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RESUMO

Mapeamento genético em uma população biparental de Megathyrsus maximus (Jacq.)
utilizando informação de dosagem alélica

As forrageiras são amplamente difundidas e cultivadas em fazendas em todo o mundo,
e utilizadas principalmente para alimentar o gado, constituindo em uma importante fonte de sus-
tentabilidade econômica e ambiental. Uma das gramíneas de maior produtividade utilizadas como
forrageira é o capim-colonião (Megathyrsus maximus Jacq.), que apresenta alta qualidade nutricional
e tolerância a diversos fatores bióticos e abióticos. A espécie combina a vantagem da recombinação
genética por meio de cruzamentos sexuais com a capacidade de fixar o vigor híbrido em genótipos
superiores e propagá-los por sementes via apomixia. No entanto, pouco se sabe sobre seu compor-
tamento genômico, principalmente devido à alta complexidade de seu genoma autopoliploide. Neste
trabalho, implementamos métodos de última geração para construir mapas de ligação em espécies
autopoliploides, combinados com uma abordagem multiponto HMM (Hidden Markov Model). O
software MAPpoly pode construir mapas de ligação considerando níveis de ploidia até 12, importar
dados de software de terceiros e exportar mapas e probabilidades condicionais dos genótipos para
análises posteriores. O software MAPpoly é fácil de usar e está disponível gratuitamente em versões
estáveis   e de desenvolvimento. Utilizamos o MAPpoly para construir um mapa de ligação denso e
informativo para M. maximus considerando marcadores com múltiplas dosagens alélicas, e utilizamos
um método de última geração para procurar por QTLs no genoma considerando as características de
maior relevância para o melhoramento de M. maximus: altura e área da touceira, produção de massa
verde, proporção de lâmina foliar, produção de matéria seca foliar e total, densidade volumétrica
foliar e total, capacidade de rebrota, e taxa de alongamento foliar. Extraímos o DNA de amostras
de folhas de uma população de mapeamento biparental contendo 224 indivíduos e os sequenciamos
por meio do protocolo GBS (Genotyping-by-Sequencing). Os dados brutos de sequenciamento foram
analisados   para encontrar variantes e estimar as dosagens alélicas para ambos os pais e todos os
indivíduos da população. Cinco genomas de referência de espécies relacionadas foram utilizados du-
rante o processo de mapeamento, devido à ausência de um genoma de referência para M. maximus.
Em seguida, construímos um mapa de ligação e utilizamos observações fenotípicas das características
fenotípicas mais relevantes para isolar o componente genético da população e buscar por QTLs ao
longo do genoma, utilizando um modelo de regressão aleatório. Construímos o mapa de ligação mais
denso e informativo para a espécie até o momento, com 7095 marcadores abrangendo 1746.18 cM do
genoma. Não houve evidência de dupla redução ou pareamento preferencial na população consider-
ada no estudo. Encontramos dez QTLs associados a sete características que são relevantes para o
melhoramento de M. maximus, com herdabilidades no sentido restrito variando de 0.4127 a 0.1387. A
implementação do software e as análises genéticas fornecidas neste trabalho podem ajudar a entender
a organização genômica e resolver incertezas a respeito do posicionamento evolutivo e taxonômico de
M. maximus, bem como auxiliar na construção de um genoma de referência para a espécie. A análise
de QTLs fornece uma compreensão mais aprofundada a respeito do controle genético das caracterís-
ticas relevantes para a espécie, e pode ser utilizada para auxiliar na implementação e aprimoramento
de estratégias de seleção baseadas em marcadores moleculares, aumentando a eficiência dos ciclos de
seleção em programas de melhoramento de M. maximus.

