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Abstract Production of haploids by the in vivo haploid
induction method has now become routine for generating
new inbred lines in maize. In previous studies, a major
quantitative trait locus (QTL) (ghirl) located in bin 1.04
was detected, explaining up to 66 % of the genotypic
variance for haploid induction rate (HIR). Our objectives
were to (1) fine-map ghirl and (2) identify closely linked
markers useful for marker-assisted breeding of new
inducers. For this purpose, we screened a mapping popu-
lation of 14,375 F, plants produced from a cross between
haploid inducer UH400 and non-inducer line 1680 to
identify recombinants. Based on sequence information
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from the B73 reference genome, markers polymorphic
between the two parents were developed to conduct fine
mapping with these recombinants. A progeny test mapping
strategy was applied to accurately determine the HIR of the
14 recombinants identified. Furthermore, F; progeny of
recombinant F, plants were genotyped and in parallel
evaluated for HIR. We corroborated earlier studies in that
ghirl has both a significantly positive effect on HIR but
also a strong selective disadvantage, as indicated by sig-
nificant segregation distortion. Altogether, we were able to
narrow down the ghirl locus to a 243 kb region flanked by
markers X291 and X263.

Introduction

The development of homozygous lines is an important part
of every maize breeding program. The conventional pro-
cedure to produce homozygous lines by recurrent selfing is
a time-consuming and expensive process, which takes
about six generations, starting from heterozygous source
material (Hallauer et al. 2010). The doubled haploid (DH)
technology enables reducing this time span considerably
and, for this and further reasons, has been widely adopted
in maize breeding during the past decade (Schmidt 2003;
Seitz 2005).

One method to produce haploids is by inter-specific
crosses, such as in barley between Hordeum vulgare L. and
Hordeum bulbosum L., or in wheat, where maize or pearl
millet is used as pollinators (Kasha and Kao 1970; Laurie
and Bennett 1988). In maize, maternal haploid and paternal
haploids can be generated by inducers. Paternal haploids
can be produced using the igig genotype as female parent
in crosses with the source material (Kermicle 1969; Evans
2007). In contrast, maternal haploids can be produced from
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any source material by pollination with specific male
genotypes (Coe 1959). This method is commonly referred
to as in vivo haploid induction.

The mechanisms for induction of maternal haploids in
maize are yet not fully understood. Two major hypoth-
eses proposed for explanation are: (1) single fertilization,
in which case one of the two sperm cells is not able to
fuse with the egg cell, whereas the other sperm cell
fuses with the central cell; while this would lead to fully
functional triploid endosperm, the egg cell is somehow
triggered to develop into a haploid embryo (Sarkar and
Coe 1966; Chalyk et al. 2003; Barret et al. 2008). (2)
Double fertilization, in which case one sperm cell fuses
with the egg cell and the second with the central cell
leading to fully a functional triploid endosperm and a
diploid zygote; however, thereafter the inducer chromo-
somes degenerate and are eliminated only in the diploid
embryo but not in the endosperm, finally forming a
haploid embryo and a fully functional triploid endosperm
(Fischer 2004; Zhang et al. 2008; Li et al. 2009; Xu
et al. 2013).

Lashermes and Beckert (1988) suggested that haploid
induction rate (HIR) is a heritable trait and controlled by a
small number of genes with nuclear determination. Prigge
et al. (2011) reported that the inducer single cross
RWS x UH400 showed both intermediate and higher HIR
compared to its parent lines in combination with different
testers. Thus, additive, dominance and epistatic gene action
may together affect the haploid induction process. A first
QTL mapping study on HIR, using Stock6 as inducer
parent, detected two QTL (Deimling et al. 1997; Rober
1999): a major QTL located in bin 1.03—1.06 and a minor
QTL located in bin 2.04-2.06, explaining together 17.9 %
of the phenotypic variance. A major locus on maize
chromosome 1 was also detected in a segregating popula-
tion derived from a cross between inducer line PK6 and
non-inducer line DH99, which not only caused in vivo
haploid induction but also resulted in segregation distortion
against the inducer gamete (Barret et al. 2008). Recently,
four populations involving two inducers (CAUHOI and
UH400) were produced for genome-wide QTL analysis of
HIR (Prigge et al. 2012). Two major QTL, denoted as ghirl
and ghir8 and explaining up to 66 and 20 % of the geno-
typic variance in the crosses 1680 x UH400 and CAU-
HOI x UHA400, respectively, were detected.

