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In vivo haploid induction based on maternal haploid inducers is the first step in deriving
completely homozygous maize doubled haploid (DH) lines. Haploid induction rate (HIR) is
influenced by both pollen parent inducing haploidy and the maternal source germplasm used in
induction crosses. This study was aimed at analyzing the influence of source germplasm on HIR
using671 tropical inbred linesorganized in twoassociationmappingpanels.These twoassociation
mapping panels (AMP1 andAMP2)were crossed to two different Tropically Adapted Inducer Lines
(TAILs). For HIR assessment, seeds from induction crosses were planted in the field and ploidy
status of each surviving plant was assessed using a gold standard classification based on visual
differences between the haploid and diploid plants. The analysis revealed significant variation for
HIR and led to identification of several tropical inbred lines that respond very positively to haploid
induction. Use of HIR data in a genome wide association study (GWAS) led to identification of
twenty-seven and two SNPs that were significantly associated with HIR in AMP1 and AMP2,
respectively. Meta-analysis of AMP1 and AMP2 GWAS led to identification of 52 SNPs with
significant effect on HIR across both studies. Genome-wide prediction revealed moderate to high
predictionaccuracywithinAMPsusing randomSNPs. Inclusionof theSNPsdetected inGWAS into
the prediction model led to improvement in prediction accuracy. Overall, the study revealed that
the maternal influence on HIR is controlled by a fewmoderate andmany small effect QTL.
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hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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1. Introduction

Derivation of doubled haploid lines in maize through in vivo
induction is routinely practiced in multi-national commercial
maize breeding programs [1,2] and is gaining increasing
popularity in the maize breeding programs of the developing
world. Large scale haploid induction in maize for doubled
haploid (DH) line production is based on an in vivo method
[3,4], which involves crossing the source germplasm from
which new inbred lines are desired, with pollen from maize
genotypes called haploid inducers [5,6]. Pollen from haploid
inducers has the capability of inducing seed formation that
has a haploid embryo and normal triploid endosperm at a
frequency of about 10- to 100-fold higher than the natural
occurrence of haploids which is about 0.1% [7]. The first
haploid inducer, Stock 6, with a haploid induction rate (HIR) of
~3% was identified in 1959 [7]. Efforts to improve the HIR and
adaptation to specific environments led to the development
of several Stock 6-based haploid inducers and derivatives with
high HIR. Now, haploid inducers with >6% HIR are available in
temperate [8,9] (https://plant-breeding.uni-hohenheim.de/en/
84531#jfmulticontent_c167370-2) and in tropical [10,11] ge-
netic backgrounds.

Considerable progress has been made in recent years
towards understanding the genetics of haploid induction in
maize. QTL conditioning haploid induction in maternal
haploid inducers were identified in bi-parental populations
derived by crossing haploid inducers with non-inducers
[12–14] and in an association mapping population consisting
of a large set of inducer lines and non-inducer lines using a
novel genome wide association mapping strategy [15]. The
most significant QTL identified in these studies was on
chromosome 1, which was fine mapped [16,17]. The gene
underlying this QTL with a strong effect on haploid induction
rate was identified as a sperm-specific phospholipase [18–20].
However, the mechanism by which this protein triggers
haploid induction needs to be further studied. Another
significant QTL on chromosome 8 [14] was also fine mapped
[3].

Other than haploid inducers, HIR was noted to be
influenced by two factors: a) the environment in which the
induction crosses were conducted; and b) the maternal
genotype (referred to as inducibility). The influence of
environment on HIR is quite contradictory, with some studies
indicating no influence [21,22] and others indicating signifi-
cant influence [8,23,24]. In contrast, many studies provide
evidence for the influence of maternal genotype on the HIR
[8,9,22,23,25,26]. Given the same inducer, some maternal
genotypes respond more favorably to haploid induction than
the others.

QTL mapping and association mapping approaches can be
used to identify the maternal QTL or genomic regions
influencing HIR. A QTL mapping study earlier identified
maternal QTL influencing the haploid induction in a popula-
tion derived from two inbreds that have contrasting HIR when
crossed to the same inducer [26]. However, by using QTL
mapping with bi-parental populations, only limited variation
is explored. Hence, many loci important for controlling the
trait may not segregate and consequently, cannot be detected
[27,28]. On the contrary, genome-wide association studies
(GWAS) allow sampling of a wider genetic diversity present in
a population of diverse inbred lines and can also potentially
map the alleles/loci influencing the trait more precisely due to
the large number of historical recombinations accumulated in
many different lineages included in the mapping population.

