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Abstract
Key message  We present the highest-density genetic map for the hexaploid Urochloa humidicola. SNP markers expose 
genetic organization, reproduction, and species origin, aiding polyploid and tropical forage research.
Abstract  Tropical forage grasses are an important food source for animal feeding, with Urochloa humidicola, also known as 
Koronivia grass, being one of the main pasture grasses for poorly drained soils in the tropics. However, genetic and genomic 
resources for this species are lacking due to its genomic complexity, including high heterozygosity, evidence of segmental 
allopolyploidy, and reproduction by apomixis. These complexities hinder the application of marker-assisted selection (MAS) 
in breeding programs. Here, we developed the highest-density linkage map currently available for the hexaploid tropical 
forage grass U. humidicola. This map was constructed using a biparental F1 population generated from a cross between the 
female parent H031 (CIAT 26146), the only known sexual genotype for the species, and the apomictic male parent H016 
(BRS cv. Tupi). The linkage analysis included 4873 single nucleotide polymorphism (SNP) markers with allele dosage 
information. It allowed mapping of the ASGR locus and apospory phenotype to linkage group 3, in a region syntenic with 
chromosome 3 of Urochloa ruziziensis and chromosome 1 of Setaria italica. We also identified hexaploid haplotypes for all 
individuals, assessed the meiotic configuration, and estimated the level of preferential pairing in parents during the meiotic 
process, which revealed the autopolyploid origin of sexual H031 in contrast to apomictic H016, which presented allopolyploid 
behavior in preferential pairing analysis. These results provide new information regarding the genetic organization, mode 
of reproduction, and allopolyploid origin of U. humidicola, potential SNPs markers associated with apomixis for MAS and 
resources for research on polyploids and tropical forage grasses.

Introduction

Tropical forage grasses greatly impact the world’s economy, 
as they are the main food source for animals in tropical 
and subtropical regions (Pereira et al. 2018a; Simeão et al. 
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2021). The African species Urochloa humidicola (Rendle) 
Morrone & Zuloaga (syn. Brachiaria humidicola (Ren-
dle) Schweick.), commonly known as Koronivia grass, is 
one of the main pasture grasses cultivated in these regions 
(Ferreira et al. 2021). Despite its economic importance, U. 
humidicola has few available genetic and genomic resources, 
mainly due to its genomic complexity, including a high 
ploidy level (x = 6, 2n = 36, 48, 54), evidence of segmental 
allopolyploidy and high heterozygosity. In addition, the spe-
cies reproduces predominantly by apomixis (Boldrini et al. 
2009; Vigna et al. 2016), an asexual reproductive mode in 
which the ovules forego meiosis and form seeds without fer-
tilization, resulting in genetic replicas (clones) of the female 
parent. Consequently, the application of marker-assisted 
selection (MAS) is still limited in U. humidicola breeding 
programs.

Advances in large-scale genotyping technologies and 
genotypic software have allowed the identification of many 
high-quality single nucleotide polymorphisms (SNPs) with 
allele dosage information in tropical forage grasses (Bourke 
et al. 2018a; Grandke et al. 2017; Mollinari and Garcia 
2019). In this context, robust genomic studies have been 
recently reported, including genome-wide association stud-
ies (Matias et al. 2019a), genomic predictions (Aono et al. 
2022; de C Lara et al. 2019; Martins et al. 2021; Matias 
et al. 2019b), and genetic maps (Deo et al. 2020; Ferreira 
et al. 2019; Worthington et al. 2016, 2019, 2021). Addition-
ally, the recent assembly of two diploid genomes of Uro-
chloa ruziziensis (Pessoa-Filho et al. 2019; Worthington 
et al. 2021) provided an invaluable resource for progress in 
genomic studies and molecular breeding of Urochloa grasses 
(Ferreira et al. 2021).

The construction of genetic maps, used for understanding 
the genetic organization of a species, is challenging in poly-
ploids, mainly due to the wide range of possible meiotic con-
figurations (Mollinari et al. 2020). In addition, the genomic 
complexity and self-incompatibility of such plants explain 
why there are so few genetic maps for Urochloa species 
available. The majority of genetic maps in polyploids were 
constructed using two-point or pairwise methodologies. This 
approach uses isolated marker pairs to detect recombination 
events and was originally developed to encompass simplex 
or single-dose markers, which segregate in a 1:1 proportion 
(Wu et al. 1992). The advent of high-throughput genotyp-
ing technologies has enabled the assessment of markers 
exhibiting variation across multiple homologs, referred to 
as multiple-dose or multiplex markers (Bourke et al. 2018b; 
Grandke et al. 2017; Hackett et al. 2017).

Despite the computational efficiency of two-point meth-
ods, they cannot exploit the information of multiple markers 
simultaneously. This limitation is especially significant in 
polyploid species, where datasets typically present a low 
signal-to-noise ratio. To overcome this limitation, multilocus 

methods have been developed for tetraploids (Leach et al. 
2010; Zheng et al. 2021) and plants with higher ploidy 
levels (Mollinari and Garcia 2019). The latter approach is 
implemented in an R package called MAPpoly. These meth-
odological advancements have increased the potential use 
of multiple-dose markers in assessing intricate polyploid 
inheritance systems, thereby facilitating the development 
of considerably more robust and informative genetic maps 
(Mollinari et al. 2020; Oloka et al. 2021).

To date, two genetic maps have been published for U. 
humidicola (Vigna et al. 2016; Worthington et al. 2019), 
both constructed using pipelines developed for diploid 
organisms and without accounting for possible allele dos-
ages, polysomic segregation, and multilocus information, 
which would enable more robust inference in a hexaploid 
species. Therefore, generating a multilocus genetic map is 
crucial for systematically characterizing the inheritance pat-
terns in this species. In addition, preferential pairing pro-
files, which may be inferred from genetic maps, can help test 
hypotheses about a species' origin and are also relevant for 
the study of genome evolution (Kamiri et al. 2018; Okada 
et al. 2010).