Since the major QTL ghirl located on chromosome 1
was detected in several studies with different haploid
inducers from different backgrounds, we gave ghirl the
highest priority in fine mapping of genes underlying HIR.
Our objectives were to (1) fine-map the ghirl locus and (2)
identify closely linked markers useful for marker-assisted
breeding of new inducers.
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Materials and methods
Plant materials

Inbred line 1680 with no haploid induction ability (i.e., 0 %
HIR) was pollinated with haploid inducer UH400, which
has 8 % HIR on average (Prigge et al. 2011) and carries the
dominantly inherited marker gene RI-nj, conferring a
purple coloration expressed both in the scutellum and
aleurone (Nanda and Chase 1966; Neuffer et al. 1997). The
F, was advanced to the F, generation by self-pollination.
F, plants with genetic recombination in the ghirl region
were identified by genotyping with appropriate molecular
markers (Fig. 3) and subsequently selfed to produce Fj
progeny. In order to determine the HIR of individual F3
plants, they were pollinated onto hybrid ZD958, which
served as a female tester due to its excellent agronomic
performance and clear expression of the R/-nj marker in
both the embryo and endosperm, when pollinated by
inducers carrying this marker gene. In addition, two small
F, populations of cross 1680 x UH400 were grown with
an initial sample size of N1 = 375 in Hainan, winter 2009,
and N2 = 308 in Beijing, summer 2010 to verify the effect
of ghirl.

Haploid identification

Kernels in the testcross progeny with tester hybrid ZD958
displaying purple endosperm and embryo were classified as
putative diploid, whereas kernels with purple endosperm
and colorless embryo were classified as putative haploid
following Li et al. (2009). All putative haploids were
planted in the Shang Zhuang experiment station in Beijing
to confirm their ploidy status by visual scoring. In
comparison with diploids, haploids display shorter stature,
erect and narrow leaves, and reduced growth. HIR was
calculated by the following formula: HIR = (number of
putative haploids/total number of R1 — nj normal kernels)
X (number of haploids in the field/number of putative
haploids) x 100%.

Development of molecular markers and genotyping

In our previous study (Prigge et al. 2012), a major QTL
(ghirl) was detected in maize bin 1.04 with a support
interval between simple sequence repeat (SSR) markers
umc1917 and bnlgl811. Based on the B73 reference
sequence, the physical distance between these two markers
spans 7.5 Mb. The sequence between these two markers
was downloaded from the maize sequence database (http://
www.maizesequence.org/) to develop new markers. Primers
designed by software primer 5.0 (http://www.primer-e.com/)
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based on the information from the website maizese-
quence.org yielded three types of markers: some (100
markers) were SSR markers, and the others (200 markers)
were newly designed markers based on single-/low-copy B73
reference sequences which were further developed to single
nucleotide polymorphism (SNP) and insertion/deletion
polymorphism (IDP) markers. First, 300 newly developed
markers were tested for polymorphism between inducer
UH400 and inbred 1680. Second, the map position of these
markers was checked by mapping them on our original
F, population described in detail by Prigge et al. (2012).
Finally, seven SSR marker, four IDP markers and two SNP
markers were developed to cover this region (Supplementary
Table S1).

For DNA extraction, we used the method of Murray and
Thompson (1980). Each DNA sample was genotyped for
the newly designed and original markers as required by
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Fig. 1 Strategy for fine mapping of the ghirl locus. A total of 14,375
F, individuals from cross 1680 x UH400 was produced and geno-
typed by newly developed markers in the ghirl target region to
identify a sufficient number of recombinants. These were selfed (a),

scoring PCR amplification products analyzed on 1 %
agarose gels or 6 % denaturing polyacrylamide gels.

