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Abstract Haploid technology can significantly
shorten the time required for inbred line improvement,
accelerate the breeding process, and reduce breeding
costs. The production of haploids is not only depen-
dent on the genetics of the paternal haploid inducer,
but it is also affected by the genetic background of the
maternal donor during the process of haploid produc-
tion. To address the maternal genetic contribution to
haploid production, we pollinated a mapping popula-
tion consisting of 186 F,.3 family lines derived from a
cross between Zheng58 and Chang7-2 with the
inducer line CAUS and selected haploid kernels using
RI-nj kernel markers. Two quantitative trait loci
(QTLs), gmhirl and gmhir2, which contribute to the
maternal genetics of haploid induction, were detected
on chromosomes 1 and 3, respectively. The gmbhirl
locus is located between the flanking marker loci
umc1292 and bnlg1014, and it explained 14.70 % of
the phenotypic variation. The gmhir2 locus is located
between marker loci umc1844 and umc2277 and it

P. Wu - J. Ren - S. Chen (X))

National Maize Improvement Center of China, China
Agricultural University, No. 2 Yuanmingyuan West Road,
Haidian District, Beijing 100193, China

e-mail: chen368@126.com; shaoj@cau.edu.cn

H. Li

College of Agronomy, Collaborative Innovation Center of
Henan Grain Crops, Henan Agricultural University,
Zhengzhou 450002, China

explained 8.42 % of the phenotypic variation. The
genetic effect of both QTLs is partial dominance.
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DH  Doubled haploids

HIR Haploid induction rate
SSR  Simple sequence repeat

Introduction

The use of haploid plants is a rapidly developing
technology in maize breeding. The production of
doubled haploid lines in maize can accelerate breeding
cycles and allow breeders to rapidly generate new
inbred lines for evaluation and testing (Hallauer et al.
2010). Haploid breeding strategies have been widely
adopted by many maize breeders during the past
decade (Schmidt 2003; Seitz 2005). Along with
transgenic technology and molecular marker-assisted
breeding techniques, maize haploid breeding has
gradually become one of the three core technologies
of modern maize breeding programs (Chen et al.
2012). The production of maize doubled haploid lines
is most commonly performed in vivo using a paternal
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haploid inducer to pollinate a maternal donor popu-
lation. One of the challenges associated with produc-
ing doubled haploid lines is the limited number of
kernels that are successfully induced; this usually
depends on the inducer, the genetic background of the
donor, and the environment in which the inductions
are made.

Currently, researchers have mainly focused on the
paternal effects of haploid induction rate (HIR),
including selection, QTL mapping, and the mecha-
nisms of induction. On one hand, inducer traits are
expressed in pollen (the male gametophyte), and the
HIR can gradually be improved through breeding
(Sarkar and Coe 1966; Geiger and Gordillo 2009;
Prigge et al. 2012). The HIR of the first haploid
inducer, Stock6, was reported to be only ~1 % (Coe
1959), but the HIR of currently used inducer lines now
exceeds 5 %, and some are >10 % as a result of
continuous inducer selection; examples of this include
WS14 (Lashermes and Beckert 1988), ZMS (Chalyk
1994), MHI (Eder and Chalyk 2002), RWS (Rober
et al. 2005), and UH400 (Kebede et al. 2011). On the
other hand, genetic studies have identified QTLs
controlling paternal induction ability. Evans (2007)
located the in vivo androgenesis inducer gene igl/
(indeterminate gametophytel) on chromosome 3
between SSR markers umc1311 and umc1973; the
work was performed in a BC,F; segregating popula-
tion constructed from W23ig and Mol7, and the ig/
gene was cloned. Barret et al. (2008) detected a major
QTL related to paternal induction (ghirl) at bin 1.04,
and Dong et al. (2013) fine mapped ghir! within a
243-kb region between flanking markers X291 and
X263. Prigge et al. (2012) detected seven additional
HIR-related QTLs on five maize chromosomes.