Though GWAS is a very powerful strategy to identify
genetic variants, identification of common alleles with
smaller effect sizes require larger sample sizes. Genomic
prediction (GP) has emerged as a powerful breeding tool
employing molecular markers for traits with a complex
genetic basis. GP is carried out using SNPs across the genome,
without statistical tests for significant markers to be included
in the biometric model. Prediction accuracy is highly depen-
dent on trait architecture, apart from many other factors
[29,30]. Meta-analysis of GWAS is a statistical synthesis of
GWAS results from multiple studies to increase the detection
power and to reduce false positives [29]. Though large number
of GWAS meta-analysis studies have been reported in
humans and other animals [29], meta-analysis studies are
relatively rare in plants.

In this study, we crossed a large number of diverse tropical
inbreds organized in two association mapping panels (AMP)
with the pollen from tropicalized haploid inducers and
assessed the HIR in each of these inbreds. Our objectives
were to (1) study the variation for haploid inducibility among
tropical inbred lines, (2) identify the best tropical inbreds that
respond favorably to haploid induction, and (3) identify
genomic regions in the maternal parent influencing HIR
using GWAS separately and jointly across both AMPs.
Genomic predictions were carried out within each AMP
using trait associated as well as random markers.
2. Materials and methods

2.1. Plant materials

The maternal genotypes were organized into two association
mapping panels. The first Association Mapping Panel (AMP1)
comprised 442 inbred lines adapted to the tropics and
subtropics in a wide range of environments including Latin
America, sub-Saharan Africa and Asia. Of these, 271 are
CIMMYT Maize Lines (CMLs); 149 were a subset of the
Improved Maize for African Soils (IMAS) association mapping
panel; and 22 were a subset of the Drought Tolerant Maize for
Africa (DTMA) association panel. The second Association
Mapping Panel (AMP2) comprised 230 breeding lines from
CIMMYT, 188 of which were part of the DTMA panel and the
rest were CMLs. Seeds for CMLs were procured from CIMMYT
maize gene bank. Seeds for DTMA and IMAS lines were
obtained from CIMMYT's Maize Molecular Breeding Program
based in Mexico. Two different tropicalized haploid inducers
Tropically Adapted Inducer Lines 8 and 9 (TAIL8 and TAIL9)
were used for haploid induction crosses. TAIL8 and TAIL9
inducers were developed at CIMMYT in collaboration with the
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University of Hohenheim by crossing temperate inducer
hybrids RWS × UH400 and RWS × RWK to CML494, respec-
tively. TAIL8 has higher HIR than TAIL9 but exhibits similar
plant vigor [31]. Both inducers are equipped with the R1-nj
marker for discrimination of haploid and diploid kernels in
the induced progeny based on color marker expression [5].

2.2. Haploid induction crosses

Haploid induction crosses on AMP1 and AMP2 inbreds were
conducted in the summer of 2012 and 2015, respectively, at
the Agua Fría experimental station in Mexico (20.26°N,
97.38°W; ~110 m a.s.l.). TAIL9 was used for haploid induction
in AMP1 and TAIL8 was used for AMP2. Both AMP inbred lines
were grown in two replications with each replication
consisting of 38 plants planted in two rows 4.5 m long. To
achieve flowering synchrony with inbred lines of different
maturities, haploid inducers were stagger-planted four times
at a five-day interval. The maternal genotypes were
detasseled before their silks emerged. Pollen was collected
from 10 to 15 haploid inducer plants, bulked and used for
pollinating the silks of inbred plants. Harvested ears from
each inbred in each replication were shelled and maintained
separately in a cold room at 8–12 °C till used for planting.