Strategy for fine mapping of ghirl

A progeny test mapping strategy was applied (Fig. 1) fol-
lowing Zhang et al. (2012). First, a large F, population
(N = 14,375 = 375 + 6,000 + 8,000) was generated in
three steps to obtain a sufficient number of recombinants
that were identified by two markers flanking ghirl
(umc1917 and bnlgl811). Second, all 14 detected recom-
binants (R1 to R14) were additionally genotyped by the
newly developed and original markers as required (seven
markers for R1, eight markers for R2 to R7, seven markers
for R8 to R14) in the support interval of ghirl to determine
the exchange boundary of each recombinant. Third, all 14
recombinant F, plants were advanced to generate F3

» Non-inducer X inducer

> F, cross

» Large F, population

e Identify recombinants in target region

® Genotype by all newly designed markers

» F, recombinants

» F; progeny

e Genotype with flanking markers

e (Cross on to tester

» Tester ears
e Determine HIR based on R/-nj marker

® Compare genotype classes A, B, H for HIR

and their F; progeny were (a) genotyped with markers from the ghirl
region and (b) testcrossed onto tester hybrid ZD958 for determination
of their haploid induction rate (HIR)
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progeny. Fourth, from each of these recombinant plants in
F,, that is heterozygous for at least one marker but
homozygous for at least one other marker in the target
region, at least 30 F5 crossing kernels were planted in the
field ear to row. Fifth, every F; plant was (1) genotyped by
markers flanking the exchange position to determine its
genotype, and (2) used to pollinate 3—4 ears of the tester
hybrid ZD958 to determine its HIR. Based on the markers
in the ghirl region, each F; plant was assigned to one of
the following three genotype classes: (A) absence of the
UH400 haplotype at ghirl, (B) homozygous for the UH400
haplotype at ghirl, (H) heterozygous for the UH400 hap-
lotype. We were interested in testing the following three
hypotheses: (1) Hy: pa = ug vs. Ha: pa < pg; (2) Ho:
Ba = M VS. Ha pa < p; (3) Hot pg = pu vs. Hat
Uy < pp. Significant differences among the three genotype
classes in the F; progeny are expected if and only if the
gene(s) underlying the ghirl QTL reside(s) within the
chromosome segment of a given recombinant F, plant that
is heterozygous for the target region. We applied first an
F test to test for heterogeneity in the variances of the Fj
progeny among the three marker genotype classes of a
given F; family. If this test was significant, we used a
Wilcoxon rank-sum test instead of an ordinary ¢ test to test
for differences between any two genotype classes of the
respective F3 family.

Results
Haploid induction rate of the three genotype classes

The two F, populations of cross 1680 x UH400 grown in
Hainan, winter 2009 and Beijing, summer 2010, showed a
similar pattern of HIR for the three genotype classes
(Fig. 2). In both environments, the F, plants in genotype
class A (lacking the inducer haplotype from UH400 at
ghirl) had on average significantly (P < 0.01) lower HIR
than those in genotype class B (homozygous for the
inducer haplotype at ghirl) and HIR of the heterozygous
genotype class H was in between. Moreover, the standard
deviation of HIR amongst individual F, plants was in both
environments largest for genotype class B, intermediate for
genotype class H, and smallest for genotype class A.

Fine mapping of ghirl

To verify the effect of ghirl and narrow down the region of
this major QTL, the 375 F, plants grown in Hainan in
winter 2009 (Fig. 2) were genotyped with markers
umcl917 and bnlgl811. A single recombinant R1 was
found between these two markers and further genotyped
with five markers (X8, X18, umc2390, X41, X52),
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Fig. 2 Effect of the ghirl region on HIR in maize analyzed with an
F, population produced from cross 1680 x UH400. Number (N) of F,
plants classified as A homozygous for the 1680 haplotype, B homo-
zygous for the UH400 haplotype or H heterozygous based on
genotyping with two markers (umc1917 and bnlgl1811) in the ghir!
region and their corresponding average HIR. a F, plants grown in
Hainan in winter 2009, b F, plants grown in Beijing in summer 2010

