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Abstract In flowering plants, double fertilization occurs
when the egg cell and the central cell are each fertilized by
one sperm cell. In maize, some lines produce pollen capa-
ble of inducing in situ gynogenesis thereby leading to
maternal haploids that originate exclusively from the
female plant. In this paper, we present a genetic analysis of
in situ gynogenesis in maize. Using a cross between non-
inducing and inducing lines, we identified a major locus on
maize chromosome 1 controlling in situ gynogenesis (ggil,
for gynogenesis inducer 1). Fine mapping of this locus was
performed, and BAC physical contigs spanning the locus
were identified using the rice genome as anchor. Genetic
component analysis showed that (a) a segregation distortion
against the inducer parent was present at this locus, (b) seg-
regation resulted only from male deficiency and (c) there
was a correlation between the rate of segregation distortion
and the level of gynogenetic induction. In addition, our
results showed that the genotype of the pollen determined
its capacity to induce the formation of a haploid female
embryo, indicating gametophytic expression of the charac-
ter with incomplete penetrance. We propose the occurrence
of a gametophytic-specific process which leads to segrega-
tion distortion at the ggi/ locus associated with gynogenetic
induction with incomplete penetrance.
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Introduction

In flowering plants (angiosperms), double fertilization
occurs when the egg cell and the central cell are each fertil-
ized by one sperm cell. The embryo that results from the
fertilization of the egg cell, and the endosperm that origi-
nates from the fertilization of the central cell, are the two
major components of the resulting mature seed. The devel-
opment of male (Twell 2002; McCormick 2004) and
female gametophytes (Chevalier et al. 2002; Yadegari and
Drews 2004) as well as the resulting fertilization mecha-
nisms (Edlund et al. 2004; Weterings and Russell 2004;
Boavida et al. 2005) have been well described in plants.
Gametophytic mutants were studied in order to elucidate
molecular mechanisms involved in double fertilization.
Mutants affected in female reproduction like sirene (srn;
Rotman et al. 2003) and feronia (Huck et al. 2003) indi-
cated that the megagametophyte is involved in guidance of
the pollen tube and in fertilization. A recent work (Escobar-
Restrepo et al. 2007) indicated that these two mutants were
disrupted on the same FER gene, a receptor-like kinase that
mediates male-female interactions during pollen tube
reception. The Ig! (indeterminate gametophyte 1) sponta-
neous mutant (Kermicle 1969) was affected during mitotic
synchronization of the embryo sac (Huang and Sheridan
1996). The gene involved in the igl character encodes a
LOB (lateral organ boundaries) protein that is probably
involved in the transition between cellular proliferation and
differentiation (Evans 2007). Gametophytic mutants
affected during pollen development (Procissi et al. 2001;
Johnson-Brousseau and McCormick 2004) are surprisingly
rare (Bonhomme et al. 1998) and in many cases present
incomplete penetrance (Chen and McCormick 1996; Bon-
homme etal. 1998; Park etal. 1998). An Arabidopsis
mutant showing one sperm cell in the pollen grain has been
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described (Nowack et al. 2006), allowing viable seed with
maternal endosperm to be obtained when a female poly-
comb mutant (Guitton et al. 2004) was pollinated (Nowack
et al. 2007). The GCS1 (Generative Cell Specific 1) gene
was identified in Lilium as being essential for angiosperm
fertilization (Mori etal. 2006) and encodes a protein
directly associated with the generative cell membrane
structure. In mammals, gene expression is restricted to dip-
loid cells, but evidence that the sperm cells cannot be con-
sidered just as a DNA vector has been reported recently (for
reviews see Ainsworth 2005; Krawetz 2005). In maize,
sperm cells have a diverse complement of mRNA (Engel
etal. 2003). Despite all these recent advances, little is
known about the possible role(s) of the plant male gameto-
phyte in the double fertilization process.

Gynogenesis in plants is defined as the ability to produce
an embryo originating exclusively from the female parent.
This feature was described in situ for Hordeum vulgare
(hap mutant, Hagberg and Hagberg 1980), and in vitro for
Allium cepa (Martinez et al. 2000) and for Cucumis sativus
(Gémes-Juhasz et al. 2002). Gynogenesis was also obtained
following interspecific crosses between Hordeum vulgare
and Hordeum bulbosum (Subrahmanyam and Kasha 1973),
Triticum aestivum and Zea mays (Matzk and Mahn 1994)
or Pennisetum glaucum (Gemand et al. 2005). The mecha-
nism proposed for wheat x pearl millet crosses (Gemand
et al. 2005) involves a new pathway for paternal chromo-
somes elimination, including formation of micronuclei, het-
erochromatinization and final fragmentation of the pearl
millet chromatin. In maize, some genotypes produce pollen
capable of inducing in situ gynogenesis that results in
maternal haploids originating exclusively from the female
plant (Chase 1949). Coe (1959) first described the Stock6
line with an induction rate of up to 2.3%. Lashermes and
Beckert (1988) obtained the inducer WS14 line (induction
rate 3—-5%) from a cross between W23ig and Stock6 lines.
Recently, Rober et al. (2005) described the RWS line with
the highest induction rate (8.1% on average) reported to
date. These lines are extensively used to produce doubled
haploid (DH) lines (Bordes etal. 1997, 2006; Eder and
Chalyk 2002; Rober et al. 2005), but they can also be con-
sidered as original mutant lines for the analysis of double
fertilization mechanisms. Lashermes and Beckert (1988)
suggested a dominant character with nuclear determination,
and an oligogenic component for the inducer character of
Stock6, with a correlation of 0.59 between F3 lines and F2
plants. In the W23ig x Stock6 cross, Deimling et al. (1997)
identified a major QTL (Quantitative Trait Loci) on chro-
mosome 1 (interval 1.03—-1.06) and a minor QTL on chro-
mosome 2 (interval 2.04-2.06), which together explained
17.9% of the phenotypic variability. Cytological analyses
were performed on the same material by Mahendru and
Sarkar (2000) using haploidy inducer lines derived from
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Stock6. These authors did not identify any nuclear anomaly
in the pollen or in the tubes of haploid inducer lines. The
hypothesis of double fertilization of the central cell could
explain the absence of fertilization of the egg cell, but in
fact must be ruled out, since the resulting tetraploid endo-
sperm with two maternal and two paternal chromosome
sets was described as being highly defective (Lin 1984).
The mechanism of gynogenesis induction in maize Stock6
thus remains unclear.