HIR is not only affected by the paternal inducer, but
it is also related to the maternal genetic background
(Randolph 1940; Chase 1952; Coe 1959). Chase
(1969) found that after many generations, the HIR of
agronomically improved maternal lines were higher
than those of unimproved lines. Liu and Song (2000)
used CAUHOI as an inducer to pollinate 16 different
inbred and hybrid lines and found that the highest HIR
in this material was 9.20 %, and the lowest HIR was
only 1.64 %. Cai et al. (2012) also crossed 12 maternal
lines from different genetic backgrounds with the
inducer line JAAS3, and the results showed that there
was a significant difference in HIR among the mater-
nal materials with different genetic backgrounds. In
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the current study, based on the ability of the paternal
inducer line, we introduce the term “inducibility” into
maize haploid breeding. This term describes the
ability of the maternal parent to produce haploids. In
addition, we measured the HIR of maternal lines.
Currently, few studies have addressed this area, and
inducibility-related QTL mapping has not previously
been reported. We therefore investigated the genetic
mechanisms of maternal inducibility and QTL map-
ping in an F,.3 population. The results of this study
should enable breeders to focus on the development
of doubled haploids (DH) within genetic back-
grounds that maximize the number of haploid kernels
produced.

Materials and methods
Plant material and field experiments

The maize line CAUS (Xu et al. 2013) was used as the
haploid inducer line. The HIR of CAUS is ~10 %.
The maternal donors were 186 F,.; family lines of the
hybrid Zhengdan958, which from the Henan Academy
of Agriculture Science, China; the parental lines were
Zheng58 and Chang7-2. The cross was performed
manually at the Shangzhuang Experimental Station in
Beijing, China in 2010. A randomized complete block
design was utilized with two replications per geno-
type. In each block, plants were sown in single-rows,
3 m long, with a density of 60,000 plants/ha. Standard
agronomic practices such as irrigation, fertilization,
and weeding were followed during the entire growth
period to ensure a uniform stand.

Haploid identification and phenotypic value
statistics

Line CAUS is homozygous for the dominant marker
gene R/-nj (Nanda and Chase 1966), leading to a pur-
ple scutellum and a “purple crown” aleurone in the F;
kernels when crossed with unpigmented donors. These
two characteristics were used as embryo and endosperm
markers, respectively. Normally, kernels with a haploid
embryo and a regular triploid endosperm have colorless
embryos and purple endosperm, whereas hybrid kernels
with a diploid embryo display purple pigmentation in
both the embryo and endosperm. The harvested kernels
in our study were classified into two groups: (1) putative
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haploids, i.e., kernels with purple endosperm and no
purple on the embryo (Fig. 1a) and (2) hybrid kernels,
i.e., kernels with purple endosperm and a strongly
pigmented purple embryo (Fig. 1b). Putative haploids
were planted in the field the following year to verify the
identification results based on morphological charac-
ters; the haploid plants were short with upright leaves,
while the hybrid plants had drooping leaves and were of
normal stature (Fig. 1c). HIR was then calculated by
dividing the number of haploid plants verified in the
field generated per plot in 2011 by the total number of
kernels harvested in 2010.

Molecular data collection and linkage map
construction

Young leaves from F, plants were harvested, flash-
frozen in liquid N5, ground to a powder, and stored at
—20 °C in individually labeled vials. Genomic DNA
was extracted using a CTAB-based method described
by Hoisington et al. (1994). SSR analysis was
conducted as reported by Senior and Heun (1993)
using publicly available primers from the MaizeGDB
(http://www.maizegdb.org). In our study, 120 poly-
morphic SSR markers were chosen for uniform cov-
erage of the maize genome and used in the F,
population to develop a genetic linkage map, which
was constructed with MAPMAKER3.0 (Lincoln et al.
1992). Linkage groups were identified using the
“Group” command with a logarithm of odds differ-
ence (LOD) score of 3.0. Recombination frequency
was converted into centiMorgans using the Kosambi
mapping function (Kosambi 1944).

