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Abstract Paspalum is an important genus of the family
Gramineae that includes several valuable forage grass-
es. Many of the species are polyploid and either
obligate or facultative apomicts. Cyto-embryological
observations of several tetraploid genotypes of P.
notatum were performed to determine their mode of
reproduction. Afterwards, selfed progenies of the geno-
types F131, Q3664 and Q4117 were analysed using
RFLP and RAPD genetic fingerprints to identify ma-
ternal and non-maternal (aberrant) plants, and to
establish the degree of apomictic reproduction. Five
maize clones and six primers were used for detecting
genetic deviations from the maternal profile. Maize
clones umc379, umc384 and umc318 and primers
OPG10 and OPI4 were the most informative for dis-
criminating between maternal and aberrant individuals
within the progenies of F131 and Q3664. The combined
results of three RFLP clones or 4-6 RAPD primers
were necessary to ascertain the mode of reproduction
in plants F131 and Q3664. The results obtained with
the RFLP and RAPD markers were in agreement with
the cyto-embryological studies in ascertaining the
mode and degree of apomictic reproduction. Plant
F131 showed a completely sexual reproductive behav-
iour, Q3664 an elevated expression of sexuality, while
Q4117 was highly apomictic. A fingerprint analysis of
an outcrossing population, aimed at the identification
of hybrid plants, was also performed. Maize clones
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um318 and umc379 and primers OPC2 and OPC9
were used. The presence of specific bands belonging to
the male parent permitted a rapid and easy detection of
hybrids. The methodology described here can be ap-
plied both for the characterisation of P. notatum
populations and to identify hybrid progenies in Pas-
palum breeding programs.

DNA fingerprinting -
Progeny test

Key words Apomixis -
Molecular markers - Paspalum -

Introduction

Paspalum is a large genus of the family Gramineae with
nearly 400 species mostly native to the warm regions of
the Western Hemisphere (Chase 1929). It is one of the
most economically important genera of the tribe
Paniceae because many species are valuable forage
grasses. Paspalum notatum Flugge (bahiagrass) is a rhi-
zomatous species widely distributed from Central
Eastern Mexico to Argentina and throughout the West
Indies (Burton 1946). Cytotypes with chromosome
numbers of 2n = 2x = 20, 3x = 30, and 4x = 40 have
been described (Burton 1946; Saura 1948; Gould 1966).
P. notatum var. saurae Parodi (2n = 2x = 20) was acci-
dentally introduced into the United States prior to
1926 and has become one of the major forage grasses in
south-eastern US (Burton 1967).

P. notatum has an extremely versatile reproductive
system with sexual self-fertile diploids and
pseudogamous apomictic autopolyploids (Burton
1948; Forbes and Burton 1961). Occasional triploids
are apomictic (Burton and Hanna 1986). Since
apomixis means asexual reproduction through seeds,
leading to maternal offspring that are genetically an
exact copy of the mother plant (Nogler 1984), segrega-
tion analysis of obligate apomicts is impossible unless
sexual germplasm is available. In facultative apomicts,
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progenies generally segregate into apomictic (maternal)
and non-apomictic (aberrant) classes.

Cytological and embryological analysis of the
mother plant and screening for morphologically aber-
rant progenies are the methods most commonly
employed for assessing the mode of reproduction in
Paspalum and other apomictic grasses (Young et al.
1979; Quarin and Hanna 1980; Quarin et al. 1982;
Norrmann et al. 1989). However, these are time-con-
suming tests and often limited in their application.