Another useful application of genetic maps is the map-
ping of loci related to target traits, such as the mode of 
reproduction. The type of apomixis in the Urochloa genus 
is apospory (Ferreira et al. 2021), which is characterized by 
the differentiation of adjacent nucellar cells into unreduced 
embryo sacs, a process called apomeiosis, followed by the 
development of the unreduced egg into an embryo with-
out fertilization (parthenogenesis) (Xiong et al. 2023). In 
Paniceae grasses, the components of parthenogenesis are 
usually inherited together as a single dominant Mendelian 
factor with suppressed recombination and denoted as the 
“apospory-specific genomic region” (ASGR) (Kaushal et al. 
2019; Palumbo et al. 2022).

The sequence of the ASGR-BABY BOOM-like (ASGR-
BBML) gene, proposed as a candidate for parthenogen-
esis in Cenchrus ciliaris/Pennisetum squamulatum, was 
used to develop the psASGR–BBML-specific primer pair 
p779/p780, which has already been validated in some 
grasses (Akiyama et al. 2011; Worthington et al. 2016, 
2019). Recently, the specific amplicon from p779/p780 
was observed to be in full linkage with the ASGR in an F1 
mapping population of U. humidicola (Worthington et al. 
2019). However, mapping this marker in other populations 
is important to verify candidate genes for the parthenogen-
esis component of apomixis. In addition, such mapping will 
allow a better understanding of the molecular basis and 
inheritance of apomixis, assisting in practical applications 
for modern agriculture.

To the best of our knowledge, we are presenting the 
highest-density genetic map available for the hexaploid U. 
humidicola, generated with SNP markers with allele dosage 
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information and using a multilocus approach. This map was 
used to identify a region linked to apomixis, assess collinear-
ity with the related species U. ruziziensis, evaluate preferen-
tial pairing profiles during meiosis in the parents, construct 
haplotypes, and estimate the meiotic configuration for all 
individuals of a biparental F1 population. In addition to pro-
viding new information regarding the genetic organization, 
mode of reproduction and allopolyploid origin of U. humidi-
cola, these results represent new advances and resources for 
tropical forage grasses and research communities that study 
polyploids.

Material and methods

DNA extraction, GBS library preparation 
and sequencing

A full-sib progeny set consisting of 279 F1 hybrids was 
obtained from a cross between the hexaploid apomictic pol-
len donor U. humidicola cv. BRS Tupi (hereafter H016) and 
the hexaploid sexual accession BRA005811-H031 (CIAT 
26146, hereafter H031), as described by Vigna et al. (2016). 
These intraspecific progenies are part of the Urochloa breed-
ing program of Embrapa Gado de Corte (Brazilian Agricul-
tural Research Corporation), located in Campo Grande/MS, 
Brazil (20°27′ S, 54°37 56′ W, 530 m). Leaf samples were 
collected from each hybrid and its parents and subjected 
to genomic DNA extraction according to Doyle and Doyle 
(1987). DNA concentration and quality were examined 
by electrophoresis on a 2% (w/v) agarose gel and a Qubit 
3.0 fluorometer (Thermo Scientific, Wilmington, USA), 
respectively.

A DNA genotyping-by-sequencing (GBS) library was 
constructed for all F1 individuals (one sample each) and the 
two parental genotypes (five replicates each) of the map-
ping population. Genomic DNA (210 ng per individual) was 
processed using a combination of a rarely methylation-sen-
sitive cutting enzyme (PstI) and a frequently cutting enzyme 
(MspI), as described by Poland et al. (2012). Libraries were 
sequenced as 150-bp single-end reads on the NextSeq 500 
platform (Illumina, San Diego, CA, USA), and the quality of 
the resulting sequence data was evaluated using the FastQC 
toolkit (Patel and Jain 2012).

GBS SNP calling and allele dosage estimation

SNP calling was performed using the Tassel-GBS pipeline 
(Glaubitz et al. 2014) modified to obtain the read counts 
for each SNP allele (Pereira et  al. 2018b). A previous 
study (Martins et al. 2021) revealed a few putative apom-
ictic clones of the female parent in a biparental population. 
Therefore, 62 hybrids were removed, and the next analyses 

were performed using 217 hybrids. GBS tags were aligned 
against the U. ruziziensis genome (Pessoa-Filho et al. 2019; 
https://​www.​ncbi.​nlm.​nih.​gov/​data-​hub/​genome/​GCA_​
01547​6505.1/), the most closely related reference genome 
available. The Bowtie2 algorithm version 2.1 (Langmead 
and Salzberg, 2012) was used to align reads using the fol-
lowing settings: a limit of 20 dynamic programming prob-
lems (D), a maximum of 4 times to align a read (R), and the 
very-sensitive-local argument.

SuperMASSA software (Serang et al. 2012) was used to 
estimate the probabilities of allele dosages for each indi-
vidual and SNP combination. Data points with a maximum 
probability lower than 0.75 were assumed missing. The min-
imum average read depth considered was 20 reads, and the 
model used was the F1 population model. Markers were fit-
ted to ploidies 2, 4, and 6, and those classified as ploidy six 
were selected. A second round of quality filtering was con-
ducted to filter out SNPs with fewer than 30 reads on average 
across all SNPs and markers with redundant information. 
The resulting dataset was imported into the software MAP-
poly (Mollinari and Garcia 2019; Mollinari et al. 2020), 
available at https://​CRAN.R-​proje​ct.​org/​packa​ge=​mappo​
ly). SNPs with more than 25% missing data were removed 
using the function "filter_missing." Finally, a chi-square test 
of goodness-of-fit to expected Mendelian segregation ratios 
was performed. SNPs displaying P < 2.5 × 10–6 (computed 
through Bonferroni's correction) were filtered out using the 
function "filter_segregation".

