter paper with the regular application
of water. Cytological preparations were carried out as previously described™. All
probes were labelled by nick translation (Invitrogen). SugSNP715 and SugSNP151
were labelled with digoxigenin-11-dUTP (Life Technologies) and detected with Anti-
DIG-rhodamine; SugSNP382 was labelled with Biotin-14dATP (Roche) and detect
with avidin-FITC. The procedure and conditions for FISH were previously
described®.

Statistical analysis. The output of Sequenom iPLEX MassARRAY technology is a
scatter plot I with quantitative alleles intensities for individuals i = 1, 2, up to n*",
Because each SNP was bi-allelic, two intensities are presented, x; and y;, usually
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Table 1 | Genotypes from the panel of 142 sugarcane varieties
(panel of genotypes)

Badila IAC87-3396 RB735275 RB92579
CB36-24 IAC21-1099 RB73935% RB?35744
CB40-13 IACSP93-2060  RB739735 RB965902
CB4176 IACSP93-3046 RB75126 RB?65917
CB46-47 IACSP95-3018 RB765418 RB?66928
CB47-355 IACSP?5-3028 RB/785148 SP70-1005
CB53.98 IACSP95-5000 RB815690 SP70-1078
Chunnee IACSP98-3022  RBB25317 SP70-1143
Co290 IN84-58 RB825336 SP70-1284
Co331 L60-14 RB83102 SP70-1423
Cod19 Maneria RB835019 SP70-3370
Cod49 NA5679 RB835054 SP71-1406
Co740 NCo310 RB835089 SP71-6163
Co%97 POB8-62 RB835205 SP71-6949
CP51-22 Q165 RB835486 SP71-799
CP52:68 R570 RB845197 SP72-4928
CP70-1547 RB1 RB845210 SP77-5181
CIC15 RB2 RB845257 SP79-1011
c1C2 RB3 RB855002 SP79-2233
C1C? RB4 RB855035 SP79-2312
EK28 RB5 RB855036 SP79-2313
F31962 RBS RB855077 SP79-6134
F36819 RB7 RBB55113 SP79-6192
Ganda Cheni  RB8 RB855156 SP80-1520
H53-3989 RB? RB855206 SPBO-1816
H59-1966 RB10 RB855350 SP80-1836
IAC4865 RB11 RB855453 SP80C-1842
IAC49-131 RB12 RBB55463 SP80-3280
IAC50-134 RB721012 RB855511 SP81-3250
IAC51-205 RB72199 RB8555364 SP83-2847
IAC52-150 RB72454 RB855563 SP83-5073
IAC64-257 RB725053 RBB55595 SP89-1115
IAC82-2045 RB725828 RBB67515 SP21-1049
1AC82-3092 RB732577 RB925211 TUC71-7
IAC83-4157  RB735200 RB925268

IAC86-2210  RB735220 RB925345

represented in bi-dimensional scatter plots (see Figure 1 for an example ofa loci with
alleles T and G). For data quality, all data points with small intensities for both alleles
were removed; they were located within a circular area on the scatter plots defined by
the radius (0.10)min{x; yi}, centred on the origin of both axes.

All loci were then classified using the statistical method implemented in the
SuperMASSA software”. A comprehensive review of this method is presented in'*. In
short, rather than iteratively clustering the samples and then predicting the genotype
of each duster, a graphical Bayesian method was used. The model can be described in
two parts. First, a Gaussian model based on the relative dosage is used to model the
probability that an individual with a known genotype will produce certain intensities
for each allele; ideally, the relative intensities would be proportional to the relative
dosages of the respective alleles. Second, a multinomial distribution is used to model
the probability that a given set of genotypes will occur given the population structure.
The population structure is general and can be used to analyse the biparental popu-
lation (F1 model) and the association mapping panel (Hardy-Weinberg model). For
any type of population model, the hidden parameters (i.e, the allele frequency for the
Hardy-Weinberg model and the parental genotypesin the F1 model) can be estimated
with maximum likelihood. Similarly, the ploidy can be predicted by estimating the
genotypes and population parameters for each ploidy level and then selecting the
ploidy that yields the highest likelihood. In the case of the F1 model, additional data
were provided by the parents, which were scored with 12 replicates; these data can
help restrict the set of reasonable parents and ploidies. The primary contribution of
this method is that it makes use of the distribution of alleles in the population and the
relative intensity of each allele. The use of both types of data is important for resolving
cases that could produce similar relative allele intensities.

Following the recommendation reported in", to find the maximum a posteriori
(MAP) solution for the estimates of the parameters in the model, all even-numbered
ploidy levels in the range of 2 to 20 were tested. The SuperMASSA naive posterior
report threshold was set to 0, and the values of individual posterior probability (which
indicates the maximum threshold that will allow the individual to be assigned to a
given genotype) were also calculated. For example, if two individuals have posterior
probabilities 0.55 and 0.65 and the naive posterior report threshold is set to 0, both of
them will beassigned to genotypes; changing the threshold to 0.60, only the latter will
be included; with a threshold of 0.90, both will be excluded. This was shown to be
important when interpreting the results of the SNP calling.
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Figura 1. Mapa de ligacdo de cana-de-agticar obtido para o cruzamento SP81-3250 e RB925345,
utilizando microssatélites € SNPs. Os numeros superiores referem-se ao grupo de ligacdo (GL)
que pertencem as marcas. Os nimeros a esquerda sdo as distancias em centiMorgans (cM) entre
as marcas. Os nomes das marcas estdo a direita, seguidos pela sigla D1 (presente no genitor

SP81-3250) D2 (presente no RB925345) ou C (presente em ambos os genitores), todos

identificando os microssatélites.
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Figura 1. Continuagdo.
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Figura 1. Continuacao.
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