Progeny analysis attempts the identification of every
aberration from the maternal genotype as the result of
a sexual reproduction event (Marshall and Brown
1974). Molecular markers, like restriction fragment
length polymorphism (RFLP) and random amplified
polymorphic DNA (RAPD), can be used for the identi-
fication of non-maternal offspring when individual
DNA fingerprints reveal a deviation from the maternal
profile (Mazzucato et al. 1995). Genetic fingerprints can
also help in the identification of hybrid plants in breed-
ing programs (Bellamy et al. 1996). Molecular markers
have been used to discriminate between sexual and
apomictic progeny in Rubus (Antonius and Nybom
1995) and to establish the degree of apomixis of mother
plants in Poa (Mazzucato et al. 1995). RAPD markers
have been combined with flow cytometry to determine
the genetic origin of aberrant plants within progenies of
P. pratensis (Huff and Bara 1993). Moreover, RFLP
and RAPD markers have been used to analyse trans-
mission of the apomictic mode of reproduction in
Pennisetum (Ozias-Akins et al. 1993) and in maize-Trip-
sacum hybrids (Leblanc et al. 1995) as well as to identify
a linkage group including the apomixis gene in
Brachiaria (Pessino et al. 1997).

The objective of the present work was the determina-
tion of the mode of reproduction of tetraploid P.
notatum genotypes with the aid of RFLP and RAPD
genetic fingerprints of selfed progenies. Cyto-em-
bryological studies of the mother plants were also
carried out to compare the degree of apomictic repro-
duction assessed by both methods. Additionally,
a genetic fingerprinting study of an outcrossed popula-
tion was performed to test the efficiency of the
molecular-marker analysis for the identification of P.
notatum hybrids.

Materials and methods

Plant material

Tetraploid P. notatum accessions from IBONE’s germplasm collec-
tion (Argentina), were established from seed in a glasshouse at IGER
{UK). Accession Q4117 was collected in the State of Rio Grande do
Sul, Brazil. Accessions Q3775 and Q3778 were collected in
Tamaulipas (Municipio Gémez, Mexico) and Palmar Grande (Cor-
rientes, Argentina), respectively. Material of experimental origin was
a!so studied: tetraploid plant Q3664 was generated at Tifton (Geor-
gia, USA) through controlled crosses between a sexual colchicine-
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induced tetraploid P. notatum var saurae and a white-stigma
apomictic tetraploid form of P. notatum, followed by several genera-
tions of backcrossing to the white-stigma parent plant (Quarin et al.
1984). Q3664 has white stigmas and it is highly sexual. The plant
F131 was produced from a cross between Q3664 as pistillate
parent and the tetraploid accession Q3853 as pollen donor. Selfed
progenies from Q3664 and F131 plants and from accession Q4117
were analysed using RFLP and RAPD markers to identify maternal
and non-maternal individuals. An F; hybrid population from
a cross between Q3664 and Q4117 was used for hybrid-identifica-
tion analysis. '

Cyto-embryological analysis

Inflorescences at anthesis were collected and fixed in FAA (70%
ethanol, glacial acetic acid, formaldehyde, 90:5:5) for 24-48h. Pis-
tils were dehydrated in a tertiary butyl alcohol series and embedded
in paraffin. Samples were sectioned at 12-15um and stained with
safranin and fast green. Observations were carried out with a light
transmission microscope.

DNA extraction

Genomic DNA was extracted essentially as described by Dellaporta
et al. (1983) from 3-5g of leaf tissue. Plant material was frozen in
liquid nitrogen, powdered with a mortar and pestle and transferred
to 15ml of extraction buffer (100mM Tris-HC1 pH 7.5, 50mM
EDTA pH 8, 500 mM NaCl, 2% SDS and 1% polyvinylpirrolidone
MWt 360000). The mixture was incubated at 68°C for 30min
followed by the addition of 4m! of 5M potassium acetate. Samples
were incubated on ice for at least 30 min and centrifuged for 20 min
at 4°C and 11 000 g. The supernatant was collected through a cotton
mesh (Miracloth, Calbiochem Catalogue No. 475855) and 1 volume
of isopropanol was added. Samples were incubated overnight at
— 20°C and then centrifuged (20 min, 11 000 g, 4°C). Pellets of DNA
were re-suspended in 700pl of TE, treated with 5pl of RNAase
(10 mg/ml) for 20 min at room temperature, phenolized, and ethanol-
precipitated at — 20”C. Samples were finally centrifuged (20 min,
15000rpm), washed in 70% ethanol, dried, and dissolved in
400500l of sterile distilled water.

