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Abstract: Distinguishing Megathyrsus maximus genotypes in breeding pro-
grams based on morphological traits alone can be challenging. Thus, this study
proposes the utilization of molecular traits to identify genetic differences and
understand the characteristics of these genotypes. Twenty-four genotypes were
sequenced, resulting in 341 bases within the trnL-trnF spacer and 459 bases
from ITS2 sequences. These sequences were head-to-tail concatenated and
analyzed for phylogenetic diversity. Substitution saturation analysis confirmed
the sequences’ suitability for phylogenetic reconstruction, as 1SS value (0.0279)
was significantly lower than its critical value (ISS.c = 0.7523). Both Maximum
Parsimony and Bayesian Inference analyses yielded consistent results with most
nodes showing support above 99%. PCoA analysis demonstrated a clustering
pattern consistent with the phylogenetic tree, identifying two distinct groups
with clear separation. Approximately 82% of the total variance was explained
by the PCoA. The obtained genetic information serves as a valuable resource
for developing M. maximus markers.
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INTRODUCTION

The grass species Megathyrsus maximus (Jacq.) B.K. Simon & S.W.L. Jacobs
(syn: Panicum maximum Jacq), commonly referred to as “guinea grass”, is a
tropical forage of Eastern and Southern African origin. The species is among
the most cultivated grasses in Brazil due to its desirable attributes such as
adaptability, productivity, nutritional value, easy propagation by seeds, and
great acceptability for ruminant animals (Jank et al. 1997). Many cultivars of
M. maximus have been developed for use in different production systems and
environmental conditions.

In breeding programs, the differentiation of genotypes may be naturally
difficult if only morphological characters are taken into consideration.
Phenotypic identification based on traditional morphological methods may
not generate reliable classifications at intraspecies-level assessments, as
morphological characters are susceptible to environmental and developmental
factors (Meiklejohn et al. 2019).
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Molecular markers have been extensively used as a tool to address questions related to genetic diversity, identification
of plant species and cultivars, conservation of plant genetic resources (Rout and Mohapatra 2006, Elansary et al. 2017)
and variability existing in germplasm collections (Costa et al. 2011). Therefore, molecular traits can be useful in providing
evidence of intraspecific genetic differences without environmental influences (Meiklejohn et al. 2019) and, hence, are
indispensable for plant breeding programs. Particularly, DNA sequences from organelle and/or nuclear genomes have
been used for genetic differentiation and phylogenetic studies in plants, depending on their rate of evolution and on
the purpose of the performing task (Odintsova and Yurina 2003). Coding and non-coding regions within the chloroplast
genome (rbcL, trnL) and nuclear ribosomal DNA (ITS1 and ITS2) are repeatedly reported to be suitable for genotype
characterization and for revealing genetic relationships among infraspecific taxa, such as at cultivar level, in many
commercial species of angiosperm families (Lee et al. 2017, Duan et al. 2019, Dhivya et al. 2020, Vieira et al. 2022).

Forage breeding programs can benefit from developing molecular tools to improve breeding efficiency, and therefore,
boosting breeding process. In this context, however, molecular-genetic information on M. maximus available in the
literature is still scarce. Thus, this study is aimed to perform a phylogenetic analyses of M. maximus genotypes as a
perspective of using the nucleotide variation in the plastome trnL-trnF and nuclear ITS2 as DNA markers for genetic
relationship and characteristics of M. maximus genotypes.

MATERIAL AND METHODS

Plant material, DNA extraction and quantification

Seeds of 24 genotypes of M. maximus (5 cultivars and 19 accessions) were obtained from the Embrapa Beef Cattle
germplasm collection and planted in 11-L plastic pots (2 replicates for genotype), at the experimental station of Embrapa
Goats and Sheep, in Sobral, Ceara, Brazil. Fresh young leaves were collected from each genotype, dehydrated and, then,
samples of about 100 mg of dried material were manually macerated in liquid nitrogen. Total DNA was isolated from dried
leaves using the Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA) according to the manufacturer’s
instruction. DNA extracts were checked for quality and quantity on a 1% agarose gel electrophoresis with 0.04 pL mL*
of ethidium bromide (10 mg mL?) and viewed on a UV transilluminator.