Fig. 1 Different types of kernels produced from in vivo haploid
induction by inducer CAUS. a Hybrid kernels with purple on the

endosperm and strongly pigmented purple on the embryo.
b Haploid kernels with purple on the endosperm and no purple

QTL analysis

WinQTL Cartographer V2.5 (Basten et al. 1997) was
used to detect QTLs. The software was developed
based on the composite interval mapping (CIM)
method, which is performed to identify QTLs and to
estimate their effects (Zeng 1994). A significance
threshold for declaring a putative QTL was obtained
from 1,000 permutations at p < 0.05 for each data set.
A LOD score of 2.5 was used in the model to facilitate
identification of putative QTLs that contribute to the
maternal genetics of HIR.

Results
Phenotypic data analysis

The HIR of the two parents induced by CAUS5 were
quite different (Table 1). Zheng58 was the high HIR
parent, with an HIR of 11.55 %, and Chang7-2 was the
low HIR parent, with an HIR of 5.60 %. The average
HIR of the 186 Zhengdan958 F,.; families was
7.10 %, which is skewed toward the HIR of the low
HIR parent. Frequency distribution analysis showed
that the trait presents a continuous distribution in this
population (Fig. 2). Normal results for the trait
obtained with the Kolmogorov—Smirnov test showed
that the HIR of the maternal materials in this
population presented a normal distribution; the skew-
ness, kurtosis coefficient, and Z value were 0.123,
0.575, and 0.673, respectively, and the significance
coefficient was 0.755.

on the embryo. ¢ Haploid plants in the field. The red triangle
denotes haploid plants with upright leaves and short stature, and
the yellow triangle denotes hybrid plants of normal size with
drooping leaves. (Color figure online)
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Table 1 Analysis of statistical parameters for HIR in Zhengdan958 F,.; families and their parents

Trait Zheng58 Chang7-2 Zhengdan958 F,.; family lines
Mean Mean Mean Max Min Range SD CV %
HIR % 11.55 5.60 7.10 12.59 1.09 11.50 1.89 26.63
HIR were calculated by dividing the number of haploid plants verified in the field generated per plot by the total number of kernels
harvested
Table 2 F values testing variations among F,.; Families for
20— ] maternal genetics of HIR under replicated trial

By

o

10

Number of Family Lines

] ] I | L
000 200 400 6.00 800 10.0 12.00 34.00

HIR(%)

Fig. 2 Frequency distribution of HIR in the F,.; maternal
population. The X-axis shows the range of HIR in the F,.5
families, and the Y-axis shows the number of induced F,.; family
lines

Variance analysis for the trait in the Zhengdan958
F,.; population showed that for the maternal materials,
there was a highly significant difference in HIR among
the different families, and there was a significant
difference between the two replications at the 5 %
level (Table 2). Statistical analysis of the two repli-
cations for the trait showed that the overall variability
between replications for the maternal genetic contri-
bution to HIR was not large, and the variation
coefficient was approximately 30 % (Table 3).

QTL analysis using SSR markers
To construct a genetic linkage map, 528 simple

sequence repeat (SSR) markers from across the maize
genome were screened against the two parental lines,
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Traits DF MS F FO,OS F()‘o]
Replicate 1 18.22 5.77* 3.89 6.78
Families 185 6.83 2.17%* 1.28 1.41

*p < 0.05; % p < 0.01

Zheng58 and Chang7-2; 120 of these SSR markers
were polymorphic, and 119 of the polymorphic markers
were used to develop the genetic map. The map covered
a total length of 1,279.8 centimorgans (cM), with an
average distance of 10.75 cM between markers
(Fig. 3), and was therefore suitable for QTL detection.

