
Genetic distance and the relationship with heterosis
and reproductive behavior in tetraploid bahiagrass hybrids

F. Marcón & E. J. Martínez & G. R. Rodríguez &

A. L. Zilli & E. A. Brugnoli & Carlos A. Acuña

Received: 21 February 2019 /Accepted: 21 May 2019
# Springer Nature B.V. 2019

Abstract Bahiagrass (Paspalum notatum Flüggé) is
one of the main components of the South American
grasslands, and it is cultivated for forage and turf around
the world. At present, hybridization is the most common
breeding technique for the species, and its goal is to
obtain superior apomictic hybrids. The objective of the
present study was to determine the relationship between
heterosis, reproductive behavior, and genetic distances
between parents in tetraploid bahiagrass. Genetic dis-
tance between 24 sexual tetraploid genotypes and 24
apomictic tetraploid genotypes of P. notatum was eval-
uated using simple sequence repeat (SSR) and inter
simple sequence repeat (ISSR) markers. Crosses were
made between parents with low, intermediate, or high
genetic distances. Six families were generated. Amarker
linked to apospory in bahiagrass was used to determine
segregation for mode of reproduction, and embryo sacs
were characterized to estimate the level of apospory

expressivity. The ratio between sexual and aposporous
hybrids ranged from 1:1 to 9:1 among families. Discon-
tinuous variation for apospory expressivity was ob-
served among hybrids, with either low or high levels
being exhibited. A significant relationship between ge-
netic distance and proportion of aposporous hybrids was
observed. Heterosis was observed for all the evaluated
traits and its level was dependent on the parental com-
bination. Genetic distances between parents were relat-
ed to heterosis, mainly for forage yield, which is the
most important trait in forage species. Hence, molecular
markers may be useful to predict the occurrence of
heterosis for this trait.
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Introduction

Apomixis, asexual reproduction through seed, has been
reported in more than 125 forage grass species (Bashaw
and Hanna 1990; Miles 2007), including those with
greater economic value for cattle production in the tro-
pics and subtropics, such as species of Brachiaria, Pan-
icum, Cenchrus, and Paspalum (Moser et al. 2004; Jank
et al. 2014). Apomixis allows to faithfully propagate
heterozygous genotypes, which provides the opportuni-
ty to exploit heterosis (Miles 2007).

Heterosis is the superiority in performance of hybrid
individuals compared with their parents, and this can be
measured as the difference between the performance of
the hybrid and the average performance of its parents
(mid-parent heterosis); or as the difference between the
performance of the hybrid and the performance of the
better parent (high-parent heterosis) (Fehr 1991).

Heterosis has been extensively studied in sexual crop
species (Coors and Pandey 1999), where the generation
of hybrids produced a dramatic increase in yield
(Duvick 1999). In maize (Zea mays) and sunflower
(Helianthus annuus), hybrids yielded, respectively,
15% and 50% more than superior open-pollinated vari-
eties (Duvick 1999). In rice (Oryza sativa), hybrids
exhibit around 20–30% more yield than the best pure
line cultivars (Fu et al. 2014). However, not all parental
combinations maximize the level of heterosis in the
progeny, which suggests that the particular combination
of parents plays an important role (Chen 2010). East
(1936) noted that the degree of heterosis in hybrids is
proportional to the genetic difference between the two
parental strains. In other words, the level of heterosis
increases as the genetic distance between parents in-
creases (Poehlman and Sleper 1995; Kaeppler 2012).
Furthermore, Moll et al. (1965) demonstrated that there
is an optimum level of genetic distance, and beyond this
level, heterosis declines due to lack of adaptation of one
or both parents or fertility problems.

In apomictic species, heterosis has been scarcely
studied, even though apomixis provides enormous op-
portunities to exploit hybrid vigor, since maintenance of
parental lines and formation of F1 hybrids each year is
unnecessary. The primary advantage of apomixis is that
traits of interest in apomictic hybrids are fixed and
remain unchanged over generations (Hanna and
Bashaw 1987). Another advantage is that seed of a
superior apomictic F1 hybrid can be multiplied directly
for further evaluation (Hanna 1995). This allows greater

efficiency and more rapid release of new cultivars, since
inbred parental lines do not need to be developed (Evers
and Burson 2004).

The development of molecular markers such as
RAPDs, AFLPs, ISSRs, and SSRs has allowed measure-
ment of genetic diversity among individuals with greater
precision (Melchinger 1999; Xangsayasane et al. 2010;
Wegary et al. 2012). This technology represents an at-
tractive tool to predict parent genetic diversity and occur-
rence of heterosis in the progenies. Nevertheless, the
results obtained using molecular markers as predictors
of heterosis in crops have been inconsistent. In maize and
rice, it was observed that SSR markers were effective to
identify heterotic groups and predict heterosis (Zhang
et al. 1994; Reif et al. 2003). Crosses between genetically
distant parents of maize and rice resulted in hybrids with
greater grain yield. In alfalfa (Medicago sativa), AFLP
and SSR markers were used to calculate genetic distance
among genotypes of the subspecies sativa and falcata and
its correlation with biomass yield heterosis. However,
genetic distance was not correlated with heterosis, and
also markers failed to group genotypes belonging to the
same subspecies (Riday et al. 2003). In contrast, in Pan-
icum virgatum the use of RFLP markers differentiated
two groups of genotypes adapted to two contrasting
environments (Missaoui et al. 2006), which when crossed
resulted in progenies with greater vigor than those prog-
enies obtained by crosses between genotypes of the same
group (Vogel and Mitchell 2008). All these results indi-
cate that molecular markers could be effectively used to
differentiate genetic distant groups, and in some cases, for
selecting parental combinations to generate superior
progenies.