Palavras-chave: Mapa de ligação, Mapeamento de QTL, Poliploide, Autotetraploide, Forrageira
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ABSTRACT

Genetic mapping in a biparental Megathyrsus maximus (Jacq.) population with allele dosage
information

Forage crops are widespread across farmlands worldwide and primarily used to feed live-
stock, consisting of an important source of economic and environmental sustainability. One of the
highest yielding grasses used as a forage crop is the guineagrass (Megathyrsus maximus Jacq.), which
presents high nutritional quality and tolerance to many biotic and abiotic factors. The species com-
bines the advantage of genetic recombination through sexual crosses with the ability to fix hybrid
vigor in superior genotypes and propagate them by seeds via apomixis. However, little is known
about its genomic behavior, mainly due to the high complexity of its autopolyploid genome. In this
work, we implemented state-of-the-art methods to construct genetic linkage maps in autopolyploid
species, coupled with a multipoint Hidden Markov Model approach. The software MAPpoly can
construct genetic linkage maps for ploidy levels up to 12, import data from third-party software, and
export maps and genotypic conditional probabilities for further analysis. MAPpoly is easy-to-use
and freely available in stable and development versions. We used MAPpoly to construct a dense and
informative genetic linkage map for M. maximus using multiple dosage markers, then used a state-
of-the-art method to search for QTL along the genome considering relevant traits for M. maximus
breeding: canopy height and area, total yield, proportion of leaf blades, foliar and total dry matter
yield, leaf and total volumetric density, regrowth capacity, and leaf elongation rate. We extracted
DNA from leaf samples of a biparental mapping population containing 224 individuals and sequenced
them through the GBS (Genotyping-by-Sequencing) protocol. Raw sequencing data were analyzed
to find variants and call genotype dosages for both parents and all individuals in the population. We
used five reference genomes of related species during the mapping process due to the absence of a
reference genome for M. maximus. Then, we constructed the genetic linkage map and used pheno-
typic observations of selected traits to isolate the genetic component of the population performance
and search for QTL regions along the genome, using a random regression model. We constructed
the densest and informative linkage map for the species up to date, with 7095 markers spanning
1746.18 cM of the species genome. There was no evidence of double reduction or preferential pair-
ing in the study population. We found ten QTL associated with seven traits that are relevant to
M. maximus breeding, with narrow-sense heritabilities ranging from 0.4127 to 0.1387. The software
implementation and the genetic analysis provided in this work can help untangle the genomic orga-
nization and solve uncertainties regarding M. maximus evolutionary and taxonomic placement, as
well as help to assemble the species genome. The QTL analysis provides a better understanding
of the complex genomic behavior involved in the genetic control of relevant traits and may be used
to support marker-based selection strategies, thus increasing the efficiency of selection cycles in M.
maximus breeding programs.

Keywords: Linkage map, QTL mapping, Polyploid, Autotetraploid, Forage crop
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1 INTRODUCTION

The species Megathyrsus maximus Jacq. stands out from cultivated forage crops due to its highly
favorable agronomic characteristics, including high yield associated with great nutritional quality, which
guarantees a good economic return by cultivated area (Jank et al., 2014). The species represents the
highest yielding forage crop that propagates by seeds in the Brazilian market. Brazil has approximately
172 mi ha covered by pastures, of which 20% are destinated to M. maximus (Martuscello et al., 2007;
do Valle et al., 2009). Due to its relevance to livestock and agriculture, and to the highly varying
abiotic conditions in Brazil, the breeding and development of elite cultivars adapted to different target
regions is necessary.

The propagation of M. maximus is most commonly performed by seeds, which can arise from
two different reproductive systems: sexual recombination via cross-pollination, and asexual propagation
via apomixis (apospory). The former is exclusively associated with natural diploids (2n = 2x = 16),
while the latter is associated with natural tetraploid individuals (2n = 4x = 32). The genetic control
of apomixis has a simple inheritance with one or few loci in a linkage block, and the cross of sexual
and apomictic individuals is enabled through chromosomal duplication of sexual diploids with colchicine.
Thus, recombinant progenies of such crosses usually segregate for apomixis in a 1:1 rate (Savidan et al.,
1989).