In this paper, we present the genetic analysis and the
identification of a major locus (ggi/) controlling in situ
gynogenesis in maize. We showed that a segregation distor-
tion was present at the ggi/ locus, and that this segregation
resulted only from pollen deficiency. In addition our results
showed that the genotype of the pollen grains determined
its capacity to induce the formation of a haploid female
embryo, indicating gametophytic expression of the charac-
ter with incomplete penetrance. Thus, our data suggest a
relationship between failure of fertilization and gynoge-
netic induction.

Materials and methods
Plant materials

PK®6 is a non-glossy maize line developed in our laboratory
from Stock6, WS14 (Lashermes and Beckert 1988), FIGH1
(Bordes et al. 1997) and MS1334 lines, with high ability to
induce in situ gynogenesis (average of 6%). A188 is a well
known maize line extensively used for molecular and cellu-
lar genetic studies (Brettell et al. 1981). DH99 (non glossy)
and DH7 (gll/gll; glossy) are doubled haploid lines with
high androgenetic response (Barloy et al. 1989). F7 was
developed from a Lacaune population (Tarn, France). F564
is a glossy line with agronomic aptitudes originating from
the F7 x F64 cross (Argentina PI1186223). F564 x DH7 is
a hybrid line with a glossy phenotype. Dul01 was devel-
oped from an Umkirch population. F52 is “Grand Roux
Basque”, F10 is “Star of Normandie” and F575 is “Millette
Lauragais” (INRA, France). F22 was derived from a “Cha-
vannes” population and F72 from a “Larums” population
(INRA, France). F1417 was derived from the F52 x
W153R cross. Uh002 is a European flint (French, Spanish
and German sources).

Production of highly recombined F2 plants

F1 plants originating from the cross between the DH99 and
PK®6 lines were self pollinated to produce F2 seeds. Inter-
crosses were produced between the F2 plants to produce an
F2il (F2 intercross 1) population. In order to maximize the
rate of crossing-over produced in heterozygous regions, the
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F2i2 population was produced by intercrossing F2il plants
that were the progeny of four independent F2 plants.
Finally, an F2i3 population was produced in the same con-
ditions, allowing us to obtain a population of highly recom-
bined plants.

F2 haploid induction rate determination

For each F2 plant originating from the F1 hybrid DH99 x
PK6, two crosses were performed using the glossy F564 x
DH?7 hybrid as a female. Seeds from each cross were sown
and the induction rate was evaluated as a percentage of
glossy plants out of the total number of germinated seeds
(200 germinated seeds tested).

Detection of haploid plants

The F1 DH99 x PK6 hybrid or the highly recombinant
F2i3 population was used as male parents in the cross with
the glossy F564 line. In order to avoid fungal attacks that
could be deleterious for the quality of the endosperm DNA,
the seeds were sown on cotton. For each glossy plant iden-
tified, the haploid status was checked using flow cytometer
analysis and PCR amplification of the STS CG678277a
(forward primer: GCAAATGAATACTCCAGCAA; reverse
primer: GGACCATAATCATCATCATC; PCR conditions
described below) defined on a BAC end sequence that, on
agarose gel, showed a specific allele for F564. The plants
validated for the three check points (glossy, haploid peak
on flow cytometer and absence of DH99 or PK6 allele)
were consider as true in situ gynogenetic induced plants.

Flow cytometer analysis

Flow cytometer analysis was performed as described in
Antoine-Michard and Beckert (1997).

Extraction of DNA in leaves, endosperm and BACs

Leaves of each F2 plant were extracted according to the
method described by Dellaporta et al. (1983). Endosperm
DNA was recovered according to the following protocol.
Endosperm from post-germinated seeds were recovered
and ground in liquid nitrogen with a pestle and mortar. The
powder was transferred on 700 pl of extraction buffer con-
taining Tris base (0.1 M), EDTA (0.05 M), NaCl (0.5 M)
and sodium metabisulfite (0.02 M) and incubated for 1 h at
94°C. After 10 min of centrifugation at maximum speed,
600 pl of the supernatant were recovered in 1 vol (600 pl)
of isopropanol and 0.125 vol (75 pl) of 7.5 M ammonium
acetate. After 5 min on ice, DNA was pelleted by centrifu-
gation at maximum speed, washed with 70% ethanol and
resuspended in 200 pl of low TE (10 mM Tris, 0.1 mM

EDTA) for PCR analysis. Mini-preparation of DNA from
BAC clones was performed as described in Sambrook et al.
(1989).

Genetic mapping with SSR and STS markers

Amplification of PCR microsatellites was performed as
described in Barret et al. (2004) and resolved on standard
5% agarose gel. Oligonucleotide sequences are provided as
supplementary data 1 (Electronic Supplementary Material,
ESM).