revealing that the recombination had occurred between
markers X41 and X52 (Fig. 3). In spring 2010, 12 F3
progeny originating from this recombinant were tested for
HIR but no significant differences were found (with a
significance threshold of P < 0.01) amongst the three
genotype classes (Fig. 3). In parallel, another 6,000 F,
plants were planted in 2010, genotyped with markers
umcl917 and X52, and six new recombinants (R2-R7)
were found and advanced to the F3 generation. Six markers
(X8, X18, X93, X109, umc2390 and X41) were used to
resolve the exchange boundary in the newly detected
recombinants (Fig. 3). Approximately 30 F; plants from
each recombinant were genotyped and testcrossed with
tester ZD958 to determine their HIR. Recombinants R2 and
R4 showed that ghirl was located upstream of the marker
X93 and recombinant R7 indicated that it was downstream
of X18, so that ghirl was narrowed down between markers
X18 and X93 with a distance of about 800 kb on the B73-
based physical map (http://www.maizesequence.org).

In the spring of 2011, another 8,000 F, plants were
genotyped and phenotyped to further narrow down to the
region. These plants were screened with markers X18 and
X93; seven recombinants (R8—R14) were found and gen-
otyped with six newly designed markers (X273, X22,
X224, X291, X260 and X263) (Fig. 3). In the winter 2011,
on average 30 F3 plants for each recombinant were geno-
typed and phenotyped for HIR. Recombinant R13 indicated
that ghirl was located upstream of the marker X263 and
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recombinant R11 indicated that it was downstream of
X291. Finally, ghirl was mapped between markers X291
and X263, which have a physical distance of about 243 kb
based on the B73 physical map. Variances for HIR were
heterogenous (P < 0.01) among the three genotype classes
in the F3 progeny, when respective F, recombinant was
heterozygous for the ghirl region and the Wilcoxon rank-
sum test indicated significant (P < 0.01) differences
among the three marker classes in the four recombinants
R2, R3, R11, and R14 (Fig. 3).

Relationship between ghirl and segregation distortion

Both initially tested F, populations showed significant
(P < 0.05) segregation distortion for ghirl with strongly
reduced frequencies of genotypes homozygous for the
inducer haplotype (Fig. 2). For each recombinant detected
in F,, the F3 progeny were also tested for segregation
distortion of ghirl based on the corresponding genotypic
data (Table 1). The xz test revealed significant (P < 0.05)
segregation distortion in all recombinants that putatively
harbored the ghirl haplotype, as inferred from the result of

the Wilcoxon rank-sum test for differences in HIR among
the three genotype classes (Fig. 3). In all instances, the
frequency of F; plants homozygous or heterozygous for the
inducer haplotype was lower than expected based on nor-
mal Mendelian segregation (Table 1).

Discussion
Strategy for fine mapping of ghirl

QTL mapping represents a powerful tool to reveal the
genetic architecture of complex traits but it requires reli-
able phenotypic data. Haploid induction ability is a com-
plex quantitative trait with two major QTL and several
minor QTL (Prigge et al. 2012), and to some degree also
influenced by the environmental conditions (Kebede et al.
2011; Prigge et al. 2011). However, previous studies
employing linkage mapping of QTL for HIR encountered
limitations with regard to the map resolution and usually
resulted in large support intervals for the detected QTL
(Deimling et al.1997; Rober 1999; Prigge et al. 2012).