The breeding of M. maximus in Brazil started with the introduction of cultivars from Africa,
and has been conducted following a recurrent selection scheme between sexual and apomictic accessions,
based on phenotypic observations and measurements for the most relevant agronomic traits. Furthermore,
genotypes need to pass through an additional step of evaluation of their performance under grazing. Due
to the need to evaluate the persistency and repeatability of all relevant traits across many harvests, the
entire breeding process can take up to 15 years to the cultivar release (Resende et al., 2014).

The development of next-generation sequencing technologies, such as the GBS (Genotyping-by-
Sequencing), enables the obtention of a great quantity of genomic data, thus allowing genomic studies in
almost all species (Elshire et al., 2011). In addition to diversity and genetic architecture studies, the
availability of high throughput molecular data allows the development of novel techniques for genomic
association and prediction in breeding programs. While the development and adoption of such techniques
are advanced for model species, such as Arabidopsis thaliana, soybean, maize, and wheat, there is a lack
of such resources for complex species and polyploids, like M. maximus.

The obtention and evaluation of variants along the genome also allows the estimation of geno-
types for both diploids and polyploids. In polyploid species, genotypes are usually described through
dosages that represent the estimated number of copies of the alternate allele for a given biallelic locus
(Garcia et al., 2013; Serang et al., 2012; Gerard et al., 2018; Voorrips et al., 2011; Hackett
et al., 2013). For an autotetraploid, there are five possible genotypes with dosages varying between
zero and four (Gallais, 2003; Lara et al., 2019). With dosage markers in hands, it is possible to
perform further genomic studies, including genetic linkage and QTL (Quantitative Trait Loci) analysis
(Hackett et al., 2013; Bourke et al., 2018b; Mollinari and Garcia, 2019).

Linkage analysis has been used to study genomic conformity and the inheritance pattern in
targeted populations. Such analysis allows the detection of homology groups, the genetic distances and
recombination fractions between markers, as well as the phase configurations in the population founders.
When using state-of-the-art methods, such as Mollinari and Garcia (2019), it is also possible to
get full haplotypes for all founders and individuals in the populations, study the meiotic process and
chromosomal pairing patterns, and use the full genetics of the population in further studies through
the genotype probabilities, obtained for all individuals and all genomic positions (Mollinari et al.,
2019). The vast majority of linkage maps for autopolyploid species are based on single-dosage markers,
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i.e. markers that have only one copy of the reference or the alternate allele for one or both parents, so
many multi-dosage markers that may cover important genomic regions are not included in the linkage
maps, thus resulting in a loss of genetic information. This source of information is important to connect
single-dosage markers and homologs through a multipoint procedure (Mollinari and Garcia, 2019;
Mollinari et al., 2019), then allow for a more informative and robust map with greater applicabilities,
including further analysis such as QTL mapping for relevant traits Serang et al. (2012); Hackett
et al. (2014); Pereira et al. (2018); Mollinari and Garcia (2019); Pereira et al. (2020).

With the genotype probabilities in hand, it is possible to study the behavior of complex traits
through QTL mapping. It consists of methods that combine both phenotypic and genomic data with
statistical genetics models to allow the study of the genetic architecture of complex traits (Pereira
et al., 2020). The study of the genetic architecture through QTL mapping is the first step towards
more advanced studies, such as fine mapping and differential expression studies, but can also be used
as a basis for some decision-making processes in breeding programs, including QTL cloning and marker-
assisted selection (Jaganathan et al., 2020). Thus, the study has the potential to reduce the time and
costs related to selection cycles in breeding programs.

QTL mapping has been widely used to study the behavior of complex traits for diploid species
(Lander and Botstein, 1989; Zeng, 1994; Jiang and Zeng, 1995, 1997; Kao and Zeng, 1997; Kao
et al., 1999; Zeng et al., 1999; Piepho, 2000; Wu et al., 2002c,a; Malosetti et al., 2004;
Silva et al., 2012), and more recently, for polyploid crops (Hackett et al., 2001; Ming, 2001; Wu
et al., 2004; Pastina et al., 2011; Hackett et al., 2013; Margarido et al., 2015; Balsalobre
et al., 2017; Ferreira et al., 2019; Pereira et al., 2020; Deo et al., 2020; Cappai et al., 2020).
Although other mapping studies were reported for M. maximus (Ebina et al., 2005; Deo et al., 2020),
there is still no consensus regarding the taxonomic placement of the species, and little is known about its
evolutionary and genomic behaviors, as well as the molecular pathways that drive phenotypic expression
for relevant traits.