STS primers were designed using VNTI software on
EST, BAC, BAC ends or GSS maize sequences (Oligonu-
cleotides sequences are provided as supplementary data 1,
in ESM). The PCR reaction mixture (25 pL) contained 1x
Taq polymerase buffer (Quiagen) containing 1.5 mM
MgCl,, 150 pM of each dNTP, 10 pmole of each primer,
0.5 unit of Taq polymerase (Quiagen) and 50 ng of plant
genomic DNA. PCR was performed in a MJ research PCR
apparatus with 1 cycle at 94°C for 3 min, 35 cycles at 94°C
for 45 s, at 55°C for 45 s, at 72°C for 2 min and a final
extension step at 72°C for 5 min. PCR products were
resolved on standard 3% agarose gel.

Non-denaturing acrylamide gel electrophoresis

For SSCP (Single Strand Conformation Polymorphism)
analysis, PCR amplifications were denaturated for 5 min at
95°C in 50% formamide and immediately placed on ice
before loading. For heteroduplex analysis, PCR amplifica-
tion was denaturated for 5 min at 95°C and allowed to rena-
ture at ambient temperature before loading. DNA fragments
were separated by electrophoresis (20 h at 350 V) on stan-
dard 30 cm non-denaturing 5% polyacrylamide gels and
stained with silver nitrate as described in Bassam et al.
(1991).

Sequence analysis (last release June 2007)

In silico walking was performed using nr (non-redun-
dant), EST and GSS maize banks. From an initial
sequence (starting point), homologous sequences were
identified using BLAST software (Altschul et al. 1997) on
NCBI web site. Sequences showing at least 98% identity
on 100 bp were assembled using ContigExpress software
(Vector NTI package) under standard conditions. Succes-
sive rounds of analysis were performed for each position.
All the accession numbers of the sequences used in our
study for in silico walking are available upon request.
Maize SSR markers were recovered on maize Genome
Database (maize GDB; Lawrence et al. 2005) web site
and physical map/overgo information was recovered on
the maize map FTP site. The rice pseudomolecule
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accessions used were DP000009-2 for chromosome 3
(The rice Chromosome 3 sequencing consortium 2005)
and AP008213 for chromosome 7.

Results

Identification of a major locus controlling
in situ gynogenesis induction

A total of 471 F2 plants resulting from a cross between
DH99, the female parent showing no induction capacities,
and PK6, the male parent with a mean induction rate of 6%,
were evaluated for in situ gynogenesis induction (Fig. 1).
The induction rate ranged from 0 to 13.9%, and the induc-
tion of the F1 hybrid was 2.1%. Only 19 F2 plants had an
induction rate higher than PK6 (>6%), and 209 F2 showed
no induction in our conditions. The hypothesis of a Mende-
lian segregation 3:1 of the character for a single gene thus
cannot be accepted (Chi square = 154; error rate 5%). We
tested the hypothesis of monogenetic control with segrega-
tion distortion due to partial failure of fertilization of the
male gamete triggered by the presence of the PK6 allele.
Based on the number of homozygous plants for the female
line (=209), we estimated the penetrance (k) of the PK6
allele [with k = Hy (homozygous plants for PK6)/H; (homo-
zygous plants for the female line)]. The theoretical number
x of heterozygous plants under the hypothesis of a k distor-
tion for PK6 male gametophytes was estimated using the
formula [x = H; (1 + k)]. The % test performed for residual
segregation distortion (with H;/x/H as theoretical data and
1 ddl) indicated that the hypothesis of a k distortion for PK6
male gametes cannot be excluded (k = 0.09; Chi square =
1.0; error rate 5%), therefore suggesting a monogenic trait
with distortion.

To confirm the monogenic trait controlling the in situ
gynogenesis, a set of more than 300 microsatellites was
tested for polymorphism between the two parental lines
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Fig. 1 Distribution of the gynogenetic induction character. A total of
471 F2 plants resulting from the cross: [DH99 (female parent showing

no induction capacities) x PK6 (male parent, with a mean induction of
6%)] were evaluated for the frequency of in situ gynogenesis induction
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DH99 and PK6. One hundred and one polymorphic micro-
satellites covering the entire maize genome were chosen for
the analysis (supplementary data 1, in ESM). Our hypothe-
sis was that all the 19 high inducer plants are homozygous
for the PK6 allele for the loci involved in the character. In
that case, segregation distortion should be observed for
microsatellites mapping near a locus involved in the control
of in situ gynogenesis. Genotyping of the 19 highest F2
inducer plants with the 101 microsatellites identified one
locus showing high segregation distortion around bin 1.04,
the closest microsatellite being umcl169 (two heterozygous
plants among the 19 highest inducers; Chi square = 42.26;
error rate 5%; Fig. 2a). As no other microsatellite tested
showed significant segregation distortion among the 19
high inducer plants, we conclude that we detected a major
locus on chromosome 1 showing a significant transmission
bias, thus likely correlated to in situ gynogenesis. This
major locus was named ggi/ for “gynogenesis inducer 1”.

To increase the resolution of the genetic analysis, 25 F2
plants homozygous for the absence of induction capacities
were selected [the absence of induction capacities was
checked in the F3 generation (data not shown)]. The previ-
ously detected microsatellites linked to the ggil locus were
mapped on the resulting 44 (25 + 19) F2 plants. Five other
microsatellites of bin 1.04 were mapped, allowing us to
define an interval of 11.6 cM (from umcl917 (374.8) to
bnlgi1811 (386.4) on the IBM LHR map) containing the
ggil locus (Fig. 2b).

Segregation distortion at the ggil locus is due to a lower
rate of transmission of the male gamete and depends
on the female genotype

To check that the parental origin of the PK6 allele does not
influence the induction abilities of the resulting hybrid, the
two reciprocal crosses DH99 x PK6 and PK6 x DH99
were performed. No differences were observed between the
two resulting F1 for the in situ gynogenesis induction capa-
bilities on the glossy F564 x DH7 hybrid (data not shown).

