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Abstract

Background Apomixis is an asexual reproduction process that allows plants to bypass meiosis and fertilization,
resulting in clonal seeds that are genetically identical to the maternal genotype. Eragrostis curvula is a grass species
used as model to disclose the mechanism associated to diplosporous apomixis. Previously, the first £. curvula link-
age maps were developed using a F1 population derived from a cross between a sexual female parent (cv. OTA-S)
and a facultative apomictic pollen donor (cv. Don Walter). Even though this work allows the identification a markers
linked to apomixis in the male parent, the number of hybrids was not enough to produce a consensus map. Here,

a new population is presented, increasing the number of genotyped hybrids to 107 which allows the construction
of a consensus map and the development of KASP markers.

Results We constructed a consensus linkage map at the tetraploid level using a mapping population segregating
for reproductive mode. Within this map, a region associated with apomeiosis (the APO locus) was identified using
maternal and paternal SNP markers, along with three paternal markers that exhibited strong linkage with the trait.
KASP markers were developed, one of which demonstrated 100% concordance with the cytoembryological phe-
notype of individuals in both the mapping population and other E. curvula genotypes. Through synteny analysis,
the APO locus was mapped onto the E. curvula reference genome, and two genes that could be part of molecular
pathways involved in apomeiosis were proposed.

Conclusions This study presents the first consensus genetic map and the development of KASP markers for phe-
notyping reproductive modes in £ curvula. This map enables the association of the apomixis-determining region
with molecular markers from both parental genotypes, including the reference sexual tetraploid genotype of the spe-
cies (OTA-S). The development and validation of co-dominant molecular KASP markers linked to the APO locus pro-
vide a crucial tool for future research and breeding.
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Introduction

Apomixis is an asexual reproduction process that allows
*Correspondence: plants to bypass meiosis and fertilization, resulting in
Viviana Echenique clonal seeds that are genetically identical to the mater-
Eci:gegi;ics;gzgomcet‘gob‘ar nal genotype [55]. Apomixis is considered a polyphyl-
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prevalent in Asterales, Rosales and Poales [25]. Although
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apomixis occurs in 10% of the studied angiosperm spe-
cies, it is absent in major crops such as maize, wheat and
rice [27]. Apomixis in flowering plants requires three key
elements: apomeiosis, parthenogenesis and the develop-
ment of an endosperm to nourish the developing embryo.
Endosperm formation in apomicts often occurs through
a sexual process, however apomeiosis and parthenogene-
sis represent significant deviations from sexual reproduc-
tion [8]. There is a wide variety of apomictic mechanisms.
In angiosperm, apospory is the most frequent type of
apomictic development (357 species), followed by adven-
titious embryony (338 species) and diplospory (287 spe-
cies) [27]. In adventitious embryogenesis, an apomictic
embryo sac is not formed,instead, non-reduced embryos
develop directly from a somatic cell of the nucellus or the
ovule integuments. In apospory, the embryo sac origi-
nates directly through mitosis from a somatic cell, usually
of the nucellus. In diplospory, the embryo sac arises from
the megaspore mother cell, either through mitosis or as a
result of meiotic failure.

The study of genetic factors involved in apomixis is
complicated by the polyploid nature of most apomic-
tic species, the limited availability of compatible sexual
plants, and the difficulties in classifying progeny, particu-
larly because components of apomixis can segregate. In
citrus and mango, the inheritance of sporophytic apo-
mixis is governed by a single dominant locus [7, 28]. In
contrast, in some diplosporous apomictic species, the
loci controlling the key apomixis components -apomeio-
sis, parthenogenesis and autonomous development of
the endosperm- are independent of each other [19]. For
instance, in Erigeron and Taraxacum, two independent
loci controlling apomeiosis and parthenogenesis have
been identified [34, 48]. In aposporous species, apomei-
osis and parthenogenesis are determined by two dif-
ferent loci, as observed in Hypericum [42], Poa [5], and
Cenchrus [17]. In Hieracium, three independent loci
controlling apomeiosis, parthenogenesis, and autono-
mous endosperm development have been identified,
LOSS OF APOMEIOSIS (LOA), LOSS OF PARTHENO-
GENESIS (LOP) and Autonomous endosperm forma-
tion (AutE), respectively [14, 35]. Based on segregation
data, the genes controlling apomixis appear to be few in
number, although, there is a lack of recombination in the
chromosomal regions determining this trait, such as the
apospory-specific genomic region (ASGR) in Cenchrus
ciliaris [2].

The transfer of apomixis to crops would revolution-
ize agriculture as clonal F1 hybrid seeds with fixed het-
erosis can be indefinitely preserved and generated at low
cost. This innovation would allow for greater investment
in diverse germplasm and significantly shorten breeding
cycles. Apomictic reproduction also has the potential to
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enhance seed set in genotypes that would otherwise be
infertile or exhibit a high degree of heterosis (e.g., trip-
loid and higher-ploidy hybrids). For these reasons, there
is considerable interest in understanding the molecular
mechanisms underlying apomixis for integration into
breeding programs [25]. In recent decades, numerous
studies have explored apomixis and its genetic control,
focusing primarily on transferring apomictic reproduc-
tion to major economic crops. While several attempts
have been made to introduce the trait into cultivated
cereals, these efforts have not yet achieved complete suc-
cess [30, 31].