Linkage map construction

The genetic map was constructed using the R package MAP-
poly (Mollinari and Garcia 2019; Mollinari et al. 2020). 
First, we estimated the pairwise recombination fraction 
between all screened SNPs and selected the most likely 
linkage phase configurations for each pair. Next, we assem-
bled a recombination fraction matrix using the U. ruzizien-
sis genome order. Although we observed linkage blocks, it 
was not possible to cluster them into linkage groups (LGs) 
due to the low signal-to-noise ratio typically observed in 
hexaploid species. To cope with the missing information, we 
aggregated the recombination fraction and logarithm of odd 
(LOD) scores of neighboring SNPs by averaging cells in a 
grid of 10 × 10 SNPs in a lower-resolution matrix, resulting 
in more apparent linkage blocks. Then, we applied cluster-
ing analyses using the unweighted pair group method with 
arithmetic mean (UPGMA) algorithm to generate SNP clus-
ters corresponding to the LGs. We applied the 'rf_snp_fil-
ter' function from MAPpoly to each LG, eliminating SNPs 
that failed to meet an LOD score threshold of 5.0 for both 
phase configuration and linkage. This was achieved with 
respective filtering quantiles of 0.05 and 0.8. Subsequently, 
we applied the multidimensional scaling (MDS) algorithm 

https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_015476505.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_015476505.1/
https://CRAN.R-project.org/package=mappoly
https://CRAN.R-project.org/package=mappoly
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(Preedy & Hackett 2016) to the low-resolution recombina-
tion fraction matrix. After a visual inspection, we removed 
blocks disrupting the monotonicity of the matrix. Given the 
MDS-based order, we removed the SNP block restriction, 
yielding the order of the SNPs used in the map.

We re-estimated the linkage phases and recombination 
fractions for each variant in all LGs using the algorithms 
implemented in MAPpoly's function "est_rf_hmm_sequen-
tial". The algorithm commences by exhaustively searching 
for the best phase configuration for a small subset of five 
markers at the beginning of the LG using the multilocus like-
lihood based on the hidden Markov model (HMM) approach 
(Mollinari and Garcia 2019). Thereafter, the remaining 
markers are inserted sequentially using the pairwise link-
age information to phase the allelic variants in parental 
homologs based on their LOD score. In the event of multi-
ple-phase alternatives, the multilocus likelihood of the map 
is used to select the best phase configuration for the next 
round of marker insertion. Markers that inflate the map over 
a threshold of 3 centimorgans (cM) or yield more than 20 
linkage phase configurations are not inserted into the map. 
This process is repeated until all markers are positioned in 
the phased map. Finally, the genetic map is reconstructed 
while considering a global genotyping error of 10%.

Comparative analysis

Synteny between the U. humidicola genetic map and Setaria 
italica (foxtail millet) genome was carried out by anchor-
ing mapped SNPs into the U. ruziziensis genome. In brief, 
sequences flanking SNPs in the present map of U. humidi-
cola were extended to a length of 2000 bp (1000 bp to 
each side) using the position in the reference genome of U. 
ruziziensis (Pessoa-Filho et al. 2019). Then, these extended 
sequences were queried against the chromosomes of the 
S.italica genome retrieved from the Phytozome database 
v.13 using Basic Local Alignment Search Tool (BLAST) 
with a cutoff E-value of < 1 × 10−5. The resulting synteny 
between each U. humidicola LG and the chromosomes of S. 
italica was illustrated using the ggplot2 R package (Good-
stein et al. 2012). LGs of U. humidicola were plotted using 
cM lengths, while chromosomes of S. italica were plotted 
using physical lengths.

Preferential pairing profile

We used the methodology described by Mollinari et al. 
(2020) to assess the preferential pairing that may occur 
between all homologs of each parent during hexaploid mei-
osis in U. humidicola. Briefly, we estimated the posterior 
probability distribution of each of the 15 possible pairing 
configurations at any position in the genome for both par-
ents, assessing the preferential pairing for specific homolog 

pairs. To test whether the observed homolog configurations 
differed from their expected frequencies under random pair-
ing, we used the χ2 test with < 10−4 to declare significance.

Haplotype reconstruction and meiotic configuration 
assessment

Offspring haplotype reconstruction and the meiotic configu-
ration assessment were performed using the methodology 
proposed by Mollinari et al (2020). Briefly, we estimated the 
probability that an offspring carried a particular genotype at 
a specific position. Then, we combined this information to 
build six profiles indicating the probability of inheritance 
of a particular homolog across whole chromosomes for all 
offspring and both parents in the U. humidicola mapping 
population. Using this information, we detected the position 
and the homologs involved in recombination events across 
the genome of all offspring. Then, we classified the recombi-
nation events according to the number of homologs involved 
in the recombination chain: if two or fewer homologs were 
involved, we considered it evidence of bivalent pairing; if 
three or more homologs were involved, we considered it 
evidence of multivalent pairing.

Genotyping with the ASGR‑BBML‑specific primer 
pair p779/p780 and amplicon sequencing

The parents and progeny of the mapping population were 
analyzed with p779/p780, a primer pair specific to the 
candidate gene for the parthenogenesis component of apo-
mixis that has been developed for Pennisetum squamula-
tum (primer sequence: TAT​GTC​ACG​ACA​AGA​ATA​TG, 
TGT​AAC​CAT​AAC​TCT​CAG​CT; Akiyama et al. 2011) and 
validated in U. humidicola (Worthington et al. 2019). Prim-
ers were used to amplify DNA under the following PCR 
conditions: each forward and reverse primer at 0.5 µM, 1X 
GoTaq® Colorless Master Mix (Promega), and 40 ng of 
DNA. Thermocycling was performed with an initial dena-
turation at 94 °C for 5 min followed by 35 cycles of 94 °C 
for 30 secs, 59 °C for 30 secs and 72 °C for 60 secs, with a 
final extension step at 72 °C for 10 min. Amplified products 
(12 µl) for both markers were resolved on 1.5% agarose gels 
stained with ethidium bromide.

The p779/p780 primer pair was evaluated using Sanger 
technology to sequence the p779/780 amplicon of three 
randomly chosen apomictic hybrids (named H261, H310 
and H330), in addition to four replicates of the apomictic 
parental genotype H016. The PCR products were gener-
ated as previously described and purified by precipitation 
with polyethylene glycol (Schmitz and Riesner 2006). The 
sequencing cycle was performed using the BigDye Termi-
nator kit v. 3.1 and cleaned up with EtOH/EDTA (adapted 
from Moreau 2014). The purified products were sequenced 
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on an ABI 3500xl Genetic Analyzer (Applied Biosystems). 
The resulting data were analyzed and filtered by quality 
parameters using Chromas software (http://​www.​techn​
elysi​um.​com.​au/​Chrom​as.​html), and consensus sequences 
were generated using CAP3 software (https://​doua.​prabi.​fr/​
softw​are/​cap3). Singletons were annotated through blastn 
sequence comparison to the Nucleotide Collection (nr/nt) 
(https://​blast.​ncbi.​nlm.​nih.​gov/​Blast.​cgi) and then, individu-
ally compared with C. ciliaris and P. squamulatum ASGR-
BBM-like1 gene sequences using the Clustal Omega Multi-
ple Sequence Alignment algorithm (https://​www.​ebi.​ac.​uk/​
Tools/​msa/​clust​alo/).