Two reciprocal crosses between the hybrid [A188 x
PK6] and the UHOO2 line were performed to test whether
the lack of transmission of the PK6 allele at the ggil locus is
due to fertilization deficiency of the male gamete. DNA of
93 plants resulting from each cross was extracted and the
genotype of each plant was determined for the two microsat-
ellites umcl1917 and bnlgi811. When the PK6 gamete was
of paternal origin, the two umcl917 and bnigl811 markers
were present in 32 and 34% of the progeny, respectively
(* = 14.1 and 8.7, respectively, indicating distorded segre-
gation with a confidence interval of 0.05). In addition, the
markers segregated in a Mendelian way (56 and 57%,
respectively) when the PK6 gamete was of maternal origin
(#* of 1.3 and 1.6, respectively, indicating Mendelian
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Fig. 2 Genetic mapping and
analysis of the frequency of the
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segregation with a confidence interval of 0.05). These
results indicate that the segregation distortion observed on
PK6 progenies is the consequence of a transmission failure
of the PK6 allele via the male gametophyte. These experi-
ments also demonstrated that the lack of transmission of the
PK6 allele at the ggil locus is not specific to the cross DH99
x PK6, but also occurs in the A188 x PK6 cross.

To test whether the segregation distortion observed at
the ggil locus was independent in the female line used, ten
different crosses using A188, DH99, F7, F10, F52, DU101,
F22, F72, F1417 and UHO0O2 lines as females were evalu-
ated (Table 1). Each line was crossed by PK6 and the
resulting hybrid was selfed to produce an F2 population.
Each population was genotyped with a polymorphic micro-
satellite linked to the ggil locus. We found that in seven
cases (A188, DH99, F7, F52, F10, F72 and DU101 lines),
the hypothesis of a Mendelian monogenic segregation was
rejected by the Chi square test (Table 1). As three lines did
not lead to significant segregation distortion, we concluded
that the distortion observed depended on the female geno-
type used for hybrid production.

The in situ gynogenesis induction rate of each hybrid
was assessed (Table 1). The six hybrids showing in situ

gynogenetic induction (crosses between F7, F52, F10,
DU101, DH99, A188 and PK6) also showed segregation
distortion against the PK6 allele at the ggi/ locus (Table 1).
Likewise, all hybrids that did not show induction (F22,
F1417 and UHOO02 as female lines) presented no significant
distortion, with the exception of the F72 x PK6 hybrid (see
“Discussion”). These data indicate a correlation between
the induction rate and the segregation distortion at the ggi/
locus.

As described above for the DH99 x PK6 cross, we esti-
mated for each cross the penetrance (k) of the PK6 allele to
quantify the distortion (Table 1). The five hybrids with the
highest induction rates (F7, F52, F10, DU101 and DH99)
displayed the lowest penetrance of PK6 allele (k < 0.41).
The five other hybrids showing the lowest rates of induc-
tion also showed the highest penetrance (k > 0.42). These
data showed a significant correlation (12 = 0.42) between
penetrance of the PK6 allele at the ggi/ locus and pene-
trance of “in situ gynogenesis” induction of the initial F1
hybrid plant. The Uh002 x PK6 cross showed a distortion
against Uh002 gametes, indicating a possible failure of fer-
tilization of the Uh002 accession and, as a consequence,
false data concerning the estimation of PK6 fertilization
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Table 1 Relationship between induction rate and segregation distortion at the ggi/ locus

Female Hybrid Microsatellite 1 test Distorsion
parent evaluated induction rate (%) (ggil locus) HO hypothesis factor k
(Mendelian segregation; 2 ddl)
F7 34 umc2390 20.9* 0.2
F52 32 umc2390 8.2% 0.39
F10 3.0 umc2390 13.7* 0.29
DU101 22 umc2390 14.0* 0.41
DH99 2.1 bnlgl811 78.2% 0.21
A188 1 umc2390 6.3*% 0.53
F72 0 umcl917 9.8% 0.42
F22 0 umc2390 2.6 0.58
F1417 0 umcl917 4.9 0.52
UH002 0 umcl917 1.1 1.3
F575 0 umcl917 33 0.73

F1 plants resulting from the cross between different maize lines (female parent, column 1) and the inducer line PK6 (male parent) were evaluated
for in situ gynogenetic induction (column 2). Segregation distortion in the resulting F2 populations was assessed with microsatellites (column 3)
linked to the ggil locus and z” test (column 4; * when the hypothesis of a Mendelian segregation with an error rate of 5% could not be accepted).
The k factor (column 5) is the ratio between Hy (number of homozygous plants for PK6) and H; (number of homozygous plants for the female line).
The k factor is a quantitative factor closely, although incompletely, linked to segregation distortion

capacities in this cross. A new analysis conducted without
the Uh002 x PK6 cross data gave a highly significant
correlation (72 = 0.61).