Eragrostis curvula (Schrader) Nees, commonly known
as weeping lovegrass, is a grass native to southern Africa.
It was introduced to Argentina, USA, Australia and other
countries nearly a century ago. Weeping lovegrass is an
important crop in marginal areas with low rainfall and
poor soils. It is commonly used as forage in semi-arid
regions due to its ability to produce green forage until
late autumn, its strong spring regrowth capacity, and its
high adaptability. However, it has limitations, such as low
palatability [23]. Eragrostis curvula includes genotypes
with ploidy levels ranging from 2 x to 8x (x= 10). Diploid
genotypes reproduce sexually through cross-pollination,
whereas polyploids reproduce via diplosporous apomixis.
Although no sexual tetraploid genotypes have been iden-
tified in nature, an experimental genotype (cv. OTA-S)
has been successfully developed [51].

Cytological evidence indicates that most polyploids of
E. curvula are allopolyploids or segmental allopolyploids,
as partial homology between subgenomes has been
observed in some cases [39, 52]. This could explain the
occurrence of apomixis in this species, as diplospory is
considered a deregulation of the sexual process given that
the formation of unreduced female gametophytes results
from the interaction of distinct developmental programs
between subgenomes [29]. Evidence suggests that apom-
ictic reproduction is likely caused by genes with altered
spatiotemporal expression patterns residing in duplicated
genomic regions that share partial synteny with sexual
genotypes or related species [22].

Diversity Array Technology (DArT-Seq) allows detailed
and precise plant genetic characterization in a short time
and at low cost, since it performs the sequencing of mul-
tiple samples simultaneously. In this way, tens to hun-
dreds of thousands molecular markers can be identified
from reduced genomic representations, using next-gen-
eration sequencing platforms [49]. DArT-Seq markers
consist of SNPs and InDels and can provide a deep anal-
ysis of genetic diversity, whole-genome profiling and
high-density mapping of complex traits. This technique
has multiple advantages over other similar techniques
such as GBS, since it generates more reliable data due to
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the bioinformatics pipeline, the high-fidelity restriction
enzymes used and to the intrinsic system of duplicated
samples [41].

Cytoembryological phenotyping is a highly time-
consuming task, and in weeping lovegrass, flow cytom-
etry is not a viable option for phenotyping because the
embryo:endosperm ploidy ratio is identical in seeds gen-
erated by both sexual or apomictic processes [33]. To
address this limitation, we developed a molecular marker
associated with apomixis based on previous transcrip-
tomic studies, which identified a candidate gene present
exclusively in apomictic genotypes. However, domi-
nant markers have the disadvantage of producing false
negatives due to problems in amplification. In contrast,
codominant markers overcome this limitation and, when
combined with KASP technology, offer additional advan-
tages such as high-throughput genotyping, low cost and
gel free genotyping [26]. The KASP genotyping assay
employs a unique form of competitive allele-specific
PCR along with a novel, homogeneous, fluorescence-
based reporting system to identify and measure genetic
variation at the nucleotide level, enabling the detection of
single nucleotide polymorphisms (SNPs) or inserts and
deletions (InDels) [26].

Recently, our group constructed the first linkage maps
of E. curvula [58] using a mapping population derived
from a cross between a sexual female parent (cv. OTA-S)
and a facultative apomictic pollen donor (cv. Don Wal-
ter). This population was genotyped using SNPs markers
obtained through GBS (genotyping by sequencing), as
well as AFLP and SSR markers and separate linkage maps
were made for each parental line. The total length of the
linkage map for the sexual parent (cv. OTA-S) was 1,335
cM, with an average marker density of 0.82 markers/cM.
For the apomictic parent (cv. Don Walter), the linkage
map spanned 1,976.2 cM, with an average marker density
of 1.02 markers/cM. The locus responsible for apomeio-
sis was mapped to linkage group 3 of Don Walter (now
linkage group 9), with 66 other cosegregating markers.
Among these, 4 SNPs were found to be 100% linked to
the apomeiosis trait, defining a region of 10,492,321 bp
in the cv. Victoria genome (E. curvula reference genome,
[12]). Due to the small size of the mapping population
(62 individuals), a consensus map could not be achieved.
Therefore, it was not possible to link maternal and pater-
nal markers and obtain a common linkage map for both
parents. Neither could maternal markers be found for the
linkage group where the apomeiosis locus is located.

In this study, we constructed a consensus linkage map
at tetraploid level with a mapping population segregating
for the reproductive mode in E. curvula. Within the map,
a region associated with apomeiosis (APO locus) was
identified using maternal and paternal SNP markers, as
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well as three paternal markers that showed a strong link-
age with the trait. KASP markers were developed, one of
which proved to be 100% concordant with the cytoem-
bryological phenotype of indivuals of the mapping pop-
ulation and of other E. curvula genotypes. Through a
synteny analysis, the APO locus was located in the refer-
ence genome of E. curvula and two genes that could be
part of molecular pathways involved in apomeiosis were
proposed. This information provides valuable insights
into this complex trait and important tools for the crop.

Materials and methods

Plant material

To obtain the mapping population, the sexual Eragrostis
curvula cv. OTA-S (United States Department of Agri-
culture, USDA, accession PI574506, 2n =4x= 40) was
crossed with the facultative apomictic E. curvula cv. Don
Walter (Instituto Nacional de Tecnologia Agropecuaria,
INTA, 2n =4x= 40) as pollen donor. Plants were grown
in 5 L pots in the greenhouse under natural photoperiod
and at a temperature of 25 +3 °C, in the city of Bahia
Blanca, Argentina (38°43°0”S 62°16"0” W).

