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Pastures based on perennial monocotyledonous plants are the principal source of nutrition 
for ruminant livestock in tropical and subtropical areas across the globe. The Urochloa 
genus comprises important species used in pastures, and these mainly include Urochloa 
brizantha, Urochloa decumbens, Urochloa humidicola, and Urochloa ruziziensis. Despite 
their economic relevance, there is an absence of genomic-level information for these 
species, and this lack is mainly due to genomic complexity, including polyploidy, high 
heterozygosity, and genomes with a high repeat content, which hinders advances in 
molecular approaches to genetic improvement. Next-generation sequencing techniques 
have enabled the recent release of reference genomes, genetic linkage maps, and 
transcriptome sequences, and this information helps improve our understanding of the 
genetic architecture and molecular mechanisms involved in relevant traits, such as the 
apomictic reproductive mode. However, more concerted research efforts are still needed 
to characterize germplasm resources and identify molecular markers and genes associated 
with target traits. In addition, the implementation of genomic selection and gene editing 
is needed to reduce the breeding time and expenditure. In this review, we highlight the 
importance and characteristics of the four main species of Urochloa used in pastures and 
discuss the current findings from genetic and genomic studies and research gaps that 
should be addressed in future research.
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INTRODUCTION

Urochloa P. Beauv. comprises important species used as forage in subtropical and tropical 
regions (Renvoize et  al., 1996) and is mainly represented by Urochloa brizantha (Hochst. ex 
A. Rich.) R.D. Webster (syn. Brachiaria brizantha Hochst. ex A. Rich), Urochloa decumbens 
(Stapf) R.D. Webster (syn. Brachiaria decumbens Stapf), Urochloa ruziziensis (R. Germ. & 
Evrard) Crins (syn. Brachiaria ruziziensis R. Germ & Evrard), and Urochloa humidicola (Rendle) 
Morrone & Zuloaga (syn. Brachiaria humidicola Rendle; Torres González and Morton, 2005). 
These four species are the species considered in this review (Figure  1).
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These species are native to East and Central Africa and 
were introduced to tropical America in the 1960s. Due to their 
rusticity, adaptability to areas of low fertility, tolerance to cattle 
trampling, good carrying capacity, and nutritional value, these 
species have become the main tropical forage grasses cultivated 
in the world and currently occupy a prominent position in 
the economic sector related to the seed and beef/milk markets 
(Jank et al., 2014). In addition, these grasses provide a reduction 
in production costs and are the most economical alternative 
in ruminant feeding in Brazil and worldwide (Ribeiro et al., 2016).

Currently, climate change and human population growth are 
increasing the demand for the global production of foods (Montagu, 
2020), including milk and meat. Given this scenario, investment 
in genomic research to develop advanced breeding resources 
and tools is necessary to support the rapid and continuous 
development of improved tropical forage grasses to be  used in 
pastures to feed livestock (Pereira et al., 2018; Simeão et al., 2021).

Compared with other important grasses, such as wheat and 
rice, the genetic and genomic knowledge of Urochloa species 
used in pastures remains restricted. For instance, the application 
of marker-assisted selection (MAS) is still limited in breeding 
programs, and only two sequenced genomes of diploid genotypes 
of U. ruziziensis are currently available (accessed on June 17, 
20211; Pessoa-Filho et  al., 2019; Worthington et  al., 2021). 
Some intrinsic characteristics, including the reproductive mode 
and polyploidy, as well as limited budgets and the relatively 
recent breeding programs directly contribute to this scenario 
(Pereira et  al., 2018). In addition, each species has its own 
characteristics and specific needs, and thus, these different 

1 https://www.ncbi.nlm.nih.gov/assembly/?term=urochloa%20ruziziensis

species require the application of different strategies and methods, 
as well as specialized research teams.

Despite the above-mentioned findings, the advancement of 
genomic technologies, such as large-scale genotyping, efficient 
computational resources, and appropriate statistical methods, 
has allowed a considerable increase in the genomic knowledge 
of Urochloa species as well as other polyploid crops in recent 
years. Fortunately, this knowledge is expected to be  further 
deepened by combining multiomics strategies, including 
phenomics and transcriptomics, with machine learning and 
artificial intelligence approaches (Haas et  al., 2017; Varshney 
et  al., 2021). Consequently, there is great potential for more 
productive cultivars with high nutritional quality, resistance to 
pests, and diseases and tolerance to abiotic stresses to be launched 
more quickly, efficiently, and sustainably in the near future.

In this review, we  summarize the importance and main 
characteristics of tropical forage grasses of the Urochloa genus 
used in pastures, as well the advancement of genomic resources, 
including molecular markers, transcriptome sequences, genome 
references, genomic regions of interest, and the status of 
molecular breeding. Our goal is to share the main information 
with the scientific community and breeders to increase the 
knowledge of the available genetic resources and expose the 
existing gaps that need to be  filled to achieve greater genetic 
gains and increase the efficiency of molecular breeding.

ECONOMIC IMPORTANCE OF TROPICAL 
FORAGE GRASSES

Pastures have a great impact on the world’s economy. The 
livestock sector and associated market chains employ 1.3 billion 
people worldwide and contribute to the livelihoods of 600 
million smallholder farmers (Thornton, 2010). Two (milk and 
beef) of the five agricultural commodities with the highest 
global economic value are directly related to cattle livestock, 
which evidences the high aggregated value of these important 
global assets (Rao et  al., 2015). According to the Food and 
Agriculture Organization of the United Nations (FAO), the gross 
production value (GPV) of cattle meat and milk from whole 
fresh cows was estimated to have exceeded $493 billion in 2018.2

Forage grasslands, which are used to feed livestock, are 
estimated to represent 68% of the total agricultural area, which 
corresponds to one quarter of the global land area (Gordon, 
2018, see footnote 2). Such crops are economically significant 
to all world regions, but tropical forage grasses are mainly grown 
in Africa and South America (Maass et  al., 2015). In 2018, the 
land area under permanent meadows and pastures in Africa 
was estimated to have exceeded 842 Mha, and livestock contributes 
mainly to the livelihoods of small farmers and poor rural families 
(Adnew et al., 2021). In total, African cattle herds are estimated 
to have more than 361 million heads with an annual production 
of more than 6 million tons of meat (2018, see footnote 2).

2 http://www.fao.org/faostat/en/#data

FIGURE 1 | Main Urochloa species most commonly used in tropical 
pastures. (A) Urochloa ruziziensis, (B) U. humidicola cv. Tupi, 
(C) U. decumbens cv. Basilisk, and (D) U. brizantha cv. Piatã. Source of the 
photographs: Embrapa.
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The South American grasslands include Brazil, southern 
Paraguay, northeastern Argentina, and all of Uruguay, and the 
land area under permanent meadows and pasture is estimated 
to be  more than 439 Mha (see footnote 2). Brazil has more 
than 149 Mha of areas that are destined for pastures, and the 
Brazilian cattle herd, which comprises more than 214 million 
heads, is one of the largest commercial cattle herds in the 
world and represents almost 60% of the South American cattle 
herds. In 2019, South America produced 16 million tons of 
beef and exported 96 thousand tons, with an exportation value 
of $338 million (see footnote 2).

Tropical forage seeds also impact the South American 
economy because Brazil is the largest producer, consumer and 
exporter of this product. In this scenario, the seed market of 
tropical forage grasses in Brazil is a business that amounts to 
more than $200 million a year. The legal trade deals with 120 
thousand tons of pure and viable seeds each year, and more 
than 74% of these seeds belong to Urochloa spp. Of this total, 
more than 20% of the seeds are exported, and their main 
destinations are Latin America (particularly Mexico, Colombia, 
and Venezuela), Africa, and Asia (Jank et  al., 2014).

The competitiveness of the South American livestock system 
in both the domestic and international markets consists of 
meat production being based on a pasture system. Compared 
with a confined cattle system, this system requires less investment 
and has a lower maintenance cost, and the system also provides 
comfort and animal welfare and ensures better meat quality 
and increased food security. The international scenario consisting 
of an increased demand for quality meat and the record number 
of health problems in countries that traditionally export this 
product have allowed Brazil to consolidate itself in the 
international market (Jank et  al., 2011).

The human global population currently equals approximately 
7.8 billion and is likely to increase to 9–10 billion in the 
next 30 years, which would consequently require an increase 
in the production of meat, milk, and other livestock products 
(de Oliveira Silva et  al., 2016; Simeão et  al., 2021). However, 
the conversion of land to support livestock occurs at the 
expense of land that is currently used by crops, forests, and 
native vegetation. Additionally, the arable land available for 
food production will decrease to 0.15 ha per person, and 
climate changes during the next 50 years pose a threat to 
the productive efficacy and welfare of livestock across the 
globe (Britt et  al., 2018). This scenario imposes a number 
of challenges on livestock management worldwide: increasing 
productivity, changing soil and pasture management, and 
focusing on improving the productive potential of the areas. 
However, despite the great effort exerted by world research 
institutions toward the release of new forage grass cultivars, 
the number of commercial cultivars available and effectively 
used in pastures remains low (Jank et  al., 2011; Table  1), 
particularly compared with that of other plants of economic 
importance. For example, for coffee (Coffea arabica), which 
is also a polyploid perennial species, 137 cultivars are registered 
with the Brazilian Ministry of Agriculture, Livestock and 
Supply, whereas only 30 cultivars of Urochloa pasture species 
are available (MAPA, 2021).

The current Urochloa spp. breeding programs focus on the 
development of new technologies capable of positively impacting 
livestock in tropical regions, which have lower inputs of resources 
(water, energy, fertilizers, and pesticides). The related efforts 
should include the development of traditional and modern 
breeding techniques, including genomic and phenomic tools, 
to achieve the goals in a timely manner.

SUMMARY OF TAXONOMY AND 
BIOLOGY

Urochloa is a genus with approximately 135 species (Stevens, 
2001) that belong to the family Poaceae, subfamily Panicoideae, 

TABLE 1 | Commercially available Urochloa cultivars in the world.

Cultivar Species Release year Institution

Kennedy U. ruziziensis 1966 QHPLC
Marandu U. brizantha 1984 Embrapa
La Libertad (MG-4) U. brizantha 1987 ICA
Basilisk U. decumbens 1996 CSIR (now CSIRO)
Mulato I Hybrid of 

U. ruziziensis and 
U. brizantha

2000 CIAT

Xaraés U. brizantha 2003 Embrapa
Mulato II Hybrid of 

U. ruziziensis, 
U. brizantha and 
U. decumbens

2005 CIAT

BRS Piatã U. brizantha 2006 Embrapa
BRS Tupi U. humidicola 2009 Embrapa
BRS Paiaguás U. brizantha 2013 Embrapa
Mixe Drwn 12 Hybrid of 

U. ruziziensis and 
U. brizantha

2013 Bramixe, S.A. de 
C.v

Mixe LN 45 Hybrid of 
U. ruziziensis and 
U. brizantha

2013 Bramixe, S.A. de 
C.v

Braúna MG 13 U. brizantha 2014 Comércio e 
Indústria Matsuda 
Importadora e 
Exportadora LTDA

BRS RB331 
Ipyporã

Hybrid of 
U. ruziziensis and 
U. brizantha

2017 Embrapa

BRS Ybaté U. brizantha 2020 Embrapa
BRS Integra U. ruziziensis 2020 Embrapa
Cayana Hybrid of 

U. ruziziensis and 
U. brizantha

2020 Barenbrug do 
Brasil Sementes 
LTDA

Convert 330 Hybrid of 
U. ruziziensis and 
U. brizantha

2021 Barenbrug do 
Brasil Sementes 
LTDA

BARG156 780 J Hybrid of 
U. ruziziensis and 
U. brizantha

2021 Barenbrug do 
Brasil Sementes 
LTDA

Source: Embrapa and MAPA. CIAT, International Center for Tropical Agriculture; CSIR, 
Council for Scientific and Industrial Research, now CSIRO; CSIRO, Commonwealth 
Scientific and Industrial Research Organization; Embrapa, Brazilian Agricultural 
Research Corporation; ICA, Institute of Agricultural Sciences at the Federal University of 
Minas Gerais; MAPA, Brazilian Ministry of Agriculture, Livestock and Supply; QHPLC, 
Queensland Herbage Plant Liaison Committee.
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Paniceae tribe, and subtribe Melinidinae (Salariato et al., 2010). 
Among the species that comprise this genus, some stand out 
for their agronomic and economic value and are used as 
pastures in tropical countries: Urochloa brizantha, U. decumbens, 
U. ruziziensis, and U. humidicola. Of these, U. brizantha, which 
grows in approximately 50 million hectares in Brazil, is the 
most commonly used forage grass in tropical pastures (Jank 
et  al., 2014).

The taxonomic aspects of Urochloa forage grasses are full 
of complications and ambiguities due the morphological 
characteristics adopted as a diagnosis of the genus. Initially, 
Trinius (1826) considered these species to belong to a section 
of the Panicum genus, but at that time, the species were 
described as belonging to the genus Brachiaria due to its 
racemose primary branches (Grisebach, 1853). Later, Renvoize 
et  al. (1996) classified the Brachiaria genus into nine groups 
based on the inflorescence and panicle morphology, and the 
most common commercial species were assigned to two 
taxonomic groups: Group  5, which consisted of B. brizantha, 
B. ruziziensis, and B. decumbens, and Group 6, which consisted 
of B. humidicola and B. dictyoneura.

The most important morphological characteristics considered 
to separate Brachiaria from other genera were the adaxial 
orientation of the spikelet and the racemose primary branches 
(Torres González and Morton, 2005). However, the weakness 
of the characteristics used to separate Brachiaria from Urochloa 
was discussed (Webster, 1987, 1988; Morrone and Zuloaga, 
1992, 1993; Ashalatha and Nair, 1993; Veldkamp, 1996), and 
the Brachiaria genus was restricted to species with disarticulation 
at the base of the upper anthecium and having a smooth and 
shiny muticous upper anthecium. Consequently, most species 
of the Brachiaria genus were reclassified as belonging to the 
Urochloa genus (e.g., Webster, 1988; Morrone and Zuloaga, 
1992, 1993; Veldkamp, 1996; Veldkamp, 2004; Torres González 
and Morton, 2005). In this review, we  refer to these species 
as belonging to the Urochloa genus.

Urochloa forage grasses are perennial monocotyledonous 
plants originally from Africa that are propagated both vegetatively 
and from seeds (Hopkinson et  al., 1996). Due to genetic 
plasticity, these plants are able to adapt to various soil and 
climate conditions and thus grow in a wide variety of habitats, 
ranging from swamps to light forest shades and semideserts, 
but mostly in savannas. These species have a high capacity 
for regrowth and high persistence in conditions of intense or 
frequent grazing. This capacity is directly related to the fact 
that these plants develop under strong pressure from the 
trampling of large animals, which are common in African 
savannas. In addition, tropical forage grasses show high rates 
of growth and biomass production due to the C4 photosynthetic 
pathway, which involves several biochemical and anatomical 
adjustments to accumulate additional CO2 compared with C3 
photosynthesis (Batistoti et  al., 2012).

Each commercial species has different strengths and 
weaknesses that need to be  addressed through plant breeding. 
For example, U. decumbens was the first large-scale Urochloa 
cultivar planted in Brazil due to its excellent adaptation to 
acidic and nutrient-poor soils but is highly susceptible to 

spittlebugs attack such as Notozulia entreriana (Berg, 1879) 
(Valério and Nakano, 1987, 1988, 1989; Holmann and Peck, 
2002). Currently, U. brizantha is the most representative of 
the cultivated pasture species in Brazil due to its greater resistance 
to spittlebugs (Jank et  al., 2014), but its main disadvantage is 
its low tolerance to poorly drained soils. U. humidicola is 
resistant to poorly drained soils but has low nutritional value 
and low seed production and is susceptible to rust infection. 
Moreover, U. ruziziensis has the best nutritional value; however, 
this species is susceptible to spittlebug and does not adapt to 
acidic soils or tolerate long dry periods (Rao et  al., 1996). 
More details of each species are shown in Table  2.

In addition, the above-mentioned species present some 
biological challenges that need to be  better understood, and 
these include variable chromosomal behavior, different modes 
of inheritance (disomic, polysomic or a mixture of both as 
in segmental allopolyploids), highly heterozygous and high-
repeat-content genomes, and variable levels of ploidy and 
reproductive modes (apomictic and sexual) within the same 
species. Breeding programs depend on this knowledge to perform 
intra- and interspecific crosses that generate fertile hybrids 
with the aim of releasing new cultivars. These aspects are 
covered in more detail in the following sections.

GERMPLASM RESOURCES

A germplasm bank is a living collection of the entire genetic 
heritage of a species. This collection aims to preserve the 
genetic variability of important crops and offers opportunities 
for research that characterize phenotypic and genetic variations 
(Migicovsky et  al., 2019). Thus, the availability of and access 
to the germplasm resources of Urochloa spp. are vital for the 
development of new cultivars with superior agronomic and 
nutritional qualities, improved adaptation to environments, and 
greater resistance to pests and pathogens.

Throughout the world, seven important Urochloa germplasm 
collections are maintained in the field, mainly due to the 
difficulty in preserving the materials from the seeds. These 
collections constitute a huge gene pool, accounting for 987 
accessions of 33 described species, and are located at the 
International Center for Tropical Agriculture – CIAT (601 
accessions; Triviño et  al., 2017), International Livestock Centre 
for Africa – ILCA (520 accessions; Keller-Grein et  al., 1996), 
Brazilian Agricultural Research Corporation – Embrapa (455 
accessions; Valle et al., 2008), Australian Tropical Forage Genetic 
Resource Center – ATFGRC/CSIRO (177 accessions), 
United States Department of Agriculture - USDA (90 accessions), 
National Genebank of Kenya – GBK (51 accessions), and 
Roodeplaat Pasteur Institute/African Research Council – RGI/
ARC (39 accessions; Keller-Grein et  al., 1996).

One of the largest germplasm banks is located at Embrapa 
Beef Cattle, Brazil, and is composed of 14 African species of 
Urochloa imported from the International Center for Tropical 
Agriculture (CIAT) in Cali, Colombia (Keller-Grein et al., 1996). 
These species of Urochloa include the four main species with 
the greatest agronomic value for use in pastures: U. brizantha 
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(226 accessions), U. decumbens (52 accessions), U. humidicola 
(58 accessions), and U. ruziziensis (25 accessions).

The Embrapa collection has been evaluated in terms of 
morphological and agronomic characteristics, reproductive mode 
(apomictic or sexual), cytogenetics, and genetic diversity, this 
one mainly involving the use of molecular markers. (e.g., Valle 
and Savidan, 1996; Mendes-Bonato et  al., 2002a,b; Boldrini 
et  al., 2006; Risso-Pascotto et  al., 2006;Nielen et  al., 2009; 
Ambiel et  al., 2010; Jungmann et  al., 2010; Azevedo et  al., 
2011; Boldrini et  al., 2011a; Vigna et  al., 2011a; Garcia et  al., 
2013; Pessoa-Filho et  al., 2015; Santos et  al., 2015a; de Paula 
et  al., 2017; Souza et  al., 2018; Corrêa et  al., 2020; Moraes et 
al., 2021). Based on morphological and agronomic traits, U. 
brizantha exhibited the greatest variation, which reflects the 
larger number of accessions and the greater inherent genetic 
variability. However, the characterization of morphological 
variability is limited due to the difficulty in characterizing 
some phenotypes as well as the phenotypic plasticity found 
in polyploids and species that form an agamic complex, such 
as Urochloa grasses. According to Bayer (1987), an agamic 
complex is represented by a group of species that includes 
sexual diploids and polyploids among facultative or obligate 
apomicts, which are largely the result of various hybridizations 
among sexual diploid and polyploid members.

Most of the accessions in the Embrapa collection are polyploid 
and apomictic with the exception of U. ruziziensis, which only 
includes diploid and sexual accessions (Valle and Savidan, 
1996). Swenne et  al. (1981) used colchicine to create sexual 

tetraploid U. ruziziensis genotypes that are important in 
interspecific crosses with tetraploid apomictic accessions of U. 
decumbens and U. brizantha. These tetraploidized genotypes 
became part of the basis of the breeding program at Embrapa 
and allowed release of the first commercial interspecific hybrid 
of Urochloa spp., which is known as BRS Ipyporã (U. ruziziensis 
x U. brizantha; Table  1). Additionally, through the use of 
colchicine, diploid sexual accessions of U. decumbens from the 
Embrapa collection have been duplicated (Simioni and Valle, 
2009) and used in crossings within the species itself and with 
U. brizantha (Monteiro et  al., 2016).

Cytogenetic characterization studies with this Urochloa 
collection started in 1998 at State University of Maringa. 
Cytogenetic analyses, such as the evaluation of chromosomal 
behavior in all phases of meiosis and counting the number 
of chromosomes, have already been performed with accessions 
of U. brizantha (Mendes-Bonato et  al., 2002a; Risso-Pascotto 
et  al., 2003a; Pagliarini et  al., 2012), U. decumbens (Risso-
Pascotto et  al., 2002; Mendes-Bonato et  al., 2002b; Junqueira-
Filho et  al., 2003; Ricci et  al., 2010, 2011), U. ruziziensis 
(Risso-Pascotto et al., 2003b, 2005), and U. humidicola (Boldrini 
et  al., 2006; Adamowski et  al., 2007; Boldrini et  al., 2011a,b), 
among other species. Cytogenetic analyses have also been 
performed with interspecific hybrids (Risso-Pascotto et  al., 
2004a,b; Mendes-Bonato et  al., 2006, 2007; Adamowski et  al., 
2008; Felismino et  al., 2010, 2012; Fuzinatto et  al., 2012, 2017; 
da Rocha et  al., 2019; de Campos Moraes et  al., 2019) as well 
as intraspecific hybrids of U. decumbens (Souza, 2013). These 

TABLE 2 | General characteristics of the main species of Urochloa used in pastures.