2.3. Determining haploid induction rates in maternal
genotypes

HIR of AMP1 and AMP2 inbreds was evaluated in the summer
of 2014 and in the winter cycle of 2016, respectively, at Agua
Fría experimental station. HIR was assessed by the gold
standard haploid/diploid classification based on plant char-
acteristics like plant vigor, leaf width, erectness and paleness
[4,5,16,31,32]. Haploids show distinctly poor vigor with nar-
row, erect and pale leaves compared to diploids, and hence
can be accurately distinguished from diploids. For AMP1, the
experimental design was a partially replicated alpha lattice
design, where 39% of the inbreds planted were included in
both replications. For AMP2, the experimental design was also
an alpha lattice with two replications, each having 500 seeds.
To accommodate large numbers of plants in minimal space,
induced seeds were planted at a spacing of 75 cm × 10 cm on
the beds. The plant density using this design was 266,666 per
hectare. After three weeks of planting, the total number of
survived plants, haploid and diploid plants were recorded for
each entry based on the plant characteristics as described
earlier. Diploid plants were removed afterwards but any
doubtful plants were left till flowering by which the ploidy
can be established accurately. HIR was calculated as [(number
of true haploids / number of surviving plants) × 100]. Non-
germinated seeds and plants that died before HIR evaluation
were not considered in HIR determination.

2.4. DNA extraction and genotyping

DNA of all inbred lines was extracted from leaf samples of
3–4 weeks old seedlings by using the standard CIMMYT
laboratory protocol [33]. Genotyping was carried out by the
genotyping by sequencing (GBS) platform [34] at the Institute
of Genomic Diversity, Ithaca, USA. The original data set
consisted of 955,690 SNPs across all chromosomes, which
included partially imputed data based on an algorithm that
searches for the closest neighbor in small SNPwindows across
the entire maize database (approximately 22,000 Zea sam-
ples), allowing for a 5%mismatch [35]. For GWAS, filter criteria
of call rate ≥ 0.7 and minor allele frequency ≥ 0.03 were used,
yielding 324,625 SNPs for AMP1 and 333,397 SNPs for AMP2.
For calculating a principal component analysis and kinship
matrix, high quality SNPs with filtering criteria of CR ≥ 0.9 and
MAF ≥ 0.1 were used and a random sample of 122,303 and
129,800 SNPs was chosen from AMP1 and AMP2, respectively.
For linkage disequilibrium (LD) analysis, we used filtering
criteria of CR ≥ 0.9 and MAF ≥ 0.3 which generated 31,456 and
36,816 SNPs in AMP1 and AMP2, respectively.

2.5. PCA, kinship, and LD analysis

The PCA method, described by Price et al. [36], was imple-
mented in SNP & Variation Suite (SVS) V_8.6.0 (SVS, Golden
Helix, Inc., Bozeman, MT, USA, www.goldenhelix.com). A two-
dimensional plot of the first two principal components was
created to visualize the possible population stratification
among the samples. A kinship matrix was computed as the
GBLUP genomic relationship matrix [37] following overall
normalization as executed in SVS V_8.6.0. The extent of
genome wide LD was based on adjacent pairwise r2 values
between high quality SNPs from the GBS SNP set and physical
distances between these SNPs [37]. Nonlinear models with r2

as responses (y) and pairwise physical distances (x) as
predictors were fitted into the genome-wide LD data using
the ‘nlin’ function in R [38]. Average pairwise distances in
which LD decayed at r2 = 0.2 and r2 = 0.1 were calculated based
on the model given by [39].

2.6. GWAS

GWAS was carried out on the HIR phenotypes based on the
single locus mixed model analysis correcting for both
population structure and kinship (EMMAX) [40] as imple-
mented in SVS V_8.6.0 [41]. In the linear models, the first 10
principal components were used as covariates. Manhattan
plots were created using the −lg (P-values) of all SNPs used in
analysis, and Q-Q plots were obtained by plotting the
observed −lg (P-values) and the expected −lg (P-values) to
determine genomic inflation, if any. Independent tests of
association between one SNP and HIR was estimated and
significance of association was declared based on a
Bonferroni corrected P ≤ 0.05.

A meta-analysis was performed with the association
analysis outputs from the two GWAS by employing a random
effects model combining the effect sizes of each common SNP
that were analyzed in the two studies using software SVS
V_8.6.0. Variance components for random effects, one for
each marker, were computed using the DerSimonian-Laird
approach [41]. Genomic control correction [42] was applied to
each GWAS before the meta-analysis and to the overall
results after meta-analysis. A total of 312,010 SNPs which
were common in the two GWAS, were used in meta-analysis.
Heterogeneity of effect sizes across the two studies was
assessed using Cochran's Q and I2 statistics. Selected SNPs

http://www.goldenhelix.com
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from the meta-analysis was plotted on a Forest plot to
visualize the overall effect size estimate and heterogeneity
between the two GWAS.