PKG6 allele at the ggil locus is responsible
for in situ gynogenesis

To determine whether part of the under-represented male
gametes showing the PK6 allele at the ggil/ locus were
involved in the production of female haploid plants, the
genotypes of the male gamete inducers at the ggil locus
were checked. If double fertilization takes place, the egg
cell of the female gametophyte is induced for the develop-
ment of the gynogenetic embryo, and the central cell is fer-
tilized by the second nucleus. Thus, it is possible to identify
the genotype of the male gametophyte by analysing endo-
sperm DNA. The pollen of the hybrid [DH99 x PK6] was
used to pollinate the glossy F564 line. The resulting seeds
were sown and putative haploid plantlets (i.e. glossy) were
obtained. Haploidy status was checked by flow cytometer
and by genotyping with the umc1829 microsatellite. DNA
was extracted from the endosperm of 33 post-germinated
seeds (Table 2). We first checked that Mendelian segrega-
tion was observed for the umci829 microsatellite that was
not linked to the ggil locus (data not shown). Four micro-
satellites (umcl 144, umcl917, bnlgi811 and umcl590)
spanning the region of the ggi/ locus were then tested (see
Fig. 3a for analysis of umcli144). Out of the 33 endosperm
analysed, all but one (GA33) showed only the PK6 allele
for the four microsatellites tested. The gynogenetic-related
endosperm 33 (GA33) showed the PK6 allele for bnlgi811

@ Springer

Table 2 Assessment of the genotype of the male gametes that induced
the development of a haploid female embryo at the ggi/ locus

Microsatellite Bin Genotype

GA 1to GA32 GA 33
umcll144 1.04 PK6 DH99
umcl917 1.04 PK6 DH99
bnlgl811 1.04 PK6 PK6
umcl590 1.05 PK6 PK6
umc1829 (Control) 5.09 16 PK6 /17 DH99

For microsatellites umci1811 and umc 1590, all the 33 endosperm gen-
otyped showed the PK6 genotype. For microsatellites umci144 and
1917, all but one endosperm showed the PK6 genotype. Mendelian
segregation of the unlinked umc1829 microsatellite was checked.

GA Gynogenetic related endosperm

and wumcl590, and the DH99 allele for umcli44 and
umcl917 (Table 2). As the interval containing the ggil
locus was located between umcl917 and bnlgi811, we can-
not exclude that GA33 presents the PK6 allele at this locus
(see “Discussion”). These results indicate that there is a sig-
nificant correlation between the presence of the PK6 allele
at the ggil locus and gynogenesis induction.

The ggil locus shows colinearity with rice chromosomes 3
and 7

To increase the density of markers, we investigated the
colinearity between the maize ggil locus region and orthol-
ogous regions of the rice genome. To this end, in silico
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Fig. 3 F564 female plants were
induced by the pollen of the hy- A
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mapping of microsatellites wumcl917, umc2390 and
bnlgi811 was performed on rice pseudomolecules.
Umci1917 and umc2390 were directly mapped in silico on
rice pseudomolecule 3 in a proximal region (Fig.4). As
bnlgi811 did not directly match any rice sequence using
blastN or TblastX, chromosome walking was conducted
using maize GSS (genome survey sequences). Starting
from the two bnilgl811 primers, the maize GSS sequence
was identified (CG301067). After two rounds of blastN
analysis, three other maize GSS sequences were identified,
allowing us to construct in silico a sequence of 2,409 bp
(see supplementary data 2 for sequence accessions of mini-
mal tailing path contigs, in ESM). TblastX analysis of this
contig allowed us to anchor the bnlgl811 locus on rice
chromosome 3 (Supplementary data 2, in ESM and Fig. 4).
The three microsatellites mapped on the same orthologous
region of rice pseudomolecule 3, and in the same order.
Moreover, a second orthologous region was identified for
umc2390 and bnlgI1811 on pseudomolecule 7 (Supplemen-
tary data 2, in ESM and Fig. 4). The interval spanning the
ggil locus between umcl917 and bnlgl811 markers was
partially anchored on rice chromosome 7 and completely
anchored on rice chromosome 3. The size of the rice chro-
mosome 3 region corresponding to this locus was 2,574 kb
(rice pseudomolecule DPO00009-2).

To confirm colinearity between maize and rice at the
ggil locus, the predicted rice protein sequences on the
region were used in a blastX analysis against nr (non-
redundant), EST (expressed sequence tagged), GSS and
htgs (unfinished high throughput genomic sequences)
maize sequences. Using this strategy, 34 non-repeated
maize sequences putatively localised at the ggil locus were
identified (Fig. 4) and used to design PCR primers (see sup-
plementary data 1 for primers sequences, in ESM). Poly-
morphism was evaluated between the DH99 and PK6
parental lines using electrophoresis on high-percentage
agarose gels, or heteroduplex analysis on non-denaturing
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—— +

" bnig2238
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acrylamide gels. Thirty-two couples of primers resulted in
amplification, and nine were polymorphic. The 44 F2 plants
from the DH99 x PK6 cross were genotyped using these
new markers. All these markers mapped at the ggi/ locus
(Fig. 4). These new data confirmed that we had identified a
major region that was orthologous to the ggi/ locus on rice
chromosome 3. Moreover, the order of markers mapped in
maize was conserved in rice, indicating a good colinearity
between the two regions. Genetic mapping of the
CD972903 marker in maize reduced the size of the genetic
interval containing the ggi/ locus (Fig. 4). The size of the
orthologous region on rice was reduced from 2,574 to 1,609
kb.

Establishment of a physical contig spanning the ggi/ region
in maize

The bnlgl811 and umcl917 microsatellites identified the
Cg29 and Cg28 maize contigs, respectively, on the maize
FPC map web site. To validate the orthologous position of
the contigs, sequence data available for these two contigs
(hybridization probes, cDNA associated with overgos)
were used for BlastN and TblastX analysis against the rice
chromosome 3 pseudomolecule. Eight new in silico linkage
points were obtained for Cg28 and four for Cg29 (Fig. 5).
Moreover, the markers CD438541 and CF630266 were
found on Cg28 and Cg29, respectively, confirming the
position of the contigs on the genetic map.