The present work aims to: (a) implement the state-of-the-art methods for linkage mapping
in autopolyploid populations proposed by Mollinari and Garcia (2019) in a friendly and easy-to-
use statistical software; (b) obtain polyploid genotypes in the form of dosage markers for a biparental
mapping population of M. maximus; (c) construct a highly dense and informative genetic linkage map
for M. maximus using multiple dosage markers; (d) study the genetic architecture of relevant traits for
M. maximus through a MIM (Multiple Interval Mapping, Kao et al. (1999); Pereira et al. (2020))
QTL mapping model.
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2 MAPPOLY: BUILDING MULTILOCUS GENETIC LINKAGE MAPS IN
AUTOPOLYPLOIDS

2.1 Introduction

Polyploidy – a condition where any species presents more than two sets of chromosomes – is
widespread across many organism kingdoms, including Bacteria, Fungi, Plantae, and Animalia. This
condition is even more frequent in plants, whose incidence in cultivated species is around 30% (Salman-
Minkov et al., 2016) including economically important crops such as wheat, cotton, sugarcane, vegeta-
bles (e.g., potato and sweet-potato), forages, and trees. Approximately 50-70% of of angiosperms have
undergone polyploidy during their evolutionary process (Chen et al., 2006). Besides playing an impor-
tant role in the evolutionary behavior of many species, polyploidy may also bring other consequences,
such as auto-incompatibility, irregular meiosis, high levels of inbreeding depression, and highly heterozy-
gotic genomes. As a consequence of its high genomic complexity, there is a delay in the development of
methods and tools to study polyploid organisms, especially the autopolyploids (Garcia et al., 2013;
Mollinari et al., 2019).

Genetic maps are important tools for a variety of genetic endeavors, including evolutionary
studies, genome assembly, QTL mapping, the study of inheritance, and haplotype transmission. The
construction of genetic maps in diploids is well established, with several software available (e.g., Lander
et al. (1987); Stam (1993); Margarido et al. (2007)), whereas it is a challenging task for autopoly-
ploids. For instance, considering an autotetraploid species under random bivalent meiosis, an individual
can produce six different gametes containing two homologs each (Hackett, 2001). When combining
two gametes, the number of possible genotypes is 36 (Figure 2.1). For hexaploids and octaploids, the
numbers of possible genotypes are 400 and 4900, respectively. This massive number of genotypes poses
a severe hindrance in the detection of recombination events across generations in these species.

Figure 2.1. Representation of all possible genotypes in an autotetraploid biparental cross.
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Considering any biparental cross, a fully informative (multiallelic) marker would allow the
distinction between all homologs, facilitating the estimation of phase configurations and recombination
frequencies. However, modern molecular genotyping techniques are usually based on sequencing, such
as the GBS (genotyping-by-sequencing), where the most common form of variation is the SNP (single
nucleotide polymorphism, Brumfield et al. (2003)). The information provided by such marker is
remarkably low, since it allows the detection of only two different alleles. In a diploid biparental cross,
there are up to four different alleles, two in each parent; for an autotetraploid species, there are up to
eight different alleles, four in each parent, and so on. While these markers are almost fully informative
for diploid species, polyploid species are restricted to the few genotypic classes provided by the dosage
combinations of two alleles, without phase information and frequently associated with significant error
rates (Voorrips et al., 2011; Gerard et al., 2018). Also, the loss of information increases pro-
portionally to the ploidy level under this scenario (Mollinari and Garcia, 2019). Considered this,
methods for building genetic linkage maps in polyploids are expected to be able to assess the multiallelic
information using biallelic information. In other words, linkage analysis is capable of estimating the cor-
rect phase configurations and recombination frequencies between all markers in a given genome fragment,
and traceback all haplotypes to the population founders, independent of markers’ informativeness.

