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ABSTRACT

Urochloa P. Beauv. (formerly classified as Brachiaria (Trin.) Griseb.) is a genus of African
perennial grasses that is extensively cultivated in tropical countries for cattle nutrition. Three
of the most economically relevant species, Urochloa brizantha, U. decumbens, and U.
ruziziensis, form the ‘brizantha’ agamic complex, which includes allopolyploid series with
distinct subgenomes. Investigating the composition and organization of repetitive DNA, a
major component of grass genomes, can provide insights into their genomic relationships and
evolutionary history. This study aimed to characterize the repetitive DNA landscape of selected
Urochloa species belonging to the ‘brizantha’ agamic complex; identify and compare major
repeat classes across species and evaluate their potential as cytogenetic markers on mitotic
chromosomes using fluorescent in situ hybridization (FISH). Clustering analysis revealed that
repetitive DNA constitutes 56-65% of the genomes, with Ty3/Gypsy retrotransposons,
particularly the Athila and Retand lineages, representing the most abundant repeat class. U.
decumbens exhibited the highest proportion of Ty3/Gypsy retrotransposons, while U.
ruziziensis had the highest satellite DNA content. The chromosomal location of representative
satellites (UroSat-1a, UroSat-2a, and UroSat-3) was determined in all three species via FISH.
UroSat-1a was detected in all centromeres, while UroSat-2a and UroSat-3 signals varied in
number and position. Our findings validate the use of satDNA as cytogenetic markers in the
Urochloa ‘brizantha’ agamic complex and revealed genomic relationships among different

species and ploidy levels.

Keywords: Polyploidy, Brachiaria, retrotransposon, satellite DNA, tandem repeat, in situ

hybridization
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INTRODUCTION

Urochloa [Incl. Brachiaria (Trin.) Griseb.] is the most economically relevant genus of
tropical forages, being extensively used for livestock feeding in South American countries
(Jank et al., 2014). Polyploidy and hybridizations were part of the evolutionary history of
Urochloa (Estep et al., 2014), resulting in a wide range of chromosome numbers (2n=14 to 90)
and ploidy levels (2x, 4x, 5x, 6x, 7x, 9x) (Valle and Pagliarini, 2009).

Three of the most economically important species, Urochloa brizantha, U. decumbens,
and U. ruziziensis, form an agamic complex known as the ‘brizantha’ complex, in which the
former two are primarily apomictic tetraploids, and the latter is a sexual reproducing diploid
(Lutts et al., 1991; Renvoize; Maass, 1993; Renvoize; et al., 1996). Polyploid series have been
reported for U. brizantha (2x=18, 4x=36, 5x=45, 6x=54) and U. decumbens (2x=18, 4x=36,
6x=54), while only diploid individuals of U. ruziziensis (2x=18) occur naturally (Valle and
Pagliarini, 2009; Nani et al., 2016; Corréa et al., 2020; Moraes et al., 2021, Tomaszewska et
al., 2021). Molecular phylogenies have shown that the species in the ‘brizantha’ complex are
very closely related, with an earlier speciation of U. ruziziensis around 5 million years ago
(mya), followed by the divergence of U. brizantha and U. decumbens 1.6 mya (Pessoa-Filho
etal., 2017; Trivino et al., 2017).

Extensive evidence, including meiotic studies (Mendes-Bonato et al., 2002a; Mendes-
Bonato et al., 2002b; Mendes-Bonato et al., 2006; Ricci et al., 2011) and cytomolecular
approaches (Paula et al., 2017; Rocha et al., 2019; Corréa et al., 2020), has demonstrated that
the tetraploidy of U. brizantha and U. decumbens had a hybrid origin. Paula et al. (2017)

proposed the genomic constitution BBB'B! and B'B!B?B? for the allotetraploids U. brizantha

© The Author(s) or their Institution(s)
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and U. decumbens, respectively, and B*B? for the diploid U. ruziziensis, using the same letter
to highlight the high degree of homeology between the genomes, and the superscripts to
differentiate the subgenomes. Tomaszewska et al. (2023) proposed a second genomic
nomenclature, using the upper-case letters B, D, and R for U. brizantha (B’B’DD), U.
decumbens (B°DRR) and U. ruziziensis (RR), based on genome-specific repetitive DNA
probes. Despite the different nomenclatures, both studies indicate that the U. brizantha and U.
decumbens share subgenomes and that one of U. decumbens subgenomes is highly homologous
with U. ruziziensis.

Although total genomic DNA probes can efficiently highlight homologous regions of
different genomes, they cannot determine the specific DNA sequences shared among them.
Nonetheless, it is implied that most of the genomic differences perceived at the chromosome
level are associated with the repetitive fraction of the DNA, as it can represent up to 92% of
plant genomes (Fu et al, 2019). Therefore, the characterization of the repetitive genome
fraction is useful to highlight overall genomic differences and similarities among closely
related species. Furthermore, repetitive sequences serve as excellent chromosome markers due
to their high number of copies allowing better visualization under the microscope via
fluorescent in situ hybridization (FISH) (Jiang, 2019).