Genetic improvement of apomictic species is cur-
rently based mainly on selection of natural ecotypes
with superior agronomic characteristics (Vogel and
Burson 2004; Blount and Acuña 2009). This breed-
ing method has been very successful in species with
high diversity; however, it is limited by its inability to
generate novel genotypes that combine multiple traits
of interest (Miles 2007). Hybridization arose as an
alternative breeding method for apomictic species
following the development of sexual genotypes at
the same ploidy level (Burton and Forbes Jr 1960;
Bashaw 1962; Smith 1972; Swenne et al. 1981).
Hybridization allowed the creation of hybrid proge-
nies variable for mode of reproduction and agronom-
ic traits (Miles and do Valle 1996; Vogel and Burson
2004; Acuña et al. 2009).
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The genus Paspalum contains about 310 species
native to the New World (Morrone et al. 2012) and
many of the characterized species are apomictic.
Bahiagrass, Paspalum notatum Flüggé, stands out
among the species of the genus because of its domi-
nance in rangelands of South America and its uses as
forage and utility turf around the world (Gates et al.
2004). P. notatum includes polyploids that reproduce by
apomixis and diploids that reproduce sexually. The tet-
raploid cytotype (2n = 4x = 40) predominates in nature
(Ortiz et al. 2013). Apomixis in bahiagrass is inherited
as a single dominant gene with distorted segregation
(Martínez et al. 2001). Creation of experimental sexual
tetraploid genotypes by doubling the chromosomes of
sexual diploids (Burton and Forbes Jr 1960; Quarin et al.
2001; Quesenberry et al. 2010), the knowledge of the
inheritance of apospory and the identification of molec-
ular markers completely linked to apospory in
bahiagrass (Martínez et al. 2003; Stein et al. 2007) have
allowed the development of breeding programs at the
tetraploid level (Ortiz et al. 2013). Novel hybrids have
been generated crossing experimental sexual tetraploid
genotypes and apomictic tetraploid ecotypes. Around
10% of these hybrids inherited the apomixis trait with
a high level of expression and, some of them exhibited
superior agronomic and morphological characteristics
that were fixed (Acuña et al. 2011; Zilli et al. 2015).
Despite this, the probability of obtaining highly apomic-
tic superior hybrids is low, and thus, also the efficiency
of the breeding technique. However, there is evidence
that the occurrence of heterosis and the proportion of
segregation for mode of reproduction depend on parent
combination (Acuña et al. 2011; Zilli et al. 2015; Novo
et al. 2017).

Considering the importance of heterosis for breeding
apomictic species and the possibility to generate hybrids
between sexual and apomictic bahiagrass genotypes, the
ability to predict heterosis becomes an attractive goal.
This permits selecting parents more efficiently and in-
creases the probability to obtain superior hybrids fixed
by apomixis. The objectives of this research were to (i)
estimate genetic distance between sexual and apomictic
tetraploid genotypes using SSR and ISSR markers, (ii)
select sexual and apomictic parents with low, interme-
diate, or high genetic distance and generate hybrids
between them, (iii) evaluate the reproductive behavior
of the resulting hybrids and its relation to genetic dis-
tance, (iv) determine the occurrence of heterosis for
several agronomic and morphological traits, and (v)

evaluate the relationship between genetic distance and
heterosis.

Materials and methods

Plant material

A group of 48 tetraploid clones of Paspalum notatum
was used. Half of them were experimental sexual tetra-
ploid genotypes, most of these deriving from a synthetic
sexual tetraploid population previously generated by
Zilli et al. (2018). This population was created by
intercrossing 29 sexual F1 hybrids, which, in turn, were
generated by crossing three experimental sexual clones
with ten apomictic ecotypes. In addition, the group of
sexual plants was introgressed with a few sexual F1
hybrids generated in a step previous to the generation
of the sexual synthetic tetraploid population. The re-
maining 24 clones were natural or experimental apomic-
tic tetraploid genotypes. The natural ecotypes were col-
lected from different locations in South America. Some
of the experimental genotypes were introduced from the
University of Florida (Table S1) and the others were F1
hybrids generated in Corrientes, Argentina (Zilli et al.
2015). All parental clones are highly heterozygous and
hence F1 hybrid progenies are heterogeneous.

Genetic distance between sexual and apomictic
genotypes

Genetic distance of the 48 sexual and apomictic tetra-
ploid genotypes of P. notatum were performed using
SSR and ISSR molecular markers, to identify pairs of
sexual and apomictic parents with low, intermediate,
and high genetic distance.