2.7. Genomic prediction

Genomic best linear unbiased prediction (GBLUP) was carried
out using standard method employing the genomic relation-
ship matrix generated using overall normalization [37]. The
prediction was carried out within AMPs, with and without
feature selections as employed in SVS v8.6 of Golden Helix
software. A 10-fold cross validation scheme with 10 iterations
was used to generate the training and validation sets and
assess the prediction accuracy for different scenarios. For GP
with feature selection, the 27 significant SNPs from AMP1, two
significant SNPs from AMP2 and 19 most significant SNPs
from meta-analysis were pre-selected. In the case of GPs
without feature selection (‘Random’), 3000 SNPs distributed
randomly in the genome were selected. The average value of
the correlations between the phenotype and the genomic
estimated breeding values was defined as genomic prediction
ability. For all the genomic prediction analyses, the training
dataset and validation dataset were independent.
3. Results

3.1. Phenotypic analysis

Most of the genotypes in AMP1 showed HIR in the range of
4%–10% while the majority of the genotypes in AMP2 showed
HIR in the range of 4%–8% (Fig. 1). In both populations, a few
genotypes showed very low HIR (<2%) or very high HIR (>14%)
(Fig. 1). The fifteen best inbred lines for HIR from each AMPs
were presented in the Table S1. Among the white and yellow
inbred lines, the latter showed higher mean HIR compared to
the former in both panels (Fig. S1-A). Inbreds adapted to
Fig. 1 – Phenotypic distribution and components of variance for H
mapping panel.
lowland tropical environments tended to show higher HIR
compared to sub-tropical inbreds in both panels (Fig. S1-B). No
clear pattern emerged when we compared the HIR of inbreds
classified under the CIMMYT heterotic groups A and B (Fig. S1-
C). In AMP1, heterotic group A showed higher mean HIR
compared to heterotic group B. The opposite trend was
observed in AMP2. AMP2 is constituted of inbreds developed
from two important source germplasm, namely DTP and LPS.
The inbreds derived from DTP showed higher mean HIR
compared to LPS (Fig. S1-D). HIR assessed in different inbreds
in both panels showed high heritability (>0.8%) (Fig. 1). Among
the agronomic traits assessed in the inbred lines, only plant
height and ear aspect were correlated with HIR (Table S2).
Days to silking, ear height and ear rot scores were not
correlated with HIR.

3.2. Population structure and linkage disequilibrium

Principal component analysis revealed a moderate population
structure in the AMP1 and AMP2 datasets (Fig. 2). About 10
eigen vectors were required to explain about 50% of the
variance in both panels. For AMP1, the first two eigen vectors
separated two general clusters of tropical and sub-tropical
lines. The tropical lines from Latin America, Africa, and Asia
were not separated from each other (Fig. 2a). For AMP2, the
first two principal components explained 9.8% and 5.7% of
variation and did not clearly separate the sub-tropical and
tropical lines (Fig. 2b). The genome-wide LD decay plotted as
LD (r2) between adjacent pairs of markers versus distance in kb
showed that average LD decay was 21.27 kb at r2 = 0.1 and
7.38 kb at r2 = 0.2 for AMP1 (Fig. 3a) and 33.05 kb at r2 = 0.1 and
11.47 kb at r2 = 0.2 for AMP2 (Fig. 3b). The LD in the AMP1,
which was a representative of the CIMMYT elite and breeding
lines seemed to decline faster compared to the AMP2 which
was primarily composed of inbred lines with better adapta-
tion to the Africa tropics/sub-tropics.
IR in two AMPs. HIR, haploid induction rate; AMP, association

Image of Fig. 1


Fig. 2 – Two-dimensional PC plot based on the first two principal components of AMP1 (A) and AMP2 (B) used in GWAS. The
germplasm groups representing the color codes are mentioned within in the figures.
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3.3. GWAS and meta-analysis