Approximation methods were used as attempts to overcome the complexity of polyploid or-
ganisms. One of the most common methods is the application of diploid-based mapping procedures
using simplex markers only, which present the same segregation of diploid species (Wu et al., 1992).
More recently, expanded multi-dosage methods were proposed and implemented to build genetic linkage
maps for some polyploids, such as autotetraploids (Hackett et al., 2013), triploids and hexaploids
(Bourke et al., 2018b). While the methods for autotetraploids work well, for higher ploidy levels
they are extremely dependent on simplex markers and still restricted to hexaploid species. Considering
the information loss when using such procedures, a considerable proportion of wrong estimated phase
configurations is expected, which may impact the estimation of recombination frequencies and genotypic
probabilities. In addition, the lack of a multipoint approach is crucial for polyploid species, thus jointly
estimating map parameters is the best way to increase informativeness and assess their multiallelic nature.

Trying to overcome these challenges, Mollinari and Garcia (2019) proposed a general
method to build genetic linkage maps in autopolyploids with any even ploidy level. The procedure
considers all information available on molecular markers, including genotypic errors, and relies on a mul-
tipoint approach to reestimate distances and account for genotypic probabilities. Here we present the
first release of MAPpoly, a software developed to construct genetic linkage maps in autopolyploid species
based on the Mollinari and Garcia (2019) procedure. MAPpoly can handle different datasets, includ-
ing the most common VCF format, and is capable of building genetic linkage maps considering ploidy
levels from 2 to 12. The software can also use parallelization to achieve high computational efficiency,
reorder submaps to fix wrong ordering and phasing, estimate parental and individual haplotypes, and
detect preferential pairing during meiosis.
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3 GENETIC LINKAGE AND QTL MAPPING IN MEGATHYRSUS MAXIMUS (JACQ.)
WITH MULTIPLE DOSAGE MARKERS

3.1 Introduction

Megathyrsus maximus (Jacq.) B.K. Simon & S.W.L. Jacobs (Syn. Panicum maximum Jacq.,
Urochloa maxima (Jacq.) R. Webster), commonly known as guinea grass, is a forage crop widely used in
cattle beef production due to its high yield and outstanding nutritional quality. The species originated
in east Africa, but had great adaptation to different tropical and sub-tropical land areas and became
widely cultivated in many countries in South America. In the Brazilian market, it is situated among the
most productive grasses that propagate by seeds (Jank et al., 2011). The species occurs in two natural
forms: sexual diploid (2n=2x=16) and apomictic tetraploid (2n=4x=32) genotypes. Other chromosomal
numbers, as well as hexaploids and aneuploids, were also reported in the literature with lower frequencies
(Warmke, 1951; Jauhar, 1969; Savidan, 1980; Hamoud et al., 1994; Giussani et al., 2001; Jain
et al., 2003; Akiyama et al., 2008).

Since natural tetraploid genotypes of M. maximus undergo apomixis (i.e., asexual propagation
by seeds, Nogler (1984)), it is possible to fix superior genotypes and their hybrid vigor while maintaining
uniform pastures by using genetically identical seeds (Jank et al., 2011). Most of the M. maximus
breeding programs have been taking advantage of sexual and apomictic genotypes by combining them in
crossing schemes. Thus, sexual genotypes are used to allow recombinations throughout the crosses, while
apomixis is used to fix the best genotypes and produce seeds on a large scale through asexual propagation.
Sexual and tetraploid genotypes were initially diploids which had their chromosomes duplicated with
colchicine to allow viable crossings (Nakagawa and Hanna, 1992; NAkagawa et al., 1993; Savidan,
1980). Previous studies have shown that progenies derived from tetraploid sexual vs. apomictic crosses
segregate in a 1:1 rate for apomixis (Savidan, 1978, 1981; Ebina et al., 2005; Bluma-Marques
et al., 2014; Deo et al., 2020), though other studies suggest a quantitative genetic control for this
trait (Kaushal et al., 2008, 2019; Marcón et al., 2019).