Genomic DNA of each genotype was isolated from
tillers apical meristem using the methodology described
by Brugnoli et al. (2014). Genomic DNA integrity and
concentration were estimated using known standards
which were separated by electrophoresis in 1% w/v
agarose gel in 1x TAE (40 mM Tris-HCl, 5 mM sodium
acetate, 0.77 mM EDTA, pH 8.0) at 40 V for 1 h. Gels
were stained with ethidium bromide (1 μg mL−1) for
30 min, and genomic DNAwas visualized under ultra-
violet light and photographed with GelDoc-It Imaging
System (UVP, LLC). DNA samples were adjusted to
10 ng μL−1 for their use in polymerase chain reaction
(PCR) amplifications.
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In both cases, a group of primers was screened for
DNA amplification in order to identify those with
greatest intensity of amplified markers and percentage
of polymorphism. Eight SSR primers of P. notatum
developed by Cidade et al. (2009) were employed in
all genotypes. DNA amplifications were performed fol-
lowing the protocol described by Cidade et al. (2009)
with minor modifications. Fragments PCR were ampli-
fied using a thermal cycler Bio-Rad (My Cycler™) in
25 μL reaction volume, containing 20 ng of genomic
DNA, 1x Taq polymerase reaction buffer, 0.15 mM
dNTPs, 0.8 μM of each primer, and 1 U of Taq DNA
polymerase (Promega). Cycles began with 5 min at
94 °C followed by 5 cycles of 1 min at 94 °C; 1 min
at 65 °C (decreasing 1 °C per cycle) and 1 min at 72 °C,
followed by 25 cycles of 1 min at 94 °C; 1 min at 60 °C
and 1 min at 72 °C, and a final extension of 5 min at
72 °C. Amplicons were separated by electrophoresis in
6% w/v denaturing polyacrylamide gels at 300 W for
3 h. Gels were stained using 1x SYBR™ Gold nucleic
acid gel stain (Invitrogen), visualized by blue light using
an UltraBright LED transi l luminator LB-16
(Maestrogen), and band patterns were photographed
for analysis using a Coolpix L120 (Nikon) camera.

Ten ISSR primers were used for PCR amplification
following the protocol described by Zilli et al. (2015) at
same conditions. The PCR products were separated in
2% w/v agarose gel in 1x TAE (40 mM Tris-HCl, 5 mM
sodium acetate, 0.77 mM EDTA, pH 8.0) by electro-
phoresis at 70 V for 3 h. The molecular profiles were
stained with ethidium bromide (1 μg mL−1), visualized
under ultraviolet light, photographed, and stored for
further analysis with GelDoc-It Imaging System (UVP,
LLC).

SSR and ISSR markers were scored in a binary
matrix with 1 = presence and 0 = absence. The molecu-
lar analysis was performed using the software Info-Gen
(Balzarini and Di Rienzo 2013). Genetic distances be-
tween sexual and apomictic genotypes were quantified
by the Jaccard’s dissimilarity coefficient (1-S).

In addition, the molecular genetic distance generated
by SSR and ISSR markers was compared by the Mantel
test using Info-Gen (Balzarini and Di Rienzo 2013).

Crosses

Parental sexual or apomictic clones were selected based
on the genetic distance estimated by SSR and ISSR
markers. Three groups of two pairs each were

established considering the genetic distance observed.
Group I consisted of those genotype pairs with
the lowest genetic distance, group II by genotypes with
intermediate genetic distance and group III by individ-
uals that exhibited the highest genetic distance.

Crosses were made in January 2015. The day prior to
anthesis, rooted culms of each sexual parent bearing
inflorescences were placed in a 1-L container with water
in an artificial fog chamber that started misting the fol-
lowing day at 4 am. Anthesis started around 6 am and the
high level of humidity prevented anther dehiscence. An-
thers were removed using sharp, pointed tweezers. Emas-
culated inflorescences of the sexual plants were dusted
with pollen from the desired apomictic male parent.
Pollinated inflorescenceswere bagged to prevent contam-
ination with pollen from undesired sources. The con-
tainers were then placed in a shaded and fresh part of
the glasshouse where they stayed for 30 d after pollina-
tion. Inflorescences from the sexual parents were then
manually threshed and seeds were separated using a seed
blower (Seedburo Equipment Company 1022W).

Reproductive behavior

Seeds were scarified using 98% sulfuric acid for 10 min
and then sown in potting mix. Individual seedlings with
three leaves were transplanted to seedling flats. After
30 d plants were transplanted to the field, spaced 1 ×
1 m, in November 2015, on the campus of Facultad de
Ciencias Agrarias, Universidad Nacional del Nordeste,
Corrientes, Argentina.

DNA extraction from each hybrid was performed as
described above. The RAPD primer UBC247, which
generates a specific marker (377 bp) completely linked
to the apospory trait in bahiagrass (Martínez et al. 2003)
was used to classify the hybrids as aposporous or sexual.
PCRs were performed following the protocol described
by Martínez et al. (2003). The PCR products were
separated in 2% w/v agarose gel in 1x TAE (40 mM
Tris-HCl, 5 mM sodium acetate, 0.77 mM EDTA,
pH 8.0) by electrophoresis at 70 V for 3 h. The PCR
amplifications were visualized and photographed as
described for the ISSR markers. Those hybrids that
amplified the specific marker were classified as
aposporous, while the hybrids that did not show it were
classified as sexual.