DNA amplification and sequencing

Polymerase chain reactions (PCRs) were performed in a 20 uL total volume containing approx. 15 ng of genomic
DNA, 0.2 pg mL™ BSA, 2.0 uM of 10x PCR buffer (Thermo Fisher, Waltham, MA, USA), 2.0 uM MgCl, (Thermo Fisher),
0.5 uM dNTP (New England BiolLabs, Ipswich, MA, USA), 0.3 uM of each primer, 1 U Tag DNA Polymerase (Invitrogen
Life Technologies, Carlsbad, CA, USA) and ultrapure UVed water.

One nuclear (ITS2) and two chloroplast regions (rbcL and trnL-trnF spacer) were analyzed. The PCR amplifications were
run in a Veriti 96-well Thermal Cycler (Applied Biosystems, Foster City, CA, USA) with the primers indicated below. The
forward and reverse primers were Pla:5-GGAAGGAGAAGTCGTAACAAGG-3'/P4:5'-TCCTCCGCTCATTGATATGC-3' for all of ITS1,
5.8S, and ITS2 regions (Downie and Katz-Downie 1996, White et al. 1990), trnL (UAA):5'-GGTTCAAGTCCCTCTATCCC-3'/ trnF
(GAA):5'-ATTTGAACTGGTGACACGAG-3' for trnL (Taberlet et al. 1991), and rbcL1:5'-ATGTCACCACAAACAGARACTAAAGC-3'/
rbcL3ambigR:5-GGCGGACCTTGGAARTATAAG-3' for rbcL (Olmstead et al. 1992). The following PCR cycle conditions were
used: pre-denaturation of 94 °C for 5 min, followed by 30 cycles of 94 °C for 1 min, Ta °C (according to each primer pair)
for 1 min, and 72 °C for 1 min, and a final extension of 72 °C for 5 min. Amplicons were checked for correct size and
quality by gel electrophoresis with ethidium bromide staining.

PCR products were purified with ExoSAP-IT™ PCR Product Cleanup (Applied Biosystems, Foster City, CA, USA) and
quantified using Nanodrop 2000c (Thermo Fisher, Waltham, MA, USA) to remove the excess primers and nucleotides.
Sequencing of DNA fragments was performed on the AB 3500 Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA) by ACTGene Molecular Analyses Ltda (Biotechnology Center, UFRGS, Porto Alegre, RS, Brazil) using 50-cm capillaries
and POP7 polymer (Applied Biosystems, Foster City, CA, USA), with 2.5 pmol of the same primer used in PCR reactions
and 0.5 mL of BigDye™ Terminator v3.1 (Thermo Fisher Scientific, Waltham, MA, USA) in a final volume of 10 mL. All
new unique nucleotide sequences were submitted to the GenBank database.
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DNA sequence analyses

DNA sequences from each genotype were inspected with CHROMAS version 2.6.6 (Technelysium, Brisbane, QLD,
Australia) and corrected when necessary, followed by unique sequences detection using the software DAMBE v.5.2 (Xia
and Xie 2001). Homologous nucleotide sequences from all samples were aligned using the software CLUSTALX version
1.81 (Thompson et al. 1994) on the sequence alignment editor BIOEDIT version 7.2.6.1 (Hall 1999). Finally, DNA sequences
of each region were concatenated for further analyses.

Sequence diversity

Genetic diversity indices were estimated by calculating the mean nucleotide composition, indels, haplotype (H)
and nucleotide () diversities using the software DNASP v.5.10 (Librado and Rozas 2009). The aligned sequences were
also imported into MegaX, v.10.2.6 (Kumar et al. 2018) for the estimation of transitions and transversions. Maximum
Composite Likelihood estimates of the nucleotide substitution pattern were calculated using the MegaX program. To
avoid inconsistencies in phylogenetic reconstruction due to saturation of nucleotide base substitutions, the occurrence
of substitution saturation was also investigated with DAMBE v.5.2.