To establish a physical contig spanning the ggil locus,
we needed to identify a third contig between CD972903
and AY 104356 (Fig. 5). Overgo (overlapping oligonucleo-
tides) sequences were recovered from six maize sequences
that were previously identified as putatively localised on
this region (CF631359, BU037361, AW424491, AA054821,
CF636018 and CD972903; Fig. 4). Sequence CF631359
was associated with cDNA AY107563 that contained the
overgo PCO093543_ov. This overgo enabled us to identify
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Fig. 4 Insilico alignment of the >
[umci1917-bnlgl811]interval on $
rice chromosomes 3 and 7 phys- Q
ical maps. Bold type: Microsat- N Qq’
ellites shown in Fig. 3. All the S N4
maize accessions presented were A o o X o s
putatively positioned at the ggi/ < < QO N o o°
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i */1 6907 BQ034705 98
W 16747 CB280875
1] 16703 bnig1811Cq 98 A
L H 16668 CK828155
H 16597 CD444026
170001 16547 AW400282
16538 CF630266 100
I ] 16527 BH417752
i */16403 BM074432
11— 16391 CF042147
\*/1 6337 CN844597
\:\ 16309 CB381392
= ] \ 16281 CD444887
w \1 6227 CK985853
- 16204 CB329509
o 16150 Al770816
_\1 6113 umc2390 100 (gym
M 16044 CF624249
H ] 16035 CF042223
— 15968 BU197936
] 15941 CD445964
15000 15918 CD438541 100
m 15851 CF628666
o ] 15741 CD981944
] 15732 CD942417
] 15663 CF243449
26000 L 15509 CF631359
. 15439 BUO037361
L 15395 AW424491
12378 ARGaiboT
14900 15272 CF636018
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contig number 1095 (maize FPC map web site). cDNA
sequences associated with other overgos present on the
Cgl1095 and BAC end sequences were also checked for a
possible orthologous position on rice chromosome 3 or 7.
Three sequences associated with overgos (AY112393/
CL14390-1-ov; AY106910/ PCO124560_ov; AY105275/
PCO143153_ov) and one BAC end (CD440214) were
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localised on the expected interval on the rice chromosome 3
pseudomolecule (Fig. 5). Moreover, the order of the over-
gos on the maize contig was the same as those on the rice
chromosome, indicating perfect colinearity in this region.
This result was confirmed by genetic mapping at the ggil
locus of the CG22-1 marker (Fig. 4) identified after in silico
walking from AY 105275 (data not shown) and physically
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localised by PCR on contig 1095. The anchorage was con-
firmed by PCR amplification of the CD972903 marker at
the end of the Cg1095 on BAC clone c0487008 (Fig. 5). In
conclusion, three maize BAC contigs were anchored on the
maize region spanning the ggi/ locus.

Fine mapping of the ggil locus

Genetic mapping data obtained herein were based on a F2
population of 44 individual plants. This small population
did not allow fine mapping of the ggil locus. The 471 F2
plant population originating from the DH99 x PK6 cross
could have been used, but the phenotypic data obtained in
our conditions were not sufficiently precise to differentiate
plants that were potentially homozygous versus heterozy-
gous for gynogenetic induction. Phenotyping of at least 20
F3 plants for each F2 plant would have been necessary to
improve the quality of the F2 data, requiring the phenotyp-
ing of about 8,500 plants, which was not possible in our
conditions.

To overcome this problem, we created a new mapping
population based on the data obtained on endosperm recov-
ered from haploid kernels (Table 2). We hypothesize that
these types of endosperm were generated by a pollen grain
presenting the PK6 allele at the ggi/ locus. Under this
hypothesis, the data presented in Table 2 indicate that endo-
sperm GA33 is recombinant and that the ggi/ gene cannot
be present on the interval [umc1144-umc1917].

We anticipated encountering two problems in using this
particular population to perform fine mapping of the ggil
gene. First, the wild type standard induction (estimated at
up to 0.1% by Chase 1949) can lead to haploid plantlets not
related to induction mechanisms of the ggi/ gene. As the
induction rate of the DH99 x PK6 hybrid was estimated to
be 2.1% (Table 1), the error rate due to the standard induc-
tion would be (0.1/2.1)/2 = 2.4%. Second, heterofertiliza-
tion (which occurs when the egg cell and the central cell are
fertilized by sperm cells originating from two different pol-
len grains) can lead to decorrelation of the genotype of the
endosperm of the haploid plantlet and the genotype of the
pollen nucleus that carries the ggi/ allele. We estimated the
heterofertilization rate to be 3.8% by comparing the geno-
types of 124 plantlets and endosperms from the F564 x
F1[DH99 x PK6] cross (data not shown). Thus, the error
rate due to heterofertilization was 3.8/2 = 1.9%. The sum of
error rates was 2.4 + 1.9 = 43%. We assumed that we
would not find markers more closely linked to the ggil
gene than ~4.3 cM (Fig.5). Two mapping populations
were constituted: a population of 306 recombinant endo-
sperms originating from the F564 (gl/gl) x F1[DH99(Gl/
Gl) x PK6(GI/GD)] cross and a population of 259 highly
recombinant endosperms originating from the F564 (gl/gl)
x F2i3 [DH99(GI/GI) x PK6(GI/GI)] cross. Each plantlet
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showing the glossy phenotype was checked for female hap-
loidy (see “Materials and methods” for details). More than
80,000 seeds were sown to obtain these two populations.