In the ‘brizantha’ agamic complex, the ribosomal genes 35S and 5S (Nani et al. 2016;
Moraes et al., 2021), low-copy genes (Nani et al., 2018), retrotransposon lineages CRM (Nani
etal, 2016), Athila, Del, and Tat, isolated from transcriptome data (Santos et al., 2015), as well
as 50-mer and tandem repeats (Tomaszewska et al., 2023), have been used as probes on the
agamic complex species. However, an in-depth characterization of the repeat profile across
multiple species is still lacking for Urochloa, especially for diploid cytotypes of U. brizantha

and U. decumbens.

© The Author(s) or their Institution(s)
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Thus, this study aimed 1) to characterize the repetitive DNA landscape of selected
Urochloa species belonging to the ‘brizantha’ agamic complex; i1) identify and compare major
repeat classes across species, and iii) evaluate the potential of satellite sequences as cytogenetic

markers on mitotic chromosomes through FISH.

MATERIAL AND METHODS
Plant Material

The studies were conducted using two diploid accessions and two tetraploid cultivars
of Urochloa brizantha and U. decumbens, as well as one diploid cultivar of U. ruziziensis
(Table 1). Plants were cultivated in a greenhouse environment to collect material for DNA
extraction and chromosome preparations.
Table 1: List of Urochloa species belonging to the ‘brizantha’ complex, accession

identitities, chromosome number and genome size

Accession or Chromosome

Species Cultivar number Genome size Source
U. brizantha B105 2n = 2x = 18" 870 Mbp' EMBRAPA Gado de Corte
U. brizantha Marandu 2n = 4x = 362 1720 Mbp® EMBRAPA Gado de Leite
U. decumbens D04 2n = 2x = 18" 704 Mbp!' EMBRAPA Gado de Corte
U. decumbens Basilisk 2n = 4x = 362 1855 Mbp® EMBRAPA Gado de Leite
U. ruziziensis CIAT 26162 2n=2x=18* 732 Mbp®  CIAT

ICorréa et al. (2020), 2Paula et al. (2017), Penteado et al. (2000), “Worthington et al. (2021).

DNA Extraction and Low-coverage Sequencing

Genomic DNA was extracted from fresh young leaves from U. brizantha and U.
decumbens accessions and cultivars using the DNEasy® Plant Mini Kit (QIAGEN Inc). The
integrity of the extracted DNA was assessed on an agarose gel 1%. The DNA was quantified
and evaluated for purity (260/280 absorbance) in a Nanovue spectrophotometer (Biochrom

Ltd). Genomic libraries were constructed using the Nextera™ DNA Flex Library Prep kit, with

© The Author(s) or their Institution(s)
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paired-end fragments of 2x300 bp for all samples. The libraries were sequenced using Illumina
HiSeq 2500® at the Oswaldo Cruz Foundation (Fiocruz), René Rachou Institute, Belo
Horizonte — MG, Brazil. The raw reads were deposited at the Sequence Read Archive

(https://www.ncbi.nlm.nih.gov/sra/PRIJINA1162878). Sequencing reads from U. ruziziensis

accession CIAT 26162, obtained by Worthington et al. (2021), are available online at the

European Nucleotide Archive (https://www.ebi.ac.uk/ena/browser/GCA 015476505.1) and

were included in the clustering analysis.

Read processing and Clustering Analysis
The pre-processing of reads and clustering analysis for identification and characterization
of repetitive DNA families were performed for each accession individually using the
RepeatExplorer2 pipeline (Novak et al. 2013), provided by the ELIXIR-CZ project
(LM2015047), part of the international ELIXIR infrastructure. The reads from U. brizantha
and U. decumbens were trimmed and quantity-filtered to the same length (100 bp). Low-quality
reads, with 95% of bases below the cut-off phred score of 10 were discarded. The sequences
were sampled to reach a genomic coverage of 0.1x so that the number of reads analyzed was
proportional to the genome sizes (Table 1). After processing, the number of reads input were
435,000, 860,000, 352,000, 927,500, and 732,000 for U. brizantha accession B105, U.
brizantha cultivar ‘Marandu’, U. decumbens accession D04, U. decumbens cultivar ‘Basilisk’,
and U. ruziziensis, respectively.
The graph-based clustering analysis was performed with the default parameters of 90%
similarity over 55% of read length. Overlapping reads were clustered, with each cluster
representing a different lineage of repetitive DNA. The genomic proportion of each cluster was

estimated based on the total number of reads analyzed, after the removal of plastid and

© The Author(s) or their Institution(s)
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mitochondrial DNA. The most representative clusters, containing > 0.01% of the total of reads,
were automatically annotated (Table S1) based on the REXdb database of plant sequences
(Neumann et al., 2019). Clusters that were not automatically classified were examined for the
graph layout and sequences compared against the NCBI database and GIRI RepBase databases,

using the BLAST tool (Table S1).

Satellite Analysis

The TAREAN (Tandem Repeat Analyzer) tool (Novak et al., 2017), also implemented
on the RepeatExplorer platform, was used for identifying satellite DNA (satDNA). The
similarity and identity of satellite monomers from different samples were compared via local
alignment (Table S2), using the RepeatMasker platform (Smit et al., 2020). Satellites were
classified according to Ruiz-Ruano et al. (2016). Satellites with >95% identity were considered
the same variant; those with 80-95% identity were considered different variants within the same
family; and those with <80% identity were classified as different families. Satellite families
were numbered based on their relative abundance in the genomes, with different letters used to
distinguish variants within a family.