U. brizantha U. decumbens U. humidicola U. ruziziensis

Common name Bread grass/Palisade grass Signal grass Koronivia grass Congo grass/Ruzi grass
Natural Distribution Tropical Africa Central and East Africa East and South-East Africa East of the Democratic Republic 

of the Congo; Rwanda and 
Burundi

Chromosome number and 
ploidy level

2n = 4x = 36 2n = 4x = 36 2n = 6x, 7x or 9x = 36 to 54 2n = 2x = 18

Genome Size (Gpb) 1.4 1.6 1.9 0.6
Predominant reproductive 
system

Facultative apomixis Facultative apomixis Facultative apomixis Sexual

General morphology Rachis narrow, crescentic; 
spikelets borne in a single row; 
glumes and lower lemma with 
cartilaginous texture; erect, 
tufted growth habit and longer 
leaf blades; inflorescences with 
2 to 12 racemes; height in the 
range of 1.5 to 2.5 m.

Rachis ribbon-like; upper 
lemma nipped at the tip; 
spikelets borne in two rows; 
glumes and lower lemma with 
membranous texture; 
decumbent growth habitat and 
with lanceolate leaf blades; 
height in the range of 0.6 to 
1 m.

Rachis very narrow, almost 
triquetrous; upper lemma 
nipped at the tip; stoloniferous 
growth habit; wiry culms, and 
three racemes in the 
inflorescence; height up to 1 m.

Rachis broadly winged; upper 
lemma striate; spikelets borne in 
two rows; glumes and lower 
lemma with a membranous 
texture; decumbent habitat with 
lanceolate leaf blades; 
inflorescences with 3 to 6 
racemes.

Positive attributes High productivity; tolerance to 
spittlebugs; drought resistance; 
good quality forage; ability to 
grow in shade.

Good performance under 
shade; high productivity under 
intense use; tolerance to 
aluminum; low fertility; good 
forage quality.

Adaptation to low-fertility and 
flood soils; some spittlebug 
resistance; strongly 
stoloniferous habit with ability 
to root at stolon nodes.

Fast growth early in the wet 
season; high seed production 
potential; good quality forage; 
ease of establishment.

Negative attributes Need for moderately fertile 
soils; low adaptation to poorly 
drained soils; susceptibility to 
foliar blight.

Susceptibility to spittlebug and 
foliar blight; toxin production 
(sporidesmin); low adaptation 
to poorly drained soils.

Low seed production at low 
altitudes; low dry matter 
digestibility; susceptibility to 
rust infection.

Low competitiveness with weeds; 
susceptible to spittlebug and 
foliar blight; need for well-drained 
fertile soils.

The data are based on the information provided by Rao et al. (1996), Renvoize et al. (1996) and Simeão et al. (2021).
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cytogenetic studies are essential to selection of the best and 
most cytogenetically stable parents and hybrids in the direction 
of crosses (Simeão et  al., 2021). As an example, Pagliarini 
et  al. (2012) cytologically evaluated microsporogenesis in 46 
accessions of U. brizantha from Embrapa Beef Cattle germplasm 
and found high percentage of meiotic abnormalities among 
accessions (ranging from 0.36 to 95.76%), which may affect 
pollen viability through generation of unbalanced gametes. 
Thus, the findings allowed selecting suitable genotypes as pollen 
donors for intra and interspecific crosses.

A part of the collection covering these five species has 
not yet been characterized by molecular markers, and this 
analysis is extremely necessary not only for obtaining knowledge 
of the genetic resources available but also for the development 
of core collections that represent, with a limited set of 
accessions, the diversity of the entire germplasm of Urochloa 
spp. (Frankel, 1984). Thus, rare alleles can be explored through 
genotypic combinations for both new intraspecific and 
interspecific crosses with the aim of developing heterotic 
cultivars for traits of interest in a more optimized manner 
via breeding programs.

In addition, the large-scale phenotyping of the core collection 
for different characteristics and the development of specific 

subsets for traits, such as spittlebug resistance and drought 
and heat tolerance, represents a singular opportunity to identify 
new alleles and develop new cultivars for breeding the next 
generation of Urochloa pastures.

GENOMIC TOOLS AND RESOURCES

The molecular knowledge and the availability of genomic 
resources of Urochloa species used in pastures have only started 
to increase in the last decade. In this topic, we  present the 
main studies and knowledge obtained about the four commercials 
Urochloa spp., using molecular and genomic tools. Briefly, 
we  also expose some needs and perspectives for advancing 
genomic improvement in Urochloa spp.

Genetic Diversity Assessed by Molecular 
Markers
The evaluation and characterization of the available genetic 
diversity between and within species are extremely important 
for conservation and genetic breeding. Data on the genetic 
diversity and population structure of Urochloa spp. obtained 
using molecular markers were reported just over 10 years ago 
(Table  3). The first studies were performed using random 
amplified polymorphic DNA (RAPD) markers (Chiari et  al., 
2008; Ambiel et  al., 2010) and generated the first information 
about the genetic diversity present in Urochloa species at the 
molecular level.

Shortly thereafter, other Urochloa studies began to be developed 
using another type of marker known as microsatellites or simple 
sequence repeats (SSRs; Tables 3, 4), which stand out for being 
multiallelic and more abundant in plant genomes than RAPD 
markers. SSRs are also more informative because they are 
codominant but need to be  evaluated as dominant markers in 
Urochloa genotypes, as these species are predominantly polyploids. 
In this case, each band or allele of an SSR primer is considered 
a separate dominant marker, like in RAPD genotyping. Jungmann 
et  al. (2010) used SSR markers to analyze the genetic diversity 
and population structure of 58 germplasm accessions and two 
cultivars of U. humidicola from Embrapa Beef Cattle. The accessions 
were highly structured into four major groups, and the coefficients 
of dissimilarity ranged from 0.02 to 0.89 considering all genotypes. 
The study observed that the phenotypic divergence of the only 
sexual accession of U. humidicola (H031) reflects a high genetic 
divergence because it comprises a mixture of distinct allelic pools 

TABLE 3 | Main studies of the genetic diversity of Urochloa spp. using molecular 
markers.

Species
Molecular 
markers

N° of markers References

Urochloa spp. ISSR/RAPD/SSR 279* Chiari et al. (2008); 
Ambiel et al. (2010); 
Almeida et al. (2011); 
Garcia et al. (2013); 
Nitthaisong et al. 
(2016); Ondabu et al. 
(2017); Triviño et al. 
(2017); Kuwi et al. 
(2018); Namazzi 
et al. (2020)

U. humidicola SSR 27 Jungmann et al. (2010)
U. brizantha SSR/ISSR 48* Vigna et al. (2011a); 

Braga et al. (2017); 
Tegegn et al. (2019)

U. ruziziensis SSR/ISSR 27* Azevedo et al. 
(2011); Pessoa-Filho 
et al. (2015)

*Sum of the number of markers in all cited studies.

TABLE 4 | Microsatellite markers developed for Urochloa species.

Species N° of polymorphic SSR markers developed Transferability to other species References

U. brizantha 28* Yes Jungmann et al. (2009a); Vigna et al. (2011a)
U. decumbens 116* Yes Ferreira et al. (2016); Souza et al. (2018)
U. ruziziensis 198 Yes Silva et al. (2013);
U. humidicola 145* Yes Jungmann et al. (2009b); Santos et al. 

(2015a); Vigna et al. (2016a)

*Sum of the number of markers in all cited studies.
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not shared with most accessions (Jungmann et  al., 2010). This 
considerable divergence between H031 and the other accessions 
of U. humidicola has also been observed in later studies and 
suggests a hybrid origin (Santos et al., 2015a; Vigna et al., 2016a).

The genetic diversity and population structure of 172 
germplasm accessions and six cultivars of U. brizantha were 
also evaluated using microsatellite markers (Vigna et al., 2011a). 
As a result, the genetic similarity among all genotypes ranged 
from 0.40 to 1.00, and two duplicates were found in the 
germplasm. Structural analyses have suggested germplasm 
separation into three clusters with significant differentiation 
among the various clusters (Vigna et al., 2011a). For U. ruziziensis, 
a study was developed to estimate the molecular diversity 
among 93 genotypes of Embrapa’s collection using inter-simple 
sequence repeat (ISSR) markers. The genetic similarity ranged 
from 0.0 to 0.95, revealing clones and highly divergent genotypes 
(Azevedo et  al., 2011). Recently, the genetic diversity and 
population structure of 112 Ethiopian U. brizantha accessions 
(International Livestock Research Institute Forage Field 
Genebank) collected in nine different regions of Ethiopia and 
six Urochloa cultivars were analyzed using 23 SSR markers. 
The structural analysis revealed three clusters with distinct 
gene pools and significant variation among them. This study 
established a core collection of Ethiopian U. brizantha accessions 
consisting of 39 accessions (Tegegn et  al., 2019).

The above-mentioned studies were performed within a single 
species of Urochloa genus, but studies of genetic diversity were 
also performed with more than one species. Using RAPD markers, 
Chiari et al. (2008) assessed the genetic diversity of four Urochloa 
spp. and found a genetic similarity ranging from 0.49 to 0.87 
considering all genotypes analyzed. The greatest genetic 
dissimilarity was detected among genotypes of U. ruziziensis 
(0.73 to 0.83). In addition, the analysis showed that U. brizantha, 
U. decumbens, and U. ruziziensis were genetically closer to each 
other than to U. humidicola. This finding has also been observed 
in later studies using SSR markers (Jungmann et  al., 2009a; 
Silva et  al., 2013; Santos et  al., 2015a; Ferreira et  al., 2016; 
Triviño et al., 2017; Pessoa-Filho et al., 2017; Souza et al., 2018).

Nitthaisong et  al. (2016) assessed the genetic diversity of 
11 Urochloa species using 10 ISSR markers and found high 
polymorphism between the genotypes. The genotypes were 
grouped into three clusters: one cluster comprised the majority 
of polyploid plants (apomictic), and the other two clusters 
were mainly formed of diploid plants (sexual). U. decumbens, 
U. brizantha, U. humidicola, and U. dictyoneura were grouped 
into a separated cluster of U. ruziziensis. Using microsatellite 
markers to assess the genetic diversity among Kenyan Urochloa 
spp., Ondabu et  al. (2017) found an average diversity of 0.623, 
with a range of 0.317 to 0.802. Triviño et  al. (2017) also used 
SSR markers to analyze genotypes of Urochloa spp., which 
mainly originated from the CIAT germplasm, at the molecular 
level. In this study, the genotypes were distributed in four 
clusters, and one cluster was composed of most genotypes of 
U. decumbens and U. ruziziensis, as supported by morphological 
similarities between the two species (Renvoize et  al., 1996). 
In addition, greater genetic variance was observed within the 
taxonomic groups (57%) than between groups (43%).

Urochloa genotypes from Tanzania were also evaluated in 
terms of their genetic diversity and population structure using 
SSR markers, and high genetic variation was found between 
the Urochloa genotypes. The population of U. brizantha showed 
the highest level of genetic diversity. All genotypes were divided 
into three main groups, and the genetic variation was greater 
within populations than among populations (Kuwi et al., 2018).

A national collection of Urochloa ecotypes from Uganda, 
possibly represented by different species, was evaluated using 
24 SSR markers (Namazzi et  al., 2020). These markers had a 
high discriminating ability with an average polymorphism 
information content (PIC) of 0.89 and detected 584 alleles in 
99 ecotypes. A structural analysis showed the presence of three 
distinct gene pools in the Ugandan Urochloa ecotypes, in 
agreement with previous studies performed in Brazil, Tanzania 
and Ethiopia (Vigna et  al., 2011a; Kuwi et  al., 2018; Tegegn 
et  al., 2019).

These studies revealed significant genetic diversity between 
and within the main Urochloa species, and this finding has 
also been observed phenotypically. Hundreds of SSR markers 
are available specifically for Urochloa species, and many of 
these markers are transferable to different species (Jungmann 
et  al., 2009a,b; Vigna et  al., 2011b; Silva et  al., 2013; Santos 
et  al., 2015a; Ferreira et  al., 2016; Souza et  al., 2018; Table  4). 
Therefore, further studies must be carried out with the available 
molecular markers, mainly involving characterization of the 
entire germplasms. For instance, the molecular characterization 
of U. decumbens germplasm accessions still needs to 
be  performed. In addition, molecular studies to characterize 
the diversity and genetic structure of Urochloa spp. germplasm 
and hybrids can be  performed rapidly and effectively using 
the latest genotyping technologies, including genotyping-by-
sequencing (GBS).

Molecular Phylogenetics
The grass family (Poaceae) comprises subfamilies that are 
divided into two large clades: the BOP (Bambusoideae, 
Oryzoideae, and Pooideae) clade and the PACMAD (Panicoideae, 
Aristidoideae, Chloridoideae, Micrairoideae, Arundinoideae, 
Danthonioideae) clade (Kellogg, 2015, Soreng et  al., 2015, 
Soreng et al., 2017, Saarela et al., 2017). The subfamily Panicoideae 
(approximately 3,500 species in 12 tribes; Bhatt and Thaker, 
2021) forms a monophyletic group that includes, in addition 
to Urochloa, other important economic species, such as maize 
(Zea mays), sugarcane (Saccharum officinarum) and sorghum 
(Sorghum bicolor; Hodkinson, 2018). This monophyly has been 
supported by several molecular phylogenetic studies (Vicentini 
et al., 2008; Sánchez-Ken and Clark, 2010), including chloroplast 
and nuclear gene analyses, that aimed to establish a robust 
phylogenetic framework for unraveling the evolution of this 
ecologically and economically important subfamily (Kellogg, 
1988; Soreng and Davis, 1998; Bhatt and Thaker, 2021).

Giussani et  al. (2001) analyzed the molecular phylogeny of 
the subfamily Panicoideae using sequencing data from the 
chloroplast gene ndhF. Based on this study, the species were 
divided into three strongly supported clades, and species of 
the Urochloa genus were included in the Paniceae clade (base 
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chromosome number of x = 9) together with the Setaria species 
and most of the Panicum and Pennisetum species. This study 
showed that Urochloa, Setaria, and Pennisetum are paraphyletic 
genera. Additionally, in Panicea, Kellogg (2015) placed 
Megathyrsus in Urochloa, and Washburn et  al. (2015) found 
that the Urochloa and Digitaria genera are paraphyletic.

Urochloa belongs to the Melinidinae subtribe, which is 
monophyletic (Giussani et  al., 2001; Vicentini et  al., 2008; 
Salariato et  al., 2010). A chloroplast phylogenetic study of this 
subtribe discussed the paraphyly of Urochloa (Salariato et  al., 
2009). In addition, a molecular phylogenetic tree found two 
major clades comprising species of the Melinidinae subtribe, 
and all Urochloa species were placed in clade II with some 
species of Eriochloa as well as Chaetium, Megathyrsus and 
Scutachne (Salariato et  al., 2010).

Recently, genomic datasets (particularly plastomes) have been 
evaluated to investigate the evolutionary relationships in several 
grass subfamilies, including Panicoideae (Jones et  al., 2014; 
Cotton et  al., 2015; Burke et  al., 2016; Saarela et  al., 2018; 
Duvall et  al., 2019; Orton et  al., 2021), and have contributed 
to greater resolution of and support for relationships within 
and among grass subfamilies (Saarela et  al., 2018). Based on 
transcriptome-based phylogenetic inference, Washburn et  al. 
(2017) revealed a Paniceae nuclear species tree in which the 
Anthephorinae subtribe is a direct sister to the MPC clade 
(subtribes Melinidinae, Panicinae, and Cenchrinae), corroborating 
the findings reported by Vicentini et  al. (2008). In this 
phylogenetic tree, U. brizantha was placed together with U. 
plantaginea, and both in the same clade that U. fusca and 
Megathyrsus maximus, another important tropical forage grass 
used in pastures.

The phylogenetic studies conducted specifically with Urochloa 
remain limited. Torres González and Morton (2005) analyzed 
22 genotypes of different species of the Brachiaria and Urochloa 
genera using ribosomal internal transcribed spacer (ITS) 
sequences as the molecular dataset and eight morphological 
spikelet characters (out of 17) used by the informal grouping 
reported by Renvoize et  al. (1996). The main objective was 
to analyze the phylogenetic relationships of these genera. 
These researchers observed that B. humidicola and B. dictyoneura 
were grouped in the same clade, whereas B. ruziziensis and 
B. brizantha were placed together in a different clade than 
B. decumbens. No relationship was detected between 
morphological traits and molecular results. In addition, the 
authors classified Brachiaria as a monophyletic complex within 
the genus Urochloa.

Using chloroplast DNA (cpDNA), Salariato et  al. (2009) 
found that U. decumbens and U. brizantha were closely related 
and separate from U. humidicola and U. dictyoneura. Similarly, 
U. ruziziensis, U. brizantha, and U. decumbens were included 
in a strongly supported clade separate from U. humidicola, 
corroborating the results from other molecular studies. Therefore, 
these results were different from those found by Torres González 
and Morton (2005), who included U. decumbens in another 
group based on molecular and morphological data.

Pessoa-Filho et  al. (2017) evaluated the phylogenetic 
divergence between Urochloa species based on complete 

chloroplast genomes and observed that most of the 
polymorphisms between the species were located in intergenic 
regions, reflecting their phylogenetic distances. The phylogenetic 
analysis of this study yielded well-supported clades, and the 
results corroborated the findings reported by Salariato et  al. 
(2009, 2010): U. humidicola is a sister taxon of the U. ruziziensis, 
U. brizantha, and U. decumbens clades. Also, U. decumbens 
and U. brizantha chloroplast sequences were highly similar 
and the phylogenetic tree showed that these species are 
phylogenetically closer to each other compared to U. ruziziensis 
and U. humidicola. The above-mentioned study is the only 
analysis of complete chloroplast genome sequences of Urochloa 
species and generated data useful for genetic analysis.

Future phylogenetic studies with Urochloa species need to 
include more samples of each species and with different ploidies 
to provide better representation and thereby improve the 
understanding of the phylogenetic relationships between these 
species. With advances in genomics, new tools and resources 
are available to fill the gaps in the phylogenetic characterization 
of the Urochloa genus, including next-generation sequencing 
(NGS) data and bioinformatics methods. This advance has 
transformed molecular phylogenetics into phylogenomics 
(Mardis, 2011; Young and Gillung, 2019). As an example, GBS 
and RADseq (restriction site-associated DNA sequencing) are 
being used for phylogenomics analyses of important plant 
species (Girma et  al., 2018; Blanco-Pastor et  al., 2019), and 
RNA sequencing (RNA-Seq) is being used for the development 
of phylogenetic markers, including SSR and targeted enrichment 
(Vatanparast et  al., 2018; Liu et  al., 2021).

Cytogenetics
The field of cytogenetics addresses chromosomes and their 
inheritance, including their function, movement, numbers and 
structure. In addition, this field includes modifying the structure 
and behavior of chromosomes in relation to processes such 
as the recombination, transmission and expression of genes 
(Singh, 1993).

Urochloa species have various ploidy levels, ranging from 
diploid to nonaploid (Table 2), and this variation is characterized 
by a predominance of polyploidy, particularly tetraploidy (Valle 
and Pagliarini, 2009). The basic number of chromosomes was 
established by Darlington and Wylie (1955) as x = 7 or x = 9, 
with a predominance of the latter (Bernini and Marin-Morales, 
2001; Valle and Pagliarini, 2009). However, cytological studies 
performed with U. dictyoneura and U. humidicola showed 
evidence for x = 6 as the base chromosome number for these 
species because of the presence of hexavalents in accessions 
with 2n = 36 and 2n = 42 chromosomes and octa- and nonavalents 
in accessions with 2n = 54 chromosomes (Risso-Pascotto et  al., 
2006; Boldrini et  al., 2009).

Regarding the chromosome number, the highest value 
(2n = 90) was reported in U. bovonei (Spies and Du Plessis, 
1986). For U. brizantha, U. decumbens, and U. humidicola, 
some studies have described plants with different numbers 
of chromosomes depending on the level of ploidy (Basappa 
et  al., 1987; Bernini and Marin-Morales, 2001; Valle and 
Pagliarini, 2009; Jungmann et  al., 2010). For U. ruziziensis, 
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a diploid species, cytogenetic descriptions have shown 
2n = 2x = 18 chromosomes (Bernini and Marin-Morales, 2001), 
whereas artificially induced tetraploid plants have 2n = 36 
chromosomes (Timbó et  al., 2014a).