RFLP analysis

Genomic DNA (25 ug) was digested with EcoRI or HindIll, electro-
phoresed overnight at 25V in 1% agarose /1 x TAE gels and blotted
onto nylon membranes (Hybond N, Amersham) using 10 x SSC
buffer. DNA was UV-fixed with a Stratagene UV crosslinker and
filters were baked at 80°C for 2 h. Sixteen maize clones from the
University of Missouri-Columbia series (umc 186, 31, 81, 84, 128, 130,
304, 318, 321, 327, 338, 342, 346, 379, 384 and 389), kindly donated
by CIMMYT, Mexico, were screened to identify informative mar-
kers. Non-radioactive hybridisation and detection procedures were
performed according to Boehringer-Mannheim instructions (DNA
Labeling and Detection Kit Non-radioactive, Catalogue No.
1093 657). Probes were PCR-labelled in a 100-pl reaction, contain-
ing 5 ng of plasmid DNA, 15% glycerol, 1 x Taq buffer (Boehringer-
Mannheim), 1.5mM MgCl,, 50mM of each dNTP, 0.2mM
oligonucleotides, 5% dig-dUTP or 15% fluorescein-dUTP and 1 U
of Tuq polymerase (Boehringer-Mannheim). Hybridisation were car-
ried out at 63°C, by adding 25 ul of the probe-labeling reaction to
10ml of ‘hybridisation solution. Detection was carried out using
5ul/ml of CSPD, disodium 3{4-methoxyspiro [1,2-dioxetane-3,2'~
(5'-chloro) tricyclo (3.3.1.1>%) decan]-4-yl} phenyl phosphate
(Boehringer-Mannheim), as a chemiluminescent substrate. Hyper-
film-ECL (Amersham) films were exposed for between 2 and 12h.
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RAPD analysis

Sixty six 10-mer arbitrary oligonucleotides from Operon Technolo-
gies Inc. (Alameda, Calil,, USA), series C1-10, F1-12, G1-12, 11-12,
L1-10 and M1-10, were screened to detect primers giving multiple
band-amplification patterns. PCR amplifications were performed in
25-nl total-volume reactions containing 20ng of genomic DNA,
1 x Taq reaction buffer (Boehringer-Mannheim), 12.5uM of each
dNTP, 1.5mM MgCl,, 30ng primer and 1U of Tug polymerase
(Boehringer-Mannheim). Reactions were carried out using either
a Perkin-Elmer GenAmp PCR System 9600 thermocycler or a MJ
Research, PTC-100 Programmable Thermal Controller. Cycles be-
gan with 2min at 95°C followed by 40 cycles of 1 min at 95°C, I min
at 36°C and 2min at 72°C. A final incubation of 5min at 72°C was
included. Amplification products were analysed by adding 5pl of
loading buffer and running 15l of the mixture in 2% agarose/
1 x TBE gels at 65V during 3—4 h. Gels were stained with ethidium
bromide and fragments were visualised under ultraviolet light.
Photographs were taken using Polaroid 667 films.

Selection of informative markers

RFLP clones and RAPD primers detecting polymorphic loci were
considered informative for discriminating between maternal and
non-maternal (aberrant) plants. Screening of informative markers
was carried out using DNA samples of the maternal parents and
5-10 individuals of their progeny. This scheme was used to allow the
detection of fragments segregating in a 1:1 or 3:1 Mendelian ratio.
Thereafter, segregation analysis was performed on 25-32 individuals
of each progeny family.

Results
Embryo-sac analysis

Observations of ovaries from tetraploid P. notatum
revealed the presence of three different types of ovules:

Fig. 1A, B Photomicrographs of
sectioned ovules of tetraploid

P. notatum genotypes. A Ovule
bearing a single meiotic sac from
plant F131 (Two synergids and
more antipodals are not shown
because they are in an adjacent
section of the ovule). B Ovule
bearing two aposporous embryo
sacs from highly apomictic
accession Q4117 (other nuclei in
adjacent sections). References:

«a antipodals; e egg cell; p polar
nuclei; bar = 33pm

(1) Ovules bearing a single meiotic embryo sac charac-
terised by the egg apparatus (egg cell and two
synergids), a large two-nucleated central cell and
a mass of proliferated antipodals at the chalazal end
(Fig. 1 A).
(2) Ovules with one to several aposporous embryo sacs
(Fig. 1 B). These sacs showed a different size (30~60 um),
constitution, shape and orientation. The largest ones
usually contained two large polar nuclei in a widely
vacuolated central cell, the egg cell, and one or two
synergids. The absence of antipodals characterised the
aposporous sacs.
(3) Ovules'with one meiotic embryo sac surrounded by
one to several aposporous sacs.