Apospory and p779/p780 marker mapping

In previous studies (do Valle et al. 2008; Zorzatto et al. 
2010; de Araujo Bitencourt et al. 2012), the reproductive 
mode of each F1 individual was assessed by examining 
embryo sacs using the methodology described by Young 
et al. (1979). The apospory phenotype (embryo sac evalu-
ation) and the genetic marker p779/p780 were expected to 
indicate the mode of reproduction (apomictic vs. nonapom-
ictic). Therefore, using binary classification, both markers 
were mapped onto the preconstructed map. First, pairwise 
linkage analysis was conducted between markers positioned 
on the map and the reproduction mode markers using MAP-
poly. After identifying the chromosome where the markers 
were linked, their best position was determined by inserting 
them between all neighboring markers and selecting the map 
with the maximum multipoint likelihood.

Results

SNP calling and genetic map

After GBS library sequencing, FastQC revealed 
1,727,547,916 high-quality sequencing reads, 1,065,791,025 
of which were assigned to 73,685,381 tag pair sites using the 
Tassel-GBS pipeline for polyploids (Pereira et al. 2018b). 
Then, 105,539 SNPs were identified through alignment 
taxa of 33.91% with the U. ruziziensis reference genome. 
SuperMASSA software successfully estimated the ploidy 
and allele dosage of 20,390 markers. We excluded the off-
spring Bh152, Bh181, Bh226, and Bh245 from the study 
owing to inadequate read depth, reducing the total number of 
individuals to 213. After quality filtering, 7069 high-quality 
SNPs with allele dosage information were retained for later 
analyses (Supplementary Fig. 1). Of these SNPs, 54.2% were 
classified as simplex, 2.4% as double-simplex, and 43.5% as 
higher-dosage markers (multiplex).

The UPGMA algorithm grouped the aggregated markers 
into six clusters representing the U. humidicola LGs: three 

corresponding to whole U. ruziziensis chromosomes and the 
others corresponding to combinations of multiple U. ruzi-
ziensis chromosomes (Supplementary Fig. 2). After applying 
the function ‘rf_snp_filter’, a total of 4802 aggregated SNPs 
were ordered within each LG. In the resulting recombina-
tion fraction matrix (Supplementary Fig. 3), we noticed a 
block-diagonal pattern showing the six LGs and monotonic-
ity in all submatrices, indicating that the MDS algorithm 
provided a good global order for the marker blocks. The 
reference genome-assisted reordering and phased yielded a 
genetic map with 3821 unique SNPs and a set of redundant 
markers, resulting in a total of 4873 SNP markers covering 
654.44 cM, with LGs ranging from 75.12 cM to 131.65 cM 
in length and an average marker density of 7.45 markers/cM 
(Fig. 1, Table 1, Supplementary Fig. 4, and Supplementary 
Table 1).

The LG with the most markers was LG6, which included 
1099 markers with a density of 9.73 markers/cM. Con-
versely, LG5 was the sparsest, having only 191 markers and 
the lowest marker density of 1.62 markers/cM. LG2 was the 
longest, extending a genetic length of 131.65 cM, and con-
tained 955 markers with a density of 7.25 markers/cM. LG3 
showed the highest marker density at 11.70 markers/cM, 
followed by LG6 with 9.73 markers/cM (Table 1). The inter-
marker distance was consistently less than one centimorgan 
across all LGs. Large gaps were present in LG5 (7.96 cM, 
11.1 cM, 13.99 cM and 16.21 cM), LG1 (8.12 cM), and LG4 
(7.76 cM). Although LG5 contained the fewest markers, it 
covered a length of 117.85 cM. Although this feature dilutes 
the group's marker density, it ensures comprehensive cover-
age of the corresponding chromosome.

Comparative analysis

In the comparison of physical distance in U. ruziziensis ver-
sus the final ordered genetic distance in the six LGs of U. 
humidicola, we observed that LGs 1 and 5 were highly col-
linear with U. ruziziensis chromosomes 1 and 5, respectively 
(Supplementary Fig. 5). Nonetheless, three pairs of U. ruzi-
ziensis chromosomes (chromosomes 2 and 9; 3 and 6; and 7 
and 8) were fused in three U. humidicola LGs (LG2, 3 and 6, 
respectively), and LG4 of U. humidicola presented an inver-
sion when compared to chromosome 4 of U. ruziziensis, as 
well as the chromosome arms of LG 6 of U. humidicola 
when compared to chromosome 7 of U. ruziziensis. This 
comparative analysis corroborates the base chromosome 
number x = 6 of U. humidicola.

Then, synteny between the U. humidicola genetic map 
and Setaria italica (foxtail millet) genome was assessed 
by anchoring the unique 3821 mapped SNPs into the 
U. ruziziensis genome. From the anchoring, each posi-
tion in the reference genome was extended 1000 bp to 
each side, resulting in 3821 tags of 2001 bp in length. 

http://www.technelysium.com.au/Chromas.html
http://www.technelysium.com.au/Chromas.html
https://doua.prabi.fr/software/cap3
https://doua.prabi.fr/software/cap3
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
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These tags, used in a blastn analysis, resulted in 1387 tags 
aligned against the S. italica genome. High collinearity 
was observed between LG5 of the U. humidicola genetic 
map and chromosome 8 of the S. italica genome (Supple-
mentary Fig. 6). Although some deviations were observed, 
LG1 and LG4 were also collinear with chromosomes 9 and 
3. On the other hand, three pairs of S. italica chromosomes 
were fused in the U. humidicola genome: LG2 consisted 

of S. italica chromosomes 2 (chromosome arms) and 4 
(centromere); LG3 consisted of chromosomes 1 (chromo-
some arms) and 7 (centromere); and LG6 consisted of 
chromosomes 5 (chromosome arms) and 6 (centromere). 
We observed that the chromosome arm regions of LGs 3 
and 6 were inverted compared to those of the collinear 
chromosomes of S. italica.