Duplication of the chromosome number using colchicine 
was achieved for the first time in genotypes of U. ruziziensis 
(Gobbe et  al., 1981; Swenne et  al., 1981), later in diploid 
accessions of U. brizantha (Pinheiro et  al., 2000) and U. 
decumbens (Simioni and Valle, 2009) and again in U. ruziziensis 
(Ishigaki et  al., 2009; Timbó et  al., 2014b). Artificial tetraploid 
plants have been important for the realization of inter- and 
intracrosses in breeding programs and thus allow exploration 
of the genetic variability maintained by apomixis (Felismino 
et  al., 2010).

Chromosome research, particularly meiotic analysis, has been 
performed with Urochloa species and hybrids (Mendes-Bonato 
et  al., 2002a,b, 2006, 2007; Risso-Pascotto et  al., 2002, 2003a,b, 
2004a,b, 2005; Junqueira-Filho et al., 2003; Boldrini et al., 2006, 
2009, 2011a,b; Adamowski et  al., 2007, 2008; Felismino et  al., 
2010, 2012; Ricci et  al., 2010, 2011; Fuzinatto et  al., 2012, 
2017; Pagliarini et  al., 2012; Souza, 2013). These studies have 
revealed several abnormalities typical of allopolyploids and 
segmental allopolyploids, such as asynchronous chromosome 
segregation, intragenomic pairing, and the presence of 
multivalents and micronuclei. More recently, de Paula et  al. 
(2017) confirmed the allopolyploidy of U. decumbens 4x and 
U. brizantha 4x and Corrêa et  al. (2020) observed that the 
diploid genotypes of these species are potential ancestors of 
allotetraploids. Both studies were performed via genomic in 
situ hybridization (GISH).

Karyotypes of Urochloa species were constructed by Bernini 
and Marin-Morales (2001), who were the first to describe 
the variations in the relative chromosome length and satellite 
position among accessions of Urochloa. These differences may 
be  indicative of the coexistence of different genomes or 
chromosomal rearrangements in the species. Akiyama et  al. 
(2010) reported differences in the number and morphology 
of ribosomal DNA (rDNA) sites in the accessions of U. 
brizantha, U. ruziziensis, U. humidicola, and the Urochloa 
hybrid Basappa & Muniy. cultivar Mulato (originated from 
the crossing between U. decumbens and U. ruziziensis). More 
recently, Moraes et  al. (2021) characterized the karyotype of 
a pentaploid cytotype of U. brizantha by the mapping of 
rDNA sites and nuclear DNA content analysis. The karyotype 
organization that has been observed suggests an allopolyploid 
origin for U. brizantha, corroborating the results from a study 
of the physical mapping of rDNA genes in this species (Nielen 
et  al., 2009). In another study, the occurrence, mapping, and 
distribution of gypsy retrotransposons in U. decumbens, U. 
brizantha, U. ruziziensis and U. humidicola showed that mobile 
elements, in addition to the chromosome number variation, 
contributed to karyotype evolution (Santos et  al., 2015b; 
Worthington et  al., 2021).

Although cytogenetic studies of the Urochloa genus are in 
progress, there remain many gaps to be  filled. For example, 
the cytogenetic map of the genus is still incomplete, mainly 
due to the small size and morphological similarity of 

chromosomes (Nani et  al., 2018). Again, the “era of omics” 
and computational advances can influence and expand the 
cytogenetics-related knowledge of Urochloa spp. For instance, 
oligo- and CRISPR-FISH have been used to improve our 
understanding of the karyotype and chromosomal variation 
and evolution in important crops, including polyploid species 
(Braz et al., 2017; Liu et al., 2019; Li et al., 2020). Chromosome-
scale assembly based on single-chromosome optical mapping 
is also a recently developed approach for analyzing structural 
variations in large regions (Deschamps et  al., 2018) that can 
provide important insights into genetic variation and for guiding 
genome assemblies (Leinonen and Salmela, 2020).

Genetic Mapping and Quantitative Trait 
Locus Detection
Genetic maps are models that describe the distances and relative 
positions of a group of genes or markers along the chromosomes 
of a given species. These maps estimate the recombination 
frequencies, and this estimation provides information about 
the inheritance of loci that control characteristics of interest 
(Bourke et  al., 2018a). For cases in which the genome has 
not yet been fully sequenced, as is the case for most species 
of the genus Urochloa spp., genetic maps are valuable tools 
for understanding the genetic and genomic organization of 
species (Aitken et al., 2014). Even for species with a sequenced 
genome, searching for QTLs remains a strategy for maintaining 
a relationship between the phenotype and the genotype (Lewin 
et al., 2009). For example, a QTL found in a biparental population 
identifies genomic regions for which the parents are polymorphic 
and whose variation can be associated with phenotypic variation, 
which suggests a link between the genes and the trait in 
question (Thérèse Navarro et  al., 2020).

In the case of polyploid species, as are most of the species 
of the genus Urochloa spp., the challenge in the construction 
of genetic maps is greater than that found with diploid species 
due to a greater number of allele combinations and the markedly 
higher number of possible genotypes in a segregating progeny 
(Bourke et  al., 2018a; Mollinari and Garcia, 2019; Mollinari 
et  al., 2020). In addition, the type of polyploidy is often not 
well defined (autopolyploid or segmental allopolyploid), which 
makes it difficult to determine the expected patterns of segregation 
assumed during the construction of a genetic map (Bourke 
et  al., 2018a,b). These and other reasons, such as self-
incompatibility and high levels of heterozygosity, explain the 
difficulty in building high-resolution genetic maps for Urochloa 
spp. Consequently, few genetic maps have been developed 
(Thaikua et  al., 2016; Vigna et  al., 2016a; Worthington et  al., 
2016, 2019; Ferreira et  al., 2019; Worthington et  al., 2021; 
Table  5).

In the first study, Thaikua et  al. (2016) used the approach 
of utilizing separate parents to construct an amplified fragment 
length polymorphism (AFLP)-based linkage map of the apomictic 
cultivar “Mulato” (Miles et  al., 2004). This cultivar was crossed 
with three plants of sexual U. ruziziensis cv. “Miyaokikoku,” 
which generated 84 hybrids. The linkage map had a total length 
of 1423.2 cM, with 272 AFLP markers, and the apomixis locus 
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was assigned to linkage group 2. Additionally, QTLs associated 
with agriculturally important traits (morphological traits and 
percentage of filled seeds) were identified by simple interval 
mapping (SIM) and composite interval mapping (CIM).

Worthington et  al. (2016) constructed the first genetic map 
based on SNP markers for Urochloa spp. from 167 hybrids 
generated from a cross between the maternal synthetic 
autotetraploid U. ruziziensis (BRX 44–0) and the paternal U. 
decumbens cv. Basilisk (CIAT 606). Separate genetic linkage 
maps were constructed for each parent following the two-way 
pseudo testcross strategy. For the maternal linkage map, 706 
SNP markers were placed in 34 linkage groups, with a total 
length of 1985 cM. In contrast, 1,210 SNP markers and markers 
associated with apomixis were assigned to 36 linkage groups 
in the CIAT 606 genotype, with a total length of 2,693 cM. 
These maps were used to assess synteny with foxtail millet 
(Setaria italica (L.) P. Beauv), the closest relative of Urochloa 
spp. with a publicly available reference chromosome-scale 
genome. Synteny was highly conserved between U. decumbens, 
U. ruziziensis, and foxtail millet, with only one major structural 
rearrangement. This provides evidence for the quality of the 
genetic maps, enabling the assignment of linkage groups to 
chromosomes and the identification of homologs. The “apospory-
specific genomic region” (ASGR) was mapped to position 
42.5 cM of group  5c, a region syntenic with foxtail millet 
chromosome 5 (Zhang et  al., 2012).

Using SSR markers, Vigna et al. (2016a) built the first linkage 
map to investigate apomixis in the hexaploid U. humidicola. 
A full-sib F1 population obtained by crossing the sexual accession 
H031 (CIAT 26146) and the apomictic cultivar U. humidicola 
cv. BRS Tupi was used to generate an integrated genetic map 
via the multipoint approach based on Markov chains. Forty-
nine linkage groups (LGs) were created, with a total length 
of 1702.82 cM. Eight homology groups (HGs) were formed, 
and the apo-locus that controls apospory was mapped in LG02 
(Pessino et  al., 1997, 2004).

More recently, another linkage map was obtained for U. 
humidicola using SNP, AFLP, SSR, insertion–deletion (InDel) 
and kompetitive allele specific PCR (KASP) markers 
(Worthington et  al., 2019). The sexual accession CIAT 26146 
[EMBRAPA Beef Cattle (EBC) H031] was crossed to the 
apomictic male parent CIAT 16888 (EBC H027), generating 
124 hybrids that were used to construct separate parental 
linkage maps following the two-way pseudo-testcross strategy. 
As a result, two haplotype maps (each with 36 linkage groups) 
were generated. The maternal haplotype map had 2,589 markers 
and a length of 3,558 cM, and the paternal haplotype map 
had 1,621 markers and 4,363 cM. Additionally, the ASGR, 
which is known to be  a single dominant Mendelian factor 
of apomixis in Paniceae grasses (Ozias-Akins and van Dijk, 
2007), was mapped to position 55.8 cM of CIAT 16888 (paternal 
haplotype) linkage group  1b. Synteny analysis of the U. 
humidicola parental maps with the foxtail millet physical map 
supported the previous cytogenetic evidence for a base 
chromosome number of x = 6  in the species (Boldrini et  al., 
2011a). The authors observed a high degree of synteny between 
some chromosomes of U. humidicola and foxtail millet, U. 

decumbens and U. ruziziensis. In addition, they accounted 
for the fusion of three pairs of chromosomes, which is 
consistent with the large chromosome size of U. humidicola 
relative to other Urochloa species (Bernini and Marin-Morales 
(2001)).

Additionally, in 2019, Ferreira et  al. developed the first 
intraspecific genetic map of U. decumbens. Crossbreeding was 
performed between sexual U. decumbens D24/27 (artificially 
tetraploidized with colchicine) and apomictic U. decumbens 
cv. Basilisk, and 217 hybrids were selected. This mapping 
population was used to construct a consensus linkage map 
using the additional information provided by the SNP allele 
dosages in contrast to traditional methods based on allele 
presence/absence data (Hackett et  al., 2013). A total of 1,000 
SNP markers were distributed throughout nine homology groups, 
with a cumulative length of 1,335.09 cM. In addition, the genetic 
map allowed the identification of genomic regions related to 
resistance to spittlebug (Notozulia entreriana Berg), which is 
the main pest insect that attacks U. decumbens. The percentages 
of phenotypic variation explained by the QTLs ranged from 
4.66 to 6.24%, reflecting the median heritability (HC2 0 37= . ) 
found for spittlebug resistance in the population.

Recently, a new genetic map was constructed for the same 
interspecific progeny of Worthington et  al. (2016), composed 
for 169 hybrids generated from a cross between a synthetic 
autotetraploid accession of U. ruziziensis (BRX 44–02) and U. 
decumbens cv. Basilisk (CIAT 606), used as male parent 
(Worthington et  al., 2021). The analyses were based on the 
genetic map of the male parent, which included 4,427 markers 
distributed in 18 linkage groups, as expected for the segmental 
allotetraploid U. decumbens (2n = 4x = 36). Once again, the 
authors observed synteny between U. ruziziensis and foxtail 
millet, with three large translocations between chromosomes 
1 and 7, 2 and 6, as well as 3 and 5, and four inversions 
between tails in chromosomes 1 and 4, 2 and 9, and 2 and 
3. This map allowed the mapping of three significant QTLs 
associated with root length, biomass under both control and 
Al3+ stress conditions, and root diameter under stress/control 
conditions, which explained 12.8 to 16.1% of the phenotypic 
variance (Worthington et  al., 2021).

TABLE 5 | Genetic mapping studies of Urochloa species.

Species Molecular 
marker

N° of molecular 
marker

References

U. humidicola SSR 102 Vigna et al. (2016a)
Urochloa spp. SNP, SCAR 1,916 Worthington et al. 

(2016)
Urochloa spp. AFLP 272 Thaikua et al. (2016)
U. decumbens SNP 1,000 Ferreira et al. (2016)
U. humidicola AFLP, SSR, SNP, 

KASP, InDel
4,210 Worthington et al. 

(2019)
Urochloa spp. SNP, InDel 4,427 Worthington et al. 

(2021)

SSR, simple sequence repeat; SCAR, sequence characterized amplified region; AFLP, 
amplified fragment length polymorphism; SNP, single nucleotide polymorphism; KASP, 
kompetitive allele specific PCR; InDel, insertion–deletion.
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Genetic mapping is a widely used resource to identify genomic 
regions responsible for important agronomic traits. One of the 
first steps in MAS is the development of genetic markers and 
high-resolution linkage maps, and this step is followed by the 
mapping of loci related to traits of agronomic and commercial 
importance. However, despite efforts aimed at building genetic 
maps for species of Urochloa spp., there is a clear need to 
improve the quality and increase the resolution of these maps, 
to map target genomic regions, and to build new maps for 
other species, including U. brizantha. Recently, packages capable 
to use all possible segregations for autopolyploid and segmental 
allopolyploid species were implemented in the R software 
(polymapR  - Bourke et  al., 2018b; MAPpoly  - Mollinari and 
Garcia, 2019; Mollinari et  al., 2020; R Core Team, 2020). These 
advances may enable the construction of integrated linkage maps 
with high resolution in polyploid species of Urochloa spp.

In addition, the reference genomes currently available (Pessoa-
Filho et  al., 2019; Worthington et  al., 2021), new statistical 
and computational resources, and the possibility of large-scale 
genotyping followed by estimation of multiple dosages of SNP 
loci may aid the development of genetic maps for Urochloa 
spp. with high density and resolution (Bourke et  al., 2018a). 
Although these tools do not have an immediate impact on 
breeding, the scanning of important genetic information from 
the genome for genes related to target traits provides a crucial 
basis for MAS, in addition to promoting faster and more 
effective molecular improvements of Urochloa species.

Genome-Wide Association Studies
Although genetic maps of biparental populations provide a 
framework for detecting rarely occurring alleles that have a 
large effect on the phenotype in breeding populations, GWASs, 
also known as association mapping studies, reflect historical 
recombination events in diversity panels and are an efficient 
approach for locating common alleles associated with phenotypes 
with higher mapping resolution than that achieved with linkage 
mapping. Together, linkage mapping and GWAS can detect 
QTLs and elucidate the genetic basis of important traits more 
efficiently (Talukder et  al., 2019).

Similar to genetic maps, GWASs have also benefited from 
high-throughput marker systems, which allow the detection 
of markers rapidly and at low cost. However, associative 
mapping studies of polyploid species remain extremely recent, 
and only one such study has investigated the Urochloa genus 
(Matias et  al., 2019a). This study was performed with a set 
of 263 tetraploid interspecific Urochloa hybrids using 26,535 
SNP markers with different allele dosage configurations 
obtained by GBS. Also were evaluated scenarios including 
additive, dominance, and epistatic effects. Associations were 
studied regarding agronomic and nutritional forage traits, 
including the regrowth capacity and crude protein. Seven 
SNP markers associated with the main forage traits were 
identified and these allow a better understanding of the 
Urochloa genome for important economic traits. Additionally, 
these markers can be  useful to speed up breeding program 
selection cycles.

The authors observed that it is possible to identify the same 
genomic regions using diploid and tetraploid models, although 
in some cases the allele substitution effect can be biased. Then, 
the authors suggest the use of markers with both diploid and 
tetraploid molecular configurations to account for all regions 
of the genome in allopolyploid species (Matias et  al., 2019a).

This study opens new perspectives for understanding the 
inheritance of complex traits in Urochloa species and segmental 
allopolyploids in general. GWASs constitute a promising tool 
for the identification of molecular markers associated with 
characteristics of interest that can be used in MAS to accelerate 
breeding cycles. In the genetic improvement of Urochloa species, 
in addition to enabling the identification of markers associated 
with agronomic and nutritional characteristics, GWASs are an 
important resource in the search for markers linked to resistance 
to insect pests, such as spittlebugs, and other biotic and abiotic 
stresses that influence forage production, which are characteristics 
that were identified as research priorities in the next-generation 
breeding of tropical forages in Brazil by Pereira et  al. (2018).

Genomic Selection and Prediction
Genomic selection (GS), which was proposed by Meuwissen 
et  al. (2001), is a powerful and modern breeding tool for 
identifying and exploiting superior genotypes based on the 
use of thousands of distributed markers across the genome 
to predict genetic values (Bhat et  al., 2016). The improvement 
in the accuracy of the selected individuals and the reduction 
in the duration of the selection cycle time reflect the acceleration 
of genetic gains achieved by GS in breeding programs. At 
present, the selection process until the release of new perennial 
tropical forage cultivars takes approximately 10–15 years (Jank 
et  al., 2014; Matias et  al., 2019b). Because the genetic gains 
in yield achieved from the breeding of forage crops based on 
traditional methods of phenotypic selection are low (Casler 
and Brummer, 2008), GS has emerged as a potential opportunity 
to obtain significant gains in target traits and to reduce breeding 
cycles (Simeão-Resende et  al., 2013; Simeão et  al., 2021).

The incorporation of GS in breeding programs depends on 
several factors, such as the reproductive mode of the species, 
the genetic architecture and heritability of the characteristics 
of interest, and the total financial budget of the program, 
because large phenotyped and genotyped populations are 
necessary to estimate the effects of molecular markers (Yadav 
et al., 2020). In the case of tropical forage grasses, appropriately 
sized training populations, large panels of SNP markers and 
polyploidy are also important factors to be  considered because 
these make GS even more challenging (Simeão et  al., 2021). 
Therefore, although this potential tool has been widely applied 
in many species of economic importance, it has not yet been 
used in breeding programs of tropical forage grasses of the 
Urochloa genus (Simeão-Resende et  al., 2013; Pereira et  al., 
2018; Simeão et  al., 2021). Consequently, there is limited 
information regarding the application of genomic prediction 
and GS in tropical forage grasses compared with other 
important crops.

Simeão-Resende et  al. (2013) performed a simulation study 
to compare the gain and accuracy of different GS methods 
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considering the experimental plot designs used in forage breeding. 
This study concluded that the application of GS methods in 
tropical forage breeding has potential when the phenotypic 
evaluation of individual plants is incapable of predicting 
performance under sward conditions, when within-family 
selection pressure is difficult or impossible, and/or when 
phenotypic evaluations require long cycle times.

Using real data from a panel of interspecific hybrids genotyped 
by GBS, Matias et al. (2019b) evaluated the influence of multiple 
traits and allele dosage information on the genomic prediction 
accuracy in Urochloa spp. The authors concluded that genomic 
prediction should be used in Urochloa spp. genetic improvement 
with the aim of reducing time and costs because all models 
of GS evaluated provided greater genetic gains than phenotypic 
selection. In addition, SNP markers with allele dosages associated 
with additive, dominant, and multitrait factors have increased 
the accuracy of genomic prediction models.

A study of GS performed with Megathyrsus maximus (syn. 
Panicum maximum), which is another important polyploid 
forage grass used as pasture in tropical areas, resulted in low 
genomic prediction accuracies for traits such as leaf dry matter 
and regrowth capacity (de C Lara et  al., 2019). Low values 
of prediction accuracy were also observed by Matias et  al. 
(2019b), although GS allowed greater genetic gains than those 
obtained with phenotypic selection. Due to the polyploidy and 
high levels of heterozygosity of tropical forage grasses, there 
is a need to develop more accurate predictive models for the 
incorporation of GS in breeding schemes.

Advances in high-throughput technologies can influence the 
efficient use of GS in Urochloa breeding schemes with increases 
in the number and density of markers and large-scale 
phenotyping. Additionally, statistical and computational methods, 
including machine learning (ML) and simulation studies, can 
aid the development of predictive models most suitable for 
polyploids and the identification of the best potential GS-based 
breeding scheme designs, which would result in genetic gains 
with greater accuracy and shorter breeding cycles (Montesinos-
López et  al., 2021; Simeão et  al., 2021).

Transcriptome Profiles
The transcriptome is the set of RNA transcripts contained in 
a cell or tissue at a specific stage of development and/or under 
specific physiological conditions (Ozsolak and Milos, 2010). 
In this context, transcriptome studies allow identification of 
the molecular constituents of cells and tissues and understanding 
the functional elements of the genome and the molecular 
mechanisms involved in each condition, such as biotic stress 
in plants (Wang et  al., 2009). The most effective approach for 
creating transcriptome profiles is RNA-Seq, which is performed 
using deep sequencing technologies (Wang et al., 2009; Kukurba 
and Montgomery, 2015).

Studies of the transcriptome of the Urochloa genus remain 
limited (Table  6). The first RNA-Seq study was performed 
with leaves from two genotypes of U. humidicola that are highly 
divergent in terms of phenotype and reproductive modes: the 
only sexual accession of the U. humidicola germplasm, known 
as BH031, and the apomictic cultivar BRS Tupi (Vigna et  al., 

2016b). The main objectives were to describe and compare 
the leaf transcriptome of these divergent genotypes, which were 
collected at the same field condition. As a result, approximately 
76,000 transcripts were de novo assembled, which totaled 35,093 
nonredundant unigenes. Most of these transcripts were annotated 
in the Phytozome database (Goodstein et  al., 2011). From 
these unigenes, new EST-SSRs (4,489) and SNP markers (560,298) 
that may be associated with important traits for forage breeding, 
such as flood stress tolerance and the C4 pathway, were identified. 
Moreover, as in previous studies, a significant difference was 
observed between the analyzed genotypes, but now in relation 
to gene expression.