The mapping population was obtained in two stages.
The first stage involved a population of 62 individu-
als [58], of which only 46 survived by the time of this
study. Subsequently, additional crosses were performed
between the same parental lines to increase the num-
ber of hybrids and enhance the robustness of the linkage
map. This process is particularly laborious in weeping
lovegrass since the small size of the spikelets makes not
possible the emasculation, resulting in a large number of
self-pollination seeds. Moreover, high seedling mortal-
ity was observed during the acclimatization. Finally, 265
new offprings were obtained, and their hybrid origin was
evaluated using DArT-Seq markers. A principal compo-
nent analysis (PCA) was performed with all the filtered
SNPs markers to identify individuals sharing alleles from
both parents, as non-hybrid individuals carry only mater-
nal alleles.

DNA extraction

DNA was extracted according to the protocol described
by Garbus et al. [24]. Briefly, 100 mg of young basal leaves
tissue were cut into small portions and placed in 1.5 ml
Eppendorf tubes containing 2 tungsten carbide beads (3
mm). The tubes were immersed into liquid nitrogen and
the material was ground using a Tissuelyser II (Qiagen,
USA). Then, 0.8 ml of extraction buffer (100 mM Tris HCI
pH 8, 1.4 M NaCl, 20 mM EDTA pH 8, 2% (w/v) CTAB
and 0.5 ml B-mercaptoethanol/100 ml of buffer) were
added and then the samples were incubated for 30 min
at 65 °C, inverting them regularly. Then, 0.4 ml of chlo-
roform was added, left for 15 min at room temperature
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and centrifuged at 12,000 RPM for 10 min. The super-
natant (aqueous phase) was transferred to a new 1.5 ml
Eppendorf tube and the DNA was precipitated with 0.64
ml of isopropanol. After this, the tube was centrifuged
at 12,000 RPM for 1 min and the pellet was washed first
with 70% ethanol and then with absolute ethanol. After
drying the pellet in the laminar flow for 1 h, the DNA
was resuspended in 50 pl of ultrapure water containing
20 pug/ml of RNase. DNA concentration and quality were
analyzed with a DS-11 Series spectrophotometer (DeNo-
vix®) and in 1.5% (w/v) agarose gels.

High-throughput genotyping using the DArT-Seq™
method

DNA samples from the mapping population individuals
and six replicates of parental line were sent to the Agri-
cultural Genetic Analysis Service of the International
Maize and Wheat Improvement Center (SAGA-CIM-
MYT, Mexico) where they were processed (quantifica-
tion, library preparation, sequencing and bioinformatics
analysis). Libraries were prepared following the protocol
described by Sansaloni et al. [41] and sequenced using
an Illumina NovaSeq 6000 platform. The sequences
generated from each sample were processed using spe-
cific pipelines developed for DArT-Seq. Initially, FASTQ
files were filtered to remove low-quality sequences, with
stricter selection criteria applied to the barcode region
compared to the rest of the sequence. Identical sequences
were then collapsed into'fastqcall'files, which were sub-
sequently used in the secondary DArT-Seq pipeline for
SNP calling (DArTsoft14).

SNP filtering

The SNPs markers obtained through DArT-Seq were fil-
tered and selected based on the following criteria: first,
markers with inconsistent alleles between replicates of
each parental line were eliminated. Next, markers with
homozygous alleles in both parental lines were removed.
Finally, markers with more than 50% missing data in
parental replicates or with more than 30% missing data in
the population, were excluded. The filtered DArT-SNPs
were then used to perform a principal component analy-
sis (PCA) in TASSEL software to determine the hybrid
origin of the 265 new offspring.

Phenotypic characterization

Hybrid offspring (46 individuals from the first map-
ping population and 61 from the new one) were phe-
notypically analyzed by cytoembryology through the
observation of structures characteristic of apomictic or
sexual processes. Panicles were collected at the onset
of anthesis, a stage where all the stages of female devel-
opment can be observed, from the archesporial cell to
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potential fertilization [33]. First, the spikelets were fixed
in Farmer's solution (25% glacial acetic acid, 75% abso-
lute alcohol) and after 48 h they were transferred to 70%
ethanol. The methyl salicylate clarification technique fol-
lowing the protocol described by Young et al. [56] with
minor modifications was followed. Briefly, the fixed
spikelets were incubated with shaking at room tempera-
ture in the following solutions: 95% ethanol (60 min),95%
ethanol with 2% eosin (30 min), 100% ethanol (60 min);
75%/25% ethanol/methyl salicylate (60 min); 50%/50%
ethanol/methyl salicylate (60 min), 25%/75% ethanol/
methyl salicylate (60 min) and 100% methyl salicylate (24
h). Finally, the pistils were dissected from the spikelets
under a stereo microscope (Leica S8 APO) and mounted
with methyl salicylate for observation. The samples were
observed under a microscope (Leica DM2500 LED, Ger-
many) equipped with a differential interference contrast
(DIC) system and a digital camera (Leica MC170 HD,
Germany).