Apospory expressivity was evaluated in those hy-
brids previously classified as aposporous by the RAPD
marker. Inflorescences of each aposporous hybrid were
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fixed at anthesis in FAA (70% ethanol, 37% formalde-
hyde, and glacial acetic acid in the ratio 18:1:1). Pistils
were dissected out and clarified using the method de-
scribed by Zilli et al. (2015). A minimum of thirty pistils
from at least two different inflorescences were observed
using a differential interference contrast microscopy and
photographed with a Leica EC3 camera. Ovules were
classified according to the composition and structure of
the embryo sacs as follows: (1) ovules with meiotic
embryo sacs, which were characterized by bearing a
single embryo sac containing the egg apparatus, the
binucleated central cell, and a mass of antipodals at the
chalaza; (2) ovules with multiple or single aposporous
embryo sacs with the egg apparatus, the central cell, no
antipodals, and variable size and position; (3) mixed
ovules when both reduced and unreduced embryo sacs
were present in the same ovule.

The level of apospory expressivity was calculated as
the percentage of ovules with aposporous embryo sacs
(2) and mixed ovules (3) over the total number of
analyzed ovules. The aborted or immature ovules were
not counted.

Agronomic and morphological evaluations

Twenty hybrids per family (120 total hybrids) and their
parents were vegetatively propagated in a greenhouse,
generating four clonal replicates for each genotype. On
December 19, 2016, hybrids and their parents were
transplanted to the field in 1 × 1 m, single-plant exper-
imental units, in a randomized complete block design
with four replications. A border row of bahiagrass plants
was planted around the experiment. The experiment was
located in Corrientes, Argentina (27° 38′ S, 58° 44′W).
The soil type is classified as Argiudoll with pH 5.9,
1.1% organic matter and 22.06 ppm of phosphorus.
Growth habit was estimated by measuring plant diame-
ter and height. Plant diameter (cm) was calculated as the
average between the longest and shortest diameter of a
given plant. This variable was measured in May 2017
and, January and April 2018. Plant height (cm) was
measured from the base of the plant to the top of the
canopy and was measured in March and December
2017. Leaf blade width (mm) at the widest point of the
leaf blade and leaf blade length (cm) was measured on
the youngest fully expanded leaf. Each leaf trait was
measured on two different tillers of each plant in January
2018.

Initial vigor was visually estimated on 22March 2017
using a 1 to 5 scale, where 1 represented the plants
exhibiting the least aboveground vigor, and 5 represent-
ed the plants with the greatest vigor. Plants were then cut
to approximately 5 cm stubble height on 2 May 2017.
Fall regrowth was estimated on June 9 using the scale
described above. Frost tolerance was visually estimated
on 20 July 2017 after one frost event occurred on
July 18, with temperature reaching − 3 °C, using a 1 to
5 scale, where 1 was the least frost tolerant plants, and 5
was the most tolerant plant. Spring regrowth was esti-
mated on December 9, 2017, using the same scale
described for initial vigor. Forage yield was determined
by harvesting individual plants at 5-cm stubble height
on May 2, 2017, January 9 and April 19, 2018. The
fresh weight of the harvested material was recorded, and
a subsample was collected and dried at 60 °C for 48 h.
The dry subsample was weighed (g) and the dry weight
of harvested biomass was calculated. Flowering time
was determined by making weekly observations until
the complete emergence of inflorescences of all plants.
This evaluation was performed during the spring 2017
and summer 2018.

Heterosis analysis

Genetic effects associated with the expression of agro-
nomic and morphological traits were estimated to deter-
mine the proportion of hybrids exhibiting heterosis.
Trait expression could be explained by the additive gene
effects, which are associated with the gene or allele
values, and by the genetic interaction effects that involve
alleles of the same gene (dominance) or those of differ-
ent genes (epistasis). For this analysis, we used the
additive-dominance model described by Kearsey and
Pooni (1996). This model suggests that the additive
and dominance effects are expressed by the parent with
greater (P1) or lower (P2) phenotypic expression of the
character being studied, and the F1 hybrid (F1). In this
way, the positive complete dominance effect (CD+) is
attributed to the parent with greater phenotypic expres-
sion of the character, the negative complete dominance
effect (CD-) is attributed to the parent with the lesser
phenotypic expression. The additive genetic effect (Ad)
is attributed to the parental mean value (MPV). To
determine the genetic effects involved in the expression
of the hybrid traits, Student’s t test was done, and the
statistical significance of the hybrid value was compared
with the MPV, P1, and P2. When F1 = MPV, the
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additive genetic effect is involved in the expression of
the character; while MPV < F1 < P1 (or MPV > F1 >
P2), the genetic effect involved is the positive (or neg-
ative) partial dominance (PD+/PD−). Moreover, if F1 =
P1 (or F1 = P2) the genetic effect involved is the positive
(or negative) complete dominance (CD+/CD−), and
when F1 > P1 the genetic effect is positive overdomi-
nance (OD+) and if F1 < P2 the effect involved is neg-
ative overdominance (OD−).

Once the genetic effects of the hybrids were deter-
mined, the proportion of superior hybrids was calculat-
ed. Those genotypes that exhibited positive partial dom-
inance, positive complete dominance and positive over-
dominance were considered as superior hybrids.