The satellite monomers were aligned with repetitive sequences previously identified in
Urochloa species, including U. brizantha, U. decumbens. U. humidicola, U. maxima and U.
ruziziensis (Tomaszewska et al., 2023), and with repeats from other grass species related to

Urochloa (Ananiev et al., 1998; Kamm et al., 1994).

Chromosome preparations and Fluorescent in situ hybridization (FISH)

For the preparation of mitotic slides, root tips were harvested, pre-treated with

cycloheximide (12.5 mg/L) for 2 h at room temperature, and fixed in an ethanol/acetic acid

© The Author(s) or their Institution(s)
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(3:1) solution. Cell wall digestion was performed in an enzyme solution (0.7% cellulase
Onozuka R10, 0.7% cellulase Sigma-Aldrich, 1% pectolyase Sigma-Aldrich, and 1%
cytohelicase Sigma-Aldrich) for 90 min at 37 °C. Slides were prepared according to the cell
dissociation technique and air-dried (Dong et al., 2001).

Variants within the three satellite families with the highest genomic abundance
(UroSat-1a, UroSat-2a, and UroSat-3; Supplementary Material), identified through clustering
analysis, were selected for designing FISH probes. Primers were designed based on the
consensus monomer sequence for each satellite variant using the online tool Primer3
(Koressaar et al., 2018).

The genomic DNA (gDNA) was isolated from fresh leaves using the CTAB protocol
(Doyle and Doyle, 1990). The probes for the satellites UroSat-1a, UroSat-2a and UroSat-3 were
obtained via PCR amplification using digoxigenin-labeled nucleotides and gDNA from U.
brizantha cultivar ‘Marandu’, U. decumbens cultivar ‘Basilisk’, and U. decumbens D04,
respectively. PCR amplification was performed in a total volume of 25 pL containing 12.5 puL
of Cellco® Taq Pol Master Mix (0.05 U/uL of Taq DNA polymerase, 0.3 mM of MgCl,, 0.4
mM of each ANTP), 1 uL of digoxigenin-11-dUTP (0.8 mM), 0.5 uL of each primer (10 uM),
1 uL of DNA template (100 ng/uL), and 9.5 puL of ddH,O. The PCR parameters were the same
for all satDNA probes: an initial denaturation at 95 °C for 2 min, followed by 30 cycles of
denaturation at 95 °C for 25 sec, annealing at 54 °C for 1 min, and extension at 68 °C for 2 min.
The integrity of the PCR products was verified by electrophoresis in an agarose gel. We also
used a 35S rDNA probe (pTa71) as a positive control in the fluorescent in situ hybridization
(FISH) assay. The 35S probe was labeled with biotin-16-dUTP via nick translation reaction.

For the FISH, chromosome slides were denatured in 70% formamide at 85 °C for 1 min

and 25 s, and dehydrated in ethanol series (70%, 90% and 100%) for 5 min each. A

© The Author(s) or their Institution(s)
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hybridization mixture containing 50% formamide, 10% dextran sulfate, 2x saline sodium
citrate (SSC) buffer (pH 7.0), 50-100 ng of digoxigenin-labeled satellite probe, and 50-100 ng
of biotin-labeled 35S rDNA probe was denatured at 95 °C and applied to the slides. The
hybridization was performed in a humid chamber at 37 °C for 24h. The hybridized slides were
washed in SSC 2x for 5 min at room temperature, followed by a wash in SSC 2x at 42 °C for
10 min. The probes were detected using the antibodies anti-digoxigenin-rhodamine and
Alexafluor® 488-streptavidin at 37 °C for 1h. The chromosomes were counterstained with
DAPI (4',6-diamidino-2-phenylindole)/Vectashield® and images were captured by a
QImaging Retiga EXi CCD camera attached to a fluorescence microscope Olympus BX 60.
Brightness and contrast adjustments were made using Photoshop CC 2019. The number and
position of UroSat-1a, UroSat-2a and UroSat-3 sites were determined by analyzing a minimum
of ten selected metaphases across at least three slides per accession.
RESULTS
Genomic proportions of repetitive DNA classes

The estimated repetitive DNA proportion ranged from 56.26% in Urochloa brizantha
2x to 65.52% in U. brizantha 4x (Table 2). In the diploid cytotype of U. brizantha, 250,665
reads were classified as repetitive DNA, grouped into 35,764 clusters, of which 316 were
considered the most representative (top clusters) for containing at least 0.01% of the total
sequences each. The tetraploid cytotype displayed 573,645 reads, grouped into 69,042 clusters,
with 263 top clusters. In the diploid cytotype of U. decumbens, 224,715 reads represented
repetitive DNA, grouped into 24,208 clusters and 267 top clusters. The tetraploid cytotype had
610,784 repetitive reads, in 71,403 clusters and 259 top clusters. In U. ruziziensis, 442,300

reads were grouped into 36,854 clusters and 249 top clusters.

© The Author(s) or their Institution(s)
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Transposable elements

The annotated proportions of repetitive DNA of the analyzed species are displayed in
Table 2 and Figure 1 and 2. Long-terminal repeat (LTR) retrotransposons are the most common
repetitive element in the Urochloa genomes (23.5-34%). The most frequent LTR superfamily
was Ty3/Gypsy (16.8-23.9%) and the percentages of the different repeat families within
Ty3/Gypsy varied among the three species (Fig. 2A). In U. brizantha and U. decumbens, Athila
was the most frequent Gypsy lineage, followed by Retand and Tekay. In U. ruziziensis, Retand

and Athila had similarly high proportions.