The advancements in molecular technology enabled the detection of variants in DNA and RNA
sequences, which allowed the identification of sources of variations on both molecular and phenotypic
bases. This knowledge has been supporting studies on DNA recombination, molecular paths, and its
interactions, helping to understand the mechanisms that drive phenotypic expression, organism differ-
entiation, and speciation (Metzker, 2009; Elshire et al., 2011; Poland and Rife, 2012). Many of
these investigations are based upon analyzes on the genetic diversity of a population, linkage and QTL
mapping, genome-wide association studies, or whole-genome prediction; thus, their outcomes have the
potential to significantly change the way breeding programs are planned and conducted (Poland and
Rife, 2012). Therefore, methods to obtain, evaluate, and analyze molecular datasets are widespread and
well developed, especially for diploid species. However, there has been a delay in the development and
extension of such technology and methods for polyploid species, mainly due to its genomic complexity
and lack of resources (Garcia et al., 2013).

Single nucleotide polymorphism (SNP) are the most abundant form of variation in the genome,
usually consisting of biallelic markers (Brumfield et al., 2003). The evaluation of such variants along
the genome also allows to access the allele abundance and the estimation of the genotypes in a polyploid
species (Garcia et al., 2013; Serang et al., 2012; Gerard et al., 2018; Voorrips et al., 2011;
Hackett et al., 2013).

Thus, individual genotypes can be represented with different dosages ranging from zero up to the
ploidy level of the species. The dosage value usually represents the estimated count of the reference allele
that an individual carries for a given biallelic locus. As an example, an autotetraploid species may present
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individual dosages ranging from 0 to 4, which would represent the genotypes aaaa, aaaA, aaAA, aAAA,
and AAAA for a biallelic marker (Lara et al., 2019). Despite providing more information than single
dosage markers (i.e., only nulliplex, simplex, and double-simplex genotype combinations), dosage-based
genotypes still lack the complete genetic information for an individual, especially for polyploids. This
complete information would include multiple allele information and their distribution across individual
haplotypes and along the genome, their phase configurations with adjacent locus, and the origin and
recombination events that generated each haplotype in an individual genetic set. Fortunately, state-of-
the-art methods are capable of recovering the complete genetic information from the same datasets that
generate dosage genotypes, usually based on genomic sequences or linkage analysis. The former takes
sequence-based information to detect unique haplotype sequences and recover phase configurations or
multiallelic information (Motazedi et al., 2018, 2019; van Geest et al., 2020; Moeinzadeh et al.,
2020), while the latter uses additional information from the population structure to model other genetic
phenomena, such as the expected Mendelian segregation and recombination frequencies, to get individual
haplotypes (Hackett et al., 2013; Bourke et al., 2018b; Mollinari and Garcia, 2019).

Linkage analysis has been widely used to understand genetic conformity and the inheritance
pattern in targeted mapping populations. In addition to the identification of linkage groups, the recom-
bination frequencies, physical distances, and the phase configuration between a set of genetic variants,
linkage analysis allows to recover the full genetic information and study the meiotic process involved in
the haplotypic inheritance for a given population (Mollinari and Garcia, 2019; Mollinari et al.,
2019). With the full genetic information in hand, it is also possible to search for QTL along the genome
by making use of the joint genotype probabilities of all individuals (Pereira et al., 2020). Similar to
the development of molecular technologies, methods to build genetic linkage maps and search for QTL
are well developed for diploid species, while its extension for polyploid species appeared sometime later.
Only recently, autopolyploid species were benefit from the extension of methods to construct integrated
genetic linkage maps based on multi-dosage information, primarily for tetraploids (Hackett et al.,
2013) and hexaploids (Bourke et al., 2018b), then extended to take advantage of the Hidden Markov
Model to get multilocus estimates for higher ploidy levels (Mollinari and Garcia, 2019). The same
was observed for QTL mapping models Hackett et al. (2013, 2014); Chen et al. (2018); Pereira
et al. (2020). Such methods are well developed and established for diploids (Wu et al., 2002b,c) and
as such, high-quality and dense linkage maps have been vastly reported for these species. On the other
hand, a few polyploid species benefit from high-quality, dense, and integrated linkage maps, while most
were constructed based on single-dosage markers (Wu et al., 1992) or using diploid-based methods
(Shirasawa et al., 2017; Ferreira et al., 2019; Balsalobre et al., 2017). Thus, they lack the
informativeness provided by novel sequencing technologies coupled with large populations, good reference
genomes, and state-of-the-art statistical methods.