Linkage map construction

In addition to the criteria mentioned previously (see SNP
filtering section), heterozygous markers present in only
one parental line and exhibiting a segregation ratio of 1:1
(heterozygous:homozygous) in the offsprings were classi-
fied as single dose allele (SDA) markers and used for map
construction. The Chi-square test in JoinMap 4.1 was
used to assess deviations from the expected genotype
segregation ratios. Therefore, markers with a Chi-square
value greater than 10.91 (for maternal and paternal mark-
ers) or greater than 15 (for biparental markers) were
excluded from the analysis. Furthermore, heterozygous
markers in both parental lines (biparental markers) were
also used to link markers from each parent and construct
the consensus map.

For map construction the traditional approach using
single-dose markers, as has been done in other studies
with allopolyploids [53] was used. The consensus genetic
linkage map was constructed using JoinMap 4.1 software
[47], employing the complete cross-sib population (CP)
option. Clustering analysis was performed with a LOD
(log odds) score threshold of 6 or higher. Within each
linkage group (LG), the Maximum Likelihood (ML) map-
ping algorithm was applied using default settings.

Synteny analysis

The physical positions of the DArT-Seq markers were
searched for homology using BLAST 2.12.0 [6] against
the E. curvula reference genome corresponding to the
diploid cv. Victoria [12] with an Evalue <e ' as a crite-
rion. These positions were used to assign each LG to a
chromosome. Additionally, since the reference genome
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used is available as one haplotype, we tried to identify
homeologous chromosomes at tetraploid level.

KASP primer design

To validate the obtained map, apomeiosis linked SNPs
were selected, and competitive allele-specific PCR prim-
ers (KASP) were designed based on their sequence. The
KASP method enables rapid phenotyping using fluores-
cence. The Primer3Plus program was used to design the
primers, incorporating specific “tails” for the FAM and
HEX alleles, corresponding to the paternal and maternal
alleles, respectively.

The KASP marker amplifications were performed fol-
lowing the protocol described by He et al. [26] and con-
ducted using a PHERAstar Plus device at the GENeTyC
service laboratory (Bahia Blanca, Argentina). The reac-
tion mixture (10 pl total volume) consisted of 50 ng DNA,
5 ul of Master mix (containing fluorophores, dNTPs, and
Taq polymerase) and 0.14 ul Assay mix (containing two
specific primers and one common primer). Amplification
reactions were carried out as follows: 1 cycle of 15 min at
94 °C, 10 cycles of 20 s at 94 °C, 60 s at 61 °C and 60 s at
72 °C and 26 cycles of 20 s at 94 °C, 60 s at 55 °C and 60
s at 72 °C. Samples without DNA were used as controls.

To validate the KASP marker linked to apomeiosis,
cytoembryologically phenotyped E. curvula genotypes
from a collection available at CERZOS were evaluated by
duplicated (Table 1).

Results

Development of the mapping population and F1
phenotyping

A PCA analysis was conducted using markers (fil-
tered SNPs) from all individuals derived from the cross
between OTA-S x Don Walter to select hybrid offsprings.
Figure 1 shows the PCA plot, with two principal compo-
nents accounting for 60% of the total variance. Based on
this analysis, 107 hybrid individuals were selected, com-
prising 46 individuals from the previous population and
61 new hybrids. These hybrids exhibit alleles from both
parental lines (Fig. 1, orange circle), whereas non-hybrid
display only maternal alleles (Fig. 1, yellow circle).

Apomeiosis inheritance

The phenotyping of the mapping population was per-
formed by assessing the presence of meiosis or apomeio-
sis processes in each hybrid individual. This was carried
out through cytoembryology, as shown in Fig. 2. The
presence of a tetrad or degenerating megaspores provides
evidence of meiosis and sexual reproduction (Fig. 2A).
In contrast, apomictic plants exhibit a clearly elongated
megaspore mother cell with no signs of meiosis (Fig. 2E).
The sexual embryo sac displays a distinct nuclear
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Table 1 Eragrostis curvula genotypes used to validate a KASP
marker linked to apomeiosis. USDA: United States Department
of Agriculture, USA; INTA: Instituto Nacional de Tecnologia
Agropecuaria, Argentina

Genotype (Accession) Origin  Ploidy Reproductive mode
P1 208214 USDA Diploid Sexual

P1 299919 525 USDA  Diploid Sexual
P1299920 531 USDA Diploid Sexual

P1 299928 569 USDA  Diploid Sexual
OTA-S PI 574506 USDA  Tetraploid Sexual
Ermelo PI 232986 USDA  Tetraploid Apomictic
Tanganyika PI 234217 USDA  Tetraploid Apomictic
Renner PI 591633 USDA  Tetraploid Apomictic
Don Walter INTA Tetraploid Apomictic
Tanganyika INTA Tetraploid Apomictic
Don Eduardo INTA Hexaploid Apomictic
Don Pablo INTA Heptaploid ~ Apomictic
Don Juan INTA Octoploid Apomictic

arrangement compared to the apomictic embryo sac. In
the sexual bi- or tetranucleated embryo sac, 2 or 4 nuclei
are positioned at opposite poles, respectively (Fig. 2B and
C). However, in the apomictic embryo sac, the nuclei are
grouped at the micropylar pole during bi- or tetranucle-
ated stages (Fig. 2F and G). Finally, mature sexual embryo
sac contains 8 or more nuclei (due to antipodal prolif-
eration, Fig. 2D) whereas the apomictic embryo sac only
contains 4 nuclei (without antipodals, Fig. 2H).