Fig. 1   Genetic phased map of U. humidicola showing the parental 
linkage phase configuration of homology groups for parents H016 
and H031 across all six linkage groups (LGs). The colored rectan-
gles indicate SNP nucleotides within each of the six homologs for 

H016 (p1.1 to p1.6) and for H031 (p2.1 to p2.6). The allele reference 
dosage (1 to 6) is indicated above each parent’s homologs. The "*" 
denotes gaps larger than 7 cM (color figure online)
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Preferential pairing

Considering that in a hexaploid individual, there are 15 pos-
sible pairing configurations during prophase I of meiosis, we 
calculated preferential pairing on the basis of the probability 
profile for each of these possibilities. As shown in Fig. 2, 
the apomictic H016 genotype showed significant preferential 
pairing between at least one pair of homologs for all LGs. In 
contrast, we did not observe any significant level of preferen-
tial pairing across any homologs of the female parent, H031.

Haplotype reconstruction and meiotic configuration 
assessment

From the parental phased chromosome information, we 
reconstructed the haplotype composition for each individual 
in the mapping population. Using the conditional probability 
distribution of the genotypes, we created 6 profiles (one for 
each homolog) representing the probability of inheritance 
of a specific homolog across the entire chromosomes for 
all individuals. With a heuristic procedure, we detected the 
crossing-over points between homologs in all hybrid indi-
viduals and assembled recombination chains that gave rise 
to their gametes, assessing the homologs involved in each 
meiosis event (Supplementary Fig. 7 shows an example for 
individual Bh1). Ideally, within these profiles, we expected 
distinct points of recombination between homologs. How-
ever, in some cases, these recombination points were not 
clearly defined. In other instances, we observed erratic vari-
ations in probabilities within small chromosome segments, 
suggesting the occurrence of multiple recombinations. 
In such cases, the meiotic assessment was inconclusive. 
Despite these challenges, only 5.5% and 7.7% of meiotic 
assessments were inconclusive for parents H016 and H031, 
respectively.

We observed evidence of recombination chains involving 
a maximum of two homologs in 81.8% of meiosis events in 
H016 and 87.4% in the sexual parent H031, and the remain-
ing 18.2% and 12.6% of events presented more than two 
recombinant homologs (Fig. 3). The presence of homologs 
in a recombination chain during meiosis suggests the for-
mation of bivalent or multivalent structures. Bivalents are 
formed when two homologs are involved, while the involve-
ment of more than two homologs suggests the formation 
of multivalents. Therefore, U. humidicola meiosis presents 
overall bivalent pairing bias rather than multivalent pairing, 
although these numbers may vary across LGs (Mollinari 
et al. 2020; da Silva et al. 2021). For instance, LG2 pre-
sented a multiple-chromosome chain percentage of almost 
40% in the apomictic H016 genotype, while in LG4 of the 
sexual parent H031, this number was 3.8%.

Apospory mapping, genotyping 
with the ASGR‑BBML‑specific primer pair p779/p780 
and amplicon sequencing

The ASGR-specific marker p779/p780 was assigned to posi-
tion 53.73 cM of LG3, and the apospory phenotype was 
assigned to position 47.16 cM of the same group (Fig. 4). 
A total of 13 SNP markers were in perfect linkage with the 
marker p779/p780, while five SNP markers were in link-
age with the phenotype (Fig. 4). Although LG3 is a com-
posite of U. ruziziensis chromosomes 3 and 6, the p779/
p780 marker and phenotype were mapped to a region that is 
clearly syntenic with U. ruziziensis chromosome 3. In addi-
tion, although the comparative analysis performed with S. 
italica showed that U. humidicola LG3 is a composite of S. 
italica chromosomes 1 and 7, the p779/p780 marker and the 
apospory phenotype were mapped to a region syntenic with 
chromosome 1 of the S. italica genome.

Table 1   Summary of the U. 
humidicola genetic linkage map

1 U. ruziziensis reference chromosome
2 S: simplex
3 DS: double-simplex
4 MP: multiplex
*The total SNP count mapped includes redundant markers

LG Reference 
chromosome1

Map size
(cM)

Markers/cM Number of markers Total Maximum gap

S2 DS3 MP4

1 1 129.06 8.12 749 12 287 1048 8.12
2 2–9 131.65 7.25 689 20 246 955 5.12
3 3–6 87.79 11.7 744 13 270 1027 5.57
4 4 75.12 7.36 463 6 84 553 7.76
5 5 117.85 1.62 142 19 30 191 16.21
6 7–8 112.97 9.73 847 26 226 1099 5.84
Total – 654.44 7.45 3634 96 1143 4873 –
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The ASGR–BBML-specific marker p779/p780 was 
evaluated in the parents and hybrids of the U. humidi-
cola population, and Supplementary Table S1 contains 
the genotype scores. Consensus singleton sequences were 
generated and compared to nr/nt, and the results showed 
significant blastn matches (E = 10–10) with ASGR-BBM-
like1 gene sequences in C. ciliaris and P. squamulatum. 
Then, the singleton sequences were aligned with these 
gene sequences, and the multiple alignment revealed inser-
tions and deletions (indels), in addition to SNPs (Supple-
mentary Alignment 1).

Discussion

Climate change and the expected growth of the world's 
population have raised concerns about food insecurity. 
Developing superior cultivars of tropical forage grasses 
can be effective and sustainable in supplying animal prod-
ucts, such as milk and beef (Pereira et al. 2018a; Simeão 
et al. 2021), and to efficiently achieve these goals, we need 
to increase the amount of genetic and genomic informa-
tion available for Urochloa spp. This work presents the 

Fig. 2   Preferential pairing profile in U. humidicola. a Probability 
profiles for 15 homolog pairs in the parents H016 and H031 across 6 
LGs. The dashed lines specify the pairing probability expected under 
random pairing (3/15 = 0.2). b − log10(P) of a χ 2 independence test 
for all possible homolog pairs, where dashed lines indicate P < 10−2. 
The notation P1.X/P1. Y indicates the pairing configuration between 

homologous X and Y in the first parent, H016, for this particular 
instance. No significant level of preferential pairing was observed 
across the H031 sexual parent genome, but all LGs corresponding to 
the parent H016 showed a significant level of preferential pairing for 
at least one pair of homologs
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highest-density genetic map available for U. humidicola, a 
hexaploid tropical forage grass with evidence of segmental 
allopolyploid origin (Tomaszewska et al. 2023). We also 
constructed haplotypes for all offspring individuals, pre-
cisely mapped the apomixis locus, and estimated the level 
of preferential pairing in parents during meiosis, providing 
new insights into the origin of U. humidicola.