100%
90% 1
80% 1
70% 4 Superfamily

. DNA Transposons

60% 1
’ . Copia

50% Gypsy
rDNA
40% 1
B satelites
30% 1 . Unclassified

20% 1
o I I I
0% 1 . l

UB2 UB4 UD2 UD4 UR

Fig. 1: Repetitive fraction of Urochloa genomes showing relative abundance of DNA
transposons, Copia and Gypsy retrotransposons, rDNA, satellite DNA, and unclassified
repeats. UB2: Urochloa brizantha, diploid; UB4: U. brizantha, tetraploid; UD2: U.
decumbens, diploid; UD4: U. decumbens, tetraploid. UR: U. ruziziensis.

Urochloa brizantha had a larger fraction of Ogre elements, while U. decumbens 2x and

U. ruziziensis 2x had noticeably lower proportions. Transposable elements classified as CRMs

10
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Ty1/Copia elements (Fig. 2B), Sireviruses (SIRE) were much more frequent than other
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lineages, being especially high in U. ruziziensis. The percentages of Bianca and Angela

retrotransposons were higher in the tetraploid cytotypes of both species. The tetraploid cytotype

of U. decumbens had six-fold more Tork elements than the other samples.

Table 2: Genomic proportions (%) of repeat classes and families in Urochloa brizantha

diploid (UB2) and tetraploid (UB4), U. decumbens diploid (UD2) and tetraploid (UD4), and

U. ruziziensis (UR).

UB2 UB4 ubD2 uD4 UR

Class | Retroelements Lineage
LTR (unclassified) 1.69 2.52 0.41 1.27 3.25
Ty1/Copia (unclassified) 0.71 0.55 1.1 0.28 0.42
Ale 0.08 0.21 0.05 0.1 0.08
Angela 0.19 0.26 0.15 0.29 0.17
Bianca 0.15 0.27 0.08 0.25 0.00
Ikeros 0.42 0.66 0.59 0.69 0.59
SIRE 4.88 6.82 7.84 7.16 9.47
TAR 0.16 0.32 0.21 0.28 0.21
Tork 0.06 0.07 0.05 0.30 0.08
Total Ty1/Copia 6.65 9.16 10.08 9.36 11.02
Ty3/Gypsy (unclassified) 4.45 2.53 2.10 1.51 1.13
Athila 3.73 5.74 7.39 7.60 5.70
CRM 0.95 0.63 1.27 0.76 1.44
Ogre 2.37 2.33 0.48 1.66 0.46
Reina 0.08 0.00 0.03 0.05 0.00
Retand 3.50 5.03 7.1 5.48 5.93
Tekay 1.74 3.30 5.49 4.89 3.88
Total Ty3/Gypsy 16.82 19.56 23.87 21.95 18.54
Total LTR 25.16 31.24 34.36 32.58 32.81
Other LINE 0.05 0.12 0.09 0.45 0.10
SINE 0.04 0.05 0.00 0.04 0.07
MITE 0.02 0.03 0.00 0.02 0.00
Caulimovirus 0.05 0.13 0.00 0.02 0.00
Total Retrotransposons 25.32 31.57 34.45 33.11 32.98
Class Il (unclassified) 0.00 0.00 0.03 0.09 0.05
DNA transposons CACTA 1.76 3.22 2.29 3.10 2.05
hAT 0.02 0.12 0.25 0.10 0.18
Mutator 0.16 0.41 0.42 0.34 0.29
Harbinger 0.26 0.43 0.52 0.48 0.55
Mariner 0.13 0.37 0.18 0.17 0.25

11
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Helitron 0.02 0.13 0.02 0.01 0.22
Total DNA Transposons 2.35 4.68 3.7 4.29 3.59
Tandem repeats
Satellites 3.86 3.83 2.62 2.97 4.65
rDNA 1.25 1.85 2.30 1.50 0.90
Total tandem repeats 5.1 5.68 4.92 447 5.55
Annotated repeats 32.78 41.93 43.08 41.87 4212
Total repetitive DNA 56.26 65.52 62.48 64.78 57.75
271
A
Athila Reina Retand Tekay Unclassified
Ale Angela Bianca Ikeros SIRE TAR Tork Unclassified
C
22 W u. brizantha 2x
304 B u. brizantha 4x
B U. decumbens 2x
254 B U. decumbens 4x
B U. ruziziensis
CACTA Harbinger hAT Helitron Mariner Mutator Unclassified
272

273  Fig. 2: Genomic proportions of different lineages of Gypsy retrotransposons (A), Copia
274  retrotransposons (B) and DNA transposons (C) in Urochloa genomes

12
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DNA transposons represented 2.4—4.7% of the genomes analyzed (Table 2). CACTA
was the most common transposon superfamily in all Urochloa species, seemingly higher in
tetraploids, followed by Harbinger and Mutator (Fig. 2C). The number of Helitron andMariner
repeats were especially larger in U. brizantha 4x and U. ruziziensis 2x, while hAT elements

were more frequent in U. decumbens 4x and U. ruziziensis 2x.