The phenotypic analysis identified 48 apomictic and
59 sexual hybrids, yielding a proportion close to 1:1 (x*=
0.56, df =1). Although the apomictic:sexual hybrids ratio
in the new mapping population differed slightly from that
of the previous population, both ratios statistically corre-
sponds to a 1:1 ratio.

Apomeiosis frequency in apomictic hybrids

Figure 3 shows the distribution of apomictic hybrids
based on their reproductive mode. Interestingly, the pro-
portion of apomictic processes among individuals in the
mapping population was highly variable, ranging from 3
to 97% of apomictic pistils. This indicates that apomixis
in E. curvula is a trait with highly variable expressivity, as
previously reported [40, 57, 58].

SNPs filtering

The DArT-Seq pipeline generated a total of 120,349
SNPs (Suppl. Table 1). However, over 91% of the markers
(110,208 SNPs) were discarded for being homozygous in
both parents, rendering them unsuitable for linkage map
construction. After additional filtering to remove mark-
ers with inconsistent alleles in parental replicates and



Gallardo et al. BMC Plant Biology (2025) 25:658

Page 6 of 16

e
"

‘ » “ "1,‘1'

-8

Fig. 1 Principal components plot of an Eragrotis curvula mapping population genotyped with DArT-Seq SNPs markers showing hybrid and non
hybrid offspring. Yellow circle: cv. OTA-S samples and selfing individuals. Green circle: cv. Don Walter samples. Orange circle: hybrids from the OTA-S
x Don Walter cross. X-axis represents the percentage of variance of principal component 1, and the Y-axis represents that of component 2

those with missing data, 2,522 markers remained, com-
prising 1,148 paternal, 993 maternal and 381 biparental
markers.

Linkage map construction

The consensus linkage map was constructed with pater-
nal, maternal and biparental markers with the JoinMap
4.1 software. Subsequently, since both parental genotypes
are tetraploids, 20 LGs were formed using the Maximum
Likelihood method with a LOD greater of 6 or higher.
Figure 4 shows the consensus map in a marker density
graph version, while Supplementary Fig. 1 shows the 20
LGs with the name and position of all markers.

The consensus map contained 1,132 markers, of which
587 were paternal, 514 were maternal and 31 were bipa-
rental markers. The total length of the map was 4,605
cM, with an average of 230 cM per LG. Table 2 shows the
length and marker composition of each LG.

The apomeiosis locus (APO locus), defined as the
region that contains three paternal SNP markers show-
ing 100% co-segregation with apomeiosis, was mapped

(See figure on next page.)

on LG9 of the consensus map (Fig. 5, for a detail Suppl.
Figure 2).

Synteny analysis to identify homeologous groups

To identify homeologous groups in the consensus map,
SNP markers sequences were mapped against the E. cur-
vula reference genome corresponding to the sexual dip-
loid cv. Victoria [12]. This strategy revealed that 86.6% of
the markers were mapped to at least one of the assem-
bled chromosomes. Synteny analysis demonstrated that
markers belonging to the same LG tend to cluster on the
same chromosome (Table 3). For instance, LG9, which
contains the APO locus, is mainly enriched in Contig28
of the cv. Victoria reference genome. Figure 5 shows the
region between the markers linked to the APO locus
(100,477,277|F|0-6:C >T-6:C >T and 100,502,388|F|0—
17:A >T-17:A >T) has a length of 11,322,729 bp (red cir-
cle). The APO locus, defined in the previous linkage map
[58], is shown in the same Figure (Fig. 5, green box) as a
region of 10,492,321 bp.

Fig. 2 Typical sexual (A-B-C-D) and apomictic (E-F-G-H) processes of E. curvula observed by DIC. A: Functional megaspore +degenerating
megaspores, B: Sexual binucleated embryo sac, C: Sexual tetranucleated embryo sac, D: Mature sexual embryo sac with antipodal proliferation, E:
Apomictic elongated megaspore mother cell, F: Apomictic binucleated embryo sac, G: Apomictic tetranucleated embryo sac, H: Apomictic mature
embryo sac. deg: degenerant megaspores, FM: functional megaspore, EMMC: elongated megaspore mother cell, mn: micropylar nucleus, vac:
vacuole, chn: chalazal nucleus, an: antipodal cells, ov: ovule, syn: synergid cells, pn: polar nucleus. Bar represents 50 um
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Fig. 2 (Seelegend on previous page.)
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Fig. 3 Percentage of diplosporous processes in apomictic individuals of an Fragrostis curvula mapping population derived from the OTA-S x Don

Walter cross

Analysis of the sequences of the SNPs linked to apomeiosis
For each of the three markers linked to apomeiosis,
a sequence of 69 bp was obtained. These sequences
were used to identify their counterparts in the refer-
ence genome (cv. Victoria). This analysis revealed that
the three markers linked to the APO locus match gene
sequences (two of them annotated), suggesting that these
genes may be involved in apomeiosis.

The sequence obtained from the marker
100,477,277|F|0-6:C >T-6:C >T shows homology with
an E3 ubiquitin ligase (Score: 988.63 (1095), E value:
0, Identity: 579/600 (96.5%), Gaps: 0/600 (0%)) (Suppl.
Figure 3), while the sequence obtained from the marker
100,503,486|F|0-31:G >A-31:G >A shows homol-
ogy with a D amino acid transaminase (Score: 1618.01
(1793), E value: 0, Identity: 946/979 (96.6%), Gaps: 0/979
(0%)) (Suppl. Figure 4). For the E3 ubiquitin ligase, two
sequences (possibly alleles) were identified; both are pre-
sent in the male parent (Don Walter), but only one is pre-
sent in the female parent (OTA-S).