Two QTLs for inducibility with partially dominant
effects were detected on chromosomes 1 and 3
(Table 4). In general, for each of the inducibility
QTLs, the percentage of contribution to the pheno-
typic variation was <15 %. For the partially dominant
effect QTLs, the QTL at bin 1.01 (named gmhirl),
flanked by SSR marker loci umc1292 and bnlgl1014,
had the largest contribution to the phenotypic variance
(14.70 %), and the QTL at bin 3.08/09 (named
gmhir2), located between SSR marker loci umc1844
and umc2277, contributed 8.42 % to the phenotypic
variance. These four SSR markers showed no distor-
tion from the expected segregation ratio of 1:2:1 in this
population. For each trait QTL, the parental line
Zheng58 donated beneficial alleles for increasing
inducibility, which is consistent with the phenotype
of Zheng58 having a higher HIR than Chang7-2.

Discussion

Maternal haploid inducibility is genetically
controlled

The development of homozygous inbred lines is an
important aspect of the breeding of maize and many



Euphytica (2014) 196:413-421

417

Table 3 Estimation of statistical parameters for maternal genetics of HIR between the two replicates

Trait Replicate Mean SD CV % Max value Min value Range
HIR % I 7.37 2.52 34.16 15.56 2.23 13.34
i 8.24 2.58 31.34 18.05 1.08 16.97
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Fig. 3 Identification of maternal QTLs for HIR. Red triangles
denote the two QTLs, gmhirl and gmhir2, located at bins 1.01
and 3.08/09, respectively. The position of gmhirl is between
marker loci umc1292 and bnlg1014, and the position of gmhir2

other crops. Breeders and researchers have tradition-
ally produced inbred lines by selfing heterozygous
materials for five to six generations, but this approach

is between marker loci umc1844 and umc2277. Blue triangles
denote the inducer genes ghirl and seven QTLs were identified
on six chromosomes (Prigge and Xu 2012). (Color figure online)

is expensive and time consuming (Eder and Chalyk
2002). Breeding with haploids can result in the
creation of pure breeding lines (Szarejko and Forster
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Table 4 Analysis of QTLs for parthenogenetic inducibility and its genetic effect

Name of QTL Chromosome Bin LOD D Partial R? IDI/IAI Gene action
gmhirl 1 1.01 4.07 —1.20 0.82 14.70 0.68 PD

qmhir2 3 3.08/09 2.76 —0.89 0.57 8.42 0.64 PD

Total R 23.12

Gene action was determined according to: DR = 0.1 < DR < 1.2; additive (A): DR = 0.1 < DR < 0.2 partially dominant (PD):
DR = 0.2 < DR < 0.8; dominant (D): DR = 0.8 < DR < 1.2; over dominant (OD): 1.2 < DR. Percent phenotypic variation

explained by the QTL

2007; Chang and Coe 2009; Geiger and Gordillo
2009) in fewer seasons. The production of DH lines
makes it easy to carry out genetic studies and
significantly shortens the breeding time (Seitz 2005).
DH technology has become the routine breeding
strategy employed in many commercial maize breed-
ing programs (Geiger and Gordillo 2009; Prigge and
Melchinger 2011). The first step in DH technology is
the production of a sufficient number of haploids.
Since the first inducer, Stock6 (Coe 1959), was
reported, increasing the HIR has solely depended on
improving the inducer (Lashermes and Beckert 1988;
Chalyk 1994; Eder and Chalyk 2002; Rdober et al.
2005). However, our results suggest that inducibility
represents a maternal influence on HIR, and they
reveal two maternal QTLs for in vivo HIR.