Markers previously mapped around the ggi/ locus were
mapped on the two populations described (Figs. 3b, 5). One
new marker, CL424968-1, derived from a BAC end, was
mapped near the bnlgi811 locus. Two other markers,
AY111534 and AY110477, derived from overgos posi-
tioned on BAC contigs 28 and 1095, respectively, were
found closely linked to the ggil/ locus (4.5 and 4.9 cM,
respectively). According to the previously calculated confi-
dence interval (4.3 cM), the identification of molecular
markers more closely linked to the ggi/ locus in our partic-
ular population would be impossible. For this reason, the
four non-polymorphic markers identified from the
[AY111534-AY110477] interval (Fig.5) were not sub-
jected to further analysis. The orthologous interval in the
rice genome was 135 kbp and did not contain any predicted
gene previously described as being directly involved in
plant reproduction (data not shown).

We identified the major ggi/ locus for in situ gynogene-
sis induction in maize. This locus was physically localised
on maize chromosome 1. We showed that in situ gynoge-
netic induction had a gametophytic expression with incom-
plete penetrance and that this expression was correlated to
partial loss of fertilization of the male gamete.

Discussion

Genetic mapping of ggil, the major locus involved
in in-situ gynogenesis in maize

In-situ gynogenesis was assessed in maize. In F2 plants
derived from the DH99 x PKG6 cross, a high percentage
(38%) of non-inducer plants was observed. Deimling et al.
(1997) observed also a high percentage (30%) of non-
inducer plants on the W23ig x Stock6 cross. Segregation
distortion of genes that are important for gametophytic
growth and development is a common feature (Howden
etal. 1998; Bonhomme etal. 1998). We proposed the
hypothesis of a monogenetic control with distorded segre-
gation due to partial fertilization failure of the male gamete
carrying the PK6 allele.

Genetic mapping of microsatellite markers enabled us to
identify a major locus involved in gynogenesis induction on
bin 1.04. This locus is at the same location as the major
QTL identified by Deimling et al. (1997) from the W23ig x
Stock6 cross. This result completed previous data suggest-
ing an oligogenic component for the inducer character
(Lashermes and Beckert 1988; Deimling et al. 1997). A
second minor QTL, with an inducing allele coming from
the non-inducer parent, was detected by Deimling et al.
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(1997) but was not identified in our experimental condi-
tions. This second QTL could be specific to the W23ig x
Stock6 cross, or due to the above authors’ experimental
conditions.

Microcolinearity between rice and maize enabled
identification of new markers and physical mapping
of previously unassigned BAC contigs

Microsatellite markers enabled us to identify an interval of
11.6 cM containing the ggil locus. To obtain a more pre-
cise location for the locus, new markers were identified
using the rice genome as an anchor. Extensive studies were
performed to describe the synthenic relationship between
maize and rice (Ahn and Tanksley 1993; Gale and Devos
1998; Wilson etal. 1999; Salse etal. 2004). Orthology
between maize chromosome 1 and rice chromosome 3 in
our region of interest has been well established (The rice
chromosome 3 sequencing consortium 2005) and microco-
linearity between grass genomes has been proposed as a
helpful tool for gene cloning in species like wheat and
maize, even if detailed analysis revealed a number of
exceptions depending on the region analysed (Feuillet and
Keller 1999, 2002; Keller and Feuillet 2000; Brunner et al.
2003). Our results showed that the level of colinearity
between the region containing the ggi/ gene and rice chro-
mosome 3 was sufficient to perform efficient chromosome
walking on maize using rice genome sequences. We dem-
onstrated that, in our conditions, the recovery of overgo
sequences showing in silico homologies with rice
sequences orthologous to the ggi/ region was an original
and efficient method to identify BAC contigs spanning the
locus.

Fine mapping of the ggi/ locus and partial identification
of a physical contig containing the gene

Genetic mapping of the character was performed on endo-
sperm populations corresponding to F2 and highly recom-
binant lines. In the same way, two genetic maps were
constructed on Pinus pinaster (maritime pine) using hap-
loid megagametophyte tissues (Plomion et al. 1995; Costa
etal. 2000). The first limitation of our system was the
occurrence of heterofertilization events that disconnected
the endosperm and embryo genotype. Robertson (1984)
estimated a mean of 2% for the standard heterofertilization
rate while reporting that both male and female genotypes
can influence this percentage, and suggested that some
aspects of this process might be under genic control.
Choosing male-female couples showing low rates of het-
erofertilization could minimize the standard error (the rate
could be around 1% instead of 3.8% in our conditions). The
second limitation was the occurrence of a standard

induction rate of 0.1% (Chase 1949). As the error rate
depends on the ratio between the standard induction rate
and the induction of the cross, choosing a high inducing
cross would lead to a lower error rate. According to the
lowest heterofertilization rates observed (about 1%) and the
highest induction cross (in our case F7 x PK6; 3.4%), we
estimated that the error rate can be limited to 2%, but only
if heterofertilization and gynogenesis induction are
independent events (Kraptchev et al. 2003).

The ratio between genetic distances and physical dis-
tances (measured as the approximate number of minimal
tailing path BACs on the contig sections) was estimated to
be from 0.5 to 1 cM per BAC clone using a F2 and a highly
recombinant population, which are similar to the results
obtained by Brunner et al. (2003) on barley (0.3 cM for one
BAC on an F2 population), except that the ratio is very high
due to the relatively small size of the population (565 endo-
sperms). Moreover, a very high ratio was probably present
(depending on the size of the gap between contigs 28 and
1095) around the ggil gene (up to 5 cM/BAC). The pres-
ence of numerous hot spots of recombination in the same
region is highly improbable. Another explanation could be
that the selection of the genetic material (i.e. the recovery
of the endosperm of the haploid plantlets) could have intro-
duced a distortion under the hypothesis that a cluster of
genes involved in reproduction with partial deleterious
effects on PK6 spans the region around the ggil locus. Lee
and Sonnhammer (2006) described gene clustering in
eukaryotes, with a species-specific pathway of clustering.
According to recent advances in maize genomics (Bortiri
et al. 2006), map-based cloning of the ggi/ gene will be
possible in the near future.