The single locus mixed model analysis on the AMP1 identified
27 SNPs significantly associated with HIR at a Bonferroni
corrected P < 0.05 (Table 1, Fig. 4a) on all the chromosomes.
SNP S6_156591426 on chromosome 6 showed the strongest
association with the least P value (1.47E−11) and Bonferroni
corrected P-value (4.98E−06). Phenotypic variance explained
by individual significant SNPs ranged from 6.30% to 10.10%.
From the analysis of AMP2, two SNPs were identified as
significantly associated with HIR at this threshold, and both
were located around 128.5 Mb on chromosome 6 (B73 AGP V2)
(Table 1, Fig. 4b). Favorable alleles from 20 of the 27 SNPs
identified in AMP1 were low in frequency in the panel and the
two SNPs identified in AMP2 were also low in frequency
among the lines in that panel. The SNP with the most
significant effect towards HIR identified from AMP1 explained
10% of the phenotypic variance and in AMP2, the most
significant SNP identified, S6_128560933, explained 17% of
the variation. Multiple regression analysis including all
significant SNPs from the analyses explained 42% and 53% of
the phenotypic variation for the trait in AMP1 and AMP2,
respectively (data not shown).

Meta-analysis was conducted using the GWAS results ob-
tained from AMP1 and AMP2, after applying genomic control
corrections. Fifty-two SNPswere found to have significant effects
in both GWAS and the meta-analysis (Table S3, Fig. 5). These
SNPs had zero I2 value, showing absence of heterogeneity

Image of Fig. 2


Fig. 3 – Linkage disequilibrium (LD) plot representing the average genome wide LD decay in the AMP1 (A) and AMP2 (B) with
genome-widemarkers. The values on the Y-axis represents the squared correlation coefficient r2 and the X-axis represents the
physical distance in kilo base (kb).
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between the SNP effects in both GWAS. The SNPwith the highest
strength of association was S5_205925729, on chromosome 5,
with effect sizes of 0.23 and−0.31 in theAMP1 andAMP2 analysis,
respectively, and a combined effect size of −0.28 in the meta-
analysis. Six SNPs identified in the meta-analysis were found to
Table 1 – Chromosomal position and SNPs significantly associa
panels.

Marker Chr. Position P-value Bonferroni_P FDR

AMP1
S1_1161124 1 1,161,124 1.43E−09 0.00049 6.96E−05
S1_53468166 1 53,468,166 9.41E−10 0.00032 6.39E−05
S1_150685530 1 150,685,530 4.35E−09 0.00148 0.00015
S1_164509114 1 164,509,114 1.40E−07 0.04749 0.00176
S1_188073885 1 188,073,885 1.18E−09 0.00040 6.69E−05
S2_11829249 2 11,829,249 7.54E−08 0.02562 0.00142
S2_90172063 2 90,172,063 1.29E−07 0.04388 0.00169
S2_212422721 2 212,422,721 7.29E−09 0.00248 0.00023
S3_132385154 3 132,385,154 4.33E−08 0.01470 0.00092

S4_202561102 4 202,561,102 1.04E−08 0.00352 0.00029
S5_4473342 5 4,473,342 7.63E−08 0.02592 0.00136
S5_191373611 5 191,373,611 3.33E−11 1.13E−05 5.66E−06
S5_205925729 5 205,925,729 7.57E−10 0.00026 6.43E−05
S6_156591426 6 156,591,426 1.47E−11 4.98E−06 4.98E−06
S7_38895261 7 38,895,261 1.21E−07 0.04120 0.00172
S7_147071275 7 147,071,275 2.08E−08 0.00708 0.00051
S7_147071297 7 147,071,297 2.08E−08 0.00708 0.00047
S7_170819467 7 170,819,467 1.22E−07 0.04128 0.00165
S8_53596187 8 53,596,187 2.47E−09 0.00084 0.00010
S8_146038097 8 146,038,097 8.23E−08 0.02795 0.00140
S8_170335802 8 170,335,802 4.04E−09 0.00137 0.00015
S9_3112757 9 3,112,757 8.39E−08 0.02850 0.00136
S9_3112761 9 3,112,761 3.26E−10 0.00011 3.69E−05
S9_26656992 9 26,656,992 1.12E−07 0.03808 0.00173
S9_97036391 9 97,036,391 5.16E−08 0.01753 0.00103
S9_146084574 9 146,084,574 2.07E−08 0.00704 0.00054
S10_22263234 10 22,263,234 1.19E−07 0.04040 0.00176

AMP2
S6_128560933 6 128,560,933 5.24E−10 0.00017 0.00017
S6_128524505 6 128,524,505 2.31E−08 0.00770 0.00385
be in chromosomal bins previously reported for having QTL for
this trait (Table S3, Fig. S2).