We used the GBS approach (Elshire et al. 2011; Poland 
et al. 2012) to genotype the U. humidicola F1 population, 
effectively capturing the genetic variation in this complex 
species with a large and highly heterozygous genome. Sev-
eral statistical tools for marker dosage estimation have been 
developed, most assigning genotypic classes as discrete dos-
ages (Blischak et al. 2018). Fortunately, some downstream 
applications can accommodate uncertainty in genotype calls 
(probabilistic genotypes), increasing the information avail-
able for each polyploid SNP locus (Gerard et al. 2018; Liao 
et al. 2021). The SuperMASSA tool (Serang et al. 2012) is 
one of these applications, and we used it to accurately assess 
the occurrence of all possible SNP dosages in U. humidi-
cola for the first time. This approach allowed us to use a 
significantly larger proportion of marker data, represent-
ing approximately 46% more data than previous methods 
which were limited to using only simplex markers. Using 

all possible SNP dosage combinations rather than a subset 
to construct a genetic map allow for more accurate genotype 
inference, improve the estimation of recombination events, 
and provide greater resolution in identifying genetic varia-
tions (Soares et al. 2021).

These markers were used in linkage analysis for U. 
humidicola, resulting in the most dense and informative 
genetic map published to date for the genus Urochloa (Fer-
reira et al. 2021; Worthington et al. 2019). For instance, the 
previous U. humidicola map was constructed using a smaller 
F1 population and molecular markers without allele dosage 
information, comprising separate linkage maps for each par-
ent (Worthington et al. 2019). Despite the challenges posed 
by high ploidy, we obtained genetic map for U. humidicola 
with six LGs and six homologs per LG, consistent with pre-
vious cytogenetic analyses (Jungmann et al. 2010; Penteado 
et al. 2000). In addition, our genetic map has a good pattern 
with defined visibility of the chromosome arms and cen-
tromere in almost all LGs (Fig. 1 and Supplementary Fig. 4), 
evidencing a high-quality linkage analysis.

Regarding the size, our map had a final haplotype size 
of 654.44 cM, and when multiplying it by the six chromo-
some sets, the total size would be 3926.64 cM, which is an 
intermediate size for both maternal (3558 cM) and paternal 

Fig. 3   Percentage of cases 
where homologs do not recom-
bine (No crossovers., light blue) 
or recombine involving two 
(blue), three (light green), four 
(green), five (light rose) or six 
(red) homologs during meta-
phase I in the apomictic parent 
H016 and sexual parent H031 
for all 6 LGs. Two homologs 
recombining suggest the pres-
ence of bivalents, while more 
than two suggest multivalent 
formation (color figure online)
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(4363 cM) maps obtained by Worthington et al. (2019). 
Furthermore, the genetic map size can be compared with 
U. humidicola genome sizes estimated by flow cytometry 
to obtain the genome-wide recombination rate (GWRR), a 
measure that provides information about the frequency of 
genetic recombination events along the entire genome and 

has been estimated for several species (Henderson et al., 
2012). For H016, the observed genome size was 712.2 Mbp, 
resulting in a GWRR of 0.91 cM/Mbp, and for H031, with 
725.35 Mbp; the rate was 0.90 cM/Mbp (Damasceno et al 
2023). This rate varies across different species, and even 
in genomic regions of the same species, and has important 

Fig. 4   Linkage analysis of LG3 (upper panel) with a zoom (lower 
panel) in the region between 30 and 45 cM. This region contains the 
SNP haplotypes linked to the apospory phenotype locus (a) and to the 

marker p779/780 (b), both indicated by curly braces, with 13 and 10 
SNP markers, respectively. Refer to Fig. 1 for a better understanding 
of LG representation (color figure online)
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implications for genetic diversity, inheritance, and evolution-
ary processes.

We used the U. ruziziensis reference genome to improve 
the quality and robustness of our map, as well as to look 
for evidence of synteny, because this is the species with the 
closest phylogenetic relationship to U. humidicola for which 
whole-genome sequencing information is available (Pessoa-
Filho et al. 2019). Assigning the U. humidicola LGs to U. 
ruziziensis chromosomes revealed high collinearity (Supple-
mentary Fig. 5), which was expected because the two species 
were classified in different but sister taxa (Pessoa-Filho et al. 
2017). Major disruptions were observed in LG2, LG3 and 
LG6, each of which split into two different chromosomes in 
U. ruziziensis, and in LG4, where we observed an inversion, 
evidencing some genomic rearrangements. These structural 
differences are consistent with the larger chromosome size 
found in three U. humidicola accessions compared to other 
Urochloa species (Bernini and Marin-Morales 2001). It also 
accounts for the lower base chromosome number (x = 6) in 
U. humidicola, in contrast to the more common x = 9 in the 
Urochloa genus, although x = 7 and x = 8 have also been 
documented (Tomaszewska et al. 2023).

We also performed a comparative analysis with the S. 
italica genome, the second most closely related genome 
to that of U. humidicola available (Bennetzen et al. 2012). 
In contrast to those observed for U. ruziziensis, the marker 
positions in the S. italica genome do not exhibit strong linear 
correspondence with the U. humidicola map (Supplementary 
Fig. 6). However, a similar pattern of major disruptions was 
observed: LG2, LG3 and LG6 presented breakpoints, each 
corresponding to a different chromosome in S. italica, and 
LG4 presented an inversion compared to the correspond-
ing S. italica chromosome. Using another version of the U. 
ruziziensis genome as a reference, Worthington et al. (2019) 
identified a similar pattern of collinearity between S. italica 
and U. humidicola: the same three pairs of S. italica chromo-
somes (1 and 7, 2 and 4, and 5 and 6) were fused compared 
to three LGs of U. humidicola. These findings verify the 
close evolutionary relationship between these species, sug-
gesting that they share a common ancestor and have under-
gone similar patterns of chromosome evolution.