The next transcriptome of the genus Urochloa was assembled 
de novo from root sequences of U. decumbens cv. Basilisk 
under two controlled conditions: hydroponic solutions with 
and without aluminum (AlCl3). The assembly generated 164,930 
transcripts and approximately 69% of these transcripts were 
attributed to a putative function of the protein via comparison 
with different protein databases. In addition, 13,375 microsatellite 
markers were identified in the transcripts. Differential expression 
analysis revealed a great difference in plants exposed to Al 
stress, and it was possible to identify transcripts with putative 
functions related to resistance and aluminum exposure. Therefore, 
this transcriptome represents a great resource for aiding the 
elucidation of the main molecular mechanisms of aluminum 
tolerance in forage grass species (Salgado et  al., 2017).

Another transcriptome of the Urochloa genus was also 
assembled to investigate the molecular basis of toxic aluminum 
tolerance because this condition directly affects forage 
productivity and is common in tropical soils. Worthington 
et  al. (2021) sequenced root and stem tissue samples of two 
replicated plants of U. decumbens CIAT 606 (cv. Basilisk) and 
U. ruziziensis BRX 44–02 under two conditions: growth in a 
high aluminum concentration (200 μM AlCl3) and under control 
conditions (0 μM AlCl3). As a result, most of the differentially 
expressed (DE) genes were regulated at the root of U. decumbens, 
which is a genotype classified as tolerant to aluminum. The 
authors identified different genes related to the stress response 
to aluminum, and the evidence shows that the tolerance 
mechanisms found in Urochloa are the same as those that 
occur in rice, another grass species.

The most recent transcriptome of the Urochloa genus 
investigated the transcriptomic profiles of leaves and roots of 
three Urochloa interspecific hybrid genotypes with the onset 
of water stress (Jones et  al., 2021). According to a previous 
analysis, the genotypes were characterized as exhibiting good 
(gt-17), intermediate (gt-9) and poor tolerance (gt-18) to 
drought. As a result, the genotypes with good and intermediate 
tolerance to drought showed enriched DE genes that were 
more similar to each other. In addition, DE genes related to 
carbohydrate and cell wall metabolism in the leaves were 
upregulated in gt-9 and gt-18 and downregulated in gt-17. 
Because the level of water stress increased for all evaluated 
genotypes, an excess of downregulated putative apoplastic 
peroxidases was detected in the roots, which suggests that 
changes in the architecture of the root cell wall occur in 
response to the stress. As tolerance to abiotic stresses is one 
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of the main objectives of Urochloa breeding, this study generated 
important information and knowledge about genes and metabolic 
pathways involved in the response to water stress (Jones 
et  al., 2021).

Although these transcriptomes represent only a part of the 
transcripts of three species of Urochloa, they constitute important 
contributions to the scientific community interested in forage 
grass and breeding programs. The results provide relevant 
information on the genomic resources available for Urochloa 
grasses, mainly due to the possibility of identifying new candidate 
genes potentially related to characteristics of economic interest. 
These candidate genes can be further investigated by coexpression 
networks, which provide valuable information on the biological 
relationships between genes.

Even so, each species of Urochloa has its own peculiarities, 
and other transcriptome studies in which a specific stage of 
development and/or a physiological condition is considered 
must be performed. For instance, genetic information for some 
important characteristics, such as resistance to spittlebugs, 
apomictic reproduction, and flood tolerance, is still lacking, 
and transcriptomic studies are promising for generating new 
knowledge about these characteristics. The elucidation of different 
strategies of spittlebug resistance, such as information about 
the possible genes involved in this resistance and molecular 
markers in these genes, provides powerful information for 
breeding strategies and future studies, including GWAS and GS.

Genome Sequencing
NGS has allowed genome sequencing to be  a reality not only 
for model species but also for nonmodel or “orphan” species 
and polyploid organisms, such as Urochloa spp. However, despite 
this greater accessibility, the different levels of ploidy and 
different reproductive modes, in addition to the availability of 
different species with specific characteristics, are obstacles to 
obtaining a representative genome for Urochloa pastures.

The fact that breeding programs were recently created and 
the lack of financial resources (Pereira et al., 2018) also directly 
influence the availability of fundamental genomic resources. 
The existence of only two sequenced genomes representing 
these pasture grasses is a reflection of the above-described 
finding (Pessoa-Filho et  al., 2019; Worthington et  al., 2021). 
The first, the full characterization of which is not yet available, 
is a diploid chromosome-scale genome of a heterozygous clone 
of U. ruziziensis, named C6. Sequencing with PacBio Sequel, 
based in SMRT (Single Molecule Real Time) technology, 
generated more than 13.3 million long reads (~142x coverage) 

and allowed assembly of a genome covering 98.2% of the 
estimated haploid genome size of 615 Mbp for ruzigrass. Most 
of the assembled genome (94%) was included in nine scaffolds 
that correspond to the nine chromosomes of U. ruziziensis, 
with an N50 of 66 Mpb. Other metrics regarding genome 
completeness were satisfactory and included an NG50 of 286 
kbp, 95.2% BUSCO (Benchmarking Universal Single-Copy 
Orthologs) complete matches and 83.3% complete single copies 
(Pessoa-Filho et  al., 2019).

Additionally, using a diploid U. ruziziensis genotype (CIAT 
26162) as a DNA source, a whole-genome assembly (WGA) 
was obtained by sequencing with short reads (approximately 
100 × coverage) and presented satisfactory completeness 
(Worthington et  al., 2021). The repetition content representing 
51% of the total genome and the large number of Gypsy and 
copia long terminal repeats (LTRs) found were similar to those 
observed in foxtail millet (Setaria italica (L.) P. Beauv; Zhang 
et  al., 2012), a species that is widely used as a reference in 
genomic studies of tropical forage grasses. Moreover, 
approximately 42,000 coding genes have been annotated, and 
most of these genes encode a protein showing homology to 
a protein in S. italica.

Worthington et al. (2021) prioritized the assembly of a diploid 
genome rather than a tetraploid genome because Urochloa 
grasses are heterozygous outcrossing species. Even so, a polyploid 
genome is essential for better representing the main accesses 
used for breeding and reflecting their genetic information, 
particularly the heterozygosity present. The recent emergence 
of third-generation sequencing (TGS) technologies can aid the 
complex and challenging assembly of these polyploid plant 
genomes because it produces high-quality genome assemblies 
with high resolution due to the longer length of the reads 
(Kyriakidou et al., 2018). Consequently, more genomic information 
is provided, and more genomic variants will be  identified to 
aid genomic studies, such as those that address the genotype–
phenotype–environment relationship, which will provide a great 
resource for improving Urochloa breeding programs.

We also emphasize that these available genomes, despite 
being diploid, represent an invaluable resource for orphan 
species because they aid the development and application of 
genomic tools for breeding and genetic studies of Urochloa 
grasses (Tang, 2017; Kyriakidou et  al., 2018). Until then, our 
understanding of genomic organization was based on genetic 
maps, but it is now possible to go even further. The analyses 
that require the identification of variants, such as GS, GWAS, 
and genetic mapping, will benefit greatly from this genome 

TABLE 6 | Details of transcriptome sequences of Urochloa species.

Species Tissue sample Generated data (Gb) Platform Data repository Reference

U. humidicola Leaf 13.09 Illumina GAIIx NCBI SRP065020 Vigna et al. (2016b)
U. decumbens Root NA Illumina HiSeq 2000 NCBI SRP071168 Salgado et al. (2017)
U. decumbens and U. ruziziensis Root and stem NA Illumina HiSeq 2,500 NA Worthington et al. (2021)
Interspecific hybrids of U. 
ruziziensis and U. decumbens

Root and leaf NA Illumina HiSeq 2000 ENA PRJEB41722 Jones et al. (2021)

NA, not available; ENA, European Nucleotide Archive; NCBI, National Center for Biotechnology Information.
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because the use of genomes of species genetically close to 
Urochloa spp. as a reference is associated with a substantial 
loss of data. Therefore, exclusive information on Urochloa grasses 
may be  revealed, and new approaches can be  devised now 
that this fundamental genomic resource is available.

POLYPLOID AND APOMIXIS

The different ploidy levels and the apomixis represent reproductive 
barriers within and between species of the Urochloa genus, 
and these barriers challenge the genetic improvement of these 
grasses, which usually aims to produce new cultivars via intra- 
and interspecific hybridization. In the genus, diploidy is rare 
and correlated with sexual reproduction, whereas polyploidy 
and apomixis prevail (Valle and Savidan, 1996), which makes 
cross breeding difficult. In addition, apomixis and polyploidy 
represent challenges to genomic studies, particularly polyploidy, 
due to the increased complexity of the genome. In the following 
sections, we  summarized the knowledge regarding these two 
peculiar characteristics of Urochloa spp.

Polyploidy
A polyploid individual has a genome with more than two 
homologous sets of chromosomes, which is a condition that 
is quite common in all groups of plants and one of the major 
forces in plant evolution and speciation (Hegarty et  al., 2013; 
Mason and Wendel, 2020). Polyploids often have larger cells 
in relation to their ancestral diploids, which can cause an 
increase in the whole size of the plant (“giga effect”; Stebbins, 
1950), in addition to other advantages in genome buffering, 
vigorousness, and robust adaptation to environmental changes 
(Tamayo-Ordóñez et  al., 2016). From a genetic point of view, 
polyploids have multiple alleles associated with a single locus, 
which implies high heterozygosity and more complex segregation 
compared with that observed with diploids (Schaart et  al., 
2021), and thus, the traditional breeding of polyploid crops 
is markedly more challenging.

Many important forage grasses are natural polyploid species, 
and others have chromosomes artificially duplicated by the 
use of colchicine, a chemical agent that can be used to produce 
artificial polyploids on demand. The induction of polyploidy 
can be an important tool in the genetic improvement programs 
of some species, which have three basic purposes: polyploidization 
of a hybrid to restore its fertility or synthesize a new species; 
polyploidization to obtain a larger and better plant (“giga 
effect”); and polyploidization to overcome the barrier imposed 
by different ploidy levels and allow intra- or interspecific crossing 
(Dewey, 1980; Sattler et  al., 2016).

In the U. ruziziensis/U. decumbens/U. brizantha agamic 
complex, even though sexual individuals are known only in 
the wild as diploids, they have artificially duplicated 
chromosomes, which results in the induction of autotetraploids 
(Gobbe et  al., 1981; Swenne et  al., 1981; Pinheiro et  al., 2000; 
Simioni and Valle, 2009; Timbó et al., 2014b). These polyploidized 
sexual individuals are essential for hybridization with apomictic 

individuals in breeding programs, which allows intra- and 
interspecific crossings and result in increased genetic variability 
and enhanced selection.

Natural polyploid species may originate from genomic 
duplication within a single species, which leads to autopolyploids, 
or by a hybridization of two closely related species 
(“subgenomes”), which results in allopolyploids. The identification 
of each class is frequently accomplished by analyzing meiotic 
pairing and inheritance patterns: autopolyploids exhibit polysomic 
inheritance, with pairing and recombination between all 
homologous copies of each chromosome, whereas allopolyploids 
display disomic inheritance, in which more-related chromosomes 
(“homologs”) may pair and recombine more frequently than 
less-related chromosomes (“homeologs”). However, in many 
cases, the evolutionary history is more complex, and pairing 
between related chromosomes from different subgenomes 
(“homeologous”) occurs to a limited extent. In such cases, 
individuals are classified as segmental allopolyploids (Bourke 
et  al., 2018a; Mason and Wendel, 2020; Schaart et  al., 2021).

Meiotic studies and molecular karyotyping of cultivar and 
hybrid genera have revealed several abnormalities typical of 
autopolyploid and segmental allopolyploid in U. decumbens 
(Mendes-Bonato et  al., 2001, 2002b; Worthington et  al., 2016), 
U. brizantha (Mendes-Bonato et al., 2002a, 2006; Mendes et al., 
2006), U. ruziziensis (Mendes-Bonato et  al., 2006), and U. 
humidicola (Vigna et  al., 2016a; Worthington et  al., 2019). 
These abnormalities, such as distorted chromosome segregation, 
asynchrony during microsporogenesis, preferential (intragenomic) 
pairing, and the presence of multivalent and micronuclei, 
demonstrate the segmental allopolyploid composition of 
these genomes.

Based on genomic in situ hybridization, de Paula et  al. 
(2017) recently suggested the allopolyploid origin of U. brizantha 
and U. decumbens, and such results were validated by additional 
GISH analysis (Corrêa et  al., 2020). The authors proposed 
genomic compositions of BBB1B1 for U. brizantha, B1B1B2B2 
for U. decumbens, and B2B2 for the diploid U. ruziziensis. The 
findings indicate U. ruziziensis as the ancestral donor of genome 
B2, while the origin of genomes B and B1 remains unknown, 
but eligible candidates would be diploid genotypes of U. brizantha 
and U. decumbens. The probes used in GISH experiments reveal 
the homology between the three genomes (B, B1 and B2) and 
highlight the greater proximity between all three species, as 
previously suggested (Pessoa-Filho et  al., 2017; Triviño 
et  al., 2017).

An allopolyploid is not strictly the sum of two different 
genotypes, and most studies that investigated the process of 
polyploidization observed that genomes usually undergo a series 
of evolutionary processes after polyploidization, such as natural 
chromosome duplication, genome reorganization, changes in 
the gene expression pattern, and sub- and/or neofunctionalization 
of duplicate genes (Chen and Ni, 2006; Renny-Byfield and 
Wendel, 2014). A study performed using meiotic analyses and 
SSR amplification patterns exemplified the occurrence of such 
processes in U. humidicola (Vigna et  al., 2016a). The authors 
suggested the allopolyploid origin of the genotypes H031 and 
cv. BRS Tupi from a cross between two different genomes, 
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resulting in a triploid parent (2n = 3x = 18, ABB) that, after 
natural chromosome duplication, formed an allohexaploid 
(2n = 6x = 36, AABBBB).

Worthington et  al. (2019) reinforced the thesis of AABBBB 
constitution for the apomictic genotype CIAT 16888; however, 
linkage and molecular karyotyping results showed no evidence 
of subgenome differentiation in the H031 genotype (CIAT 
26146). More studies on the genomic composition of the sexual 
genotype H031 are needed. As noted by Worthington et  al. 
(2019), if the sexual and other apomictic accessions of U. 
humidicola do indeed have different genomic compositions, 
H031 may need to be classified as a separate species or subspecies.

Despite the widespread occurrence of polyploidy in the 
Urochloa genus, many questions remain unanswered, which 
demonstrates the need to conduct additional research to 
understand the genome composition and evolution in tropical 
forage grasses. A high-quality reference genome is also 
fundamental to capture the variation and to better understand 
these economically important genomes (Tang, 2017; Kyriakidou 
et  al., 2018). The last decades have seen remarkable advances 
in the field of polyploidy, particularly in molecular breeding 
approaches that combine QTL, GWAS, and GS models with 
allele dosage information (Sattler et  al., 2016) and in tools for 
improving the genome sequencing and assembly of polyploid 
plant crops (Jiao and Schneeberger, 2017). We  hope that these 
tools can aid a deeper understanding of the complexities of 
genetic variation that underlie the phenotype, which would 
allow plant breeders to precisely manipulate the genomes of 
Urochloa species to achieve outstanding results.

Apomixis
Apomixis is defined as an asexual reproductive mode in which 
the formation of seeds occurs without fertilization, which results 
in exact genetic replicas (clones) of the female parent (Asker 
and Jerling, 1992; Hand and Koltunow, 2014). This condition 
allows us to capture, fix, and propagate the hybrid vigor of 
superior heterozygous genotypes per seed (Sailer et  al., 2016) in 
a simpler manner compared with vegetative propagation or the 
production of hybrid seeds from inbred parental lines (Worthington 
et  al., 2016). Several studies have focused on investigating the 
genetic control of this reproductive mode for practical applications, 
particularly in agriculture, but much knowledge remains unknown 
(Hand and Koltunow, 2014; Kaushal et al., 2019; Schmidt, 2020).

In the Urochloa genus, the type of apomixis is aposporic 
gametophytic, in which fertilization of the endosperm 
(pseudogamy) is necessary (do Valle, 1990; Lutts et  al., 1994). 
Traditionally, the characterization of the reproductive mode 
of Urochloa species is conducted by embryo sac analysis, which 
is a very expensive and laborious method that requires adult 
plants for evaluation. Sexual and apomictic embryo sacs are 
often found on the same plant or even in the same ovule, 
and the observation of at least one aposporic embryonic sac 
indicates facultative apomixis (do Valle, 1990).

Most studies that investigated the inheritance of apomixis 
concluded that it is simply inherited and that the trait is 
conferred by a single dominant Mendelian factor (Valle et  al., 
1994; Miles and Escandón, 1997; Pessino et  al., 1997, 2004), 

denoted as the ASGR (Ozias-Akins and van Dijk, 2007). 
Therefore, in crossbreeding, progeny segregates to the reproductive 
mode on a 1:1 basis (Valle and Savidan, 1996; Barrios et  al., 
2013; Worthington and Miles, 2015; Vigna et  al., 2016a).

Studies were performed to investigate the chromosomal 
duplication of sexual accessions in some Urochloa species (Swenne 
et  al., 1981; Pinheiro et  al., 2000; Simioni and Valle, 2009). In 
addition, the genetic diversity maintained in apomictic accessions 
has recently started to be explored in breeding programs through 
crosses between apomictic (used as pollen donors) and sexual 
genotypes (Miles, 2007). In addition to increasing genetic 
variability, these crosses allow the selection of superior genotypes 
(Simeão et  al., 2021). The progeny obtained from these crosses 
need to be  phenotyped with respect to the reproductive mode 
with the aim of the next hybridizations. Sexual offspring can 
be  used as female parents in future crosses, and apomictic 
offspring are potential cultivars as well as possible male parents. 
Therefore, the search for markers linked to apomixis is one 
of the main demands of breeding programs for the MAS of 
hybrids, mainly in Brazilian programs. The use of molecular 
markers that cosegregate with apomixis represents enormous 
potential and enables the rapid screening of thousands of 
progenies at the seedling stage (Worthington and Miles, 2015).

In the CIAT breeding program, MAS for apomixis has been 
performed since 2009 based on a SCAR marker called “N14.” 
This marker was developed from a RAPD marker linked to 
apomixis in U. decumbens cv. Basilisk and U. brizantha cv. 
La Libertad (Pedraza Garcia, 1995) and is able to detect apomixis 
mainly when cv. Basilisk is used as the pollen donor parent. 
For more genetically distant species, such as U. humidicola, 
this marker is not effective (Worthington et  al., 2016).

Comparative molecular analyses and cytological studies have 
revealed that the region that controls apomixis (ACR) is 
apparently located in a chromosomal region with no 
recombination events documented to date (Ortiz et  al., 2013). 
Therefore, this genomic structure exhibits a high level of 
conservation among apomictic species. For instance, the synteny 
of this region has already been found for Urochloa with rice 
and corn (Ozias-Akins and van Dijk, 2007).

To date, genetic mapping is one of the most frequent 
strategies used in investigating apomixis at the molecular level 
and in the search for markers intrinsically linked to this 
characteristic in Urochloa spp. Pessino et  al. (1997, 1998) 
genotyped Urochloa hybrids with AFLP and RFLP markers 
identified in maize and rice and observed a total of nine 
markers linked to apomixis in U. brizantha cv. Marandu and 
the close synteny of some markers to the region of maize 
chromosome 5 and rice chromosome 2. A RAPD marker 
was identified as linked to apomixis in U. humidicola (Zorzatto 
et al., 2010). Additionally, in U. humidicola, Vigna et al. (2016a) 
mapped the locus that controls apospory in LG2, which is 
located 19.4 cM from the nearest SSR marker, and this finding 
corroborates the results reported by Pessino et  al. (1998).

The ASGR was mapped to U. decumbens chromosome 5  in 
a region showing synteny with foxtail millet chromosome 5. 
In addition, the PsASGR-BABY BOOM-like (psASGR–BBML)-
specific primer (p779/p780), whose candidate gene for the 
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apomixis parthenogenesis component was first described in 
Pennisetum squamulatum (Ozias-Akins et  al., 1998), was linked 
with ASGR, which indicates that this region is highly conserved 
across Paniceae species (Worthington et  al., 2016). Following 
this same strategy, Worthington et al. (2019) mapped the ASGR 
in U. humidicola chromosome 1, a region syntenic with 
chromosomes 1 and 7 of foxtail millet. Although the ASGR 
was mapped to a different carrier chromosome than previously 
identified in U. decumbens, this study reinforced the postulation 
of ASGR-BBML as candidate genes for the parthenogenesis 
component of apomixis.

Some studies have suggested that events related to apomixis 
occur due to the dysregulation or suppression of genes involved 
in sexual reproduction (Ozias-Akins and van Dijk, 2007) or to 
rearrangements in the expression of genes that constitute the 
sexual pathway (Grimanelli et  al., 2001). Thus, genetic studies 
have improved the understanding of the molecular mechanism 
of the different modes of reproduction in Urochloa species, which 
have particularly focused on apomixis (Rodrigues et  al., 2003; 
Alves et  al., 2007; Silveira et  al., 2009, 2012; Lacerda et  al., 2012; 
Guimarães et  al., 2013; Ferreira et  al., 2017; Koehler et  al., 2020). 
Most of these studies were performed with U. brizantha, and the 
most recent study concluded that somatic embryogenesis receptor-
like kinase (SERK) genes present different expression during 
somatic embryogenesis and sporogenesis of sexual and apomictic 
genotypes, which suggests a possible downregulation associated 
with apomictic development (Koehler et  al., 2020).