Validation of DArT-Seq SNPs markers associated

with the APO locus

Five sets of KASP primers were designed (Table 4) and
validated using DNA from the parental genotypes of
the mapping population (OTA-S and Don Walter). Fig-
ure 6 (A, B, C, D and E) shows the spots corresponding
to the presence of both alleles for each of the five sets
of KASP primers. For the primers designed for the SNP
100502388|F|017:A >T-17:A >T, although replicates
of both genotypes grouped correctly, the separation
between parental replicas was unclear and positioned
very close to the control (without DNA) compared to the
results obtained from the other primers, indicating low
amplification efficiency.

Based on their efficiency, the primers for SNP
100477277|F|0-6:C >T-6:C >T were selected and used
for the evaluation of all the individuals of the mapping
population. Figure 7 shows the grouping of the apomictic
individuals with Don Walter samples and the sexual indi-
viduals with OTA-S samples, correlating closely with the
cytoembryological phenotype. This validates the in silico
data obtained and demonstrates the high performance of
both the technique and the primers designed. To validate
the KASP marker linked to apomixis, cytoembryologi-
cally phenotyped E. curvula genotypes from a collection
available at CERZOS were used (Suppl. Figure 5).

Discussion
This study presents the first consensus genetic map
and the development of KASP markers for phenotyp-
ing reproductive modes in E. curvula. The linkage map
was generated using DArT-seq markers from a mapping
population and includes 1,132 SNPs distributed across
20 linkage groups, covering 4,605 cM. This map ena-
bles the association of the apomixis-determining region
with molecular markers from both parental genotypes,
including the reference sexual tetraploid genotype of the
species [50]. The development and validation of co-dom-
inant molecular KASP markers linked to the APO locus
provide a crucial tool for future research and breeding.
The new crosses performed between the tetraploid
genotypes OTA-S and Don Walter resulted in 61 new
hybrids that, combined with the 46 survivors of the pre-
vious mapping population [58], constituted a new map-
ping population of 107 hybrid individuals. Phenotyping
of the offsprings identified 48 apomictic and 59 sexual
individuals, a ratio close to 1:1 (x2= 1.55, df =1), con-
sistent with findings from previous studies [58]. This
apomictic:sexual ratio aligns well with the model of a
single gene or genome region governing the inheritance
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Table 2 Summary of the 20 linkage groups (LG) of the Eragrostis curvula consensus linkage map derived from the cross OTA-S x Don

Walter cross

Linkage Group SNPs Lenght (cM) Paternal SNPs Maternal SNPs Biparental
SNPs
LG1T 78 288 50 27 1
LG2 82 330 50 30 2
LG3 64 227 19 44 1
LG4 58 225 26 31 1
LG5 19 146 8 9 2
LG6 73 272 49 23 1
LG7 65 260 32 31 2
LG8 55 171 23 30 2
LG9 54 226 31 20 3
LG10 68 272 60 7 1
LG11 71 263 32 38 1
LG12 49 165 36 12 1
LG13 61 304 17 41 3
LG14 48 300 13 34 1
LG15 71 189 31 38 2
LG16 30 250 5 22 3
LG17 34 170 29 4 1
LG18 60 166 32 27 1
LG19 34 172 12 21 1
LG20 57 198 31 25 1

of apomeiosis, with apomeiosis being dominant over
sexuality. The new evidence, based on a large number
of evaluated plants, further supports this model.

Our hypothesis is that sexuality represents the basic
mode of reproduction, while apomixis is a derived
mechanism that can suppress, but not entirely elimi-
nate, sexuality. Additionally, other genes may control
the penetrance and expressivity of apomixis, as the
ratio of sexual and apomictic processes varies among
apomictic individuals of the mapping population.
Furthermore, the frequency of apomixis in the same
plant can fluctuate across different blooming periods
and under stress situations, suggesting the possibil-
ity of external regulation (outside the APO region) or
involvement of epigenetic mechanisms [32, 40].

The increased size of the mapping population ena-
bled the construction of a consensus map for E. cur-
vula, a milestone not achieved in previous studies,
alongside two separate maps for each parental line [58].
Wu et al. [54], recommend mapping populations of 75
or more individuals, suggesting that larger population
sizes provide better mapping resolution [16]. Another
improvement over the previous mapping effort was the
construction of 20 LGs, instead of 40, corresponding
to the haploid chromosome number of the parents and
hybrids. Additionally, DArT-Seq markers were used for

genotyping due to their greater reliability and precision
[41, 49].

The new consensus map has a total length of 4,605
c¢M and 1,132 SNPs, being 514 maternal, 587 paternal
and 31 biparental. The apomeiosis trait was located in
LG9 of the consensus map with three linked SNP mark-
ers (100,477,277|F|0-6:C >T-6:C >T, 100,502,388|F|0-
17:A >T-17:A >T and 100,503,486|F|0- 31:G >A-31:G
>A). This situation aligns with reports in other models
that describe a region with suppressed recombination
controlling the trait, particularly within the Poaceae
family, ensuring inheritance of all its components [3,
37]. In some species, such as Cenchrus ciliaris, this lack
of recombination is evident when comparing markers
associated with the apospory-specific genomic region
(ASGR) to equivalent regions in maize and rice, finding
in apomictic plants very small genetic distances in com-
parison to large physical distances in the reference sexual
species [1].