Phylogenetic analyses

Sequences were analyzed using the maximum-parsimony (MP) approach in MegaX (Kumar et al. 2018). A heuristic
search with the tree-bisection—reconnection (TBR) branch-swapping algorithm with 1000 random taxon addition replicates
was used. Node support was assessed using 1000 bootstrap replicates with 10 random taxon addition replicates. A
Bayesian likelihood approach was also used in MrBayes v.3.1 (Ronquist and Huelsenbeck 2003) in a partitioned analysis
of each gene. The model of DNA substitution that best fitted the genomic data was selected based on the Akaike
Information Criterion (AIC) (Posada and Buckley 2004) using JModeltest v.3.06 (Posada 2008). The Bayesian Inference
(BI) analysis was carried out using the default setting of four Markov chains (three heated and one cold) for 1.000.000
generations, sampling once every 100 generations. Four separate analyses were carried out simultaneously starting with
different random trees. Post-burn-in trees from all four analyses were used to estimate posterior probabilities. FigTree
v1.4.3 software (http://tree.bio.ed.ac.uk/software/figtree/) was used to visualize the tree. The genetic similarity among
samples was estimated using PAST v1.34 (Hammer et al. 2001). A multidimensional principal coordinate analysis (PCoA)
was performed on the data set to reveal the degree of genetic differentiation between sites.

RESULTS AND DISCUSSION

Sequence diversity

No nucleotide polymorphism was detected in the rbclL sequences in all studied genotypes and, therefore, this
sequencing data has been discarded from further analysis. PCR fragments were successfully amplified for all primer
pair combinations. The Pla-P4 primers encompassed all of ITS1, 5.8S, and ITS2 regions, the rbcL1-rbcL3ambigR primers
covered the chloroplast gene encoding the RuBisCO protein (rbcL), and the trnL(UAA)-trnF(GAA) primers targeted the
trnlL spacer (Figure 1).

Targeted sequencing revealed a clear read length of 341 bases within the trnL-trnF intergenic spacer, and 459 bases
from internal transcribed spacer2 sequences. To our knowledge, this is the first evaluation of the power and robustness

Figure 1. An ethidium-bromide-stained agarose gel showing PCR products from the amplification of Megathyrsus maximus DNA
extracts using primer pair combinations. (A): Pla and P4 for ITS1-5.85-ITS2); (B): rbcL1 and rbcL3ambigR for rbcL); and (C): trnL (UAA)
and trnF (GAA) for trnL spacer). Molecular marker: 100-bp ladder (TransGen Biotech Co. Ltd.).
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of these two spacers for M. maximus. Sequencing sizes of these DNA regions are similar to those previously described
for forage grasses (Taberlet et al. 1991, Baldwin et al. 1992, Stoneberg-Holt et al. 2005). Because the ITS2 region of
angiosperms are expected to be less than 300 base pairs (Baldwin et al. 1992), the additional 159 base pairs that we
sequenced in this region were due to the inclusion of partial 5.85 and large subunit ribosomal RNA gene sequences
neighboring the ITS2.

A nucleotide BLAST analysis (http://www.ncbi.nlm.nih.gov/blast/) of all obtained sequences revealed highly similar
sequence identity to M. maximus available in GenBank (KU291470.1 and AY129712.1). All samples accumulated percent
maximum identity of 100% and 99.6%, for the trnL-trnF and ITS2 spacers, respectively. DNA sequences from these spacers
were head-to-tail concatenated (internal transcribed spacer2 + trnL-trnF intergenic spacer) to produce a more robust
dataset. The unique sequences of these regions were deposited separately into GenBank under accession numbers
ON720306-ON720322 (ITS), ON720323-ON720325 (rbcL), and ON720326-ON720328 (trnL-trnF).