These studies at the gene level open new perspectives for 
the transfer of apomixis to sexual plants in the future via 
gene editing, but other genomic approaches, including bacterial 
artificial chromosomes (BACs), should be  applied for the 
identification and characterization of the genomic regions that 
control apomixis in Urochloa spp. In addition, a greater 
understanding of the genetic basis and regulatory mechanisms 
underlying apomictic seed development, including epigenetic 
mechanisms, is needed. In addition, efforts to develop a diagnostic 
marker test for apomixis are still highly desirable for the early 
identification of apomixis because it can shorten selection cycles 
and reduce the costs of breeding programs.

CONCLUSION AND PROSPECTS

At present, to maintain and increase the use of tropical forage 
grasses as pastures in livestock agriculture, there is a continued 
need for improvements in the biomass and seed yield, nutritional 
quality, disease and pest resistance, and tolerance to abiotic stresses, 
including drought, in a more sustainable manner. The breeding 
programs of Urochloa spp. are quite recent, and knowledge about 
the genetics and genomics of the main species remains in progress. 
Moreover, genomic studies must be guided according to the specific 
objectives in the improvement of each species. Thus far, the basic 
knowledge of the Urochloa spp. genomes has been obtained through 
cytological studies, molecular markers, linkage maps and 
transcriptome sequences, and this information was obtained more 
slowly compared with that of other crops due to low investments 
and genomic complexities, including polyploidy.

Further studies of Urochloa spp. are still needed to understand 
and mine the genomic composition and diversity in general and 
to elucidate the genetic responses to different abiotic and biotic 
stress conditions. In addition, there is a strong demand for 
diagnostic molecular markers for target traits, particularly apomixis 
and spittlebug resistance. Currently, the opportunities to enrich 
the genomic knowledge of Urochloa spp. and accelerate breeding 
progress are growing with the advancement of technologies and 
computational methods, including efforts to explore and dissect 
complex traits of agronomic relevance. GWASs and GS studies 
remain in their infancy and should consider large panels of SNP 
markers and high-throughput phenotyping. In addition, due to 
the biology of Urochloa spp., more suitable models for the 
prediction of hybrid performance are needed, and deep learning 
techniques show great promise for this purpose. Moreover, specific 
strategies that consider the species, reproductive system, genome 
structure, and breeding purposes will have to be developed for GS.

Diploid reference genomes of Urochloa ruziziensis were 
recently made available (Pessoa-Filho et al., 2019; Worthington 
et  al., 2021), which represents an important advance in the 
genomic resources for successfully leveraging genomic and 
molecular studies and breeding strategies, including GS. 
However, it is necessary to explore this and future genome 
assemblies in combination with different “omics” tools, such 
as metabolomics, transcriptomics and phenomics, which would 
ensure a better understanding of the expression and architecture 
of complex traits in Urochloa species. Thus, it is necessary 
to increase the research efforts aiming to develop innovative 
strategies that can be used in both basic research and applied 
improvements to generate new superior cultivars more effectively 
and guarantee a positive future impact on livestock production. 
Also, to make available genomic resources even more accessible 
and useful, an user-friendly genome browser for Urochloa 
and other tropical forage grass species should be implemented, 
allowing researchers to visually compare and correlate 
information from several different genomic sources.

In this review, we  focused on the main characteristics of 
the four main species of Urochloa used in pastures, and 
we  emphasized the genomic resources and molecular tools 
available for these species. This review should be  helpful for 
scientists applying biological, genetic, and genomic approaches 
in studies of tropical forage grass species.

AUTHOR CONTRIBUTIONS

RF, AC, and AS jointly conceived this review. RF and AC 
prepared the first draft. LC, BV, and RS critically revised the 
manuscript. AS supervised the project. All authors read and 
approved the final manuscript.

FUNDING

This work was supported by grants from the Fundação 
de Amparo à Pesquisa de do Estado de São Paulo (FAPESP), 
Coordenação de Aperfeiçoamento de Pessoal de Nível 

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Ferreira et al. Genetics and Genomics of Urochloa Pastures

Frontiers in Plant Science | www.frontiersin.org 17 December 2021 | Volume 12 | Article 770461

Superior (CAPES) and the Conselho Nacional de 
Desenvolvimento Científico e Tecnológico (CNPq). RF 
received a PD fellowship from FAPESP (2018/19219–6), 
and AS received research fellowships from CNPq 
(312777/2018–3), CAPES - Computational Biology program 
(88882.160095/2013–01) and FAPESP (2008/52197-4, 
2005/51010-0).

ACKNOWLEDGMENTS

We would like to acknowledge the Fundação de Amparo à 
Pesquisa de do Estado de São Paulo (FAPESP), Conselho 
Nacional de Desenvolvimento Científico e Tecnológico (CNPq), 
and the Coordenação de Aperfeiçoamento de Pessoal de Nível 
Superior (CAPES).

 

REFERENCES

Adamowski, E. V., Boldrini, K. R., Pagliarini, M. S., and Valle, C. B. (2007). 
Abnormal cytokinesis in microsporogenesis of Brachiaria humidicola 
(Poaceae:Paniceae). Genet. Mol. Res. 6, 616–621.

Adamowski, E. V., Pagliarini, M. S., and Valle, C. B. (2008). Meiotic behavior in 
three interspecific three way hybrids between Brachiaria ruziziensis and B. 
brizantha (Poaceae: Paniceae). J. Genet. 87, 33–38. doi: 10.1007/s12041-008-0005-7

Adnew, W., Asmare, B., and Mekuriaw, Y. (2021). Review on knowledge gap 
in Brachiaria grass research and utilization: Ethiopian perspective. AgroLife 
Sci. J. 10, 9–26.

Aitken, K. S., McNeil, M. D., Hermann, S., Bundock, P. C., Kilian, A., 
Heller-Uszynska, K., et al. (2014). A comprehensive genetic map of sugarcane 
that provides enhanced map coverage and integrates high-throughput diversity 
array technology (DArT) markers. BMC Genomics 15:152. doi: 
10.1186/1471-2164-15-152

Akiyama, Y., Yamada-Akiyama, H., and Ebina, M. (2010). “Morphological 
diversity of chromosomes bearing ribosomal DNA loci in Brachiaria species” 
in Grassland Science Vol. 5 (Wiley), 217–223.

Almeida, M. C. D. C., Chiari, L., Jank, L., and Valle, C. B. D. (2011). Diversidade 
genética molecular entre cultivares e híbridos de Brachiaria spp. e Panicum 
maximum. Ciênc. Rural 41, 1998–2003. doi: 10.1590/S0103-84782011001100024

Alves, E., Carneiro, V., and Dusi, D. (2007, 2007). In situ localization of three 
cDNA sequences associated with the later stages of aposporic embryo sac 
development of Brachiaria brizantha. Protoplasma 231, 161–171. doi: 10.1007/
s00709-007-0253-z

Ambiel, A. C., Neto, N. B. M., Guaberto, L. M., and Vanderlei, T. M. (2010). 
Brachiaria germplasm dissimilarity as shown by RAPD markers. Crop Breed. 
Appl. Biotechnol. 10, 55–64. doi: 10.12702/1984-7033.v10n01a08

Ashalatha, V. N., and Nair, V. J. (1993). Brachiaria Griseb. and Urochloa P. 
Beauv. (Poaceae) in India – a conspectus. Bull. Bot. Surv. India 35, 27–31.

Asker, S. E., and Jerling, L. (1992). Apomixis in Plants. CRC Press, Boca Raton, FL.
Azevedo, A. L. S., Costa, P. P., Machado, M. A., de Paula, C. M. P., and 

Sobrinho, F. S. (2011). High degree of genetic diversity among genotypes 
of the forage grass Brachiaria ruziziensis (Poaceae) detected with ISSR 
markers. Genet. Mol. Res. 10, 3530–3538. doi: 10.4238/2011.November.17.5

Barrios, S. C. L., do Valle, C. B., Alves, G. F., Simeão, R. M., and Jank, L. 
(2013). Reciprocal recurrent selection in the breeding of Brachiaria decumbens. 
Trop. Grassl. 1, 52–54. doi: 10.17138/TGFT(1)52-54

Basappa, G. P., Muniyamma, M., and Chinnappa, C. C. (1987). An investigation 
of chromosome numbers in the genus Brachiaria (Poaceae: Paniceae) in relation 
to morphology and taxonomy. Can. J. Bot. 65, 2297–2309. doi: 10.1139/b87-313

Batistoti, C., Lempp, B., Jank, L., Morais, M. D. G., Cubas, A. C., Gomes, R. A., 
et al. (2012). Correlations among anatomical, morphological, chemical and 
agronomic characteristics of leaf blades in Panicum maximum genotypes. 
Anim. Feed. Sci. Tech. 171, 173–180. doi: 10.1016/j.anifeedsci.2011.11.008

Bayer, R. J. (1987). Evolution and phylogenetic relationships of the Antennaria 
(Asteraceae: Inuleae) polyploid agamic complexes. Biol Zent. 106, 683–698.

Bernini, C., and Marin-Morales, M. A. (2001). Karyotype analysis in Brachiaria 
(Poaceae) species. Cytobios 104, 157–171.

Bhat, J. A., Ali, S., Salgotra, R. K., Mir, Z. A., Dutta, S., Jadon, V., et al. 
(2016). Genomic selection in the era of next generation sequencing for 
complex traits in plant breeding. Front. Genet. 7:221. doi: 10.3389/
fgene.2016.00221

Bhatt, P., and Thaker, V. (2021). A comparative study on 193 plastomes of 
Poaceae for validity and implications of individual barcode genes and concatenated 
protein coding sequences with selected plastomes of grasses from the desert 
of India. Meta Gene 29:100921. doi: 10.1016/j.mgene.2021.100921

Blanco-Pastor, J. L., Bertrand, Y. J. K., Liberal, I. M., Wei, E., Brummer, E. C., 
and Pfeil, B. E. (2019). Evolutionary networks from RADseq loci point to 
hybrid origins of Medicago carstiensis and Medicago cretacea. Am. J. Bot. 
106, 1–10. doi: 10.1002/ajb2.1352

Boldrini, R. K., Adamowski, E. V., Message, H., Calisto, V., Pagliarini, M. S., 
and Valle, C. B. (2011a). Meiotic behavior as a selection tool in the breeding 
of Brachiaria humidicola (Poaceae). Euphytica 182, 317–324. doi: 10.1007/
s10681-011-0402-5

Boldrini, R. K., Adamowski, E. V., Silva, N., Pagliarini, M. S., and Valle, C. B. 
(2011b). Meiotic behavior in nonaploid accessions of Brachiaria humidicola 
(Poaceae) and implications for breeding. Genet. Mol. Res. 10, 169–176. doi: 
10.4238/vol10-1gmr990

Boldrini, K. R., Pagliarini, M. S., and do Valle, C. B.,  (2009). Meiotic behavior 
of a nonaploid accession endorses x = 6 for Brachiaria humidicola (Poaceae). 
Genet. Mol. Res. 8, 1444–1450. doi: 10.4238/vol8-4gmr679

Boldrini, K. R., Pagliarini, M. S., and Valle, C. B. (2006). Abnormal timing 
of cytokinesis in microsporogenesis in Brachiaria humidicola (Poaceae: 
Paniceae). J. Genet. 85, 225–228. doi: 10.1007/BF02935337

Bourke, P. M., van Geest, G., Voorrips, R. E., Jansen, J., Kranenburg, T., 
Shahin, A., et al. (2018b). polymapR-linkage analysis and genetic map 
construction from F1 populations of outcrossing polyploids. Bioinformatics 
34, 3496–3502. doi: 10.1093/bioinformatics/bty371

Bourke, P. M., Voorrips, R. E., Visser, R. G. F., and Maliepaard, C. (2018a). 
Tools for genetic studies in experimental populations of polyploids. Front. 
Plant Sci. 9:513. doi: 10.3389/fpls.2018.00513

Braga, I., Yamamoto, C. J. T., Custódio, C. C., and Machado-Neto, N. B. (2017). 
Differentiation of Urochloa brizantha cultivars by inter-simple sequence repeat 
(ISSR) markers in seed samples. Afr. J. Biotechnol. 16, 607–614. doi: 10.5897/
AJB2016.15638

Braz, G. T., He, L., Zhao, H., Zhang, T., Semrau, K., Rouillard, J. M., et al. 
(2017). Comparative oligo-FISH mapping: an efficient and powerful 
methodology to reveal karyotypic and chromosomal evolution. Genetics 208, 
513–523. doi: 10.1534/genetics.117.300344

Britt, J. H., Cushman, R. A., Dechow, C. D., Dobson, H., Humblot, P., 
Hutjens, M. F., et al. (2018). Invited review: learning from the future-A 
vision for dairy farms and cows in 2067. J. Dairy Sci. 101, 3722–3741. doi: 
10.3168/jds.2017-14025

Burke, S. V., Wysocki, W. P., Zuloaga, F. O., Craine, J. M., Pires, J. C., Edger, P. P., 
et al. (2016). Evolutionary relationships in Panicoid grasses based on plastome 
phylogenomics (Panicoideae; Poaceae). BMC Plant Bio. 16:140. doi: 10.1186/
s12870-016-0823-3

Casler, M. D., and Brummer, E. C. (2008). Theoretical expected genetic gains 
for among-and-within-family selection methods in perennial forage crops. 
Crop Sci. 48, 890–902. doi: 10.2135/cropsci2007.09.0499

Chen, Z. J., and Ni, Z. (2006). Mechanisms of genomic rearrangements and 
gene expression changes in plant polyploids. BioEssays 28, 240–252. doi: 
10.1002/bies.20374

Chiari, L., da Rocha, M., do Valle, C.B., and Salgado, L. R. (2008). Variabilidade 
genética em acessos e cultivares de quatro espécies de Brachiaria estimada 
por marcadores RAPD. Boletim de Pesquisa e Desenvolvimento n°. 24. Embrapa 
Beef Cattle, Campo Grande-MS.

Corrêa, C. T. R., Bonetti, N. G. Z., Barrios, S. C. L., do Valle, C. B., 
Torres, G. A., and Thechio, V. H. (2020). GISH-based comparative genomic 
analysis in Urochloa P. Beauv. Mol. Biol. Rep. 47, 887–896. doi: 10.1007/
s11033-019-05179-7

Cotton, J. L., Wysocki, W. P., Clark, L. G., Kelchner, S. A., Pires, J. C., Edger, P. P., 
et al. (2015). Resolving deep relationships of PACMAD grasses: a phylogenomic 
approach. BMC Plant Biol. 15:178. doi: 10.1186/s12870-015-0563-9

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1007/s12041-008-0005-7
https://doi.org/10.1186/1471-2164-15-152
https://doi.org/10.1590/S0103-84782011001100024
https://doi.org/10.1007/s00709-007-0253-z
https://doi.org/10.1007/s00709-007-0253-z
https://doi.org/10.12702/1984-7033.v10n01a08
https://doi.org/10.4238/2011.November.17.5
https://doi.org/10.17138/TGFT(1)52-54
https://doi.org/10.1139/b87-313
https://doi.org/10.1016/j.anifeedsci.2011.11.008
https://doi.org/10.3389/fgene.2016.00221
https://doi.org/10.3389/fgene.2016.00221
https://doi.org/10.1016/j.mgene.2021.100921
https://doi.org/10.1002/ajb2.1352
https://doi.org/10.1007/s10681-011-0402-5
https://doi.org/10.1007/s10681-011-0402-5
https://doi.org/10.4238/vol10-1gmr990
https://doi.org/10.4238/vol8-4gmr679
https://doi.org/10.1007/BF02935337
https://doi.org/10.1093/bioinformatics/bty371
https://doi.org/10.3389/fpls.2018.00513
https://doi.org/10.5897/AJB2016.15638
https://doi.org/10.5897/AJB2016.15638
https://doi.org/10.1534/genetics.117.300344
https://doi.org/10.3168/jds.2017-14025
https://doi.org/10.1186/s12870-016-0823-3
https://doi.org/10.1186/s12870-016-0823-3
https://doi.org/10.2135/cropsci2007.09.0499
https://doi.org/10.1002/bies.20374
https://doi.org/10.1007/s11033-019-05179-7
https://doi.org/10.1007/s11033-019-05179-7
https://doi.org/10.1186/s12870-015-0563-9


Ferreira et al. Genetics and Genomics of Urochloa Pastures

Frontiers in Plant Science | www.frontiersin.org 18 December 2021 | Volume 12 | Article 770461

Darlington, C. D., and Wylie, A. P. (1955). Chromosome Atlas of Flowering 
Plants. London: Allen and Unwin 

de C Lara, L. A., Santos, M. F., Jank, L., Chiari, L., Vilela, M. M., Amadeu, R. R., 
et al. (2019). Genomic selection with allele dosage in Panicum maximum 
Jacq. G3 9, 2463–2475. doi: 10.1534/g3.118.200986

de Campos Moraes, I., de Campos Rume, G., Souza Sobrinho, F., and 
Techio, V. H. (2019). Characterization of aneuploidy in interspecific hybrid 
between Urochloa ruziziensis (R. Germ. & Evrard) Crins and Urochloa 
decumbens (Stapf) R. D. Webster. Mol. Biol. Rep. 46, 1931–1940. doi: 
10.1007/s11033-019-04643-8

de Oliveira Silva, R., Barioni, L., Hall, J. A. J., Folegatti Matsuura, M., Zanett 
Albertini, T., Fernandes, F. A., et al. (2016). Increasing beef production 
could lower greenhouse gas emissions in Brazil if decoupled from deforestation. 
Nat. Clim. Change 6, 493–497. doi: 10.1038/nclimate2916

de Paula, C. M. P., Sobrinho, F. S., and Techio, V. H. (2017). Genomic constitution 
and relationship in Urochloa (Poaceae) species and hybrids. Crop Sci. 57, 
2605–2616. doi: 10.2135/cropsci2017.05.0307

da Rocha, M. J., Chiavegatto, R. B., Damasceno, A. G., Rocha, L. C., Souza 
Sobrinho, F., and Techio, V. H. (2019). Comparative meiosis and cytogenomic 
analysis in euploid and aneuploid hybrids of Urochloa P. Beauv. Chromosom. 
Res. 27, 333–344. doi: 10.1007/s10577-019-09616-y

Deschamps, S., Zhang, Y., Llaca, V., Ye, L., Sanyal, A., King, M., et al. (2018). 
A chromosome-scale assembly of the sorghum genome using nanopore 
sequencing and optical mapping. Nat. Commun. 9:4844. doi: 10.1038/
s41467-018-07271-1

Dewey, D. R. (1980). “Some applications and misapplications of induced polyploidy 
to plant breeding,” in Polyploidy: Biological Relevance. ed. W. H. Lewis 
(New York: Lewis Plenum Press), 445–470.

do Valle, C. B. (1990). Coleção de germoplasma de espécies de Brachiaria no 
CIAT: estudos básicos visando ao melhoramento genético. Campo Grande 
– MS: Embrapa Gado de Corte 33p. (Boletim de Pesquisa, 46).

Duvall, M. R., Burke, S. V., and Clark, D. C. (2019). Plastome phylogenomics 
of Poaceae: alternate topologies depend on alignment gaps. Bot. J. Linn. 
Soc. 192, 9–20. doi: 10.1093/botlinnean/boz060

Felismino, M. F., Pagliarini, M. S., and do Valle, C. B. (2010). Meiotic behavior 
of interspecific hybrids between artificially tetraploidized sexual Brachiaria 
ruziziensis and tetraploid apomictic B. brizantha (Poaceae). Sci. Agric. 67, 
191–197. doi: 10.1590/S0103-90162010000200010

Felismino, M. F., Pagliarini, M. S., Do Valle, C. B., and Resende, R. M. 
S. (2012). Meiotic stability in two valuable interspecific hybrids of 
Brachiaria (Poaceae). Plant Breed. 131, 402–408. doi: 10.1111/j.1439-0523. 
2011.01942.x

Ferreira, R. C. U., Cançado, L. J., Do Valle, C. B., Chiari, L., and de Souza, A. P. 
(2016). Microsatellite loci for Urochloa decumbens (Stapf) R.D. Webster and 
cross-amplification in other Urochloa species. BMC. Res. Notes 9:152. doi: 
10.1186/s13104-016-1967-9

Ferreira, L. G., de Alencar Dusi, D. M., Irsigler, A. S. T., Gomes, A. C. M. 
M., Mendes, M. A., Colombo, L., et al. (2017). GID1 expression is associated 
with ovule development of sexual and apomictic plants. Plant Cell Rep. 37, 
293–306. doi: 10.1007/s00299-017-2230-0

Ferreira, R. C. U., Lara, L. A. C., Chiari, L., Barrios, S. C. L., do Valle, C. B., 
Valério, J. R., et al. (2019). Genetic mapping with allele dosage information 
in tetraploid Urochloa decumbens (Stapf) R. D. Webster reveals insights into 
spittlebug (Notozulia entreriana Berg) resistance. Front. Plant Sci. 10:92. doi: 
10.3389/fpls.2019.00092

Frankel, O. H. (1984). “Genetic perspectives of germplasm conservation,” in 
Genetic Manipulation: Impact on Man and Society. eds. W. Arber, K. 
Llimensee, W. J. Peacock and P. Starlinger (Cambridge: Cambridge University 
Press), 161–170.