The inheritance of apospory in the F1 mapping population 
fitted the segregation ratio for a single dominant Mendelian 
factor, as previously observed in several Paniceae grasses 
(Ozias-Akins and van Dijk 2007), including Megathyrsus 
maximus (Deo et al 2020) and U. humidicola (Vigna et al. 
2016; Worthington et al. 2016, 2019; Zorzatto et al. 2010). 
However, although apomixis mostly does not recombine and 
segregate, we cannot completely exclude the possibility of 
polygenic control on each of its components (Susmita et al. 
2022), as the separate inheritance of apomeiosis and par-
thenogenesis has been confirmed for most apomictic model 
species (Aguilera et al 2015; Ortiz et al. 2020). Apparently, 

these genetic apomixis elements are located in the same low-
recombination region.

Although the genetic apomixis elements appear to be 
conserved among several species (Gualtieri et al. 2006), 
our results compared to the literature suggest that the apo-
mixis-controlling loci occupy different positions in different 
genomes (Conner et al. 2008). For instance, the ASGR locus 
was previously mapped to a region of reduced recombina-
tion in Urochloa decumbens LG5, syntenic with S. italica 
chromosome 5 (Worthington et al. 2016). On the other hand, 
in U. ruziziensis x Urochloa brizantha hybrids (Pessino et al 
1998), the apo locus was mapped to a region syntenic with 
rice chromosome 2 and maize chromosome 5, but both were 
syntenic to S. italica chromosome 1 (Zhang et al. 2012) and 
consequently, according to our results, to U. humidicola 
LG3. For different species of Paspalum, the apo locus was 
mapped to a region syntenic with rice chromosome 12, and 
specifically for Paspalum notatum, to both chromosomes 
12 and 2 (Ortiz et al. 2020). These observations support the 
hypothesis that apomixis emerged several times and inde-
pendently during the evolution of the grass family (Ozias-
Akins et al. 2003), making the identification of the genetic 
determinants of apomixis a challenge (Galla et al 2019).

Genetic maps can also provide haplotype information, 
which is a combination of different polymorphisms with 
strong linkage disequilibrium (LD) carrying complete allele 
information about homolog inheritance across generations 
(Bhat et al. 2021). Although individual SNPs are useful for 
phenotype–genotype association studies, complex and quan-
titative traits, such as apomixis, may be regulated in poly-
ploids by a set of SNPs or genes (haplotypes). Therefore, 
knowledge of allele configuration at a specific locus can be 
extremely useful for improving target traits in U. humidicola, 
as has already been shown in other important crops (Jensen 
et al. 2020; Mayer et al. 2020).

Several tools for polyploid haplotyping have been devel-
oped in recent years (Majidian et al. 2020; Zheng et al. 
2021). From our map, we used the methodology proposed by 
Mollinari et al. (2020) to probabilistically recombine multi-
ple SNPs and reconstruct haplotypes of all individuals in the 
mapping population. For the first time in U. humidicola, we 
assessed how the assembled parental homologs were trans-
mitted to the hybrids, inferring the meiotic process. All LGs 
exhibited accurate information about parental haplotypes for 
most of their length. We observed mostly bivalent formation 
during meiosis in both parents, resulting in hybrids with two 
parental homologs, in addition to a small percentage of tri-, 
tetra-, penta- and hexavalents (Fig. 3).

Our results corroborate the cytogenetics observation of 
bivalent and multivalent chromosome associations already 
reported in the meiosis of hybrids from the same U. humid-
icola mapping population (Vigna et al. 2016). Although 
some authors reported the expectation of only multivalents 
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in autopolyploid meiosis and only bivalents in allopolyploid 
meiosis (Bomblies 2023), several studies revealed multiva-
lents to some extent in allopolyploids (Zielinski and Mittel-
sten Scheid 2012) and newly formed polyploids (Mason and 
Wendel 2020). Previous work suggested that U. humidicola 
is a recent polyploid (Vigna et al. 2016), further corroborat-
ing the occurrence of multivalent formation during meiosis.

The haplotype analysis also revealed strong linkage dis-
equilibrium (LD) between the phenotype and the p779/780 
molecular marker on LG3, with a genetic distance of less 
than 7 cM. This confirms that the p779/780 marker exhibits 
low recombination with the apomixis trait and can be used 
as a reliable genetic marker for detecting apomixis in U. 
humidicola. This marker has been successfully employed 
in Embrapa's Urochloa spp. breeding program over the 
past few years, achieving a selection efficiency of 90%. We 
observed both the apospory phenotype and the p779/780 
marker carrying the same allelic variations (dosage 1 for the 
alternative allele) in the same homolog of the H016 geno-
type (homolog d in Fig. 4), while homozygosis for the refer-
ence allele was observed for the sexual parent at the same 
locus. The same allelic configuration was observed in two 
different SNPs that co-segregated with the apospory pheno-
type. These SNPs exhibit significant potential for MAS upon 
validation and may offer greater efficiency compared to the 
p779/780 marker. Our results corroborate the expected seg-
regation observed in several species for the apomixis trait at 
a 1:1 ratio (presence:absence), which occurs in the progeny 
when the marker is present in one parent (for the apomixis 
trait, the apomictic H016 parental) yet absent in another par-
ent (the sexual parent) (Wu et al 1992).

The genetic map also allowed us to estimate the con-
ditional probabilities of the offspring haplotypes and to 
uncover differences in homologous pairing profiles during 
meiosis, highlighting the power of saturated genetic maps to 
correctly diagnose preferential pairing (da Silva et al. 2021). 
While we did not observe any significant level of preferential 
pairing across the H031 genome, all LGs corresponding to 
the parent H016 showed preferential pairing for at least one 
pair of homologs (Fig. 2). Consequently, alleles present in 
different homologs of the apomictic parent H016 recom-
bined with an equal chance, increasing the range of possible 
genotypes when compared to that in the sexual parent. In 
addition, our results suggest differences in genome composi-
tion between the sexual accession H031 and the apomictic 
accession H016.