Analysis of the concatenated sequences (~760 bases) revealed 37 polymorphic sites (ITS2 =34 and trnL = 3), from
which 32 were informative and 5 uninformative positions (Table 1). Although the nucleotide composition across the
concatenated sequences were almost evenly distributed, A (24.8%), C (23.1%), T (26.1%), and G (24.9%), the GC- and
AT-contents of ITS2 and trnL-trnF sequences varied slightly within each spacer, but considerably between the two
spacers for all samples. Thus, for ITS2 mean GC- and AT-contents were 58.0% and 41.9%, respectively. For trnL these
values were 34.8% and 65.1%. The GC-content of the ITS2 and the trnL-trnF spacer were typical of Poaceae species
(Ghariani et al. 2020, Omelchenko et al. 2022). Overall, the GC- and AT-contents in the concatenated sequences were
respectively 47.7% and 51.9%, respectively. The GC-content may affect genome functioning and species ecology
(Smarda et al. 2014).

Table 1. Summary of polymorphic sites in the studied regions of Megathyrsus maximus. The polymorphic sites are numbered in ver-
tical format

Polymorphic sites

. ITS2 trnL .

Genotype/cultivar 0000001111 1111111222 2222222222 3344 445 Origin

7889990112 2222226112 2233556679 8801 679

8393597451 2345892450 2719340816 5639 908
PM20 AATGCTTTCC TATTTGCTTT GAACATTCCA GCCT CTC Morogoro, Tanzania
PM44 AATGCCTTCC TATTTGCTTT GGACAATCCA GCCT AAT Hybrid (unknown origin)
PM37 AATGCTTTCC TATTTGCTTT GAACAATCCA GCCT CTC Dar, Tanzania
PM19 AATGCTTTCC TATTTGCTTT GAACATTCCA GCCT CTC Morogoro, Tanzania
PM269 CCTACCACTT GCATCATCCC GGTCAACTCG ATCC CTC Nairobi, Kenya
PM122 CCTACTACTT GCATCATCCC GGTCAATTCG ATTC CTC Nairobi, Kenya
PM21 CCTATCACTT GCATCATCCC GGTCAACTCG ATCC AAT Morogoro, Tanzania
PM294 CCTACTACTT GCATCATCCC GGTCAATTCG ATTC CTC Rumuruti, Kenya
PM119 CCTACCTCTT GCATCGTCCT GGTCAACTCA ACCT AAT Nairobi, Kenya
PM405 CCTACCACTT GCATCATCCC GGTCAACTCG ATCC CTC Dar, Tanzania
PM150 CCTACCACTT GCATCATCCC GGTCAACTCG ATCC AAT Fortnall, Kenya
PM22 CCTGCCTCCC TATTTGTCCT GGTCAACTCG GCCT AAT Morogoro, Tanzania
PM190 CCTACCACTT GCATCATCCC GGTCAACTCG ATCC CTC Rogwe-Tanga, Tanzania
PM406 CCTACTACTT GCATCATCCC GGTCAATTCG ATCC CTC L. Lunga-Mombasa, Kenya
PM51 CCTACCACTT GCATCATCCC GGTCAACTCG ATTT AAT Brazzaville, Congo
PM13 CCTACCACTT GCATCATCCC AGTCAATTCG ATCC CTC Rogwe-Kilosa, Tanzania
PM59 CCCGCTTCTC TCACCGTCCT GGTAAATTCA ACCC AAT Daloa, Ivory Coast
PM234 CCTACTTCTC TCATCGTCCC GGTCAACTCA ACCT AAT Tuli, Botswana
Aruana CCTACTACTT GCATCATCCC GGTCAATTCG ATTC CTC West and Central Africa
Quenia CCTACCACTT GCATCATCCC GGTCAACTTG ATCC CTC Korogwe-Kilosa, Tanzania
Tamani CCTACCACTT GCATCATCCT GGTCGATTCG ATCC AAT Rogwe-Kilosa, Tanzania
Massai AATGCCTTCC TATTTGTTTT GAACATTCCA GCCT CTC Dar/ Salaam-Bagamoyo, Tanzania
Tanzania CCCACCTCTC TCATCGTCCT GGTCGACTCA ACCT CTC Korogwe, Tanzania
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Aligned sequences indicated the presence of insertions or deletions (InDels). The ITS2 spacer showed only one
InDel, while the trnL intron revealed the presence of five distinct InDels. The diversity of InDels per site presented in the
germplasm collection was 0.0014. Even though insertions and deletions are widespread in plant genomes, they occur
more often in non-coding regions (Guo et al. 2016). Since insertions/deletions-associated nucleotide polymorphism in
chloroplast noncoding regions are frequently used as genetic markers (Hamilton et al. 2003), these InDels were also
used in the phylogenetic analysis.