The inheritance of apomixis and its components has
been studied in other diplosporous species as well. In
most cases, diplospory was dominant over sexuality and
the locus determining diplospory and parthenogenesis
are found unlinked, for example in Erigeron annuus [34],
Tripsacum dactyloides 9], Potentilla spp. [21] and Tarax-
acum officinale [46]. The single dominant locus that
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Fig.5 Synteny between LG9 (Eragrostis curvula consensus map) and Contig28 of the reference genome (E. curvula cv. Victoria). Scale on the right
represents cM. Red circle shows the APO locus region and the flanking markers linked on the consensus map. Green circle shows the APO region

and the flanking markers previously mapped [58]

controls apomixis may not necessarily be a single mas-
ter regulator but could involve several genetically linked
genes, each controlling different aspects of the apomixis
mechanism [9]. In E. curvula, it is still unknown whether
apomixis expression is governed by a single region or if
parthenogenesis and pseudogamy are determined by
other co-segregating regions. The later hypothesis is
more likely, based on other natural diplosporic models

[19]. We are currently conducting studies to characterize
and investigate the inheritance of parthenogenesis in our
model species.

Synteny analysis using the high-quality reference
genome assembly of E. curvula [12] allowed to associate
all the consensus map LGs with the cv. Victoria chromo-
somes. This analysis also showed that the region flanked
by the markers linked to the apomeiosis (APO locus)
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Table 3 Synteny analysis between LGs of the consensus

map obtained from an Eragrostis curvula mapping population
segregating for the reproductive mode and the reference
genome assembly of the species (E. curvula cv. Victoria). The last
column shows the percentage of markers from each LG that
match with the assembled contig

Linkage Group cv. Victoria Contig length  Representation

Genome (bp) (%)
LG1 Contig38 57,060,119 75.64
LG2 Contig10 59,696,155 74.39
LG3 Contig3 45,712,337 76.56
LG4 Contig3 45,712,337 75.86
LG5 Contig8 28,838,055 6842
LG6 Contig12 57,091,500 56.16
LG7 Contig50 26,185,977 4923
LG8 Contig30 29,802,391 72.73
LG9 Contig28 42,455,315 81.82
LG10 Contig1 43,444,889 60.29
LG11 Contig8 28,838,055 76.06
LG12 Contig10 59,696,155 77.55
LG13 Contig12 57,091,500 57.38
LG14 Contig1 43,444,889 39.58
LG15 Contig25 23,821,556 80.28
LG16 Contig25 23,821,556 56.67
LG17 Contig12 57,091,500 52.94
LG18 Contigé 55,809,479 68.33
LG19 Contig8 28,838,055 8235
LG20 Contigé 55,809,479 7544

corresponds to a region of 11,322,729 bp in cv. Victoria
reference genome assembly, Contig28. In the previous
map the APO locus overlapped on the same region, but
with a slightly shorter length, 10,492,321 [58]. Although
this region is very large and contains hundreds of genes,
similar results have been found in other model species.
In Pennisetum squamulatum, the ASGR locus repre-
sents an extensive block of 50 Mbp that does not undergo
recombination, ensuring the inheritance of all its com-
ponents [1]. Given its large size, as estimated by physical
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mapping, a logical conclusion is that multiple genes may
be required for apomixis, and an evolutionary mecha-
nism to ensure their intact transmission would group
them into a block. Such evolutionary patterns have prec-
edents, as seen in self-incompatibility in Brassica, where
several mechanisms may operate to reduce recombina-
tion and maintain linkage disequilibrium. These include
divergence in allele sequence, chromosomal rearrange-
ments, translocations, inversions and chromatine remod-
eling [11].

Although several reports describe candidate genes
for apomixis in diverse model species, differentially
expressed between sexual and apomictic genotypes or
playing a functional role in apomictic development [4, 18,
20, 24, 43, 45, 53], little is known about the gene or genes
that control regulatory programs or common pathways
across different apomictic species or that trigger the trait.
In the present study, the sequence of the SNPs linked to
apomeiosis exhibited homology with proteins annotated
in databases (NCBI, Swiss-Prot). Among these, one was
an E3 ubiquitin ligase, a RING-type protein involved in
ubiquitin-dependent protein degradation via the 26S
proteasome. This pathway plays a critical role in regulat-
ing various cellular processes, including transcription,
signal transduction, genetic recombination and cell cycle
progression [15]. Differential expression of the ubiquitin
pathway between apomictic and sexual genotypes has
been documented in several studies, including research
in E. curvula [13, 44], Paspalum notatum [10], Hiera-
cium praealtum [36], Hypericum perforatum [22] and
Boechera spp. [59]. The presence of two sequences, pos-
sibly alleles, of the E3 ubiquitin ligase in the apomictic
genotype, compared to only one in the sexual genotype,
suggests that this gene is a potential candidate involved
in apomixis. Further studies will be conducted to eluci-
date its role in apomeiosis.