GP within the panels using SNPs associated with HIR and
random SNPs in 10-fold cross validation analysis revealed
moderate predictive ability. Random SNPs based average
prediction ability was 0.41 and 0.33 in AMP1 and AMP2,
ted with HIR detected by GWAS in two association mapping

PVE Predicted gene Functional domain

0.082 GRMZM2G002167 –
0.083
0.077
0.063 GRMZM5G878058 Calcium transporting ATPase
0.083
0.065 GRMZM2G392125 Glycosyl hydrolases family 16
0.063
0.075
0.067 GRMZM2G064015 NB-ARC domain containing disease

resistance protein
0.073
0.065
0.097
0.084 GRMZM2G179761 Expressed protein
0.101 GRMZM2G089895 RCI3A peroxidase superfamily protein
0.063
0.071 GRMZM2G353779 Bromodomain domain containing protein
0.071
0.063
0.079
0.065 GRMZM2G408537 Expressed protein
0.077
0.065 GRMZM5G868913 DegP protease 9
0.088
0.063
0.067 GRMZM2G104866 AP2 domain containing protein
0.071 GRMZM2G046729 Atypical receptor-like kinase
0.063 GRMZM2G015886 Cellulose synthase-like family D

0.170 GRMZM2G027723 CESA1-cellulose synthase
0.140 GRMZM2G002473 OsWAK receptor-like protein kinase

Image of Fig. 3


Fig. 4 – Highly significant SNPs for maternal genetic influence on HIR identified from MLM (Q + K) model represented in
Manhattan plot, plotted with the individual SNPs on the X-axis and −lg (P-value) of each SNP in the Y-axis for AMP1 (A) and
AMP2 (B). The threshold line represents Bonferroni P < 0.05.

293T H E C R O P J O U R N A L 8 ( 2 0 2 0 ) 2 8 7 – 2 9 8
respectively (Fig. 6). Further, inclusion of HIR associated SNPs
into the prediction model improved the mean accuracies to
0.49 and 0.44, respectively, in AMP1 and AMP2. Overall, the
prediction ability was improved by including the HIR associ-
ated significant SNPs with the random SNPs.
4. Discussion

In vivo haploid induction based on maternal haploid inducers
is the backbone of doubled haploid line development in maize
[14]. The ability of the haploid inducer to induce haploids and
the ability of the source germplasm to be induced for haploids
can be determined based on the HIR obtained in a specific
inducer and source germplasm combination. Determining the
HIR typically involves crossing the source germplasm as
female parent with a haploid inducer as male parent and
differentiating the haploids from the diploids based on R1-nj
color marker expression in the seeds (induced progeny).
However, R1-nj color marker expression can be inhibited in
some of the tropical inbreds [43] and even when expressed,
can potentially lead to significant proportion of false positives
and false negatives [9,31,44]. Hence, we have not relied on R1-
nj marker expression for determination of HIR in this study.
The experiments in this study used a more reliable and
accurate method based on plant traits for HIR assessment,
even though it is resource intensive and required a large field
area planted under trials. The method of haploid/diploid

Image of Fig. 4


Fig. 5 – Manhattan plot showing SNP associations to maternal genetic influence on HIR in meta-analysis (top panel) and
individual GWAS of AMP1 and AMP2. The red dots are SNPs identified in meta-analysis; the blue dots are from AMP1 GWAS;
and the green dots are from AMP2 GWAS.
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identification based on plant traits was used as a gold
standard for determination of HIR in several previous studies
[4,16,31,32,44].
Fig. 6 – Box plot showing genomic prediction ability from 10-fold
SNPs identified in AMP1 and AMP2. The boxes represent the first
black line within the box. The lines extending from the boxes to
and minimum observations.
This is the first large-scale study conducted using tropical
maize germplasm to elucidate the influence of the seed
parents on the in vivo haploid induction rates, besides
identification of putative genomic regions in the maternal
cross validation using 3000 random SNPs and HIR associated
and third quantiles and the median is represented by a short
the horizontal bars represent the distance to the maximum
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parents influencing HIR. Analysis of HIR in the inbreds
comprising the two AMPs used in this study confirmed
significant influence of the maternal genotype, as was also
observed in earlier studies [9,22,23]. In addition, the analysis
also revealed huge variation for haploid inducibility in tropical
inbred lines with a few lines showing very high HIR and a few
lines showing very low HIR, while majority showed moderate
HIR. Average HIR observed in each AMP was in a similar range
reported earlier for the respective haploid inducers [31].