Satellite DNA

Tandem repeats were mainly represented by ribosomal genes (1.2-2.3%) and satellite
DNA (2.64.6%; Table 2). Eleven satellite DNA families were identified based on local
alignments, three of which (UroSat-1, UroSat-2 and UroSat-6) exhibited different variants. The
lengths of satellite monomers ranged from 78 to 744 bp, with 158 and 360-380 bp being the
most common (Table S3). The A-T content was similar within the satellite families, with an
average of 56.6% (Table S3).

Urochloa brizantha had a higher number and proportion of satellites than U. decumbens
(Table 2, Figure 3). In U. brizantha, all 11 satellite families identified were present, with 14
variants identified in both cytotypes, and 10 variants shared between them. Four exclusive
satellites were found in U. brizantha 2x, while one was found in U. brizantha 4x. In U.
decumbens, only three satellite families were identified in the diploid cytotype (UroSat-1,
UroSat-3 and UroSat-8), all shared with U. decumbens 4x, which had a total of seven DNA
satellites families. Urochloa ruziziensis exhibited the smallest number and largest proportion
of satellites among the three species. The satellites found in U. ruziziensis (UroSat-1a, UroSat-
3, UroSat-8) were the same ones found in U. decumbens 2x, which were shared among the

three species.

13
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Satellite variants were only observed for UroSat-1, UroSat-2 and UroSat-6. UroSat-1
was the most diverse family of satDNA, including six variants. Four of these variants (UroSat-
Ic, UroSat-1d, UroSat-1e, and UroSat-1f) were unique to U. brizantha, three of which were
exclusive to diploid cytotype.

The comparison of the identified satellite monomers with tandem repeats previously
reported for Urochloa revealed that nine variants were highly similar to 21 repeats from U.
brizantha, U. decumbens, and U. humidicola (Table 3). Alignment identities ranged from 81.82
to 100% over query coverages of 28-100%. UroSat-1a (158 bp) was also related to centromeric

satellites from maize, Cenchrus americanus and Tripsacum dactyloides.

0.01 0.01

UroSat-11 ®
UroSat-10 - . °
UroSat-9 1 ® 2
037  od4  ops  obs  of
UroSat-81 @ ® @ ]
UroSat-7 - _M U:
UroSat-6b{ © @
UroSat-6a A _) M )
UroSat-5 -+ )‘ ,
UroSat-4 1 . "
UroSat-34 bﬂ ® o ©
UroSat-2b ® @
UroSat-2a _) 5 3 B
UroSat-1f + Joq °
UroSat-1e A )00
UroSat-1d4{ @
UroSat-1c - J , |
UroSat-1a A J. . ' ‘ l
UB2 UB4 UD2 UD4 UR2
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Fig. 3: Genomic proportion of satellite DNA families in Urochloa species. The size of the

circles corresponds to the relative abundance of the satellite families in each genome.

Numbers above the circles indicate the genomic proportion of each satellite variant. Urochloa

brizantha 2x (UB2), U. brizantha 4x (UB4), U. decumbens (UD2), U decumbens (UD4), U.

ruziziensis (UR).

Table 3: Alignments between the identified Urochloa DNA satellite sequences (UroSat) and

previously reported tandem repeats.

Reported 1d. Query
Satellite Length repeat Length Species coverage® Identity®
UroSat-1a 158 bp TCL2! 158 bp  Urochloa brizantha 92% 98.63%
CL1! 158 bp  U. decumbens 83% 100.00%
TCLI12! 158 bp  U. brizantha 93% 100.00%
CL1! 158 bp  U. brizantha 98% 98.02%
CL4! 158 bp  U. brizantha 98% 97.50%
CL100! 567bp U. humidicola 68% 91.74%
Sat-1A? 70bp  Cenchrus americanus 38% 81.82%
CentT573 156 bp  Tripsacum dactyloides 82% 91.60%
Cent-C-158a* 158bp  Zea mays 46% 75.68%
UroSat-1b 158 bp CL67! 158 bp  U. decumbens 100% 98.37%
CL44! 158 bp  U. brizantha 100% 98.46%
CL9! 157bp  U. brizantha 100% 98.36%
TCL2! 158 bp  U. brizantha 59% 91.49%
UroSat-le 314bp CLI121! 157bp U. brizantha 75% 93.08%
CL72! 154bp  U. humidicola 46% 90.67%
CL9! 157bp  U. humidicola 28% 84.62%
UroSat-1f 158 bp CL9! 158bp  U. brizantha 96% 90.79%
UroSat-2a 361 bp CL34! 361 bp U. brizantha 77% 95.36%
UroSat-2b ~ 362bp CL35! 362bp  U. brizantha 98% 96.83%
UroSat-7 566 bp CL100! 156 bp  U. brizantha 100% 99.54%
UroSat-8 740 bp CL101! 761 bp  U. decumbens 99% 94.90%
CL77! 744bp U. brizantha 100% 100.00%
UroSat-9 498 bp CL83! 418 bp  U. brizantha 82% 94.83%

aQuery coverage indicates the proportion of the sequence included in the alignment; *Identity
indicates the proportion of identical bases; 'Tomaszewska et al. (2023); 2Kamm et al. (1994);
3Melo and Dawe (2003); *Ananiev et al. (1998).
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Fluorescent in situ hybridization