Fuzinatto, V. A., Pagliarini, M. S., and do Valle, C. B. (2012). Meiotic behavior 
in apomictic Brachiaria ruziziensis x B. brizantha (Poaceae) progenies. Sci. 
Agric. 69, 380–385. doi: 10.1590/S0103-90162012000600006

Fuzinatto, V. A., Pagliarini, M. S., and Valle, C. B. (2017). Evidence of programmed 
cell death during microsporogenesis in an interspecific Brachiaria (Poaceae: 
48 Panicoideae: Paniceae) hybrid. Genet. Mol. Res. 6, 208–215.

Garcia, M., Vigna, B. B. Z., Sousa, A. C. B., Jungmann, L., Cidade, F. W., 
Toledo-Silva, G., et al. (2013). Molecular genetic variability, population 
structure and mating system in tropical forages. Trop. Grass – Forr Trop 
1, 25–30. doi: 10.17138/TGFT(1)25-30

Girma, D., Cannarozzi, G., Weichert, A., and Tadele, Z. (2018). Genotyping 
by sequencing reasserts the close relationship between tef and its putative 
wild Eragrostis progenitors. Diversity 10:17. doi: 10.3390/d10020017

Giussani, L. M., Cota-Sánchez, J. H., Zuloaga, F. O., and Kellogg, E. A. (2001). 
A molecular phylogeny of the grass subfamily Panicoideae (Poaceae) shows 
multiple origins of C4 photosynthesis. Am. J. Bot. 88, 1993–2012. doi: 
10.2307/3558427

Gobbe, J., Swenne, A., and Louant, B. P. (1981). Diploïdes naturels et 
autotétraploïdes induits chez Brachiaria ruziziensis Germain et Evrard: critères 
d'identification. L’Agronomie Tropicale 36, 339–346.

Goodstein, D. M., Shu, S., Howson, R., Neupane, R., Hayes, R. D., Fazo, J., 
et al. (2011). Phytozome: a comparative platform for green plant genomics. 
Nucleic Acids Res. 40, D1178–D1186. doi: 10.1093/nar/gkr944

Gordon, I. J. (2018). “Review: Livestock production increasingly influences 
wildlife across the globe” in Animal Vol. 12 (Elsevier BV), S372–S382.

Grimanelli, D., Leblanc, O., Perotti, E., and Grossniklaus, U. (2001). Developmental 
genetics of gametophytic apomixis. Trends Genet. 17, 597–604. doi: 10.1016/
S0168-9525(01)02454-4

Grisebach, A. (1853). “Brachiaria,” in Flora Rossica. ed. C. F. Ledebour (Stuttgart: 
Sumtibus Librariae E. Schweizerbart).

Guimarães, L. A., de A Dusi, D. M., Masiero, S., Resentini, F., Gomes, A. C. 
M. M., Silveira, É. D., et al. (2013). BbrizAGL6 is differentially expressed 
during embryo sac formation of apomictic and sexual Brachiaria brizantha 
plants. Plant Mol. Biol. Rep. 31, 1397–1406. doi: 10.1007/s11105-013-0618-8

Haas, R., Zelezniak, A., Iacovacci, J., Kamrad, S., Townsend, S., and Ralser, M. 
(2017). Designing and interpreting ‘multi-omic’ experiments that may change 
our understanding of biology. Curr. Opin. Syst. Biol. 6, 37–45. doi: 10.1016/j.
coisb.2017.08.009

Hackett, C. A., McLean, K., and Bryan, G. J. (2013). Linkage analysis and 
QTL mapping using SNP dosage data in a tetraploid potato mapping 
population. PLoS One 8:e63939. doi: 10.1371/journal.pone.0063939

Hand, M. L., and Koltunow, A. M. (2014). The genetic control of apomixis: 
asexual seed formation. Genetics 197, 441–450. doi: 10.1534/
genetics.114.163105

Hegarty, M., Coate, J., Sherman-Broyles, S., Abbott, R., Hiscock, S., and Doyle, J. 
(2013). Lessons from natural and artificial polyploids in higher plants. 
Cytogenet. Genome Res. 140, 204–225. doi: 10.1159/000353361

Hodkinson, T. R. (2018). Evolution and taxonomy of the grasses (Poaceae): a 
model family for the study of species-rich groups. Annu. Plant Rev. Online 1, 
255–294. doi: 10.1002/9781119312994.apr0622

Holmann, F., and Peck, D. C. (2002). Economic damage of grassland spittlebugs 
(Homoptera: Cercopidae) in Colombia: a first approximation of impact on 
animal production in Brachiaria decumbens. Neotrop. Entomol. 31, 275–284. 
doi: 10.1590/S1519-566X2002000200016

Hopkinson, J. M., de Souza, F. H. D., Diulgheroff, S., Ortiz, A., and Sanchez, M. 
(1996). “Reproductive physiology, seed production, and seed quality of 
Brachiaria”, in Brachiaria: Biology, Agronomy, Improvement, eds J. Miles and 
B. Maass, and do Valle, C. B. (Centro Internacional de Agricultura Tropical 
– CIAT; Empresa Brasileira de Pesquisa Agropecuária – EMBRAPA, Cali: 
Brasília), 124–140.

Ishigaki, G., Gondo, T., Suenaga, K., and Akashi, R. (2009). Induction of 
tetraploid ruzigrass (Brachiaria ruziziensis) plants by colchicine treatment 
of in  vitro multiple-shoot clumps and seedlings. Grassl. Sci. 55, 164–170. 
doi: 10.1111/j.1744-697X.2009.00153.x

Jank, L., Barrios, S. C., do Valle, C. B., Simeão, R. M., and Alves, G. F. (2014). 
The value of improved pastures to Brazilian beef production. Crop Pasture 
Sci. 65, 1132–1137. doi: 10.1071/CP13319

Jank, L., Valle, C. B., and Resende, R. M. S. (2011). Breeding tropical forages. 
Crop Breed. Appl. Biotechnol. 11, 27–34. doi: 10.1590/S1984-70332011000500005

Jiao, W. B., and Schneeberger, K. (2017). The impact of third generation genomic 
technologies on plant genome assembly. Curr. Opin. Plant Biol. 36, 64–70. 
doi: 10.1016/j.pbi.2017.02.002

Jones, S. S., Burke, S. V., and Duvall, M. R. (2014). Phylogenomics, molecular 
evolution, and estimated ages of lineages from the deep phylogeny of Poaceae. 
Plant Syst. Evol. 300, 1421–1436. doi: 10.1007/s00606-013-0971-y

Jones, C., De Vega, J., Worthington, M., Thomas, A., Gasior, D., Harper, J., 
et al. (2021). A comparison of differential gene expression in response to 
the onset of water stress between three hybrid Brachiaria genotypes. Front. 
Plant Sci. 12:637956. doi: 10.3389/fpls.2021.637956

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1534/g3.118.200986
https://doi.org/10.1007/s11033-019-04643-8
https://doi.org/10.1038/nclimate2916
https://doi.org/10.2135/cropsci2017.05.0307
https://doi.org/10.1007/s10577-019-09616-y
https://doi.org/10.1038/s41467-018-07271-1
https://doi.org/10.1038/s41467-018-07271-1
https://doi.org/10.1093/botlinnean/boz060
https://doi.org/10.1590/S0103-90162010000200010
https://doi.org/10.1111/j.1439-0523.2011.01942.x
https://doi.org/10.1111/j.1439-0523.2011.01942.x
https://doi.org/10.1186/s13104-016-1967-9
https://doi.org/10.1007/s00299-017-2230-0
https://doi.org/10.3389/fpls.2019.00092
https://doi.org/10.1590/S0103-90162012000600006
https://doi.org/10.17138/TGFT(1)25-30
https://doi.org/10.3390/d10020017
https://doi.org/10.2307/3558427
https://doi.org/10.1093/nar/gkr944
https://doi.org/10.1016/S0168-9525(01)02454-4
https://doi.org/10.1016/S0168-9525(01)02454-4
https://doi.org/10.1007/s11105-013-0618-8
https://doi.org/10.1016/j.coisb.2017.08.009
https://doi.org/10.1016/j.coisb.2017.08.009
https://doi.org/10.1371/journal.pone.0063939
https://doi.org/10.1534/genetics.114.163105
https://doi.org/10.1534/genetics.114.163105
https://doi.org/10.1159/000353361
https://doi.org/10.1002/9781119312994.apr0622
https://doi.org/10.1590/S1519-566X2002000200016
https://doi.org/10.1111/j.1744-697X.2009.00153.x
https://doi.org/10.1071/CP13319
https://doi.org/10.1590/S1984-70332011000500005
https://doi.org/10.1016/j.pbi.2017.02.002
https://doi.org/10.1007/s00606-013-0971-y
https://doi.org/10.3389/fpls.2021.637956


Ferreira et al. Genetics and Genomics of Urochloa Pastures

Frontiers in Plant Science | www.frontiersin.org 19 December 2021 | Volume 12 | Article 770461

Jungmann, L., Sousa, A. C. B., Paiva, J., Francisco, P. M., Vigna, B. B. Z., and 
do Valle, C. B.,  (2009a). Isolation and characterization of microsatellite 
markers for Brachiaria brizantha (Hochst. Ex A. Rich.). Stapf. Conserv. Genet. 
10, 1873–1876. doi: 10.1007/s10592-009-9839-7

Jungmann, L., Vigna, B. B. Z., Boldrini, K. R., Sousa, A. C. B., do Valle, C. B., 
Resende, R. M. S., et al. (2010). Genetic diversity and population structure 
analysis of the tropical pasture grass Brachiaria humidicola based on 
microsatellites, cytogenetics, morphological traits, and geographical origin. 
Genome 53, 698–709. doi: 10.1139/G10-055

Jungmann, L., Vigna, B. B. Z., Paiva, J., Sousa, A. C. B., do Valle, C. B., 
Laborda, P. R., et al. (2009b). Development of microsatellite markers for 
Brachiaria humidicola (Rendle) Schweick. Conserv. Genet. Resour. 1, 475–479. 
doi: 10.1007/s12686-009-9111-y

Junqueira-Filho, R. G., Mendes-Bonato, A. B., Pagliarini, M. S., Bione, N. C. 
P., do Valle, C. B., and de Oliveira Penteado, M. I. (2003). Absence of 
microspore polarity symmetric divisions and pollen cell fate in Brachiaria 
decumbens (Gramineae). Genome 46, 83–88. doi: 10.1139/g02-114

Kaushal, P., Dwivedi, K. K., Radhakrishna, A., Srivastava, M. K., Kumar, V., 
Roy, A. K., et al. (2019). Partitioning apomixis components to understand 
and utilize gametophytic apomixis. Front. Plant Sci. 10:256. doi: 10.3389/
fpls.2019.00256

Keller-Grein, G., Maass, B. L., and Hanson, J. (1996). “Natural variation in 
Brachiaria and existing germoplasma collections”, in Brachiaria: Biology, 
Agronomy and Improvement, eds J. W. Miles and B. L. Maass and do 
Valle, C. B. (Centro Internacional de Agricultura Tropical – CIAT; Empresa 
Brasileira de Pesquisa Agropecuária – EMBRAPA, Cali; Brasília), 17–42.

Kellogg, E. A. (1988). Who’s related to whom? Recent results from molecular 
systematic studies. Curr. Opin. Plant Biol. 1, 149–158.

Kellogg, E. A. (2015). Flowering Plants. Monocots. Cham: Springer 
International Publishing

Koehler, A. D., Irsigler, A. S. T., Carneiro, V. T. C., Cabtal, G. B., Rodrigues, J. C. 
M., Gomes, A. C. M. M., et al. (2020). SERK genes identification and 
expression analysis during somatic embryogenesis and sporogenesis of sexual 
and apomictic Brachiaria brizantha (Syn. Urochloa brizantha). Planta 252:39. 
doi: 10.1007/s00425-020-03443-w

Kukurba, K. R., and Montgomery, S. B. (2015). RNA sequencing and analysis. 
Cold Spring Harbor. Protoc. 2015:pdb.top084970. doi: 10.1101/pdb.top084970

Kuwi, S. O., Kyalo, M., Mutai, C. K., Mwilawa, A., Hanson, J., Djikeng, A., 
et al. (2018). Genetic diversity and population structure of Urochloa grass 
accessions from Tanzania using simple sequence repeat (SSR) markers. Braz. 
J. Bot. 41, 699–709. doi: 10.1007/s40415-018-0482-8

Kyriakidou, M., Tai, H. H., Anglin, N. L., Ellis, D., and Strömvik, M. V. (2018). 
Current strategies of Polyploid plant genome sequence assembly. Front. Plant 
Sci. 9:1660. doi: 10.3389/fpls.2018.01660

Lacerda, A. L. M., de Alencar Dusi, D. M., Alves, E. R., Rodrigues, J. C. M., 
Gomes, A. C. M. M., and de Campos Carneiro, V. T. (2012). Expression 
analyses of Brachiaria brizantha genes encoding ribosomal proteins BbrizRPS8, 
BbrizRPS15a, and BbrizRPL41 during development of ovaries and anthers. 
Protoplasma 250, 505–514. doi: 10.1007/s00709-012-0433-3

Leinonen, M., and Salmela, L. (2020). Optical map guided genome assembly. 
BMC Bioinf. 21:285. doi: 10.1186/s12859-020-03623-1

Lewin, H. A., Larkin, D. M., Pontius, J., and O’Brien, S. J. (2009). Every 
genome sequence needs a good map. Genome Res. 19, 1925–1928. doi: 
10.1101/gr.094557.109

Li, G., Zhang, T., Yu, Z., Wang, H., Yang, E., and Yang, Z. (2020). An 
efficient oligo-FISH painting system for revealing chromosome rearrangements 
and polyploidization in Triticeae. Plant J. 105, 978–993. doi: 10.1111/
tpj.15081

Liu, L., Fan, X., Tan, P., Wu, J., Zhang, H., Han, C., et al. (2021). The 
development of SSR markers based on RNA-sequencing and its validation 
between and within Carex L. species. BMC Plant Biol. 21:17. doi: 10.1186/
s12870-020-02792-8

Liu, X., Sun, S., Wu, Y., Zhou, Y., Gu, S., Yu, H., et al. (2019). Dual-color 
oligo-FISH can reveal chromosomal variations and evolution in Oryza species. 
Plant J. 101, 112–121. doi: 10.1111/tpj.14522

Lutts, S., Ndikumana, J., and Louant, B. P. (1994). Male and female sporogenesis 
and gametogenesis in apomictic Brachiaria brizantha, Brachiaria decumbens 
and F1 hybrids with sexual colchicine induced tetraploid Brachiaria ruziziensis. 
Euphytica 78, 19–25. doi: 10.1007/BF00021394

Maass, B. L., Midega, A. O., Mutimura, M., Rahetlah, V. B., Salgado, P., 
Kabirizi, J. M., et al. (2015). Homecoming of Brachiaria: improved hybrids 
prove useful for African animal agriculture. East Afr. Agric. For. J. 81, 
71–78. doi: 10.1080/00128325.2015.1041263

MAPA (Brazilian Ministry of Agriculture, Livestock and Food Supply). (2021). 
National Cultivar Registry Data Bank (Registro Nacional de Cultivares–RNC). 
Available at: https://sistemas.agricultura.gov.br/snpc/cultivarweb/cultivares_
registradas.php (Accessed 30, 2021).

Mardis, E. R. (2011). A decade’s perspective on DNA sequencing technology. 
Nature 470, 198–203. doi: 10.1038/nature09796

Mason, A. S., and Wendel, J. F. (2020). Homoeologous exchanges, segmental 
allopolyploidy, and polyploid genome evolution. Front. Genet. 11:1014. doi: 
10.3389/fgene.2020.01014

Matias, F. I., Alves, F. C., Meireles, K. G. X., Barrios, S. C. L., do Valle, C. B., 
Endelman, J. B., et al. (2019B). On the accuracy of genomic prediction 
models considering multi-trait and allele dosage in Urochloa spp. interspecific 
tetraploid hybrids. Mol. Breed. 39:100. doi: 10.1007/s11032-019-1002-7

Matias, F. I., Vidotti, M. S., Meireles, K. G. X., Barrios, S. C. L., do Valle, C. B., 
Carley, C. A. S., et al. (2019a). Association mapping considering allele dosage: 
an example of forage traits in an interspecific segmental allotetraploid Urochloa 
spp. panel. Crop Sci. 59, 2062–2076. doi: 10.2135/cropsci2019.03.0185

Mendes, D. V., Boldrini, K. R., Mendes-Bonato, A. B., Pagliarini, M. S., and 
do Valle, C. B.,  (2006). Cytological evidence of natural hybridization in 
Brachiaria brizantha Stapf (Gramineae). Bot. J. Linn. Soc. 150, 441–446. 
doi: 10.1111/j.1095-8339.2006.00493.x

Mendes-Bonato, A. B., Junqueira Filho, R. G., Pagliarini, M. S., Valle, C. B., 
and Penteado, M. I. O. (2002b). Unusual cytological patterns of 
microsporogenesis in Brachiaria decumbens: abnormalities in spindle and 
defective cytokinesis causing precocious cellularization. Cell Biol. Int. 26, 
641–646. doi: 10.1006/cbir.2002.0929

Mendes-Bonato, A. B., Pagliarini, M. S., Forli, F., do Valle, C. B., and Penteado, M. I. 
O. (2002a). Chromosome number and microsporogenesis in Brachiaria 
brizantha (Gramineae). Euphytica 125, 419–425. doi: 10.1023/A:1016026027724

Mendes-Bonato, A. B., Pagliarini, M. S., Silva, N., and do Valle, C. B.,  (2001). 
Meiotic instability in invader plants of signal grass Brachiaria decumbens 
Stapf (Gramineae). Acta Sci 23, 619–625.

Mendes-Bonato, A. B., Pagliarini, M. S., and Valle, C. B. do (2007). Meiotic 
arrest compromises pollen fertility in an interspecific hybrid between Brachiaria 
ruziziensis x Brachiaria decumbens (Poaceae: Paniceae). Braz. Arch. Biol. 
Technol. 50:831–837. doi: 10.1590/S1516-89132007000500011

Mendes-Bonato, A. B., Risso-Pascotto, C., Pagliarini, M. S., and do Valle, C. B. 
(2006). Cytogenetic evidence for genome elimination during microsporogenesis 
in interspecific hybrid between Brachiaria ruziziensis and B. brizantha 
(Poaceae). Genet. Mol. Biol. 29, 711–714. doi: 10.1590/S1415- 
47572006000400021

Meuwissen, T. H. E., Hayes, B. J., and Goddard, M. E. (2001). Prediction of 
total genetic value using genome-wide dense marker maps. Genetics 157, 
1819–1829. doi: 10.1093/genetics/157.4.1819

Migicovsky, Z., Warschefsky, E., Klein, L. L., and Miller, A. J. (2019). Using 
living germplasm collections to characterize, improve, and conserve woody 
perennials. Crop Sci. 59, 2365–2380. doi: 10.2135/cropsci2019.05.0353

Miles, J. W. (2007). Apomixis for cultivar development in tropical forage grasses. 
Crop Sci. 47, S238–S249. doi: 10.2135/cropsci2007.04.0016IPBS

Miles, J. W., and Escandón, M. L. (1997). Further evidence on the inheritance 
of reproductive mode in Brachiaria. Can. J. Plant Sci. 77, 105–107. doi: 
10.4141/P95-187

Miles, J. W., do Valle, C. B., Rao, I. M., and Euclides, V. P. B. (2004). 
“Brachiariagrass”, in Warm-Season (C4) Grasses, eds Moser, L.E., Burson, B. L., 
and Sollenberger, L. E.. American Society of Agronomy, Crop Science Society 
of America, Soil Science Society of America, Madison, 745–783.