The frequency of the different types of ovules ob-
served in each accession is presented in Table 1. /

The three natural tetraploid accessions, Q4117,
Q3775 and Q3778, were shown to be facultative
apomicts because both aposporous- and meiotic-sacs
were observed in ovules of the same individuals. Q4117

Table 1 Embryo-sac types in different accessions and experimental
plants of tetraploid (2n = 4x = 40) P. notatuin. M, one meiotic
embryo sac; A, one to several aposporous embryo sacs..

Scored
ovules
(number) M A

Accessions’
or plants?

Percentage of ovules bearing

M+ A Aborted

Q4117 100 3 95 2 0
Q3775 100 3. 87 5 5
Q3778! 85 24 61 9 6
Q3664%* 88 70 15 15 <1
F1312 82 94 0 0 6

* *From Quarin et al. (1984)




and Q3775 showed a higher proportion of aposporous
sacs than Q3778. The plant Q3664 showed mostly
meiotic sacs. No aposporous sacs were observed in 82
ovules of F131. These observations suggest that Q4117
and Q3775 are highly apomictic accessions and Q3778
is a facultative intermediate. Plant Q3664 has a high
expression of sexuality and F131 appears to be com-
pletely sexual. In accordance with these results, plants
F131 and Q3664 and accession Q4117 were selected for
the progeny test.

Screening of RFLP and RAPD informative markers

Although a genetic map of Paspalum is not available,
the co-linearity between grass genomes (Moore et al.
1995) allowed us to employ the information of maize
linkage groups (Heredia-Diaz et al. 1994) for testing
different genomic regions of Paspalum. The 16 maize
probes selected were assumed to detect loci distributed
over various sectors of the Paspalum genome. Screening
of maize clones on filters containing DNA of the ma-
ternal genotype and 5-10 individuals of their progeny
showed that 5 of the 16 probes tested (ume 16, 81, 130,
321 and 338) produced smearing with all three popula-
tion samples and were thus rejected. The rest yielded
3-5 fragments, although clone umc 379 produced
between 7 and 11 bands (Fig. 2). All successfully hybrid-
ised probe showed segregating fragments in at least one
of the five individuals of F131 offspring. Similar results
were obtained with family Q3664, but four clones (umc
304, 327, 346 and 389) did not reveal any segregation.
None of the probes showed segregating fragments in
the screening filters of the Q4117 family. Clones umc
31, 304, 318, 379 and 384 were selected for the progeny
test because they produced good hybridisation patterns
and 1-3 segregating bands, which allowed the identi-
fication of variation in the maternal profile. The
screening of 66 RAPD oligonucleotides, led to the
identification of 16 primers that produced good ampli-
fication signals. The rest did not amplify or else showed
smearing. All selected primers generated between three

Fig. 2 RFLP fingerprints of
plants F131, Q3664 and Q4117
and some of their offspring. DNA
was digested with HindIIl and
hybridised with probe umec 379.
M maternal genotype. Lanes 1-5
individuals of the corresponding
progeny. Arrows indicate the
segregating fragments used in the
discrimination of maternal and
non-maternal plants

M 1

b
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and eight bands in the three populations assayed.
Primers OPC2, OPC9, OPG6, OPG10, OPI4 and
OPL7 were chosen for the progeny analysis because
they produced reproducible and easily readable ampli-
fication patterns with 1-2 segregating bands among the
progeny of the F131 abd Q3664 genotypes (Fig. 3).