Twenty-four haplotypes were detected, demonstrating a high degree of haplotypic diversity (0.96) among the
studied genotypes. The mean nucleotide diversity per site (p) was 0.01231. In general, these values indicate that
few sites are polymorphic and few mutations exist to differentiate one haplotype from the other. Transition and
transversion ratios were k1 = 2.038 (purines) and k2 = 6.233 (pyrimidines). The overall transition/transversion
ratio was estimated to be 2.058. The relatively high content of AT for all concatenated sequences (i.e., 51.9%)
may partly explain the high proportion of transitions identified in the current study. Overabundance of transitions
relative to transversions may be due to chemical constraints, as AT-rich DNA segments mutate faster than those
rich in GC, owing to an extra hydrogen bond. Transition bias has been widely reported among studies of mutation
rates (Wolfe et al. 1987).

Phylogenetic inference

In the substitution saturation analysis, the ISS value (0.0279) was significantly lower (P = 0.0000) than its critical value
(ISS.c =0.7523), indicating that the sequences are much less susceptible to substitution saturation and, therefore, useful
for phylogenetic reconstruction (Xia et al. 2003). Results from sequence alignment analyses allowed inferring phylogenetic
relationships among M. maximus accessions and commercial cultivars. Thus, one of the 100 most parsimonious trees
(length = 7) had consistency (Cl) and retention (RI) indices, which are measures of how well an individual material fits
on a phylogenetic tree under a parsimony model, equal to 1.00, with most nodes showing consistency above 99%.
Accessions and cultivars were represented in a monophyletic group.

In the MP tree, a small subgroup formed by the accessions PM120, PM269, and PM122 clustered together, probably
due to a common origin (Figure 2A). The Bayesian analysis, however, did not support such grouping. Different analytical
methods can lead to different conclusions, and given the ongoing debate over the superiority of one of these phylogenetic
reconstruction methods (i.e., Parsimony versus Bayesian methods), it remains valid to consider that parsimony trees
might be more suitable for less complex, smaller data sets or for preliminary exploratory analyses because of their speed
and simplicity. In contrast, Bayesian methods are better for large quantities of complex data and for analyses where a
robust statistical modeling is required (Sansom et al. 2018). These slightly diverse genotypes can promptly be used for
further improvements (Kumar et al. 2019) in breeding programs for the species.

Overall, the individual phylogenies were essentially consistent with each other. The tree based on Bayesian inference,
which holds the maximum a posteriori probability for all nodes, showed similar topology and equivalent node supports
to the MP method (Figure 2A). Probability values greater than or equal to 0.95 are considered satisfactory and significant
for phylogenetic studies (Rannala and Yang 1996). Two well-defined groups were shaped using the BI (Figure 2B), which
might be also associated to the pattern observed in the MP tree. Group | included accessions PM120, PM20, PM269,
PM122, PM294, PM405, PM190, PM37, PM406, PM13, PM19 and clustered with most of commercial cultivars (Aruana,
Quenia, Massai and Tanzania), while group Il contained all remaining accessions. High degree of similarity among the
studied sequences was observed within each group.

The Massai cultivar, present in group |, showed the greater distance from other accessions. This process may occur
due to the high rate of non-synonymous amino acid mutation and small variation found in the second group formed,
mainly observed in the accessions PM51, PM59, PM234, and Tamani cultivar, while most materials remain uniform in
the phylogenetic tree.