HIR data generated in this study on elite tropical inbred
lines is valuable for tropical maize breeding programs in
constitution/selection of relevant source populations for DH
line development, as well as optimal utilization of resources
in haploid induction. For example, in populations developed
from inbred lines that respond poorly to haploid induction,
more plants can be planted and pollinated with inducer pollen
to obtain the minimum number of haploids required for
production of a desired number of DH lines. The observation
that white maize germplasm and lowland tropical germplasm
respond more favorably for haploid induction compared to
yellow maize germplasm and subtropical germplasm respec-
tively indicates a need for careful planning of the induction
nurseries when using different germplasm groups. This study
also indicated that HIR is correlated with plant height and ear
aspect of the inbred lines, indicating that vigorous plants with
big ears and good grain filling may show higher inducibility
than less vigorous plants with poorly filled ears. These results
are corroborated by the observations that HIR was higher in
agronomically improved lines than those of unimproved lines
[45] and that HIR was higher in tropical single-crosses derived
from elite lines than in landraces and open-pollinated
varieties [9]. Days to silking did not show any correlation
with HIR indicating that maturity group of the germplasm
does not influence haploid inducibility.

The present study also reports inbred lines that respond
favorably to haploid induction showing about twice the
average HIR of all the inbreds assessed in the respective
panel. Similar to previous studies, this study also revealed
that the response to haploid induction is highly heritable with
significant genetic variance [23]. A recent diallel analysis for
HIR trait using temperate germplasm indicated that HIR is
mostly controlled by additive genetic factors [24]. Predomi-
nant role of general combining ability rather than specific
combining ability was also observed for HIR in both temperate
and tropical germplasm [23,24]. Together, these results
indicate that haploid inducibility in maize germplasm can be
improved through selection and genotypes showing favorable
response to haploid induction can be effectively used for
improving the haploid inducibility. It was also proposed that
the germplasm with high inducibility can be effectively used
in germplasm enhancement projects to cross with unadapted
germplasm to improve haploid inducibility and reduce
haploid/diploid misclassification rates [24]. Thus, in addition
to improving the HIR in the haploid inducers, it is also possible
to improve the haploid inducibility of the elite or nonelite
germplasm for enhancing the efficiency of DH line
production.

Previously, genetic analyses of haploid induction mainly
focused on haploid inducers and led to identification of
several QTL responsible for haploid induction through linkage
mapping [13,14] and association mapping [15] approaches.
The gene underlying the major QTL identified in these studies
encodes a pollen-specific phospholipase and a frame-shift
mutation in this gene in haploid inducers is critical for
conditioning the haploid induction [18–20]. Other QTL identi-
fied in haploid inducers may be modifiers of this gene
function [14,15]. To understand the genetic architecture of
haploid induction trait fully, identification of maternal genetic
modifiers is also important as haploid induction is signifi-
cantly influenced by the female parent as described earlier.
Using a linkage mapping population, Wu et al. [26] identified
QTL on chromosomes 1 and 3 in the maternal genome having
considerable effect on HIR. In this study, the GWAS of the two
panels identified a total of 29 SNPs to be significantly
associated with HIR. Significantly associated SNPs explained
phenotypic variation as high as 17% in AMP2 and 10% in
AMP1. All the significant SNPs from both GWAS explained 42%
and 53% of the phenotypic variation for the trait in AMP1 and
AMP2 respectively. These results indicate that maternal
genome influence on haploid induction could be controlled
by genes with moderate to large effects. This is unique
observation as most of the traits for which GWAS have been
conducted in maize, apart from biochemical traits and
resistance to some diseases, are controlled by large numbers
of small effect loci which typically explain <9% of the total
phenotypic variation [46]. The significant associations de-
tected from the two panels were not common, probably owing
to different genomic regions/loci responsible for maternal
effects leading to haploid induction. The two panels were
composed of different sets of tropical/sub-tropical germ-
plasm, with AMP1 being predominantly CIMMYT elite breed-
ing lines developed for different tropical environments,
including Latin America, Africa and Asia, and AMP2 composed
of lines predominantly adapted to African tropics/sub-tropics.
In addition, AMP1 and AMP2 were induced for haploids in
different years; hence, different environments could also have
influenced the HIR differently in each set of inbred lines.
Several candidate genes and the functional domains in those
genes were also identified in the study. However, we could not
specifically associate their reported functions with the ma-
ternal genetic influence on HIR.