The probing of satellite DNA successfully revealed the organization of UroSat-1a,
UroSat-2a, and UroSat-3 on Urochloa chromosomes (Fig. 4, Table 4). None of the probed
satellites overlapped with rDNA 35S sites in any species. UroSat-la was detected in the
centromeric region of all chromosomes of all species and cytotypes evaluated (Fig. 4A-E). The
UroSat-2a probe produced signals located on terminal regions of the chromosomes (Fig. 4F-
L), while the location of UroSat-3 varied among the terminal region of short arms, long arms,
or both arms (Fig. 4M-P). UroSat-2a was present as strong and well-defined bands in U.
brizantha 2x and 4x (Fig. 4F and 4G), and U. decumbens 4x (Fig. 4H), and as unspecific weaker
signals in U. decumbens 2x and U. ruziziensis (Fig. 41-L). UroSat-3 was present in all species
and cytotypes, apart from U. brizantha 2x.

In U. brizantha, three pairs of UroSat-2a signals were observed in the diploid form (Fig.
4F), while the tetraploid form presented four (Fig. 4G). UroSat-3 was found on six chromosome
pairs in U. brizantha 4x, and it was hemizygous in the pair bearing the rDNA 35S site (Fig.
4M). This probe did not produce any signals on the diploid cytotype of this species.

Table 4: Number and chromosomal positions of fluorescent in situ hybridization (FISH)

signals for the satellite sequences UroSat-1a, UroSat-2a, and UroSat-3 in Urochloa

Species UroSat-1a UroSat-2a UroSat-3

U. brizantha 2x 18C 3TS no signals

U. brizantha 4x 36 C 4TS 4TSL+2TS+1TL*
U. decumbens 2x 18C unspecific signals 5TSL+3TS+1TL
U. decumbens 4x 36C 2TS+1TL 7TSL+2TS+1TL
U. ruziziensis 2x 18 C unspecific signals 6 TSL+2 TS

Signals were found on centromeric (C) and terminal (T) regions of short arms (S) and long

arms (L). *Heteromorphic pair.

In U. decumbens, UroSat-3 signals were found in all chromosomes of the diploid

cytotype (Fig. 4N), including the pair containing the 35S rDNA site. The same probe produced
16
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signals on ten chromosome pairs of U. decumbens 4x (Fig. 40). In the tetraploid U. decumbens,
one of the chromosome pairs containing the 35S rDNA site exhibited a heteromorphic tertiary
constriction associated with an UroSat-2a signal (Fig. 4H). Signals were also found on four
other chromosomes. UroSat-2 signals were variable and inconsistent in terms of number and
location in U. decumbens 2x (Fig. 41-J), therefore it was not possible to assign them to specific

chromosome pairs.
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348

349  Fig. 4: Fluorescent in situ hybridization (FISH) probing of satellite DNAs UroSat-1a (pink),
350  UroSat-2a (red), UroSat-3 (blue) and 35S rDNA (green) on metaphase chromosomes of
351  Urochloa brizantha diploid 2n=18 (A, F) and tetraploid 2n=36 (B, G), U. decumbens diploid
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(C, 1, J, N) and tetraploid (D, H, O), and U. ruziziensis (E, K, L). Yellow arrows indicate a
tertiary constriction on a chromosome in U. decumbens 4x. A magnified view of this

chromosome is provided on the top left of panels D and H.

In U. ruziziensis, UroSat-3 signals were observed on all chromosomes except for the
pair containing the 35S rDNA site (Fig. 4P). As in U. decumbens 2x, the UroSat-2 probe
produced inconsistent FISH signals, displaying weak intensity and variable numbers of signals

across different assays (Fig. 4K-L).

DISCUSSION
Repetitive DNA composition

Repetitive DNA is the main component of Urochloa genomes, which is consistent with
what has been reported for other cultivated grasses, like maize (70-80%), wheat (~80%) and
barley (~85%) (Meyers et al., 2001; Garbus et al., 2015; Wicker et al., 2017). Overall, the total
proportions of the major repeat classes (retrotransposons, transposons, and tandem repeats)
were similar among all genomes, except for the diploid cytotype of U. brizantha, which
exhibited lower percentages for all classes. Urochloa brizantha 2x also displayed a larger
proportion of transposable elements unidentified by repeat databases, thereby having a more
diverse repeat profile.

The genomic proportion of LTR retrotransposons was previously reported for U.
ruziziensis at 33.5% in a study focused on QTL mapping for aluminum tolerance genes
(Worthington et al., 2021), which is consistent with our estimate for this species (32.98%).
However, the proportions of Gypsy and Copia elements in our analysis (18.54% and 11.05%,
respectively) differed from the values reported by Worthington et al. (2021), which were 24%

Gypsy and 9.5% Copia. These discrepancies may be due to the different methodologies used
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for LTR identification, as we used the RepeatExplorer pipeline (Novak et al., 2013) and
Worthington et al. (2021) used the software LTRharvest (Ellinghaus et al., 2008).

Retrotransposon activity has been attributed as the main driver of genome size increases
in grasses, as the copy-and-paste transposition mechanism of these elements can lead to the
rapid accumulation of repeats (Vicient et al. 2001). This seems to be valid for the ‘brizantha’
agamic complex of Urochloa, considering that most of the repeats identified in this study are
LTR retrotransposons, predominantly Gypsy elements. In addition to the large genomic
proportion of Gypsy LTRs, RNA sequencing data have shown that they also represented near
half of the transcriptome of U. decumbens 4x (Santos et al., 2015).