» HIR%®® of F; progeny

Year u[mc1917 )I(S X|18 um[02390 X;tl XISZ bnlg18lll NF3a NT A H B Inference®
2000 Rl 12 36 0.9 028 0.6la N
* u’mc1917 )f8 X[18 XI93 XI109 um|c2390 XI;I. o .;IK.SZ
: ] R2 49 111 0.49a 237b 3.65c Y
] R3 30 113 0.24a 1.46b 2.42¢c Y
2010 | R4 52 105 0.3a 0.21a 0.29a N
| : T RS 44 98 013a 0.17a 0.15a N
| e R6 52 154 0642 0463 0.86a N
] R7 9 33 05la 060a 0.36a N
[}21’8‘ o .).(2:7.3 X2[24 X2?1 ;(2[.6.0. ) .;(1;6.3. oo .)Z|93
: ] R8 96 272 0.42a 0.44a 0.32a N
1 R9 37 94 043a 0.5la 0.34a N
: ] R10 33 110 0.36a 0.40a 0.50a N
011 ! : RI11 31 106 030a 2.35b 2.99 Y
: : ] R1I2 35 94 0.14a 0.09a 0.14a N
I R13 31 85 04la 047a 0.23a N
e R4 _ 22 54 0.17a 2.13b  nal Y

< 243kb "

Fig. 3 Fine mapping of the ghirl region. Left side the physical
position of markers mapping to bin 1.04 is shown on fop of the bars.
The designation of the F, recombinants (R1-R14) in 2009, 2010,
2011 is given on the right side of each bar. Right side mean haploid
induction rate (HIR %) of F5 progeny: “Ng3 number of plants in the F;
progeny, ®N¢ number of tester ears per F5 family, “numbers in a line
followed by the same letter are not significantly different from each

| Refers to region homozygous for the 1680 allele

Refers to region heterozygous for the UH400 allele

other based on a Wilcoxon rank-sum test at the 1 % probability level,
dinference on haploid induction ability based on result of the
Wilcoxon rank-sum tests, °n.a. not available. A homozygous for the
1680 haplotype, B homozygous for the UH400 haplotype or
H heterozygous, Y F, recombinant harbors the ghirl QTL allele in
heterozygous state, N F, recombinant does not harbor the ghirl allele
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Table 1 Genotype distribution of F; progeny produced from
recombinant plants in the F, population

ID of No. of F; progeny®  »* test®
recombinant

A B H Total A:B:H=1:2:1 A:B=1:1
R1 32 7 12 0.5 0.17
R2 19 3 27 49 10.96* 10.54*
R3 13 2 15 30 8.07* 8.13*
R4 11 15 26 52 0.62 0.65
R5 14 8 22 44 1.64 1.68
R6 11 16 25 52 1.04 1.12
R7 2 3 4 9 0.33 0.72
RS 23 19 54 96 1.83 0.85
R9 8 10 19 37 0.24 0.23
R10 7 9 17 33 0.27 0.26
R11 13 3 15 31 6.31" 6.31"
R12 119 15 35 0.94 0.93
R13 8 6 17 31 0.55 0.27
R14 4 0 18 22 1036 4.73"

? F; plants were classified into three genotype classes for the ghirl
region: A homozygous for the 1680 haplotype, B homozygous for the
UH400 haplotype, H heterozygous

® %2 test for segregation distortion
* Significant at the 5 % probability level

Promising approaches for fine mapping of QTL are anal-
yses of near-isogenic lines, linkage disequilibrium mapping
and progeny testing. Near-isogenic lines were successfully
used for fine mapping QTL in maize (Graham et al. 1997,
Koester et al. 1993) with the advantage to reduce much of
the “noise” caused by the genetic background. Instead of
constructing near-isogenic lines, which is very laborious
and time-consuming, we adopted a progeny test method to
fine map the ghirl locus. This method was originally
proposed by Lander and Botstein (1989) to obtain more
accurate phenotypic data by phenotyping a large number of
progenies. Averaging over the data from progenies reduces
the experimental error and ‘noisy’ genetic background so
as to reveal the authentic genetic effect of the target QTL
(Yang et al. 2012). In the present study, we applied the
basic idea of the progeny test to F, plants that were
recombinant for the target region and, consequently, were
heterozygous for a certain chromosome segment in this
region. By planting F3 progeny from these recombinants in
the same plot and by genotyping and phenotyping testcross
progeny of individual F5 plants, we obtained reliable esti-
mates of HIR for the three genotype classes of the target
region as a prerequisite for fine mapping. Another effective
method is saturation of the ghirl region with SNPs and
looking for the SNPs with maximum segregation distor-
tion, thereby capitalizing on the assumption that ghirl is
also responsible for segregation distortion in bin 1.04. This
approach was proposed by Barret et al. (2008) to identify