The mean and range of the HIR obtained in the
present study approached or were slightly higher than
those reported in maize by Kebede et al. (2011). This
may be due to the fact that we used a haploid inducer
with an equally high HIR in our study (Xu et al. 2013),
which was selected from CAUHOI x UH400. Fur-
thermore, to exclude false positive haploid kernels
from all of the putative haploid kernels, we planted a
sufficient number of haploid seeds to verify the
haploid number in a field in Hainan, China, which
has favorable conditions for haploid germination.
Moreover, the haploid verification rate (calculated by
dividing the haploid plant number by the putative
haploid kernel number) was greater than 99 %.
Haploids were previously verified through detection
by flow cytometry (Héntzschel and Weber 2010) or
through observation by counting chromosome number
(Li et al. 2009). Here, we were able to calculate the
HIR for a large number of different haploid plants.

In the present study, the mean HIR of Zheng58 was
found to be higher than that of Chang7-2, and the mean
HIR of the Zhengdan958 F,.; population was slightly
lower than that of the mid-parent (8.58 %). In this
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population, the highest HIR of a family line was
12.59 %, which is higher than that of either parent, and
the lowest HIR of a family line was 1.09 %, which is
lower than that of either parent. The CV was 26.63.
Our results confirm that the maternal genotype had a
significant influence on the frequency of haploids
obtained. Lashermes and Beckert (1988) first put
forward the notion that the haploid-producing fre-
quency is the result of a genetic interaction between
the male and female parents, and they suggested that
the inducing ability of the female plant genotype
should be considered when choosing a female parent
for haploid breeding programs. Eder and Chalyk
(2002) found that the haploid frequency ranged from
2.7 to 8.0 % among different maternal genotypes,
including dent, flint, and flint x dent maize. More-
over, by comparing the HIR of ten different tropical
germplasms, Kebede et al. (2011) also revealed that
source germplasm plays an important role in the
expression of the HIR. Many researchers believe that
HIR is not only affected by the paternal inducer, but it
is also influenced by the genotype of the maternal
donor (Rober et al. 2005; Hu 2008; Li et al. 2008; Cai
et al. 2012). In the current study, we first used a
population containing a combination of different
genotypes to detect the HIR variance in different
family lines, and we also found that the HIR is
influenced by genetic factors. The presence of a family
line with higher HIR than both parents indicates that
there is potential for further improvement of this trait
through the use of materials with different HIR.

We performed our evaluation in only one environ-
ment, as the HIR is not highly dependent on environ-
mental effects, as evidenced by the following: First,
the heritability of this trait under our conditions was
0.58, indicating that the HIR does not highly depend
on environmental effects. Second, Aman and Sakar
(1978) and Sarkar et al. (1994) found that the location
and the year did not have significant effects on this
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trait, but Rober et al. (2005) found that the environ-
mental means for inducer RWS evaluated on the
genetically uniform tester donors [glg varied from
243 % in Gondelsheim to 22.32 % in Porvenir.
However, Rober et al. pointed out that optimizing
donor and inducer plant cultivation techniques and
choosing a nursery with favorable climatic conditions
are likely to reduce environment-caused variations in
the induction rate. We also found that the HIR of
Zheng58, Chang7-2, and F; hybrid Zhengdan958
grown in Beijing, China were slightly higher than
the HIR of these materials grown in Gansu or Hainan.
Therefore, we concluded that Beijing had the most
favorable climatic conditions in which to perform the
cross; in the year in which we performed the cross, the
favorable climatic conditions in Beijing enabled the
inducer of pollination and the maternal ears to have
high seed setting rates. Moreover, in our experiment,
we used appropriate cultivation techniques that led to
excellent plant development at all stages, including the
use of optimal tillage, timely watering and weeding,
and so on. The optimization of these methods helped
reduce environment-caused variations in the induction
rate.