Athila elements, the most abundant Gypsy lineage identified in our study, have
previously shown high expression levels in Urochloa, and are associated with centromeric and
pericentromeric regions of all chromosomes in U. brizantha 4x, U. decumbens 2x and U.
ruziziensis, as revealed by FISH probing (Santos et al., 2015). Tat and CRM elements have
also been mapped to Urochloa chromosomes, with the former being scattered throughout
interstitial regions and the latter located in the centromere, although a few chromosomes of U.
brizantha 4x and U. decumbens 2x lacked the signal (Nani et al., 2016; Santos et al., 2015).
Other Gypsy elements previously reported in U. decumbens transcriptome (Santos et al., 2015),
such as Del and Galadriel, were not identified in our study, but they may be present in low
proportions, as repeats below the 0.01% threshold were not annotated.

The Copia superfamily was mainly composed of Sirevirus (SIRE), an ancient plant-
specific retrotransposon lineage, which was also the most frequent LTR in Urochloa. These
elements are highly conserved across the plant kingdom and have been found in many grass
species, including rice, sorghum and maize, in which they occupy 21% of the genome (Bousios

etal., 2012).
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DNA transposons were predominantly represented by CACTA elements, which
accounted for a four-fold larger proportion compared to other repeats. The CACTA
superfamily, named after the terminal inverted repeat sequence that flanks these elements, is a
diverse group of transposons, including several lineages, such as CACI from Arabidopsis
thaliana, Caspar from Triticeae and En/Spm from maize (Gierl 1996; Miura et al., 2001;
Wicker et al., 2003). All the CACTA repeats identified in our study were related to maize’s
En/Spm lineage, which suggests the conservation of these elements in the Panicoideae
subfamily.

By using local alignment matrices, we were able to distinguish 11 satellite families for
U. brizantha, U. decumbens and U. ruziziensis. The occurrence of UroSat-1, UroSat-3 and
UroSat-8 in the three species suggests that these variants are more ancestral than the other
satellites, likely having originated prior to speciation events. Additionally, the high sequence
identity of the UroSat-1a across the different Urochloa species is possibly due to its conserved
centromeric role. This is also supported by the high sequence similarity between UroSat-1a
and centromeric repeats from other grass species, such as maize (Ananiev et al., 1998) and
Cenchrus americanus (Kamm et al., 1994).

Urochloa brizantha and U. decumbens shared more satellites with each other than with
U. ruziziensis. This finding corroborates the most recent phylogenetic analysis for Urochloa
that traced the divergence between U. ruziziensis and the other two species to 5.6 million years
ago, followed by a more recent divergence between U. brizantha and U. decumbens around 1.6
mya (Pessoa-Filho et al., 2017). The larger number of satellites and the occurrence of species-
specific satellites in U. brizantha (UroSat-1f, 2b, 6a, 6b, 7 and 9) indicates that its divergence
from U. decumbens was accompanied by a great diversification of tandem repeats. This repeat

diversity is more apparent when comparing the diploid cytotype of U. brizantha, which has
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four exclusive satellites (UroSat-1c, 1d, 1e and 5), to U. decumbens 2x and U. ruziziensis,
which each have only three non-exclusive satellites. The higher diversity in U. brizantha 2x
had already been indicated by the reciprocal GISH performed on the diploid cytotypes (Corréa
et al., 2020), where its genomic probe fully hybridized with all chromosomes of U. decumbens
2x, while the opposite probing produced only ~65% of hybridization.

Chromosomal location of satellite sequences

The physical location of the probed satellite sequences on the Urochloa species studied
was consistent with the satellitome characterized in silico: UroSat-1a was detected in all species
and cytotypes, UroSat-3 was absent in U. brizantha 2x, but present in the other cytotypes and
species, and UroSat-2a was observed only in U. brizantha (2x and 4x), and U. decumbens 4x.
However, we observed highly variable and unspecific UroSat-2a signals in U. decumbens 2x
and U. ruziziensis, where this sequence had not been identified in silico. These signals may
have been produced by probes binding to degraded DNA segments with some degree of
homology with the satellite sequence, as often occurs with FISH probing (Wang et al., 2001;
Jiang, 2019).

The probing of UroSat-2a allowed the differentiation of three chromosome pairs in U.
brizantha 2x, four pairs in U. brizantha 4x, and three pairs in U. decumbens 4x. The
disproportional number of sites between the diploid and tetraploid cytotypes of U. brizantha
and U. decumbens may be a consequence of the allopolyploidization and diploidization events
involving these two species. Such variation has also been observed for 35S and 5S rDNA sites
in previous studies (Akiyama et al., 2010; Nani et al., 2016).

The heteromorphic tertiary constriction observed in U. decumbens 4x was previously
reported by Nani et al. (2016). Our FISH results further demonstrate that satellite DNA is a

major component of this structure, as evidenced by its co-localization with UroSat-2a. Tertiary
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constrictions have been reported in other grass species, such as barley (Gecheft, 1976), rye
(Jenkins et al., 2005), gamagrass (Koo and Jiang, 2008), often associated with chromosomal
breaks. Tandem repeats are also considered frequent breakage sites and hotspots for
chromosome rearrangements (Arlt et al., 2006), therefore, the presence of UroSat-2a at this site
could be contributing to the formation of the tertiary constriction.