@ Springer

markers tightly linked to ghirl in a single large F, popu-
lation and to circumvent the extensive phenotyping for
HIR; it could provide a key to monitor the 243 kb interval
for putative candidate genes based on the maize sequence.

ghirl plays an important role in haploid induction

While HIR is a typical quantitative trait controlled by
several loci, the ghirl region explained in most studies the
largest proportion of the genetic variance for HIR amongst
the identified QTL (Prigge et al. 2012). It was repeatedly
detected in crosses with inducers Stock6 (Deimling et al.
1997; Rober 1999), PK6 (Barret et al. 2008), and UH400
(Prigge et al. 2012). Since Stock6 is an ancestor of many
inducers, there is strong evidence that ghir/ is essential in
the process of in vivo haploid induction. Our study cor-
roborated these findings by demonstrating that plants
lacking the inducer haplotype at the ghirl locus have low
HIR, whereas those carrying the inducer haplotype in
homozygous or heterozygous state have significantly
higher HIR. Since Stock6 has only a HIR of 2.3 % (Coe
1959), whereas modern inducers can have a HIR of more
than 8 % (Rober et al. 2005; Prigge et al. 2011; Prigge and
Melchinger 2012), we conclude that besides ghirl other
QTL, too, affect HIR. In support of this hypothesis, we
found in the F, population a large variance for HIR
amongst F, plants homozygous for the inducer haplotype at
ghirl, which could be exploited by selection (Fig. 2). This
is in agreement with a hypothesis proposed by Prigge et al.
(2012), who argued that ghirl is required for haploid
induction ability, but several other QTL may act as
enhancers for the function of ghirl and, if accumulated in
one genotype, these loci together may improve the HIR.

Associated effects of the ghirl region

Our mapping approach corroborated the intimate relation-
ship between HIR and segregation distortion reported in
the study of Barret et al. (2008) and Prigge et al. (2012).
This association may be due to one gene or closely linked
genes. The mechanism of segregation distortion may
involve true meiotic drive, which acts during meiosis, or
gamete abortion or inactivation, which acts after meiosis
(Phadnis and Orr 2009). A detailed analysis of segregation
distortion in the cross 1680 x UH400 and its underlying
causes is presented in a companion paper (Xu et al. 2013).

Implications for breeding of haploid inducers

The ghirl region has a considerable selection disadvantage
in maize populations for two reasons: (1) it is subjected to
strong segregation distortion and (2) the resulting haploids
show poor fitness. Consequently, there is strong selection
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pressure in nature to eliminate the favorable HIR-enhanc-
ing haplotype and this complicates also de novo and
maintenance breeding of haploid inducers. Marker-assisted
selection (MAS) could be used to overcome this problem
by screening segregating material for presence of the
inducer haplotype at the ghirl locus. The efficiency of
MAS depends strongly on the degree of linkage between
the flanking marker(s) used for diagnosing the presence of
the target haplotype (Frisch et al. 1999). In the present
study, we were able to identify markers X291 and X263,
thereby defining a physical interval of less than 243 kb for
the ghirl locus. The recombination frequency between
these two markers was less than 5 x 1074, because we
detected in a total of 14,375 F, individuals only 14
recombinants in the target region. Thus, these two markers
have nearly the same predictive power as a functional
marker and are expected to be highly reliable for moni-
toring the presence of the inducer haplotype at the ghirl
locus in segregating material. Since the variance for HIR
among F, individuals homozygous for the ghirl haplotype
was large and indeed considerably larger than for the other
two genotype classes, which may be caused by epistasis
(Fig. 2), there should be ample opportunities for further
improvement of HIR by selection. Thus, one could pre-
select segregating populations for presence of inducer
haplotype at ghirl, and then select for high HIR either by
marker-assisted selection for other QTL influencing HIR or
whole genome selection (Technow and Melchinger 2013)
or phenotypic selection within this genotype class.