QTLs for maternal HIR and possible mechanisms
in haploid induction

The majority of studies have focused on the paternal
genetics of in vivo haploid induction for both inducer
selection and inducer gene searching. To date, there
are no reports of the identification of maternally-
inherited genes that control haploid induction in
maize. We constructed an F,.; population to locate
QTLs related to haploid inducibility. Based on kernel
phenotype and subsequent field verification, the two
QTLs on chromosomes 1 and 3 could explain >20 %
of the phenotypic variation for this trait. The QTL for
inducibility on chromosome 1 at bin 1.01, which had
the largest contribution to phenotypic variation, is on
the same chromosome as the ghirl locus, which is the
major paternal inducer QTL (Barret et al. 2008; Prigge
et al. 2012; Dong et al. 2013). Other paternal inducer
QTLs were also detected in different populations. In
the 1,680 x UH400 population, in addition to the
major QTL gqhirl, qhir2 was also detected on
chromosome 3, and in the CAUHOI x UH400 pop-
ulation, seven QTLs were identified on five chromo-
somes (Prigge et al. 2012). In the current study, we

only detected two maternal QTLs for HIR. However,
we did not screen a lot of materials to select parents
with higher or lower HIR than the parents used in this
study. Therefore, there may be other QTLs in other
populations.

Previous studies have indicated that for in vivo
haploid induction, the production of haploids is mainly
affected by male gametes from the inducer line.
Possible explanations for HIR include single fertiliza-
tion (Bylich and Chalyk 1996; Chalyk et al. 2003;
Rotarenco and Eder 2003) and chromosome exclusion
(Subrahmanyam and Kasha 1973; Laurie and Bennett
1989; Kim et al. 2002; Mochida et al. 2004; Gernand
et al. 2005; Li et al. 2009). The haploid inducers in
maize can be considered to be original mutant lines
when used for the analysis of double-fertilization
mechanisms (Li et al. 2009). In this process, the
inducer disturbs the original maternal chromosome
balance, which leads to kernel abortion; thus, kernel
abortion in the maternal material is a phenomenon
used to deal with this unbalance (Xu et al. 2013).
When the balance of the whole chromosomal com-
plement departs from the standard ratio of two sets of
chromosomes of maternal origin to one of paternal
origin, development is impaired, often leading to seed
failure and the production of sterile grains (Kermicle
and Alleman 1990). However, if the maternal chro-
mosomes were suited to this imbalance, haploids
would be produced. Therefore, based on the results of
our study, we propose that inducibility represents the
ability of maternal materials to adapt to the unbal-
anced, induced genomic environment. This genetic
phenomenon is specific to the process of double
fertilization.

Therefore, we focused on bin 1.01, bin 3.09, and
nearby regions to find potential candidate genes for
maternal QTLs of HIR. Our search of the region of bin
1.01 and nearby regions in MaizeGDB for potential
candidate genes revealed hydroxylase6 (hyd6), which
encodes a beta-carotene hydroxylase. The hyd6 locus
was estimated to be located between positions
5,347,015 and 5,383,540 (36,525 base pairs in length)
on chromosome 1 based on the map IMBM2 2008
Neighbors 1 (http://www.maizegdb.org/cgi-bin/display-
locusrecord.cgi?id=9021810#a5). The gene hyd6, along
with hyd3 and hyd4, play important roles in the carot-
enoid biosynthetic pathway (Shumskaya and Wurtzel
2013). Many studies (Vallabhaneni et al.2009; Alexan-
drov et al. 2009; Li et al. 2010) have indicated that the
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carotenoid biosynthetic pathway serves manifold roles
in plants related to development and stress hormones. In
another important candidate region, the centromere
protein CI (cenpcl) gene was found at bin 3.09 in
MaizeGDB. The locus cenpcl is estimated to be located
between positions 217,200,846 and 217,549,349
(348,503 base pairs in length) on chromosome 3 based
on the map IBM2 2008 Neighbors 1 (http://www.
maizegdb.org/cgi-bin/displaylocusrecord.cgi?id=22303
7#aS). Du et al. (2010) found that maize centromere
protein (CENPC) plays an important role in DNA
binding reactions, and we believe that it may be related
to haploid kernel formation. Based on the results of our
analyses, hyd6, located at bin 1.01, and cenpcl, located
at bin 3.09, are potential candidate genes for maternal
QTLs controlling the HIR.
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