Several investigations have been conducted to study the M. maximus molecular behavior, in-
cluding genetic diversity studies (Giussani et al., 2001; Aliscioni et al., 2003; González and
Morton, 2005; Akiyama et al., 2008; Salariato et al., 2010; II, 2011; Morrone et al., 2012;
Hunt et al., 2014; Kellogg, 2015; Burke et al., 2016; Tomaszewska et al., 2021), linkage and
QTL mapping (Ebina et al., 2005; Deo et al., 2020), transcriptome and RNAseq analysis (Yamada-
Akiyama et al., 2009; Toledo-Silva et al., 2013; Wedow et al., 2019; Radhakrishna et al.,
2018), genomic selection (Lara et al., 2019), and cytogenomics (Tomaszewska et al., 2021). How-
ever, there is still no consensus regarding the taxonomic placement of the species, and little is known
about its evolutionary and genomic behaviors, as well as the molecular pathways that drive phenotypic
expression. Although other linkage and QTL studies were reported for M. maximus, they lack the den-
sity and informativeness provided by more recent statistical methods, yet few autopolyploid species have
already benefited from them (Ferreira et al., 2019; Mollinari et al., 2019; Cappai et al., 2020;
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Oloka et al., 2021).
Given M. maximus relevance to agriculture and the lack of studies involving recent statistical

methods, more studies are necessary to unravel the species genomic complexity, its inheritance patterns,
molecular pathways, and their relation to phenotypic expression. Thus, the objectives of this study were
to: (a) detect DNA polymorphisms in a M. maximus mapping population; (b) construct a state-of-the-art
genetic linkage map with phased parental and progeny haplotypes; (c) use a state-of-the-art method to
search for QTL regions along the genome for relevant traits.

3.2 Final considerations

We were able to detect DNA variants and map them to the densest and informative linkage map
of M. maximus up to date. We also provided phased haplotypes for all individuals in the mapping popu-
lation and detected genomic regions that are significantly associated with the genetic control of important
traits. The present investigation provides new insights into the genomic behavior and evolutionary path-
way of M. maximus, producing more evidence for its evolutionary placement among other relative grasses,
and providing more support to the latest taxonomic classification of the species. Thus, new speculations
can be drawn over the genomic origin and relatedness between M. maximus and other related species,
helping to solve the puzzle on the relationship between the basic chromosomal number and the evolution-
ary pathways between Panicoidae species. The maps can help to assemble the reference genome for the
species, thus encouraging and providing better information for future studies. The detected QTL may
help breeding programs to increase efficiency across selection cycles throughout marker-based selection
strategies for the most relevant traits, and also provide the basis for further investigations that can help
unravel the genetic behavior of quantitaive traits for M. maximus.
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4 FINAL CONSIDERATIONS

The present work presents the software implementation of MAPpoly, the best freely available
tool for constructing integrated genetic linkage maps using multilocus information in autopolyploid species
up to date. We also use it to construct the densest and informative linkage map for the autotetraploid
M. maximus forage crop. The new genetic linkage map provides insights on the species evolutionary
placement and taxonomic classification, as well as knowledge about its genomic behavior and genetic
conformity. We associate the linkage map with phenotypic observations and state-of-the-art methods
to identify QTL regions associated with important traits for the species. The QTL identified in this
study can be used to implement and enhance marker-based selection strategies in M. maximus breeding
programs, thus supporting the increase on the efficiency of selection cycles for the most important traits.
The results of this work can be used in further investigations, such as the assembly of the species genome,
QTL refinement through fine-mapping, QTL-by-environment and gene expression studies.