Miles, J. W., and Escandón, M. I. (1997). Further evidence on the inheritance 
of reproductive mode in Brachiaria. Can. J. Plant Sci. 77, 105–107. doi: 
10.4141/P95-187

Mollinari, M., and Garcia, A. A. F. (2019). Linkage Analysis and Haplotype 
Phasing in Experimental Autopolyploid Populations with High Ploidy Level 
Using Hidden Markov Models. G3 Genes|Genomes|Genetics. 9, 3297–3314. 
doi: 10.1534/g3.119.400378

Mollinari, M., Olukolu, B. A., da S Pereira, G., Khan, A., Gemenet, D., 
Yencho, G. C., et al. (2020). Unraveling the hexaploid sweetpotato inheritance 

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1007/s10592-009-9839-7
https://doi.org/10.1139/G10-055
https://doi.org/10.1007/s12686-009-9111-y
https://doi.org/10.1139/g02-114
https://doi.org/10.3389/fpls.2019.00256
https://doi.org/10.3389/fpls.2019.00256
https://doi.org/10.1007/s00425-020-03443-w
https://doi.org/10.1101/pdb.top084970
https://doi.org/10.1007/s40415-018-0482-8
https://doi.org/10.3389/fpls.2018.01660
https://doi.org/10.1007/s00709-012-0433-3
https://doi.org/10.1186/s12859-020-03623-1
https://doi.org/10.1101/gr.094557.109
https://doi.org/10.1111/tpj.15081
https://doi.org/10.1111/tpj.15081
https://doi.org/10.1186/s12870-020-02792-8
https://doi.org/10.1186/s12870-020-02792-8
https://doi.org/10.1111/tpj.14522
https://doi.org/10.1007/BF00021394
https://doi.org/10.1080/00128325.2015.1041263
https://sistemas.agricultura.gov.br/snpc/cultivarweb/cultivares_registradas.php
https://sistemas.agricultura.gov.br/snpc/cultivarweb/cultivares_registradas.php
https://doi.org/10.1038/nature09796
https://doi.org/10.3389/fgene.2020.01014
https://doi.org/10.1007/s11032-019-1002-7
https://doi.org/10.2135/cropsci2019.03.0185
https://doi.org/10.1111/j.1095-8339.2006.00493.x
https://doi.org/10.1006/cbir.2002.0929
https://doi.org/10.1023/A:1016026027724
https://doi.org/10.1590/S1516-89132007000500011
https://doi.org/10.1590/S1415-47572006000400021
https://doi.org/10.1590/S1415-47572006000400021
https://doi.org/10.1093/genetics/157.4.1819
https://doi.org/10.2135/cropsci2019.05.0353
https://doi.org/10.2135/cropsci2007.04.0016IPBS
https://doi.org/10.4141/P95-187
https://doi.org/10.4141/P95-187
https://doi.org/10.1534/g3.119.400378


Ferreira et al. Genetics and Genomics of Urochloa Pastures

Frontiers in Plant Science | www.frontiersin.org 20 December 2021 | Volume 12 | Article 770461

using ultra-dense multilocus mapping. G3 10, 281–292. doi: 10.1534/
g3.119.400620

Montagu, M. V. (2020). The future of plant biotechnology in a globalized and 
environmentally endangered world. Genet. Mol. Biol. 43:e20190040. doi: 
10.1590/1678-4685-gmb-2019-0040

Monteiro, L. C., Verzignassi, J. R., Barrios, S. C. L., Valle, C. B., Fernandes, C. D., 
Benteo, G. L., et al. (2016). Brachiaria decumbens intraspecific hybrids: 
characterization and selection for seed production. J. Seed Sci. 38, 62–67. 
doi: 10.1590/2317-1545v38n1152223

Montesinos-López, O. A., Montesinos-López, A., Pérez-Rodríguez, P., 
Barrón-López, J. A., Martini, J. W. R., Fajardo-Flores, S. B., et al. (2021). 
A review of deep learning applications for genomic selection. BMC Genomics 
22:19. doi: 10.1186/s12864-020-07319-x

Moraes, I. de C., Pereira, W. A., Nani, T. F., Paula, C. M. P., de, Rocha, M. J. 
da, Souza Sobrinho, F., et al. (2021). Karyotype analysis and mode of 
reproduction of two Urochloa P. Beauv. Species. Crop Sci. doi: 10.1002/
csc2.20542

Morrone, O., and Zuloaga, F. O. (1992). Revisión de las especies sudamericanas 
nativas e introducidas de los géneros Brachiaria y Urochloa (Poaceae: 
Panicoideae: Paniceae). Darwin 31, 43–109.

Morrone, O., and Zuloaga, F. O. (1993). Sinópsis del género Urochloa (Poaceae: 
Panicoideae: Paniceae) para México y América central. Darwin 32, 59–75.

Namazzi, C., Sserumaga, J. P., Mugerwa, S., Kyalo, M., Mutai, C., Mwesigwa, R., 
et al. (2020). Genetic diversity and population structure of Brachiaria (syn 
Urochloa) ecotypes from Uganda. Agronomy 10:1193. doi: 10.3390/
agronomy10081193

Nani, T. F., Schnable, J. C., Washburn, J. D., Albert, P., Pereira, W. A., 
Sobrinho, F. S., et al. (2018). Location of low copy genes in chromosomes 
of Brachiaria spp. Mol. Biol. Rep. 45, 109–118. doi: 10.1007/s11033-018-4144-5

Nielen, S., Almeida, L. M., Carneiro, V. T. C., and Araujo, A. C. G. (2009). 
Physical mapping of rDNA genes corroborates allopolyploid origin in apomictic 
Brachiaria brizantha. Sex. Plant Reprod. 23, 45–51. doi: 10.1007/
s00497-009-0124-1

Nitthaisong, P., Ishigaki, G., Tanaka, H., and Akashi, R. (2016). Chromosome 
number, genomic variation, and molecular markers to assess genetic diversity 
of species. Crop Sci. 56, 312–321. doi: 10.2135/cropsci2015.04.0203

Ondabu, N., Maina, S., Kimani, W., Njarui, D., Djikeng, A., and Ghimire, S. 
(2017). Molecular characterizations of Kenyan Brachiaria grass ecotypes with 
microsatellite (SSR) markers. Agronomy 7:8. doi: 10.3390/agronomy7010008

Ortiz, J. P. A., Quarin, C. L., Pessino, S. C., Acuna, C., Martinez, E. J., 
Espinoza, F., et al. (2013). Harnessing apomictic reproduction in grasses: 
what we have learned from Paspalum. Ann. Bot. 112, 767–787. doi: 10.1093/
aob/mct152

Orton, L. M., Barberá, P., Nissenbaum, M. P., Peterson, P. M., Quintanar, A., 
Soreng, R. J., et al. (2021). A 313 plastome phylogenomic analysis of Pooideae: 
exploring relationships among the largest subfamily of grasses. Mol. Phylogenet. 
Evol. 159:107110. doi: 10.1016/j.ympev.2021.107110

Ozias-Akins, P., Roche, D., and Hanna, W. W. (1998). Tight clustering and 
hemizygosity of apomixis-linked molecular markers in Pennisetum squamulatum 
implies genetic control of apospory by a divergent locus that may have no 
allelic form in sexual genotypes. Proc. Natl. Acad. Sci. 95, 5127–5132. doi: 
10.1073/pnas.95.9.5127

Ozias-Akins, P., and van Dijk, P. J. (2007). Mendelian genetics of apomixis in 
plants. Annu. Rev. Genet. 41, 509–537. doi: 10.1146/annurev.genet.40.110405.090511

Ozsolak, F., and Milos, P. M. (2010). RNA sequencing: advances, challenges 
and opportunities. Nat. Rev. Genet. 12, 87–98. doi: 10.1038/nrg2934

Pagliarini, M. S., Valle, C. B., Santos, E. M., Mendes, D. V., Bernardo, Z. H., 
Mendes-Bonato, A. B., et al. (2012). Microsporogenesis in Brachiaria brizantha 
(Poaceae) as a selection tool for breeding. Genet. Mol. Res. 11, 1309–1318. 
doi: 10.4238/2012.May.15.1

Pedraza Garcia, F. P. (1995). Hacia la localización del gen de apomixis en 
Brachiaria usando marcadores moleculares RAPD. Ph.D. thesis, Universidad 
Nacional de Colombia, Palmira, Valle del Cauca.

Pereira, J. F., Azevedo, A. L. S., Pessoa-Filho, M., Romanel, E. A. D. C., 
Pereira, A. V., Vigna, B. B. Z., et al. (2018). Research priorities for next-
generation breeding of tropical forages in Brazil. Crop Breed. Appl. Biotechnol. 
18, 314–319. doi: 10.1590/1984-70332018v18n3n46

Pessino, S. C., Evans, C., Ortiz, J. P. A., Armstead, I., Valle, C. B. D., and 
Hayward, M. D. (1998). A genetic map of the apospory-region in Brachiaria 

hybrids: identification of two markers closely associated with the trait. 
Hereditas 128, 153–158. doi: 10.1111/j.1601-5223.1998.00153.x

Pessino, S. C., Evans, C., Ortiz, J. P. A., Armstead, I., do Valle, C. B., and 
Hayward, M. D. (2004). A genetic map of the apospory-region in Brachiaria 
hybrids: identification of two markers closely associated with the trait. 
Hereditas 128, 153–158. doi: 10.1111/J.1601-5223.1998.00153.X

Pessino, S. C., Ortiz, J. P. A., Leblanc, O., do Valle, C. B., Evans, C., and 
Hayward, M. D. (1997). Identification of a maize linkage group related to 
apomixis in Brachiaria. Theor Appl. Gen. 94, 439–444. doi: 10.1007/s001220050434

Pessoa-Filho, M., Azevedo, A. L. S., Sobrinho, F. S., Gouvea, E. G., Martins, A. M., 
and Ferreira, M. E. (2015). Genetic diversity and structure of Ruzigrass 
germplasm collected in Africa and Brazil. Crop Sci. 55, 2736–2745. doi: 
10.2135/cropsci2015.02.0096 (Accessed 30, 2021).

Pessoa-Filho, M., Martins, A. M., and Ferreira, M. E. (2017). Molecular dating 
of phylogenetic divergence between Urochloa species based on complete 
chloroplast genomes. BMC Genomics 18:516. doi: 10.1186/s12864-017-3904-2

Pessoa-Filho, M., Sobrinho, F. S., Fragoso, R. R., Silva Junior, O. B., and 
Ferreira, M. E. (2019). “A Phased Diploid Genome Assembly for the Forage 
Grass Urochloa Ruziziensis Based on Single-Molecule Real-Time Sequencing.” 
in International Plant and Animal Genome Conference XXVII, 2019, San 
Diego. Available at: https://www.embrapa.br/en/busca-de-publicacoes/-/
publicacao/1107378/a-phased-diploid-genome-assembly-for-the-forage-grass-
urochloa-ruziziensis-based-on-single-molecule-real-time-sequencing.

Pinheiro, A. A., Pozzobon, M. T., Valle, C. B., Penteado, M. I. O., and 
Carneiro, V. T. C. (2000). Duplication of the chromosome number of diploid 
Brachiaria brizantha plants using colchicine. Plant Cell Rep. 19, 274–278. 
doi: 10.1007/s002990050011

R Core Team. (2020). R: A Language and Environment for Statistical Computing. 
Vienna, Austria: R Foundation for Statistical Computing.

Rao, I. M., Kerridge, P. C., and Macedo, M. C. M. (1996). “Nutritional 
requirements of Brachiaria and adaptation to acid soils”. in Brachiaria: Biology, 
Agronomy and Improvement, eds Miles, J., Maass, B., and do Valle, C. B. 
Centro Internacional de Agricultura Tropical – CIAT; Empresa Brasileira 
de Pesquisa Agropecuária – EMBRAPA, Cali: Brasília, 53–71.

Rao, I., Peters, M., Castro, A., Schultze-Kraft, R., White, D., Fisher, M., et al. 
(2015). LivestockPlus – The sustainable intensification of forage-based 
agricultural systems to improve livelihoods and ecosystem services in the 
tropics. Trop. Grass Forr. Trop. 3:59. doi: 10.17138/TGFT(3)59-82

Renny-Byfield, S., and Wendel, J. F. (2014). Doubling down on genomes: 
polyploidy and crop plants. Am. J. Bot. 101, 1711–1725. doi: 10.3732/
ajb.1400119

Renvoize, S. A., Clayton, W. D., and Kabuye, C. H. S (1996). “Morphology, 
taxonomy and natural distribution of Brachiaria (Trin.) Griseb,” in Brachiaria: 
Biology, Agronomy and Improvement, eds J. Miles and B. Maass, and do 
Valle, C. B. Centro Internacional de Agricultura Tropical – CIAT; Empresa 
Brasileira de Pesquisa Agropecuária – EMBRAPA, Cali: Brasília, 1–15.

Ribeiro, T. B., de Lima, W. M., Ribeiro, G. M., and Buso, W. H. D. (2016). 
Características forrageiras de algumas gramíneas do gênero Brachiaria – 
revisão de literatura. Nutri. Time 13, 4773–4780.

Ricci, G. C. L., Pagliarini, M. S., and Valle, C. B. (2010). Genome elimination 
during microsporogenesis in two pentaploid accessions of Brachiaria decumbens 
(Poaceae). Genet. Mol. Res. 9, 2364–2371. doi: 10.4238/vol9-4gmr919

Ricci, G. C. L., Souza-Kaneshima, A. M. D., Felismino, M. F., Mendes-Bonato, A. B., 
Pagliarini, M. S., and Valle, C. B. (2011). Chromosome numbers and meiotic 
analysis in 55 the pre-breeding of Brachiaria decumbens (Poaceae). J. Genet. 
90, 289–294. doi: 10.1007/s12041-011-0087-5

Risso-Pascotto, C., Pagliarini, M. S., and do Valle, C. B., (2002). Abnormal 
nucleolar cycle in microsporogenesis of Brachiaria decumbens (Gramineae). 
Cytologia 67, 355–336. doi: 10.1508/cytologia.67.355

Risso-Pascotto, C., Pagliarini, M. S., and do Valle, C. B. (2005). Meiotic behavior 
in interspecific hybrids between Brachiaria ruziziensis and Brachiaria brizantha 
(Poaceae). In Euphytica Vol. 145 (Springer Science and Business Media LLC.), 
155–159.

Risso-Pascotto, C., Pagliarini, M. S., and do Valle, C. B.,  (2006). A new basic 
chromosome number for the genus Brachiaria (Trin.)Griseb. (Poaceae: Panicoideae: 
Paniceae). Genet. Resour. Crop. Evol. 53, 7–10. doi: 10.1007/s10722-005-7762-4

Risso-Pascotto, C., Pagliarini, M. S., and Valle, C. B. (2003b). A mutation in 
the spindle checkpoint arresting meiosis II in Brachiaria ruziziensis. Genome 
46, 724–728. doi: 10.1139/g03-037

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1534/g3.119.400620
https://doi.org/10.1534/g3.119.400620
https://doi.org/10.1590/1678-4685-gmb-2019-0040
https://doi.org/10.1590/2317-1545v38n1152223
https://doi.org/10.1186/s12864-020-07319-x
https://doi.org/10.1002/csc2.20542
https://doi.org/10.1002/csc2.20542
https://doi.org/10.3390/agronomy10081193
https://doi.org/10.3390/agronomy10081193
https://doi.org/10.1007/s11033-018-4144-5
https://doi.org/10.1007/s00497-009-0124-1
https://doi.org/10.1007/s00497-009-0124-1
https://doi.org/10.2135/cropsci2015.04.0203
https://doi.org/10.3390/agronomy7010008
https://doi.org/10.1093/aob/mct152
https://doi.org/10.1093/aob/mct152
https://doi.org/10.1016/j.ympev.2021.107110
https://doi.org/10.1073/pnas.95.9.5127
https://doi.org/10.1146/annurev.genet.40.110405.090511
https://doi.org/10.1038/nrg2934
https://doi.org/10.4238/2012.May.15.1
https://doi.org/10.1590/1984-70332018v18n3n46
https://doi.org/10.1111/j.1601-5223.1998.00153.x
https://doi.org/10.1111/J.1601-5223.1998.00153.X
https://doi.org/10.1007/s001220050434
https://doi.org/10.2135/cropsci2015.02.0096
https://doi.org/10.1186/s12864-017-3904-2
https://www.embrapa.br/en/busca-de-publicacoes/-/publicacao/1107378/a-phased-diploid-genome-assembly-for-the-forage-grass-urochloa-ruziziensis-based-on-single-molecule-real-time-sequencing
https://www.embrapa.br/en/busca-de-publicacoes/-/publicacao/1107378/a-phased-diploid-genome-assembly-for-the-forage-grass-urochloa-ruziziensis-based-on-single-molecule-real-time-sequencing
https://www.embrapa.br/en/busca-de-publicacoes/-/publicacao/1107378/a-phased-diploid-genome-assembly-for-the-forage-grass-urochloa-ruziziensis-based-on-single-molecule-real-time-sequencing
https://doi.org/10.1007/s002990050011
https://doi.org/10.17138/TGFT(3)59-82
https://doi.org/10.3732/ajb.1400119
https://doi.org/10.3732/ajb.1400119
https://doi.org/10.4238/vol9-4gmr919
https://doi.org/10.1007/s12041-011-0087-5
https://doi.org/10.1508/cytologia.67.355
https://doi.org/10.1007/s10722-005-7762-4
https://doi.org/10.1139/g03-037


Ferreira et al. Genetics and Genomics of Urochloa Pastures

Frontiers in Plant Science | www.frontiersin.org 21 December 2021 | Volume 12 | Article 770461

Risso-Pascotto, C., Pagliarini, M. S., Valle, C. B., and Jank, L. (2004a). Asynchronous 
meiotic rhythm as the cause of selective chromosome elimination in an 
interspecific Brachiaria hybrid. Plant Cell Rep. 22, 945–950. doi: 10.1007/
s00299-004-0784-0

Risso-Pascotto, C., Pagliarini, M. S., Valle, C. B., and Jank, L. (2004b). Asynchronous 
meiosis in an interspecific hybrid of Brachiaria ruziziensis and B. brizantha. 
Plant Cell Rep. 23, 304–310. doi: 10.1007/s00299-004-0802-2

Risso-Pascotto, C., Pagliarini, M. S., Valle, C. B., and Mendes-Bonato, A. B. 
(2003a). Chromosome number and microsporogenesis in pentaploid accession 
of Brachiaria brizantha (Gramineae). Plant Breed. 122, 136–140. doi: 10.1046/J.
1439-0523.2003.00825.X

Rodrigues, J. C., Cabral, G. B., Dusi, D. M. A., de Mello, L. V., Rigden, D. J., 
and Carneiro, V. T. C. (2003). Identification of differentially expressed 
cDNA sequences in ovaries of sexual and apomictic plants of Brachiaria 
brizantha. Plant Mol. Biol. 53, 745–757. doi: 
10.1023/B:PLAN.0000023664.21910.bd

Saarela, J. M., Bull, R. D., Paradis, M. J., Ebata, S. N., Peterson, P. M., Soreng, R. J., 
et al. (2017). Molecular phylogenetics of cool-season grasses in the subtribes 
Agrostidinae, Anthoxanthinae, Aveninae, Brizinae, Calothecinae, Koeleriinae 
and Phalaridinae (Poaceae, Pooideae, Poeae, Poeae chloroplast group  1). 
PhytoKeys 87, 1–139. doi: 10.3897/phytokeys.87.12774

Saarela, J. M., Burke, S. V., Wysocki, W. P., Barrett, M. D., Clark, L. G., 
Craine, J. M., et al. (2018). A 250 plastome phylogeny of the grass family 
(Poaceae): topological support under different data partitions. PeerJ 6:e4299. 
doi: 10.7717/peerj.4299

Sailer, C., Schmid, B., and Grossniklaus, U. (2016). Apomixis allows the 
transgenerational fixation of phenotypes in hybrid plants. Curr. Biol. 26, 
331–337. doi: 10.1016/j.cub.2015.12.045

Salariato, D. L., Giussani, L. M., Morrone, O., and Zuloaga, F. O. (2009). 
Rupichloa, a new genus segregated from Urochloa (Poaceae) based on 
morphological and molecular data. Taxon 58, 381–391. doi: 10.1002/tax.582006

Salariato, D. L., Zuloaga, F. O., Giussani, L. M., and Morrone, O. (2010). 
Molecular phylogeny of the subtribe Melinidinae (Poaceae: Panicoideae: 
Paniceae) and evolutionary trends in the homogenization of inflorescences. 
Mol. Phylogenet. Evol. 56, 355–369. doi: 10.1016/j.ympev.2010.02.009

Salgado, L. R., Lima, R., Santos, B. F. D., Shirakawa, K. T., Vilela, M. D. A., 
Almeida, N. F., et al. (2017). De novo RNA sequencing and analysis of 
the transcriptome of signalgrass (Urochloa decumbens) roots exposed to 
aluminum. Plant Growth Regul. 83, 157–170. doi: 10.1007/s10725-017-0291-2

Sánchez-Ken, J. G., and Clark, L. G. (2010). Phylogeny and a new tribal 
classification of the Panicoideae s.l. (Poaceae) based on plastid and nuclear 
sequence data and structural data. Am. J. Bot. 97, 1732–1748. doi: 10.3732/
ajb.1000024

Santos, J. C. S., Barreto, M. A., Oliveira, F. A., Vigna, B. B. Z., and Souza, A. P. 
(2015a). Microsatellite markers for Urochloa humidicola (Poaceae) and their 
transferability to other Urochloa species. BMC. Res. Notes 8:83. doi: 10.1186/
s13104-015-1044-9

Santos, F. C., Guyot, R., do Valle, C. B., Chiari, L., Techio, V. H., 
Heslop-Harrison, P., et al. (2015b). Chromosomal distribution and evolution 
of abundant retrotransposons in plants: gypsy elements in diploid and 
polyploid Brachiaria forage grasses. Chromosom. Res. 23, 571–582. doi: 
10.1007/s10577-015-9492-6

Sattler, M. C., Carvalho, C. R., and Clarindo, W. R. (2016). The polyploidy 
and its key role in plant breeding. Planta 243, 281–296. doi: 10.1007/
s00425-015-2450-x

Schaart, J. G., van de Wiel, C. C. M., and Smulders, M. J. M. (2021). Genome 
editing of polyploid crops: prospects, achievements and bottlenecks. Transgenic 
Res. 30, 337–351. doi: 10.1007/s11248-021-00251-0