The two-dimensional plot from the PCoA showed a clustering pattern synonymous with the Bl phylogenetic tree
(Figure 2B). Two distinct groups were identified with a neat separation with no overlap, one along the upper quadrants
and the other in the lower quadrants, which corroborates the clustering pattern observed in Figure 2. The plotted
data indicated the presence of an important variability among plant materials, confirmed by the elongated ellipses.
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Figure 2. (A-B) Phylogenetic trees representing Megathyrsus maximus accessions (PM) and commercial cultivars based on ITS2 and
trnL-trnF spacers. (A) Maximum parsimony (MP) analysis with the numbers at the nodes indicating bootstrap values; (B) Bayesian
inference (BI) analysis with posterior probability values. Symbols after accessions and cultivars are associated with the Principal
Coordinate Analysis (PCoA); (C) Scatter-plot of the principal coordinate analysis (PCoA) based on the variation of each nucleotide
within DNA sequences. Dotted line represents inferred genetic group | and group Il. The color of each symbol indicates the inferred
genetic group | (blue) and Il (red). The symbols represent the predefined origin of the accessions, as illustrated below Figure 2C.
Inertia ellipses represent the substructures visible in the graph.

6 Crop Breeding and Applied Biotechnology - 24(4): e46102447, 2024



Assessing DNA sequence variation in Megathyrsus maximus: an exploratory survey for use in breeding programs

Approximately 82% of the total variance was explained by the PCoA (Figure 2C). The first component (PC1) described
49.71% and the second component (PC2) 33.12% of the total variability among accessions.

Noticeably, although accessions were distributed continuously along principal component axes, a few sub-clusters
were also observed. The PCoA revealed no clustering based on the geographic origin of the accessions, indicating that
geographic isolation does not impact the genetic diversity of Megathyrsus maximus. This suggests that mechanisms
other than geographic isolation may contribute to their genetic differentiation.

In each of these groups, however, subgroups were formed by the similarity among some genetic materials, with
the isolation of the accession PM44 and the Tanzania cultivar standing out. Accession PM44, being a hybrid, shows
a significant genetic distance from the other accessions. As for Tanzania, the difference in adaptation to different
ecogeographic conditions and local selection pressure can explain this isolation (Jo et al. 2012). Several factors may
be behind the mutations accumulated throughout history, but the greater the diversity, the higher the chance that in
the population some individuals have alleles that contribute to facing environmental changes, such as biotic or abiotic
stresses (Able et al. 2007).

Based on the maximum parsimony (MP) analysis, accession PM119 appears to be more closely related to the
“group 1”, as the branch length between PM119 and PM21 is slightly longer than the branch between PM119 and
PM122, suggesting that PM119 and PM122 have an even closer evolutionary relationship and similarity, which can
also be explained by a shared origin in Nairobi, Kenya. However, this closer relationship was not detected by Bayesian
inference analysis and PCoA, which clustered these two accessions into “group II”. The conflicting grouping of PM119
show how different phylogenetic approaches can lead to different conclusions about evolutionary relationships. This fact
emphasizes the importance of considering multiple lines of evidence when interpreting the evolutionary relationships
among the accessions.

As the results obtained through PCoA corroborate the clustering of PM119 into group Il obtained by the Bayesian
analysis, we decided to prioritize this scenario for genetic grouping composition. This decision is also based on the general
consensus that Bayesian inference analysis is a more robust and reliable method (Mohammadi and Prasanna 2003).

CONCLUSIONS
1) The rbcl gene is not to be recommended for the characterization of M. maximus accessions and cultivars;

2) The trnL-trnF intergenic spacer and the ITS2 region, as a two-sequence multilocus marker, are efficient in the
characterization of M. maximus accessions and cultivars;

3) The occurrence of insertions and/or deletions in plastid DNA is useful for resolving relationships between closely
related sequences, and therefore, increasing the power of analysis in intraspecific studies.
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