To increase the power of QTL detection and identify
common alleles with small effects, a meta-analysis was
conducted on the two GWAS. In this study, heterogeneity in
genetic effects was allowed between the two panels of inbreds
primarily due to the use of different haploid inducers, and
hence a random-effects model was adopted in the meta-
analysis to overcome this limitation [47]. Some of the SNPs
identified from the individual GWAS studies and meta-
analysis on chromosomes 1 and 3 fell within the physical
co-ordinates of the marker intervals of the QTL identified by
Wu et al. [26]. On chromosome 3, Wu et al. [26] reported a
candidate gene, Centromere protein c1 (Cen pc1), estimated to
be located between positions 217,200,846 and 217,549,349 base
pairs. CENPC proteins play an important role in DNA binding
reactions and hence, Cen pc1 may be related to haploid
induction [48,49]. In our study, one of SNPs identified through
meta-analysis was found to be located within the reported
physical co-ordinates of Cen pc1. Apart from these, several
novel genomic regions influencing haploid inducibility were
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identified through GWAS analyses followed by meta-analysis.
Genetic analysis of maternal parent influence on in vivo
haploid induction in the present study revealed that the
genomic regions controlling maternal haploid induction in
the haploid inducers are not co-localized with the genomic
regions in the maternal parents influencing haploid induction
rate.

Even though considerable progress has been made on
understanding the genetic basis of haploid induction, the
biological mechanism of in vivo maternal haploid induction is
still elusive. Two possible mechanisms discussed are parthe-
nogenetic induction of the egg cell into embryo without
fertilization, and normal fertilization but elimination of
inducer chromosomes from the developing embryo. Single
fertilization and parthenogenetic induction of haploids were
reported in several studies [50–53]. Elimination of paternal
chromosomes was also observed in other studies [54–57].
Since experimental evidence exists for both proposed mech-
anisms, the maternal genomic regions identified in this study
influencing HIR could be involved with either of the above-
mentionedmechanisms of haploid induction. Thesematernal
modifiers may possibly be involved in influencing pollen
competitive ability, fertilization and seed development.

The efficiency of maize breeding programs can be en-
hanced through GP. There have been numerous studies in
maize that showed the importance of trait heritability,
training population size, number of markers used, training
population design along with trait architecture in improving
the prediction ability [30,58–61]. The potential of GP has been
assessed for simple as well as complex traits in maize [60] and
also implemented for various traits in CIMMYT maize
breeding programs [61–63]. The prediction ability obtained in
this study is high enough to warrant GP for HIR in source
germplasm in practical breeding programs. The mean accu-
racies of 41% and 33% in AMP1 and AMP2, respectively, are in
accordance with previous studies of moderately complex
traits such as haploid male fertility [64], ear rot [64], maize
lethal necrosis [65,66] and northern corn leaf blight [67]. It has
been suggested in many GP studies in maize that a population
with broad genetic base, like that of association mapping
panels compared to breeding populations, shows lower
prediction ability [61,66]. The observed differences in the
prediction ability in the two panels studied here could be due
to their differences in sample size, genetic variance, trait
heritability, changes in population structure and LD esti-
mates. Inclusion of HIR associatedmarkers into the prediction
model led to substantial increase in the prediction ability in
AMP1 and AMP2 (49% and 44% respectively), although this
could be marginally over-estimated as GWAS and GP were
carried out within the same panels. The significant SNPs
associated with the trait explained 42% and 53% of its
variation, indicating that the prediction ability could be
attributable to moderate to large effect QTL detected in this
study and few other small effects QTL distributed across
genome.

Overall, this study indicated that the maternal parent's
influence on in vivo haploid induction is a highly heritable
trait with significant genetic variation. Therefore, this trait
can be potentially improved through selection in elite
breeding materials. The results from the GWAS and GP
indicated that maternal influence on haploid induction is a
less complex trait controlled by a few genomic regions with
moderate to large effect size along with several small effect
ones. Inbreds identified with very high and very low HIR can
be possibly used in further genetic studies to validate the
genomic regions influencing thematernal parent influence on
in vivo haploid induction in maize.
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