Another marker linked to apomeiosis exhibits homol-
ogy with a D-amino acid transaminase, a key enzyme
involved in the synthesis of non-essential amino
acids and in aminoacid degradation. D-amino acid

Table 4 KASP primers designed for Eragrostis curvula SNPs validation. The first column indicates the primer name, second and third
columns indicate the sequences of maternal (OTA-S) and paternal (Don Walter) alleles, respectively, fourth column the sequence of the
common primer and the last column the specific nucleotide that belongs to sexual individuals and allows them to be distinguished

from the apomictic allele

Primer Maternal Allele Primer Paternal Allele Primer Common Primer Sex
100,477,277|F|0-6:C >T-6:C >T CATACCTCGTCGCTGCAGTT CATACCTCGTCGCTGCAGTC GACCACCCATCCGCCAGT T
100477277 V2|F|0-6:C >T-6:C >T CCAGTGACGTAACAATGGCA CCAGTGATGTAACAATGGCG GACCTCACATACCTCGTCG A
100,502,388|F|0-17:A >T-17A >T TGAACCTGCAGTCTATTGATTTGA TGAACCTGCAGTCTATTGATTTGT TTTGGGACACGGGGTATTGG A
100,503,486|F|0-31:G >A-31:G>A TCTGGATCAGAATGCTGCGT TCTGGATCAGAATGCTGCGA AAGATCGACTCGCCGTTTCC T
100503486 V2|F|0-31:G >A-31.G>A  GCCGTTTCCTCGCGAGAC CCGTTTCCCCGCGAGAT CATCTGGATCAGAATGCTGCG  C
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RFU for allele 1 (FAM)

Fig. 6 DNA amplification of parental genotypes of the E. curvula mapping population using the sets of designed KASP primers (A: 100,477,277|F|0-
6:.C >T-6:C >T, B: 100477277 V2|F|0-6:C >T-6:C >T, C: 100,503,486|F|0-31:G > A-31:G > A, D: 100503486 V2|F|0-31:G > A-31:G > A, E: 100,502,388|F|0—
17:A >T-17:A >T and F: all primers evaluated). Black dots correspond to control samples (without DNA), red dots represent Don Walter samples

and blue dots indicated OTA-S samples. In graph F, pink dots correspond to samples amplified with primer 100,502,388|F|0-17:A >T-17:A >T. RFU:
Relative Flruorescence Units

metabolism (DAT activity) has been crucial in sup-
porting the metabolic functions required during the
evolution of land plants, including processes such as
pollen tube growth and the biosynthesis of vitamins

and auxins [38]. This suggests that D-amino acid
metabolism plays significant roles in plant biology, con-
tributing not only to nitrogen metabolism but also to
signaling pathways and plant development [38].
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Fig. 7 Amplification of all individuals of the Eragrostis curvula mapping population with the set of KASP primers 100,477,277|F|0-6:C >T-6:.C >T
(A: new mapping population, B: previous mapping population). Black dots indicate the control sample, red dots represent Don Walter samples
and the apomictic hybrids, and the blue dots correspond to OTA-S samples and the sexual hybrids. RFU: Relative Flruorescence Units

The development and validation of co-dominant
molecular KASP markers linked to the APO locus in
the mapping population and other E. curvula genotypes
is an important tool developed in the present work. The
use of these markers avoids the labor-intensive cytoem-
bryologic phenotyping. Furthermore, their codominant
nature is advantageous compared to dominant mark-
ers, as it reduces the risk of false negatives caused by
amplification issues. Additionally, their methodological
simplicity makes them an excellent tool for large scale
phenotyping, both in research, such as mapping popula-
tions and in breeding programs for the identification and
selection of apomictic individuals in segregating crosses.

A wide variety of apomictic mechanisms reflects the
polyphyletic origin of the trait, suggesting the possibil-
ity of different determining genes across divergent spe-
cies. Although significant progress has been achieved
in identifying model species mutants with phenotypes
resembling apomixis, gene discovery in non-model nat-
ural apomictic plants, particularly within a broad phy-
logenetic framework, offers a dual advantage. First, it
complements synthetic approaches by enabling discovery
and functional characterization of novel apomixis-related
genes. Second, studying apomixis in species closely
related to crops minimizes the risk of pleiotropic effects
associated with large evolutionary distances, thereby
improving the feasibility of introgression the trait into
genotypes that may not be amenable to be transformed
[25]. Consequently, it is of our best interest to continue
identifying loci governing the components of apomixis
in natural apomictic species to complement synthetic
approaches and ensure the application of apomixis in
agriculture.

Our model offers the advantage of having high-qual-
ity genome assemblies for a sexual diploid [12]. The
most significant challenge in apomixis gene discovery
lies in the lack of genomic resources for complex poly-
ploid apomicts, which currently lack reference qual-
ity genomes. While promising results are beginning to
emerge in a few species, the widespread application of
apomixis in agriculture will require an expanded breed-
ing toolkit, driven by the discovery of apomictic genes
across multiple evolutionary lineages.

The results of this study, combined with future phe-
notyping of additional traits in the mapping population
(e.g., lignin content and composition, drought resistance),
will facilitate the implementation of marker-assisted and
genomic selection in breeding programs for this orphan
crop. The consensus map is a valuable tool for breeders
to map important disease-resistance or other trait-asso-
ciated genes.
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100503486|F|0-31:G>A-31:G>A that presents homology with a D-amino
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obtained for the mapping population derived from the OTA-S x Don
Walter cross.
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