These results corroborate previous linkage and in situ 
hybridization results that supported a segmental allopoly-
ploid origin (AABBBB) and preferential pairing during 
meiosis in some apomictic accessions of U. humidicola 
but showed no evidence of subgenome differentiation in 
the sexual female parent H031 (BBBBBB) (Tomaszewska 
et al. 2023; Vigna et al. 2016; Worthington et al. 2019). 

In addition, two previous phylogenetic studies (Jungmann 
et al. 2010; Triviño et al. 2017) and a population structure 
study (Higgins et al. 2022) described a large genetic distance 
between H031 and most U. humidicola apomictic accessions 
of CIAT and Embrapa germplasm collections.

The H031 genotype is the only naturally occurring poly-
ploid sexual genotype documented for U. humidicola and 
exhibits significant morphological differences when com-
pared to other genotypes (Assis et al. 2014). H031 was 
recently identified as an aneuploid with 2n = 6x = 36 + 1 
(Damasceno et al. 2023), a non-stable trisomy condition 
that has also been previously reported in other accession 
(Tomaszewska et al. 2023) and interspecific hybrids within 
the Urochloa genus (de Campos Moraes et al. 2019). Tri-
somy in a sexual genotype is genetically unstable as it dis-
rupts normal chromosome balance, leading to irregular 
chromosome segregation during meiosis and unbalanced 
gamete production. The aneuploidy is well documented in 
this accession, but the mechanisms underlying sexual repro-
duction within the trisomy remain unknown. Despite the 
findings of Martins et al. (2021), who identified a few puta-
tive apomictic clones of H031, this genotype predominantly 
reproduces through sexuality. Therefore, further studies are 
necessary to elucidate the mechanisms of reproduction under 
trisomy in this genotype. In addition to the evidence of ane-
uploidy, the large genetic distance of H031 and other U. 
humidicola accessions (Jungmann et al. 2010) and other 
study on the genetic segregation of the species (Worthing-
ton et al. 2019), our results suggest that more research is 
needed to clarify the origin and taxonomic classification of 
the H031 genotype.

Aneuploidy has been associated with unbalanced gam-
etes and meiotic abnormalities (Soares et al. 2021), which, 
in turn, affect pollen production (Kaur and Singhal 2019; 
Zhang et al. 2013) and seed yield (Vleugels et al. 2019) in 
different species. In Urochloa spp., numerous studies have 
been carried out to understand the association between 
meiotic abnormalities and pollen fertility (da Cruz Baldis-
sera et al. 2020; da Rocha et al. 2019; Souza et al. 2015). 
However, the extent to which such abnormalities influence 
seed yield is less well known. Improving seed yield, one of 
the major challenges faced by U. humidicola breeding pro-
grams, is an important goal that allows the establishment of 
cost-effective pastures, ensures the production of abundant 
progenies through intraspecific crosses and has economic 
implications for seed producers (Filho 1983; Ragalzi et al. 
2021).

Previous studies evaluated seed production in hybrids of 
U. humidicola, all of which were generated from a cross 
between the sexual genotype H031 and pollen donor apom-
ictic accessions from the Embrapa germplasm collection. 
The sexual hybrids were evaluated according to their mei-
otic abnormalities, and the authors observed a significant 
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negative correlation between the percentage of meiotic 
abnormalities and the total production of pure seeds (Ragalzi 
et al. 2021). Similarly, the apomictic hybrids did not main-
tain the seed yield potential of their male parent (de Assis 
et al. 2016). Therefore, the aneuploidy observed in the H031 
genotype may contribute to meiotic irregularities and, conse-
quently, to low seed production, poor germination, reduced 
seed viability and decreased yield.

In addition to meiotic stability, successful hybridization 
also requires parents with the same ploidy level, making it 
challenging to carry out intraspecific crosses in U. humidi-
cola, since H031 is the only known hexaploid sexual acces-
sion and the apomictic cytotypes range from hexa- to nona-
ploids (Damasceno et al. 2023). The occurrence of natural 
sexual polyploid genotypes is also rare in other Urochloa 
species (Higgins et al. 2022; Hojsgaard and Hörandl 2015). 
Therefore, additional explorations of locations where the 
sexual genotype was documented may help us find valuable 
new material, with genetic variations that may be beneficial 
for enhancing the genetic diversity of U. humidicola and 
other Urochloa species (Valle and Pagliarini 2009; Tomasze-
wska et al. 2023). In contrast to apomictic genotypes, which 
colonize large geographic regions through a process known 
as "geographical parthenogenesis", sexual individuals typi-
cally remain limited to small areas (Higgins et al. 2022).

Despite the evidence of different genomic compositions in 
genotypes of U. humidicola, proposing a model for species 
evolution is much more difficult than in other Urochloa spe-
cies because all accessions are polyploid and which diploid 
species should be considered ancestral is unclear (Tomasze-
wska et al. 2023). In this context, the use of techniques to 
visualize specific DNA sequences in chromosomes, such as 
cytomolecular analyses with genomic in situ hybridization 
(GISH) and molecular karyotyping through mapping by 
fluorescence in situ hybridization (FISH), integrated with 
sequencing data and bioinformatics tools, should be con-
sidered to provide insights into the origin and evolution of 
U. humidicola (Soltis et al. 2013; Damasceno et al. 2023).

Altogether, we reported an informative and high-qual-
ity genetic map and a candidate region for apomixis in the 
segmental allopolyploid U. humidicola. We hope that our 
results obtained using state-of-the-art algorithms for link-
age analysis in polyploids will be relevant for the polyploid 
research community. We constructed haplotypes for all indi-
viduals, which have the potential to be applied in crop breed-
ing, aiding in the identification of causal polymorphisms in 
a precise manner. We also detected preferential pairing in 
the apomictic accession H016 and its absence in the sexual 
accession H031. These results corroborate those of previ-
ous analyses and reinforce the need to better understand the 
origin of this sexual accession, since it is the only sexual 
genotype of U. humidicola and has been used as a female 
parent to generate hybrids in breeding programs. Moreover, 

13 SNP markers co-segregating to apomixis were identi-
fied and have potential for MAS. In summary, we provide 
valuable genetic and genomic resources that may facilitate 
the future molecular breeding of U. humidicola and other 
economically important tropical forage grasses.
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