Genetic distance among parents and its relationship
with the reproductive behavior and heterosis

An independence chi-squared test was performed to
evaluate the relationship between the genetic distances
among parents and the number of aposporous hybrids,
the number of hybrids with high apospory expressivity
(> 80% of ovules with aposporous or mixed embryo
sacs), and the number of superior hybrids.

This test is used to determine if there is a significant
relationship between two qualitative traits by compari-
sons between the observed and expected data.

Results

Genetic distance, selection of parents, and crosses

Selection of sexual and apomictic parents was accom-
plished based on genetic distances. Two electrophoretic
patterns can be observed in Fig. S1. A total of 120 SSR
fragments were amplified, and 116 were polymorphic
(97%) (Table 1). In addition, 151 ISSR loci were ampli-
fied of which 146 were polymorphic (97%) (Table 1).
Genetic distances performed by SSR and ISSR varied
from 0.18 to 0.79 and 0.08 to 0.70, respectively. A
positive correlation was found among SSR and ISSR
markers (r = 0.5; p < 0.001) (Fig. S2). These values
allowed selection of sexual and apomictic genotypes
corresponding to groups of crosses with low (0.27–
0.38), intermediate (0.45–0.55), or high (0.60–0.74)
genetic distance (Table 2).

A group of 120 tetraploid hybrids, 20 from each of
six families, were generated by crossing sexual and

apomictic genotypes with different genetic distances.
Seed set on the female parent ranged between 12.3%
and 46.7%, with a mean of 29.8% (Table 2). Germina-
tion percentage of crosses at 15 d after sowing ranged
from 27.7% to 63.5%, with a mean of 49.7% (Table 2).

Reproductive behavior and its relationship with genetic
distances among parents

The apospory linked marker (UBC247-377) (Martínez
et al. 2003) was present in 31 of the 120 hybrids
(Table 3). An overall ratio of 2.8 sexual to 1 aposporous
hybrid was observed, ranging between 9:1 and 1:1
among crosses (Table 3).

Expressivity for apospory ranged from hybrids bear-
ing aposporous embryo sacs in each analyzed ovule to

Table 1 Simple sequence repeat (SSR) and inter-simple sequence
repeat (ISSR) molecular characterization of 24 sexual tetraploid
genotypes and 24 apomictic tetraploid genotypes of P. notatum
with different origins. Total number of loci (TL), number of
polymorphic loci (PL), number of monomorphic loci (ML), pro-
portion of polymorphic loci (PPL), and polymorphic information
content (PIC) obtained for each primer

Primer TL PL ML PPL PIC

SSR

PN03-A5 12 12 0 100 0.22

PN03-A6 16 16 0 100 0.26

PN03-G8 9 8 1 88 0.26

PN03-G10 13 12 1 92 0.24

PN02-H7 13 11 2 85 0.23

PN03-H10 24 24 0 100 0.23

PA01-B7 11 11 0 100 0.31

PN02-F6A 22 22 0 100 0.26

Total 120 116 4 – –

ISSR

(AG)8-GC 16 16 0 100 0.13

(GA)8-C 16 16 0 100 0.25

(AG)8-T 14 12 2 86 0.13

(AC)8-G 17 17 0 100 0.20

GAG-(AC)7 14 12 2 86 0.23

(GA)8-TC 13 13 0 100 0.20

(GA)8-T 16 16 0 100 0.21

CAG-(CA)7 15 14 1 93 0.22

(AG)8-C 14 14 0 100 0.30

(AC)8-T 16 16 0 100 0.20

Total 151 146 5 – –
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hybrids with only meiotically derived embryo sacs. It
was observed that 16% of the hybrids did not have
ovules bearing aposporous embryo sacs (Fig. 1). Low
levels of expressivity (between 1 and 20%) were ob-
served for 3% of hybrids, 18% of the hybrids fell be-
tween 21 and 50% of expressivity, 6% of the hybrids
exhibited between 51, and 80% of expressivity, and
55% were in the upper fractions (between 81 and
100% of expressivity).

The relationship between the proportion of
aposporous hybrids and apospory expressivity with ge-
netic distances between parents was performed by the
independence chi-squared test. The test indicated a sig-
nificant (p = 0.002) relationship between the proportion
of aposporous hybrids in each family and the genetic
distances between parents (Fig. 2a). However, the level
of apospory expressivity in aposporous hybrids was not

related with the genetic distance between parents (p =
0.148) (Fig. 2b).