Our study also provides an excellent starting point for
map-based cloning of the gene(s) underlying the ghirl
locus. Both, reliable diagnostic markers for the ghirl
haplotype and knowing the function of the gene(s) under-
lying haploid induction will benefit the development of
new inducers with higher HIR and improved agronomic
characteristics.

Acknowledgments This work was supported by grants from the
National Projects (CARS-02-09, 2009CB118400, 2011AA10A103,
2012AA10A305) and DFG, Grant No. 1070/1, International Research
Training Group “Sustainable Resource Use in North China”. A.E.M.
also gratefully acknowledges the financial support received from the
Bill & Melinda Gates Foundation for implementation of this work
through the project Double Haploid Facility for Strengthening Maize
Breeding Programs in Africa “A Double Haploid Facility for
Strengthening Maize Breeding Programs in Africa”.

Conflict of interest None.

References

Barret P, Brinkmann M, Beckert M (2008) A major locus expressed in
the male gametophyte with incomplete penetrance is responsible
for in situ gynogenesis in maize. Theor Appl Genet 117:581-594

Chalyk ST, Baumann A, Daniel G, Eder J (2003) Aneuploidy as a
possible cause of haploid-induction in maize. Maize Genet
Newsl 77:29-30

Coe EH (1959) A line of maize with high haploid frequency. Am Nat
93:381-382

Deimling S, Rober FK, Geiger HH (1997) Methodology and genetics
of in vivo haploid induction in maize (in German). Vortr
Pflanzenziichtg 38:203-224

Evans MMS (2007) The indeterminate gametophytel gene of maize
encodes a lob domain protein required for embryo sac and leaf
development. Plant Cell 19:46-62

Fischer E (2004) Molecular genetic studies on the occurrence of
paternal DNA transmission during in vivo haploid induction in
maize (Zea mays L.) (in German). Dissertation, University of
Hohenheim

Frisch M, Bohn M, Melchinger AE (1999) Minimum sample size and
optimal positioning of flanking markers in marker-assisted
backcrossing for transfer of a target gene. Crop Sci 39:967-975

Graham GI, Wolff DW, Stuber CW (1997) Characterization of a yield
quantitative trait locus on chromosome five of maize by fine
mapping. Crop Sci 37:1601-1610

Hallauer AR, Carena MJ, Miranda FJB (2010) Quantitative genetics
in maize breeding. Springer Press, USA

Kasha KJ, Kao KN (1970) High frequency haploid roduction in
barley (Hordeum vulgare L.). Nature 225:874-876

Kebede AZ, Dhillon BS, Schipprack W, Araus JL, Binziger M,
Semagn K, Alvarado G, Melchinger AE (2011) Effect of source
germplasm and season on the in vivo haploid induction rate in
tropical maize. Euphytica 180:219-226

Kermicle JL (1969) Androgenesis conditioned by a mutation in
maize. Science 166:1422-1424

Koester RP, Sisco PH, Stuber CW (1993) Identification of quantita-
tive trait loci controlling days to flowering and plant height in
two near isogenic lines of maize. Crop Sci 33:1209-1216

Lander ES, Botstein D (1989) Mapping mendelian factors underlying
quantitative traits using RFLP linkage maps. Genetics
121:185-199

Lashermes P, Beckert M (1988) Genetic control of maternal haploidy
in maize (Zea mays L.) and selection of haploid inducing lines.
Theor Appl Genet 76:405-410

Laurie DA, Bennett MD (1988) The production of haploid wheat
plants from wheat x maize crosses. Theor Appl Genet
76:393-397

Li L, Xu XW, Jin WW, Chen SJ (2009) Morphological and molecular
evidences for DNA introgression in haploid induction via a high
oil inducer CAUHOI in maize. Planta 230:367-376

Murray MG, Thompson WF (1980) Rapid isolation of high molecular
weight plant DNA. Nucleic Acids Res 8:4321-4326