Aberrént—plant identification

Offspring plants were classified as maternal when both
RFLP and RAPD genetic fingerprints were identical to
the maternal profile, or aberrant when any deviation
was observed. Molecular. analysis of 32 individuals
from each progeny family of F131, Q3664 and Q4117
allowed an investigation of the reproductive mode of
the maternal genotypes. This sample size is adequate to
detect at least one representative of a recessive geno-
type (RAPDs) or a homozygote of one allelic form
when co-dominance is found (for RFLPs) with a prob-
ability of at least 0.999 (see Mather 1951).

In the F131 population, hybridisation with uimc 379
showed that 25 out of 32 individuals (78%) presented
deviations from the maternal profile. Likewise, clone
umc 384 detected 23 aberrants (72%). Probes umc 318,
304 and 31 recognised 21 (67%), 20 (62%) and 14 (44%)
non-maternal plants, respectively. In family Q3664
clone umc 379 detected 24 aberrants (75%) out of the
32 individuals assayed. Umc 318, 31 and 384 detected
17(52%), 10 (32%) and 9 (29%) non-maternal plants in
the offspring, respectively. In family Q4117 only one
individual out of the 32 tested showed a non-maternal
profile when clones umc 384 and umc 318 were used.
The combination of fingerprints obtained with the five
selected clones revealed no maternal individuals in the
offspring of F131, five maternal plants (15.6%)in family
Q3664, and only one aberrant (96% maternal plants) in
the Q4117 progeny.

RAPD fingerprints of F131 progeny showed 15
(60%) and 13 (52%) non-maternal plants out of 25
assayed when primers OPG10 and OPC2 were used.
Primers OPI4, OPG6 and OPC9 displayed a similar

Q4117
M 123 435

F131

2 3 4 5

Y
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Fig. 3 RAPD fingerprints produced by primer OPI4 in F131 (A),
Q3664 (B) and Q4117 (C) progeny family. M maternal genotype,
lanes 1-10 individuals of their progeny. Arrows indicate the segregat-
ing amplification fragments used in the progeny analysis

discriminatory capacity detecting 10, 9 and 8 non-
maternal plants, respectively. Only four aberrants were
detected by OPL7. In the Q3664 population, primer
OPI14 detected 12 non-maternal plants (48%) while
OPC2,OPC9, OPG6, OPL7 and OPG10 detected 7, 6,
5, 5 and 4 aberrants, respectively. In the Q4117
progeny, primers OPC9, OPG10 and OP14 each detec-
ted two aberrant plants. The combination of results

obtained with the six selected oligonucleotides showed .

non-maternal progeny in F131 five maternal plants
(16%) in Q3664, and 23 maternal plants (92%) in the
Q4117 family.

The combined result of RFLP and RAPD finger-
prints and the cumulative detection of non-maternal
plants with both types of molecular markers is shown
in Fig. 4. In the F131 population all non-maternal
individuals could be detected by the combination of
three RFLP probes or four RAPD primers (Fig. 4 A).
Likewise, in the Q3664 population three RFLP clones
(umc 379, 318 and 31) allowed the detection of all
aberrants, but a six-primer combination was necessary
to detect 96% of them (Fig. 4B). The degree of
apomixis determined by both RFLP and RAPD mar-
kers was similar and agreed with the embryological
studies (Table 2).

Hybrid-plant identification

As the female parent used to generate the F; popula-
tion (Q3664) had white stigmas and the male parent

100% o
s0%
80% 4
70%
60%
50% -
40% -+
30%
20%
10%

0%

1

:

1

umc304
OPGS 1§

umc318
OPI4

100%
90%
80% +
70% 4
60% |
50%
40% 4
30% +
20%
10%

0% A

1
1

OPl4
OPL7
OPG10 |

O RFLP clones
B RAPD primers

Fig. 4 Discriminating efficiency of RFLP clones and RAPD primers
in F131 (A) or Q3664 (B) progenies. Efficiency was calculated as the
percentage of aberrant plants detected in each population (indicated
by bars). Cumulative percentage is indicated by lines (OO RFLPs,
B RAPDs)

Table 2 Degree of apomixis (%) of P. notatum plants estimated by
cytological observations and molecular analysis