Heterosis analysis

Genetic effects related to the expression of
agronomical and morphological traits were deter-
mined in 6 families of P. notatum obtained from
crosses among parents with low, intermediate and
high genetic distance, with the objective to identify
the proportion of hybrids that were superior to their
parents. For forage yield, dominance effects were
predominant at all three evaluation dates. Positive
complete dominance effects (CD+) were observed
between 2.5 and 32.4% of total hybrids, and the
negative complete dominance effects (CD−) were
observed in 21.6 to 54% of the hybrids (Table S2).
Regarding to initial vigor and spring regrowth the CD
− effects were predominant, varying between 25 and
45% and between 12.5 and 50%, respectively
(Table S2). In addition, for fall regrowth and frost

Table 2 Genetic distances between sexual and apomictic parents of P. notatum generated by SSR and ISSR markers. Seed set and
germination percentage of each cross combination

Genetic distance Cross combination Hybrids

Group SSR Jaccard (1-S) ISSR Jaccard (1-S) Sexual female parent Apomictic male parent ID Seed set % Germination %

Low 0.38 0.27 A48 A33 A 12.3 47.0

Low 0.34 0.36 J13 J23 B 29.8 59.8

Intermediate 0.54 0.54 B19 10 UF13 C 29.0 51.2

Intermediate 0.55 0.45 H13 2 4117 D 46.7 49.0

High 0.74 0.60 K29 10 4040 E 32.4 63.5

High 0.65 0.62 P45 2 4012 F 28.7 27.7

Mean 29.8 49.7

Table 3 List of families with low, intermediate or high genetic
distances, number of sexual and aposporous hybrids, and ratio
between sexual and aposporous hybrids

Hybrids

Genetic
distance

Cross
ID

Sexual Aposporous Ratio sexual/
aposporous

Low A 18 2 9:1

Low B 16 4 4:1

Intermediate C 16 4 4:1

Intermediate D 15 5 3:1

High E 14 6 2.3:1

High F 10 10 1:1

Total 89 31 2.8:1
Fig. 1 Level of apospory expressivity for a group of 31
aposporous bahiagrass hybrids from 6 different sexual × apomictic
families
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tolerance, the positive and negative complete domi-
nance effects were observed in most of the hybrids
(Table S2).

Regarding plant height and diameter, the greater
variation in the percentage of hybrids was observed for
CD+ and OD+. For both traits, the genetic effects ob-
served on two different dates were similar, and the CD−
effects were predominant (2.5 to 55% of the hybrids)
(Table S3). For flowering time, the greater variation was
observed in hybrids with complete dominance. The
proportion of hybrids with CD+ was from 10 to
27.5%, while the percentage of hybrids with CD− varied
between 5 and 45% (Table S3). Genetic effect related to
the expression of leaf blade length and leaf blade width
exhibited a similar pattern (Table S3). In both cases, the
greater variation was related to CD− (2.5 to 22.5% of the
hybrids), whereas from 2.5 to 19.4% of hybrids present-
ed CD+. In addition, leaf blade length exhibited greater
OD− than leaf width (Table S3).

Heterosis and its relationship with genetic distances
among parents

Those hybrids that in the genetic effect analysis exhib-
ited positive partial dominance, positive complete

dominance, and positive overdominance were consid-
ered as heterotic hybrids. Also, those hybrids whose
genetic effects could not be determined were not
counted. The fraction of hybrids that displayed het-
erosis was highly variable for the evaluated traits. For
example, for summer forage yield, the proportion of
hybrids exhibiting heterosis ranging from 5 to 60%
while for fall forage yield was greater than 60%
(Table 4). The proportion of hybrids displaying het-
erosis for initial vigor was from 6 to 15%, and for
spring regrowth varied between 0 and 41%. Regard-
ing to fall regrowth, it was observed that 14–45% of
hybrids exhibited heterosis, while for frost tolerance
the proportion of superior hybrids were greater (29 to
67%) (Table 4).

On the other hand, the proportion of superior hybrids
was also variable for morphological and phenological
traits. Plant height measured on March 2017 exhibited
from 0 to 17% of superior hybrids; however in December
2017, the proportion of superior hybrids varied between 5
and 52% (Table 5). The proportion of superior hybrids
observed for plant diameter on May 2017 was 33%,
while for January 2018 and April 2018 were from 5 to
40% (Table 5). Regarding to leaf blade length and leaf
blade width similar proportion of superior hybrids were

Fig. 2 a. Genetic distance among parents of P. notatum and its relationship with the percentage of aposporous hybrids. b. Relationship
between genetic distance among parents and the percentage of apospory expressivity (81–100%)

Table 4 Proportion of superior hybrids for agronomical traits and its relationship with the genetic distances among parents

Genetic distance Mid-parent heterosis (%)

Forage yield Initial vigor Fall regrowth Frost tolerance Spring regrowth

May 2017 January 2018 April 2018 March 2017 June 2017 July 2017 December 2017

Low 6 67 5 15 14 30 0

Intermediate 12 67 31 6 0 67 27

High 25 60 60 8 45 29 41

p value* 0.034 0.999 0.022 0.931 0.081 0.483 0.026

*p value for the independence chi-squared test
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observed (17 to 47%), while for flowering time this
proportion was highly variable (3 to 76%) (Table 5).

The independence chi-squared test indicated a positive
relationship between genetic distance among parents and
heterosis for forage yield during two periods (March 2017
and April 2018), spring regrowth and plant height
(p < 0.05) (Tables 4 and 5). In addition, a tendency to a
positive relationship between genetic distance among
parents and heterosis were observed for fall regrowth
(p < 0.1) (Table 4). No significant relationship was ob-
served between genetic distances and heterosis for the
remainder of the morphological and agronomic traits.