Segregation distortion at the ggil locus and possible
correlation with the induction level

The PK6 line was crossed with diverse maize lines to
obtain F2 populations. Even if more crosses need to be
evaluated to confirm the results, our data suggest for the
first time that a possible quantitative correlation exists
between the rate of gynogenetic induction of a hybrid and
the level of segregation distortion observed on the corre-
sponding F2 population. Lu et al. (2002) detected chromo-
somal regions associated with segregation distortion in
maize. They detected a segregation distortion region (SDR
1.1) covering a part of bin 1.04 in one cross out of the four
they examined. These results suggest that one distorted
marker was observed in one cross near the ggil locus, but
that segregation distortion is not a general feature in bin
1.04. We can thus conclude that this is the first time a rela-
tionship has been established between distorded segrega-
tion of the PK6 allele at the ggi/ locus and gynogenetic
induction.
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The pollen grain genotype at the ggil locus is highly
correlated with its capacity to induce a haploid
female embryo

The results presented here suggest a relationship between the
failure of the gametophytes containing the PK6 allele at the
ggil locus to perform complete fertilization and gynogenetic
induction on one hand, and demonstrate a high correlation
between the presence of the PK6 allele at the ggi/ locus and
the capacity of the resulting pollen grain to induce gynogene-
sis, on the other hand. Taken together, these results indicate
that gynogenetic induction is an phenomenon related to dys-
function(s) of the fertilization mechanism (Fig. 6). The phe-
notype associated with the ggi/-PK6 allele showed
incomplete penetrance, as the resulting gametes could lead to
either normal fertilization (plants homozygous for the ggil-
PK6 allele were recovered in the progeny) or absence of fer-
tilization (segregation distortion occurred in the progeny if
the male donor was a hybrid). Incomplete penetrance has
previously been described for affected mutants in pollen
development (Chen and McCormick 1996; Bonhomme et al.
1998; Park etal. 1998) and for the in vivo androgenesis
inducer ig/ (Evans 2007). One way to approach the concept
of incomplete penetrance would be to consider that pollen is
not made up of a single population of cells, but by multiple
sub-populations that could be developmentally defined. A
character with complete penetrance in one sub-population
would be expected to be determined in fine as incompletely
penetrant. During androgenesis, another form of gameto-
phytic embryogenesis, only a small proportion of microsp-
ores develop in vitro. If microspores were provided by a
completely fixed double haploid line, the character could
appear as incompletely penetrant. Sub-populations of yeast
on the same clone that showed differential responses to stress
were described by Madeo etal. (2002). Maraschin et al.
(2003a, b) demonstrated that during androgenesis in Hord-
eum vulgare, one sub-population of microspores underwent
embryogenesis while one other sub-population followed a
pathway related to PCD (programmed cell death).

Our data showed that the presence of the PK6 allele at
the ggil locus is necessary, but not sufficient, to induce
gynogenesis. As the rate of penetrance of the character is
related to the genotype of the male sporophyte, a sporo-
phytic pathway capable of complementing the ggi/-PK6
mutation could be involved. Under this hypothesis, F7 and,
a fortiori, PK6 genetic backgrounds would not be capable
of complementing ggi/-PK6 mutation, although the genetic
background of the sporophytic F22 rendered ggil-PK6 pol-
len capable of fertilization (Fig. 6). We hypothesize also
that failure of fertilization, undetectable in our conditions,
occurred in some of the male gametes in the PK6 line. The
same kind of feature has been described for the Arabidopsis
male gametophytic mutant gem! (Gemini pollen 1) that
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Fig. 6 Proposed model for induction of gynogenesis. Male gametes
with PK6 allele at the ggil locus (G6) fertilized (white circles) or failed
to fertilize (grey circles) the F564 line with incomplete penetrance. Fe-
male haploid embryos could result from non fertilization events. a In
the PK6 x F7 hybrid, male sporophytes failed to complement the ggil-
PK6 mutation. Segregation distortion and haploid embryos were
recovered in the progeny. b In the PK6 x F22 cross, male sporophytes
complement the ggil-PK6 allele for fertilization. No segregation dis-
tortion and no haploids were observed. ¢ PK6 showed reduced fertility
due to the PK6 allele at the ggil locus. As all the gametes were G6, the
gynogenesis induction rate was higher than for hybrids

showed altered division symmetry (Park et al. 1998). Het-
erozygous geml mutants showed only ~20% aberrant pol-
len, and reduced penetrance was confirmed in geml
homozygotes which produced ~40% phenotypically aber-
rant pollen. Interestingly, like in ggil, a large proportion of
pollen that carries the gem! mutation, but appears to be of
the wild type, fails to produce viable seeds. In the other
Arabidopsis male gametophytic mutant scp (sidecar pollen)
affected for microspore division during pollen develop-
ment, the mutant character showed, like in ggil, differential
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gametophytic penetrance and variable expressivity in the
genetic backgrounds of different Arabidopsis ecotypes
(Chen and McCormick 1996).

Complete analysis of the gynogenesis induction phe-
nomena will provide new data for further investigation of
double fertilization (Friedman 1998). Future work will need
to determine if the development of female haploid embryos
is induced by fertilization failure of the egg cell, as
observed in some interspecific crosses (Zhang et al. 1996)
or is related to the fertilization and/or the development of
the endosperm, as complex signals appear to occur between
the two tissues (Nowack et al. 2006). This work also opens
new prospects for single fertilization of the central cell, one
component of apomixis.
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