Nanda DK, Chase SS (1966) An embryo marker for detecting
monoploids of maize (Zea mays L.). Crop Sci 6:213-215

Neuffer MG, Coe EH, Wessler SR (1997) Mutants of maize. CSHL
Press, New York

Phadnis N, Orr HA (2009) A single gene causes both male sterility
and segregation distortion in drosophila hybrids. Science
323:376-379

Prigge V, Melchinger AE (2012) Production of haploids and doubled
haploids in maize. In: plant cell culture protocols, Humana Press,
Totowa, pp 161-172

Prigge V, Sanchez C, Dhillon BS, Schipprack W, Araus JL, Binziger
M, Melchinger AE (2011) Doubled haploids in tropical maize: L.
effects of inducers and source germplasm on in vivo haploid
induction rates. Crop Sci 51:1498-1506

Prigge V, Xu XW, Li L, Babu R, Chen SJ, Atlin GN, Melchinger AE
(2012) New insights into the genetics of in vivo induction of
maternal haploids, the backbone of doubled haploid technology
in maize. Genetics 190:781-793

@ Springer



1720

Theor Appl Genet (2013) 126:1713-1720

Rober F (1999) Reproductive biology and genetic studies with RFLP
markers in vivo haploid induction in maize (in German).
Dissertation, University of Hohenheim

Rober FK, Gordillo GA, Geiger HH (2005) In vivo haploid induction
in maize: performance of new inducers and significance for
doubled haploid lines in hybrid breeding. Maydica 50:275-283

Sarkar KR, Coe EH (1966) A genetic analysis of the origin of
maternal haploids in maize. Genetics 54:453-464

Schmidt W (2003) Hybrid maize breeding at KWS SAAT AG (in
German). In: Proceedings of the Annual Meeting of the Austrian
Seed Association, Gumpenstein, 25-27 November 2003, pp 1-6

Seitz G (2005) The use of doubled haploids in corn breeding. In:
Proceedings of the 41st Annual Illinois Corn Breeders’ School
2005, University of Illinois, Urbana—Champaign, 7-8 March
2005, pp 1-7

Technow F, Melchinger AE (2013) Genomic prediction of dichoto-
mous traits with Bayesian logistic models. Theor Appl Genet.
doi:10.1007/s00122-013-2041-9

@ Springer

Xu XW, Li L, Dong X, Jin WW, Melchinger AE, Chen SJ (2013)
Gametophytic and zygotic selection leads to segregation distor-
tion through in vivo induction of a maternal haploid in maize.
J Exp Bot. doi:10.1093/jxb/ers393 (in press)

Yang Q, Zhang DF, Xu ML (2012) A sequential quantitative trait
locus fine mapping strategy using recombinant-derived progeny.
J Integr Plant Biol 54:228-237

Zhang ZL, Qiu FZ, Liu YZ, Ma KIJ, Li ZY, Xu SZ (2008)
Chromosome-elimination and in vivo haploid induction by stock
6 derived inducer line in maize (Zea mays L.). Plant Cell Rep
27:1851-1860

Zhang DF, Liu YJ, Guo YL, Yang Q, Ye JR, Chen SJ, Xu ML (2012)
Fine mapping of qrfg2, a qtl for resistance to gibberella stalk rot
in maize. Theor Appl Genet 124:582-596


http://dx.doi.org/10.1007/s00122-013-2041-9
http://dx.doi.org/10.1093/jxb/ers393

	Fine mapping of qhir1 influencing in vivo haploid induction in maize
	Abstract
	Introduction
	Materials and methods
	Plant materials
	Haploid identification
	Development of molecular markers and genotyping
	Strategy for fine mapping of qhir1

	Results
	Haploid induction rate of the three genotype classes
	Fine mapping of qhir1
	Relationship between qhir1 and segregation distortion

	Discussion
	Strategy for fine mapping of qhir1
	qhir1 plays an important role in haploid induction
	Associated effects of the qhir1 region
	Implications for breeding of haploid inducers

	Acknowledgments
	References