Discussion

The opportunity of fixing superior hybrids via apomixis
and the availability of sexual genotypes that can be
crossed with apomictic genotypes in bahiagrass have
encouraged us to develop a breeding scheme that allows
exploitation of hybrid vigor.

Genetic distance between sexual and apomictic ge-
notypes of bahiagrass was determined using SSR and
ISSR molecular markers. The eight SSR primers ampli-
fied numerous markers with a high level of polymor-
phism. This technique allowed determination of the
genetic variability among genotypes and identified pairs
of crosses with different genetic distances for further
evaluation of its relationship with heterosis. SSR results
were similar to those reported by Cidade et al. (2009),
where 11 primers amplified 87 polymorphic markers
that allowed determination of the diversity among a
group of 25 genotypes of P. notatum collected in Brazil.
SSR markers were performed for genetic diversity

analysis in other forage species, such as Panicum max-
imum and Medicago sativa. In P. maximum, 13 SSR
primers amplified a total of 190 polymorphic markers,
which allowed establishing the genetic relationships
among 77 genotypes from East Africa (Ebina et al.
2007). In addition, this molecular marker has been ef-
fective in major crops such as maize (Wegary et al.
2012), sunflower (Usatov et al. 2014), and rice (Liu
and Wu 1998). For instance, in maize, 40 SSR primers
detected 169 polymorphic markers, which allowed the
grouping of 15 inbred lines according to the genetic
distance among them (Wegary et al. 2012).

The ten ISSR markers used in this study were as
efficient as the SSR markers, since they amplified 146
highly polymorphic markers. These markers have been
used previously in the genus Paspalum. Reyno et al.
(2012) determined the genetic diversity of 210 geno-
types of P. notatum collected from different sites of
Uruguay using three primers that amplified 29 markers.
In P. simplex, Brugnoli et al. (2014) employed 10 ISSR
primers that amplified 163 markers, which allowed to
study the genetic variability between and within popu-
lations. This technique has been used in other forage
species such as Panicum coloratum var. makarikariense
(Armando et al. 2015). They employed seven ISSR
primers that amplified 103 polymorphic markers, which
allowed establishment of the diversity among acces-
sions of P. coloratum var. makarikariense. In addition,
these markers have been effective in genetic diversity
analysis of major crops, such as rice (Joshi et al. 2001),
sunflower (Garayalde et al. 2011), and wheat (Pradeep
Reddy et al. 2002).

Mode of reproduction of hybrids was defined using a
RAPD marker completely linked to apospory in

Table 5 Proportion of superior hybrids for morphological and physiological traits and its relationship with the genetic distances among
parents

Genetic
distance

Mid-parent heterosis (%)

Plant height Plant diameter Leaf blade
length

Leaf blade
width

Flowering
time

March 2017 December
2017

May 2017 January
2018

April
2018

January 2018 January 2018 December
2017

Low 14 5 33 19 28 17 25 76

Intermediate 0 18 33 40 36 38 17 3

High 17 52 33 5 5 47 46 62

p value* 0.962 0.011 1 0.490 0.334 0.896 0.834 0.606

*p value for the independence chi-squared test
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P. notatum (Martínez et al. 2003) due to its effective-
ness, rapidity, and low cost (Zilli et al. 2015, 2018). The
average ratio between sexual and aposporous hybrids
was 2.8:1, what agrees with previous studies (Martínez
et al. 2001; Stein et al. 2004; Acuña et al. 2009, 2011;
Zilli et al. 2015). In most of the analyzed families, a
greater-than-expected number of sexual hybrids was
observed, except for one family (P45 2 × Q4012) that
showed a 1:1 segregation ratio. A similar result was
reported previously in bahiagrass by Zilli et al. (2015).
Th e a c c umu l a t e d i n f o rma t i o n r e l a t e d t o
sexual:aposporous segregation ratios indicates that it
varies from 9:1 to 1:1.

Our results detected a relationship between genetic
distance between parents and the proportion of
aposporous hybrids in the progeny. As the genetic dis-
tance between parents increased, the proportion of
aposporous hybrids also increased. These results may
be explained by the hypothesis that hybridization be-
tween species with dissimilar ecological affinities and
reproductive developmental program timing contributes
to the induction of apomixis (Carman 1997). This hy-
pothesis suggests that the asynchronous expression of
parental genes could lead to a disruption of the meiotic
process causing a shift from sexual to apomictic repro-
duction. However, further studies are needed to confirm
this hypothesis, considering that it fits better to interspe-
cific crosses than to intraspecific crosses as it was done in
our work. Another possible explanation for the increase
in the proportion of aposporous hybrids with the increase
of the genetic distances among parents could be related
with the inheritance of the apomixis trait. It was sug-
gested that this trait is of qualitative inheritance which
expression is controlled by a dominant Mendelian factor
(Miles 2007); however, at present, there are many candi-
date genes under evaluation that may have a partial or
modifying role in the expression of the trait (Mancini
et al. 2018). Our results may be indicating that the ex-
pression of apomixis is a quantitative trait where many
genes are taking part since genetic differences between
parents are related to the segregation of this trait.