The presence of UroSat-1a exclusively on the centromeric region of chromosomes in
all the genotypes suggests that this sequence is an essential component of Urochloa
centromeres. Satellite DNA is a common constituent of plant centromeres, and several
centromeric satellites have been identified in grass species, such as maize, wheat, and oat (Jin
et al., 2004; Oliveira and Torres, 2018; Su et al., 2019). Additional evidence supporting the
centromeric role of UroSat-1a is the high level of conservation of this satellite among Urochloa
species, with 100% sequence identity among satellites independently identified via
bioinformatic analysis in U. brizantha, U. decumbens, and U. ruziziensis, as well as the high
similarity between UroSat-1a and centromeric satellites from maize (~75%) and Cenchrus
americanus (~82%). This high conservation of centromeric satellites among grasses has also
been demonstrated in comparative analysis involving different species, including barley, rice,
maize, millet, and Panicum (Melters et al., 2013).

The centromeric role of UroSat-1a is likely extended to other Urochloa species beyond
the ‘brizantha’ agamic complex, as it is highly similar (92% identity) to a tandem repeat
(CL100) identified in an accession of U. humidicola in a different study (Tomaszewska et al.,
2023). However, the repeat was not mapped to U. humidicola chromosomes, thereby its
physical location is yet to be confirmed. Nonetheless, our findings for UroSat-1a enable its use

as a FISH probe in several applications, such as karyotype descriptions, characterization of
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centromeres, tracking chromosome breaks and rearrangements, comparative cytogenetic
analyses, and studies on chromosome evolution.

The distribution of UroSat-3 signals is consistent across U. decumbens 2x, 4x, U.
ruziziensis, and tetraploid U. brizantha, highlighting shared repetitive sequences among these
cytotypes, which is consistent with the data from the clustering analysis and with in situ
hybridization studies (Corréa et al., 2020; Tomaszewska et al., 2023). In contrast, the absence
of UroSat-3 in diploid U. brizantha points to a pre-speciation origin of this satellite and its
subsequent elimination in the diploid lineage.

Allopolyploidization models and satellite DNA composition in the ‘brizantha’ complex

The characterization of satellite DNA composition provided insights into the genomic
relationships of the species in the ‘brizantha’ agamic complex. Both allopolyploidization
models proposed for the group suggest that tetraploids U. brizantha (BBB'B') and U.
decumbens (B'B'B?B?) share a subgenome likely inherited from a diploid U. decumbens parent
(Paula et al., 2017; Tomaszewska et al., 2023). In this scenario, the two satellites found
exclusively in the tetraploids (UroSat-10 and UroSat-11) may be associated with this
subgenome (B'B'). This is further supported by the chromosomal locations of UroSat-2a and
UroSat-3, which were more similar between the tetraploid cytotypes of U. brizantha and U.
decumbens than between their diploid counterparts. These patterns align with the genetic
structure of the ‘brizantha’ agamic complex reported by Higgins et al. (2022), which showed
that tetraploid accessions of U. brizantha and U. decumbens are phylogenetically closer to each
other than to their diploid relatives due to the reproductive barriers caused by polyploidization
events. This finding supported the hypothesis that a single polyploidization event established

both tetraploid U. brizantha and U. decumbens (Higgins et al., 2022), which is consistent with
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previous evolutionary models proposed for the ‘brizantha’ complex (Pessoa-Filho et al., 2017;
Tomaszewska et al., 2023) and corroborated by our results.

The diploid cytotype of U. brizantha was initially associated with the genome B'B' due
to the similar hybridization patterns of its genomic DNA on both U. brizantha 4x (BBB'B!)
and U. decumbens 4x (B'B'B?B?) via GISH probing (Corréa et al. 2020). However, most of the
satellite families found in U. brizantha 2x were not present in U. decumbens 4x, indicating that
the homologous regions highlighted by the GISH may be mostly due to the high TE
composition. Post-polyploidization genomic rearrangements may have also affected the
satellitome of U. decumbens, leading to the elimination of parental sequences. Nonetheless, the
occurrence of six species-specific satellites in U. brizantha indicates that the diploid cytotype
is indeed close to one of the subgenomes of its tetraploid counterpart.

The genome B?, identified in U. ruziziensis, could not be distinguished by the satellite
composition, since the only three satellites detected in this species (UroSat-1a, UroSat-3 and
UroSat-8) were shared among all species. However, chromosome markers for this genome
could still be developed through the use of TE probes, as well as though the physical mapping

of UroSat-8, which may present different FISH patterns across species.

CONCLUSIONS

The composition and chromosomal organization of repetitive DNA in the ‘brizantha’
agamic complex of Urochloa reflect the hybridization and polyploidy history of the species

involved, with patterns shaped by ploidy and phylogeny.

We were able to determine that genomes in the ‘brizantha’ agamic complex of
Urochloa are primarily composed of repetitive DNA, with Gypsy retrotransposons being the

most representative repeat lineage. Some satellite DNA families were highly conserved across
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species, such as UroSat-1 and UroSat-8, while others were present only in individuals within
the same species or ploidy level. These distribution patterns are useful for comparative
cytogenetics studies in which satellite sequences can serve as probes, as we were able to

demonstrate with UroSat-1a, UroSat-2a, and UroSat-3.
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