_Accessions Cytological RFLPs® RAPDs" .
observations
F131 0 0 0
Q3664 15-30 15.6 16
Q4117 97 96 92

2 Results were obtained using a combination of four maize probes
b Results were obtained using a combination of six primers

(Q4117) had purple stigmas, the F; plants with purple
stigmas were all considered to be hybrids. Genetic
fingerprinting was carried out on 32 randomly chosen
hybrid plants. Hybridisation with clones umc 318 and
umc 379 showed segregating markers from both pro-
genitors. The presence of specific bands belonging to




the male parent allowed the rapid identification of
a large proportion of the hybrid plants. Using umc 318
and 379, 72% and 94% of total hybrids were detected,
respectively. The combination of results with both
clones allowed the molecular identification of 98% of
them. Similar results were produced by RAPD mar-
kers. The combined results obtained with OPC2 and
OPC9 allowed the detection of 96% of the total hybrid
plants. In both types of genetic tests maternal bands
segregated in a 1:1 (y3 <0.125, P>0.7) or 3:1
(43 < 0.168, P > 0.5) Mendelian ratio. No homozygous
markers belonging to the male parent were detected.
The segregation of parental bands in the F; progeny
also resulted in 1:1 (3% <032, P>0.8) or 3:1
(42 < 0.166, P > 0.5) ratios.

Discussion

Our results indicate that both RFLP and RAPD
molecular markers are appropriate for investigating the
mode of reproduction in P. notatum and identifying
hybrid plants in outcrossing populations. Maternal
and non-maternal progeny can also be detected at an
early stage of development. Due to the high level of
heterozygosity present in natural populations of P.
notatum, selfed progenies showed a high number of
segregating markers useful for fingerprinting. Accord-
ing to our results a complete analysis of the degree of
apomixis in tetraploid P. notatum genotypes should
include a combination of at least three informative
RFLP clones or 4-6 informative PCR primers (Fig. 4).
However, considering the lower amount of DNA re-
quired, the simplicity of the methodology and the short
time needed to produce the results, RAPD analysis
would be an appropriate system for application to
breeding programs. RAPD markers also have a high
discriminatory capacity since a single primer can at the
same time amplify several different genomic regions, so
giving a wide coverage of the genome (Williams et al.
1990). Nevertheless, informative primers should be
screened on the different genotypes because the effi-
ciency of “aberrant identification” depends on the
population studied. Natural tetraploid P. notatum
strains had been previously reported to be completely
apomictic (Burton 1948; Bashaw et al. 1970) or facul-
tatively apomictic (Burton and Hanna 1986). Our cyto-
embryological studies indicated that natural tetraploid
accessions reproduce mainly by means of apospory.
Nevertheless, the three natural tetraploid strains that
were analysed showed some potential for sexual repro-
duction. The progeny tests carried out with the aid of
molecular markers demonstrated that this potential
was effectively expressed, even in the progeny of strain
Q4117 which showed the highest degree of apospory
(97%). This is an important verification that occasional
sexual reproduction should be a decisive mechanism
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for the production of genetic variation and for evolu-
tion in apomictic tropical grasses. On the other
hand, our embryological observations of genotype
F131 revealed that it had only meiotic embryo sacs.
Moreover, the lack of maternal individuals within
its progeny supports its completely sexual repro-
ductive behaviour. This sexual tetraploid genotype
is of considerable potential utility for future breeding
programs. It can be used as a female parent, while the
apomictic forms can be used as pollen donors. Crosses
with obligate and facultative apomictic plants will
allow the production of segregant populations for the
reproductive mode, which could be of use in strategies
for tagging the gene/genes controlling apomixis in this
species.

The agreement between the cytological and molecu-
lar studies in determining the degree of apomixis was
high. Therefore, we consider that genetic fingerprints
with both RFLP or RAPD markers provide an impor-
tant tool for studying the level of apomixis expressed by
a single genotype. Likewise, an accurate identification
of aberrants and hybrid plants can be speedily per-
formed. The methodology described here can also be
applied to study the genetic relationships among differ-
ent ecotypes of P. notatum and to characterise new
cultivars of commercial value.
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