Hybrids of all evaluated families exhibited a discon-
tinuous variation of apospory expressivity that allowed
identification of groups with high and low expressivity as
reported in previous research (Acuña et al. 2009, 2011;
Zilli et al. 2015), which may be indicating that apospory
expressivity is controlled by a single major gene. We
observed that apospory expressivity is not related to
genetic distance between parents, so genetic distance

may not be useful for predicting high apomixis expres-
sivity. The identification of Bthis major gene^ will be of
great interest. Nonetheless, this work shows that crossing
very distant parents ensure progenies with large number
of aposporous hybrids, which increases the probabilities
to find highly aposporous hybrids among them.

In this research, we observed heterosis for all the
studied traits with variable proportions among families.
These results are similar to those reported by Zilli et al.
(2015), who found the occurrence of heterosis in 11
bahiagrass families resulting from crosses between 3
experimental sexual genotypes and 9 apomictic geno-
types. High parent heterosis ranged among families
between 0 and 62.5% in Zilli et al. (2015), while in
our study heterosis ranged between 0 and 75%, which
includes hybrids superior or equal to the better parent.
Acuña et al. (2011) evaluated heterosis in bahiagrass.
Their results were similar to ours; however, Acuña et al.
(2011) observed that some traits exhibited greater values
(> 90%) since hybrids were compared with mid-parent
means and not to the better parent. Heterosis has also
been studied in other Paspalum species. For example,
Novo et al. (2017) evaluated this phenomenon in inter-
specific hybrids obtained by crosses between a unique
sexual genotype of P. plicatulum and 22 apomictic
genotypes belonging to 12 different species of Plicatula
group of Paspalum. They observed positive heterosis
respect to the apomictic parent only for cold tolerance
and cattle preference, which varied between 14% and
100%, and 24% and 81%, respectively. These results
show that heterosis in apomictic species depends on the
trait under study and the combination of parents.

The genetic basis of heterosis in sexual plants has
been debated for over a century (Chen 2010). However,
in apomictic species few studies have been done. In
order to clarify the genetic basis of heterosis in apomic-
tic species, in this work, we determined the genetic
effects associated to the expression of some agronomic
and morphological traits in bahiagrass. Our results indi-
cate that the dominance effects were predominant for all
evaluated traits. This indicates that in P. notatum the
heterosis is mostly due to the accumulation of dominant,
favorable alleles in the hybrids. To exploit hybrid vigor
outstanding parents that provide favorable alleles with
complete or partial dominance for the trait of interest are
required. In Brachiaria, the most cultivated apomictic
forage species in Brazil, similar results were reported by
Matias et al. (2018). They reported that most of the
agronomic traits under study presented dominance
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genetic effects. These results could be indicating that in
apomictic species, heterosis is due to the accumulation
of favorable, dominant alleles rather than to inter-allelic
interactions.

In this study, molecular markers were used as a tool
to predict the occurrence of heterosis in bahiagrass
based on genetic distance between parents. Our results
indicate that SSR and ISSR markers were effective to
determine genetic distance among parents and, that they
were useful to predict the occurrence of hybrid vigor,
since a significant relationship between heterosis and
genetic distance among parents was observed for 3 out
of the 10 agronomic and morphological traits evaluated.
Reif et al. (2003) reported in maize a highly significant
correlation between genetic distance, estimated by SSR
markers and heterosis for grain yield, while no
correlation was found for other evaluated traits. In rice,
Zhang et al. (2010) determined a significant relationship
between genetic distance using ISSR markers and het-
erosis for grain yield on 47 parental combinations. In
other study with rice, a significant correlation was ob-
served between genetic distances determined using
RFLPs and heterosis for grain yield, number of tillers
per plant, and number of seeds per panicle (Zhang et al.
1994). In sunflower, Usatov et al. (2014) reported a
significant correlation between genetic distance and het-
erosis only for grain yield.

These results are pointing out that in major crops as
in forage species, the use of molecular markers as a tool
to predict heterosis have been effective for some traits
such as grain and forage yield. In the case of P. notatum,
the possibility of predicting the occurrence of superior
hybrids for forage yield is a huge advance because this
trait is the most important in forage species. In addition,
this study demonstrates that a breedingmethod based on
genetic distance is more efficient than the traditional one
since it ensures progenies with the greatest proportion of
aposporous hybrids and a greater level of heterosis.

In conclusion, SSR and ISSR molecular markers
were effective to determine genetic distance between
sexual and apomictic tetraploid genotypes of
P. notatum. Genetic distance estimated by both markers
allows paring sexual and apomictic genotypes with low,
intermediate, or high genetic distance. Segregation for
mode of reproduction was highly variable and the pro-
portion of aposporous hybrids was positively related to
genetic distance between parents. Discontinuous varia-
tion of apospory expressivity was observed among hy-
brids; groups with high or low expressivity were

identified. Generation of superior aposporous hybrids
is possible in P. notatum in the first breeding cycle. The
occurrence of heterosis was mostly associated to the
dominance effects of the genes. Furthermore, the pro-
portion of heterotic hybrids was dependent on the pa-
rental combination. A significant relationship was ob-
served between genetic distance between parents and
heterosis for somemorpho-agronomic traits. In addition,
the use of molecular markers to determine genetic dis-
tance among bahiagrass genotypes allowed the predic-
tion of the occurrence of heterosis for forage yield, fall
regrowth, and plant height.
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