Schmidt, A. (2020). Controlling apomixis: shared features and distinct 
characteristics of gene regulation. Genes 11:329. doi: 10.3390/
genes11030329

Silva, P. I., Martins, A. M., Gouvea, E. G., Pessoa-Filho, M., and Ferreira, M. E. 
(2013). Development and validation of microsatellite markers for Brachiaria 
ruziziensis obtained by partial genome assembly of Illumina single-end reads. 
BMC Genomics 14:17. doi: 10.1186/1471-2164-14-17

Silveira, É. D., Alves-Ferreira, M., Guimarães, L. A., da Silva, F., and Carneiro, V. 
(2009). Selection of reference genes for quantitative real-time PCR expression 
studies in the apomictic and sexual grass Brachiaria brizantha. BMC Plant 
Biol. 9:84. doi: 10.1186/1471-2229-9-84

Silveira, É. D., Guimarães, L. A., de Alencar Dusi, D. M., da Silva, F. R., 
Martins, N. F., do Carmo Costa, M. M., et al. (2012). Expressed sequence-
tag analysis of ovaries of Brachiaria brizantha reveals genes associated with 
the early steps of embryo sac differentiation of apomictic plants. Plant Cell 
Rep. 31, 403–416. doi: 10.1007/s00299-011-1175-y

Simeão, R. M., Resende, M. D. V., Alves, R. S., Pessoa-Filho, M., Azevedo, A. L. 
S., Jones, C. S., et al. (2021). Genomic selection in tropical forage grasses: 
current status and future applications. Front. Plant Sci. 12:665195. doi: 
10.3389/fpls.2021.665195

Simeão-Resende, R. M., Casler, M. D., and Resende, M. D. V. (2013). Selection 
methods in forage breeding: a quantitative appraisal. Crop Sci. 53, 1925–1936. 
doi: 10.2135/cropsci2013.03.0143

Simioni, C., and Valle, C. B. (2009). Chromosome duplication in Brachiaria 
(A. Rich.) Stapf allows intraspecific crosses. Crop Breed. Appl. Biotechnol. 
9, 328–334. doi: 10.12702/1984-7033.v09n04a07

Singh, R. J. (1993). Plant Cytogenetics. CRC Press, Boca Raton, 391p.
Soreng, R. J., and Davis, J. I. (1998). Phylogenetics and character evolution in 

the grass family (Poaceae): simultaneous analysis of morphological and 
chloroplast DNA restriction site character sets. Bot. Rev. 64, 1–85. doi: 
10.1007/BF02868851

Soreng, R. J., Peterson, P. M., Romaschenko, K., Davidse, G., Teisher, J. K., 
Clark, L. G., et al. (2017). A worldwide phylogenetic classification of the 
Poaceae (Gramineae) II: an update and a comparison of two 2015 classifications. 
J. Syst. Evol. 55, 259–290. doi: 10.1111/jse.12262

Soreng, R. J., Peterson, P. M., Romaschenko, K., Davidse, G., Zuloaga, F. O., 
Judziewicz, E. J., et al. (2015). A worldwide phylogenetic classification of 
the poaceae (gramineae). J. Syst. Evol. 53, 117–137. doi: 10.1111/jse.12150

Souza, V. F. (2013) Microsporogênese e viabilidade polínica em híbridos de 
Brachiaria decumbens e seus genitores. [dissertation/phd’s thesis]. Maringá : 
State University of Maringá.

Souza, J. S., Chiari, L., Simeão, R. M., de Mendonça Vilela, M., and Salgado, L. R. 
(2018). Development, validation and characterization of genic microsatellite 
markers in Urochloa species. Am. J. Plant Sci. 9, 281–295. doi: 10.4236/
ajps.2018.92023

Spies, J. J., and Du Plessis, H. (1986). Chromosome studies on African plants. 
I. Bothalia 16, 87–88. doi: 10.4102/abc.v16i1.1078

Stebbins, C. L. Jr. (1950). Variation and Evolution in Plants. New York, NY: 
Columbia University Press.

Stevens, P.F. (2001) Onwards. Angiosperm phylogeny website. Version 12, July 
2012 [and more or less continuously updated since]. Available at: http://
www.mobot.org/MOBOT/research/APweb/ (Accessed 30, 2021).

Swenne, A., Louant, B.-P., and Dujardin, M. (1981). Induction par la colchicine 
de formes autoté traploï des chez Brachiaria ruziziensis Germain et Evrard 
(Graminée). Agron. Trop. 36, 134–141.

Talukder, Z. I., Ma, G., Hulke, B. S., Jan, C.-C., and Qi, L. (2019). Linkage 
mapping and genome-wide association studies of the Rf gene cluster in 
sunflower (Helianthus annuus L.) and their distribution in world sunflower 
collections. Front. Genet. 10:216. doi: 10.3389/fgene.2019.00216

Tamayo-Ordóñez, M. C., Espinosa-Barrera, L. A., Tamayo-Ordóñez, Y. J., 
Ayil-Gutiérrez, B., and Sánchez-Teyer, L. F. (2016). Advances and perspectives 
in the generation of polyploid plant species. Euphytica 209, 1–22. doi: 
10.1007/s10681-016-1646-x

Tang, H. (2017). Disentangling a polyploid genome. Nat. Plants 3, 688–689. 
doi: 10.1038/s41477-017-0001-0

Tegegn, A., Kyalo, M., Mutai, C., Hanson, J., Asefa, G., Djikeng, A., et al. 
(2019). Genetic diversity and population structure of Brachiaria brizantha 
(A.Rich.) Stapf accessions from Ethiopia. Afr. J. Range Forage Sci. 36, 129–133. 
doi: 10.2989/10220119.2019.1573760

Thaikua, S., Ebina, M., Yamanaka, N., Shimoda, K., Suenaga, K., and Kawamoto, Y. 
(2016). Tightly clustered markers linked to an apospory-related gene region 
and quantitative trait loci mapping for agronomic traits in Brachiaria hybrids. 
Grassl. Sci. 62, 69–80. doi: 10.1111/grs.12115

Thérèse Navarro, A., Tumino, G., Visser, R. G. F., Voorrips, R. E., van de 
Weg, W. E., and Maliepaard, C. (2020). Multiparental QTL analysis: can 
we  do it in polyploids? Acta Hortic. 1283, 55–64. doi: 10.17660/
ActaHortic.2020.1283.9

Thornton, P. K. (2010). Livestock production: recent trends, future prospects. 
Philos. Trans. R. Soc. Lond Seri B Biol. Sci. 365, 2853–2867. doi: 10.1098/
rstb.2010.0134

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1007/s00299-004-0784-0
https://doi.org/10.1007/s00299-004-0784-0
https://doi.org/10.1007/s00299-004-0802-2
https://doi.org/10.1046/J.1439-0523.2003.00825.X
https://doi.org/10.1046/J.1439-0523.2003.00825.X
https://doi.org/10.1023/B:PLAN.0000023664.21910.bd
https://doi.org/10.3897/phytokeys.87.12774
https://doi.org/10.7717/peerj.4299
https://doi.org/10.1016/j.cub.2015.12.045
https://doi.org/10.1002/tax.582006
https://doi.org/10.1016/j.ympev.2010.02.009
https://doi.org/10.1007/s10725-017-0291-2
https://doi.org/10.3732/ajb.1000024
https://doi.org/10.3732/ajb.1000024
https://doi.org/10.1186/s13104-015-1044-9
https://doi.org/10.1186/s13104-015-1044-9
https://doi.org/10.1007/s10577-015-9492-6
https://doi.org/10.1007/s00425-015-2450-x
https://doi.org/10.1007/s00425-015-2450-x
https://doi.org/10.1007/s11248-021-00251-0
https://doi.org/10.3390/genes11030329
https://doi.org/10.3390/genes11030329
https://doi.org/10.1186/1471-2164-14-17
https://doi.org/10.1186/1471-2229-9-84
https://doi.org/10.1007/s00299-011-1175-y
https://doi.org/10.3389/fpls.2021.665195
https://doi.org/10.2135/cropsci2013.03.0143
https://doi.org/10.12702/1984-7033.v09n04a07
https://doi.org/10.1007/BF02868851
https://doi.org/10.1111/jse.12262
https://doi.org/10.1111/jse.12150
https://doi.org/10.4236/ajps.2018.92023
https://doi.org/10.4236/ajps.2018.92023
https://doi.org/10.4102/abc.v16i1.1078
http://www.mobot.org/MOBOT/research/APweb/
http://www.mobot.org/MOBOT/research/APweb/
https://doi.org/10.3389/fgene.2019.00216
https://doi.org/10.1007/s10681-016-1646-x
https://doi.org/10.1038/s41477-017-0001-0
https://doi.org/10.2989/10220119.2019.1573760
https://doi.org/10.1111/grs.12115
https://doi.org/10.17660/ActaHortic.2020.1283.9
https://doi.org/10.17660/ActaHortic.2020.1283.9
https://doi.org/10.1098/rstb.2010.0134
https://doi.org/10.1098/rstb.2010.0134


Ferreira et al. Genetics and Genomics of Urochloa Pastures

Frontiers in Plant Science | www.frontiersin.org 22 December 2021 | Volume 12 | Article 770461

Timbó, A. L., Pereira, R. C., Souza Sobrinho, F., and Davide, L. C. (2014a). 
Nuclear DNA content and chromosome number in Brachiaria spp. genotypes. 
Rev. Ciênc. Agron. 45, 62–67. doi: 10.1590/S1806-66902014000100008

Timbó, A. L., Souza, P. N. C., Pereira, R. C., Nunes, J. D., Pinto, J. E. B. P., 
Souza Sobrinho, F., et al. (2014b). Obtaining tetraploid plants of ruzigrass 
(Brachiaria ruziziensis). R. Bras. Zootec. 43, 127–131. doi: 10.1590/
S1516-35982014000300004

Torres González, A. M., and Morton, C. M. (2005). Molecular and morphological 
phylogenetic analysis of Brachiaria and Urochloa (Poaceae). Mol. Phylogenet. 
Evol. 37, 36–44. doi: 10.1016/j.ympev.2005.06.003

Trinius, C.B. (1826). De Graminibus Paniceis: Dissertatio Botanica Altera. Impensis 
Academiae Imperialis Scientiarum, St. Petersburg.

Triviño, N. J., Perez, J. G., Recio, M. E., Ebina, M., Yamanaka, N., Tsuruta, S.-
I., et al. (2017). Genetic diversity and population structure of species and 
breeding populations. Crop Sci. 57, 1–12. doi: 10.2135/cropsci2017.01.0045

Valério, J. R., and Nakano, O. (1987). Damage caused by adults of Zulia entreriana 
(Berg, 1879) (Homoptera: Cercopidae) on plants of Brachiaria decumbens 
Stapf kept under different levels of humidity. An. Soc. Entomol. Bras. (Currently 
Neotrop. Entomol.) 16, 341–350. doi: 10.37486/0301-8059.v16i2.486

Valério, J. R., and Nakano, O. (1988). Damage caused by adults of Zulia 
entreriana on production and quality of Brachiaria decumbens. Pesq. Agropec. 
Bras. 23, 447–453.

Valério, J. R., and Nakano, O. (1989). Influence of the adult of Zulia entreriana 
(Berg, 1879) (Homoptera: Cercopidae) on in  vitro digestibility of Brachiaria 
decumbens. An. Soc. Entomol. Bras. (Currently Neotrop. Entomol.) 18, 185–188. 
doi: 10.37486/0301-8059.v18isupl..627

Valle, C. D., Glienke, C., and Leguizamon, G. O. C. (1994). Inheritance of 
apomixis in Brachiaria, a tropical forage grass. Apomixis Newslett. 7, 42–43.

Valle, C. B., and Pagliarini, M. S. (2009). “Cytogenetics, and breeding of 
Brachiaria,” in Genetic Resources, Chromosome Engineering, and Crop 
Improvement. ed. R. R. Singh (Boca Raton: CRC Press), 103–143.

Valle, C. B., and Savidan, Y. H. (1996). “Genetics, cytogenetics, and reproductive 
biology of Brachiaria”, in Brachiaria: Biology, Agronomy, Improvement, eds 
J. Miles and B. Maass, and do Valle, C. B. Centro Internacional de Agricultura 
Tropical – CIAT; Empresa Brasileira de Pesquisa Agropecuária – EMBRAPA, 
Cali: Brasília, 147–163.

Valle, C. B., Simioni, C., Resende, R. M. S., and Jank, L. (2008). “Melhoramento 
genético de Brachiaria,” in Melhoramento de Forrageiras Tropicais, eds 
Resende, R. M. S., Valle, C. B., and Jank, L. Campo Grande, MS: Embrapa 
Gado de Corte, 13–54.

Varshney, R. K., Bohra, A., Yu, J., Graner, A., Zhang, Q., and Sorrells, M. E. 
(2021). Designing future crops: genomics-assisted breeding comes of age. 
Trends Plant Sci. 26, 631–649. doi: 10.1016/j.tplants.2021.03.010

Vatanparast, M., Powell, A., Doyle, J. J., and Egan, A. N. (2018). Targeting legume 
loci: A comparison of three methods for targeted enrichment baits design 
in Leguminosae phylogenomics. Appl. Plant Sci. 6:e1036. doi: 10.1002/aps3.1036

Veldkamp, J. F. (1996). Brachiaria, Urochloa (Gramineae Paniceae) in Malesia. 
Blumea 41, 413–437.

Veldkamp, J. F. (2004). Miscellaneous notes on mainly southeast Asian Gramineae. 
Reinwardtia 12, 135–140.

Vicentini, A., Barber, J. C., Aliscioni, S. S., Giussani, L. M., and Kellogg, E. A. 
(2008). The age of the grasses and clusters of origins of C4 photosynthesis. 
Glob. Chang. Biol. 14, 2963–2977. doi: 10.1111/j.1365-2486.2008. 
01688.x

Vigna, B. B. Z., Alleoni, G. C., Jungmann, L., do Valle, C. B., and de Souza, A. P. 
(2011b). New microsatellite markers developed from Urochloa humidicola 
(Poaceae) and cross amplification in different Urochloa species. BMC. Res. 
Notes 4:523. doi: 10.1186/1756-0500-4-523

Vigna, B. B. Z., de Oliveira, F. A., de Toledo-Silva, G., da Silva, C. C., do 
Valle, C. B., and de Souza, A. P. (2016b). Leaf transcriptome of two highly 
divergent genotypes of Urochloa humidicola (Poaceae), a tropical polyploid 
forage grass adapted to acidic soils and temporary flooding areas. BMC 
Genomics 17:910. doi: 10.1186/s12864-016-3270-5

Vigna, B. B. Z., Jungmann, L., Francisco, P. M., Zucchi, M. I., do Valle, C. B., 
and de Souza, A. P. (2011a). Genetic diversity and population structure of 

the Brachiaria brizantha germplasm. Trop. Plant Biol. 4, 157–169. doi: 10.1007/
s12042-011-9078-1

Vigna, B. B. Z., Santos, J. C. S., Jungmann, L., do Valle, C. B., Mollinari, M., 
Pastina, M. M., et al. (2016a). Evidence of allopolyploidy in Urochloa 
humidicola based on cytological analysis and genetic linkage mapping. PLoS 
One 11:e0153764. doi: 10.1371/journal.pone.0153764

Wang, Z., Gerstein, M., and Snyder, M. (2009). RNA-Seq: a revolutionary tool 
for transcriptomics. Nat. Rev. Genet. 10, 57–63. doi: 10.1038/nrg2484

Washburn, J. D., Schnable, J. C., Conant, G. C., Brutnell, T. P., Shao, Y., 
Zhang, Y., et al. (2017). Genome-guided phylo-transcriptomic methods and 
the nuclear phylogenetic tree of the Paniceae grasses. Sci. Rep. 7:13528. 
doi: 10.1038/s41598-017-13236-z

Washburn, J. D., Schnable, J. C., Davidse, G., and Pires, J. C. (2015). Phylogeny 
and photosynthesis of the grass tribe Paniceae. Am. J. Bot. 102, 1493–1505. 
doi: 10.3732/ajb.1500222

Webster, R. D. (1987). The Australian Paniceae (Poaceae). Cramer, Stuttgart.
Webster, R. D. (1988). Genera of the north American Paniceae (Poaceae: 

Panicoideae). Syst. Bot. 13, 576–609. doi: 10.2307/2419204
Worthington, M., Ebina, M., Yamanaka, N., Heffelfinger, C., Quintero, C., 

Zapata, Y. P., et al. (2019). Translocation of a parthenogenesis gene candidate 
to an alternate carrier chromosome in apomictic Brachiaria humidicola. 
BMC Genomics 20:41. doi: 10.1186/s12864-018-5392-4

Worthington, M., Heffelfinger, C., Bernal, D., Quintero, C., Zapata, Y. P., 
Perez, J. G., et al. (2016). A parthenogenesis gene candidate and evidence 
for segmental allopolyploidy in apomictic Brachiaria decumbens. Genetics 
203, 1117–1132. doi: 10.1534/genetics.116.190314

Worthington, M. L., and Miles, J. W. (2015). “Reciprocal full-sib recurrent 
selection and tools for accelerating genetic gain in apomictic Brachiaria,” 
in Molecular Breeding of Forage and Turf. eds. H. Budak and G. Spangenberg 
(Cham: Springer), 19–30.

Worthington, M., Perez, J. G., Mussurova, S., Silva-Cordoba, A., Castiblanco, V., 
Jones, C., et al. (2021). A new genome allows the identification of genes 
associated with natural variation in aluminium tolerance in Brachiaria grasses. 
J. Exp. Bot. 72, 302–319. doi: 10.1093/jxb/eraa469

Yadav, S., Jackson, P., Wei, X., Ross, E. M., Aitken, K., Deomano, E., et al. 
(2020). Accelerating genetic gain in sugarcane breeding using genomic 
selection. Agronomy 10:585. doi: 10.3390/agronomy10040585

Young, A., and Gillung, J. P. (2019). Phylogenomics – principles, opportunities 
and pitfalls of big-data phylogenetics. Syst. Entomol. 45, 225–247. doi: 10.1111/
syen.12406

Zhang, G., Liu, X., Quan, Z., Cheng, S., Xu, X., Pan, S., et al. (2012). Genome 
sequence of foxtail millet (Setaria italica) provides insights into grass evolution 
and biofuel potential. Nat. Biotechnol. 30, 549–554. doi: 10.1038/nbt.2195

Zorzatto, C., Chiari, L., Araújo, B. G., Valle, C. B., de Campos, L. G. O., 
Schuster, I., et al. (2010). Identification of a molecular marker linked to 
apomixis in Brachiaria humidicola (Poaceae). Plant Breed. 129, 734–736. 
doi: 10.1111/j.1439-0523.2010.01763.x

Conflict of Interest: The authors declare that this review was written in the 
absence of any commercial or financial relationships that could be  construed as 
a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2021 Ferreira, Moraes, Chiari, Simeão, Vigna and de Souza. This is 
an open-access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner(s) are credited and that 
the original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1590/S1806-66902014000100008
https://doi.org/10.1590/S1516-35982014000300004
https://doi.org/10.1590/S1516-35982014000300004
https://doi.org/10.1016/j.ympev.2005.06.003
https://doi.org/10.2135/cropsci2017.01.0045
https://doi.org/10.37486/0301-8059.v16i2.486
https://doi.org/10.37486/0301-8059.v18isupl..627
https://doi.org/10.1016/j.tplants.2021.03.010
https://doi.org/10.1002/aps3.1036
https://doi.org/10.1111/j.1365-2486.2008.01688.x
https://doi.org/10.1111/j.1365-2486.2008.01688.x
https://doi.org/10.1186/1756-0500-4-523
https://doi.org/10.1186/s12864-016-3270-5
https://doi.org/10.1007/s12042-011-9078-1
https://doi.org/10.1007/s12042-011-9078-1
https://doi.org/10.1371/journal.pone.0153764
https://doi.org/10.1038/nrg2484
https://doi.org/10.1038/s41598-017-13236-z
https://doi.org/10.3732/ajb.1500222
https://doi.org/10.2307/2419204
https://doi.org/10.1186/s12864-018-5392-4
https://doi.org/10.1534/genetics.116.190314
https://doi.org/10.1093/jxb/eraa469
https://doi.org/10.3390/agronomy10040585
https://doi.org/10.1111/syen.12406
https://doi.org/10.1111/syen.12406
https://doi.org/10.1038/nbt.2195
https://doi.org/10.1111/j.1439-0523.2010.01763.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	An Overview of the Genetics and Genomics of the Urochloa Species Most Commonly Used in Pastures
	Introduction
	Economic Importance of Tropical Forage Grasses
	Summary of Taxonomy and Biology
	Germplasm Resources
	Genomic Tools and Resources
	Genetic Diversity Assessed by Molecular Markers
	Molecular Phylogenetics
	Cytogenetics
	Genetic Mapping and Quantitative Trait Locus Detection
	Genome-Wide Association Studies
	Genomic Selection and Prediction
	Transcriptome Profiles
	Genome Sequencing

	POLYPLOID AND APOMIXIS
	Polyploidy
	Apomixis

	Conclusion and Prospects
	Author Contributions

	References

