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ABSTRACT

Natural In vivo maternal haploid induction is a unique and valuable trait
in maize, enabling rapid development of completely homozygous inbred
lines. This process is facilitated by specialized pollen parents, known as
maternal haploid inducers, which induce the formation of seeds
containing haploid embryos alongside normal triploid endosperms. The
haploid induction rate (HIR) can vary significantly depending on the
inducer genotype, source germplasm, and environmental conditions
during induction crosses. We conducted a diallel mating among 13 tropical
maize inbred lines—five with high inducibility (CML533, CML254, CML451,
CML376, CML383), four with moderate inducibility (CML381, CML442,
CML435, CML484), and four with low inducibility (CML510, CML396,
CML398, CML364)—to study the genetic control of HIR. Ninety-five F;
hybrids, along with their 13 parental lines, were crossed with a common
haploid inducer in two different environments, and each set was
evaluated for HIR. HIR was assessed in the field based on morphological
differences between haploids and diploids, such as plant vigor and leaf
erectness. Results revealed substantial variation in HIR among the lines
and hybrids. Both general combining ability (GCA) and specific combining
ability (SCA) effects were significant for HIR, with five lines showing
significant positive GCA effects. Additive genetic effects were predominant,
indicating that source germplasm responsiveness to haploid induction can
be effectively improved through selection. GCA of parental lines can be
effectively used to predict the performance of the hybrids for haploid
induction with high accuracy. These findings provide valuable insights for
enhancing haploid induction efficiency and accelerating doubled haploid
line production in tropical maize breeding programs.
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INTRODUCTION

The use of haploids in hybrid maize breeding has become a standard
practice for generating completely homozygous inbred lines. Doubled
haploid (DH) lines derived from haploids offer multiple advantages over
conventional inbred lines, including increased genetic gain per cycle,
accelerated hybrid development, improved efficiency of molecular
marker applications, and streamlined breeding logistics [1,2]. These
advantages collectively enhance the overall efficiency of maize breeding
programs.

In many crop species, haploid production relies on in vitro techniques
such as anther culture or pollen culture, which require specialized
laboratory facilities and skilled personnel [3]. However, maize uniquely
employs in vivo haploid induction, allowing for the easy and cost-effective
generation of haploids in the field [4]. This process depends on rare maize
genotypes exhibiting reproductive anomalies that enable haploid
induction [5-9]. These genotypes, termed haploid inducers, can be
classified into maternal and paternal haploid inducers based on the
genetic origin of the induced haploids [10]. Maternal haploid inducers are
preferred for large-scale DH line production due to their high haploid
induction efficiency [1]. When maternal haploid inducer pollen is used to
fertilize maize populations, a proportion of the resulting seeds develop
haploid embryos carrying only the maternal genome. The capability of
haploid inducers to induce haploids is quantified as the haploid induction
rate (HIR), which varies based on the inducer genotype, environmental
conditions, and the genetic background of the source germplasm.

The effect of inducer genotypes on HIR is well characterized. The first
reported maternal haploid inducer exhibited an average HIR of 1-3% [6],
while modern inducers now achieve HIRs of >10% [11,12], enabling large-
scale DH production. The genetic basis of the maternal haploid induction
trait was well researched, and several quantitative trait loci (QTLSs)
affecting the HIR were identified [13-18]. Notably, a major effect
functional polymorphism in a sperm specific phospholipase gene
(zmMTL/NLD/PLA1) was identified as a key determinant of haploid
induction [19-21]. Additionally, a mutation in the ZmDMP gene was found
to enhance haploid induction in combination with the ZmMTL mutation
[22]. Beyond these major loci, several minor QTLs also contribute to
variation in HIR [18].
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The influence of the environment on HIR was also noted in previous
studies, which reported higher HIRs in favorable environments compared
to stressful conditions. For instance, Mexican winter seasons with optimal
temperatures yielded higher HIRs than hot summer conditions [23].
Additionally, greater environmental effects on HIR were noted in
temperate germplasm [2,24]. In contrast to these observations, other
studies found no significant environmental effects on HIR [25,26].

Beyond the inducer genotype and environment, the source germplasm
also significantly impacts HIR. The effect of maternal genotype on HIR was
first observed by Chase in 1949 [27] and subsequently confirmed by
multiple studies [2,23,26,28-30]. A detailed analysis of HIR in 671 tropical
inbred lines indicated very high genetic variance for HIR, and the genome-
wide association study (GWAS) identified several QTLs conditioning the
response of the source germplasm to haploid induction [30]. Few studies
also explored the combining ability of inbred lines for HIR. Kebede et al.
(2011) [23] conducted a half-diallel analysis using 10 tropical inbred lines
and found significant general combining ability (GCA) effects, but no
significant effects for specific combining ability (SCA) or their interactions
with environment. Conversely, De La Fuente et al. (2018) [24] observed
significant GCA, SCA, reciprocal, environmental, and interaction effects in
a half-diallel study involving three high-HIR and three low-HIR inbred
lines.

Efficient and cost-effective production of DH lines depends on
producing enough haploid kernels. However, some tropical germplasm—
including elite adapted lines and populations derived from them—shows
low levels of haploid induction. This limits the success in obtaining enough
number of DH lines from such germplasm. To better understand and
address this limitation, we previously evaluated a large set of 671 tropical
inbred lines for their haploid inducibility and observed substantial
variation in HIR among the lines [30]. Based on these results, we selected
four inbred lines with low HIR (3-7%), four with moderate HIR (8-11%),
and five with high HIR (12-21%) for further investigation. The current
study employs a diallel mating design involving these 13 tropical inbred
lines to examine the inheritance patterns and combining ability of
maternal effects on haploid induction. Additionally, the study aims to
assess the predictability of hybrid inducibility based on mid-parent values
and GCA effects.

MATERIALS AND METHODS
Plant Materials

In our earlier study, 671 elite inbred lines adapted to the tropics and
subtropics in a wide range of environments, including Latin America, sub-
Saharan Africa, and Asia, were characterized for their response to HIR,
which indicated a wider variation for HIR in these selected tropical inbred
lines [30]. Based on the HIR, a total of thirteen CIMMYT maize lines (CMLSs)
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were selected and crossed in a half diallelic manner. The parents in the
diallel experiment included four CMLs with low HIR, four CMLs with
medium HIR, and five CMLs with high HIR (Table 1). Pedigrees, adaptation
of the inbred lines, and the country where these inbreds were developed
are indicated in Table 1. Seeds for these inbred lines were obtained from
the CIMMYT maize germplasm bank. A set of 95 F; crosses were
successfully made in the winter cycle of 2018 at the CIMMYT experimental
station at Agua Fria (20.26°N, 97.38°W) in Mexico, while a few crosses
could not be produced due to non-synchrony for flowering among the
inbred lines.

Table 1. List of the inbred lines selected for diallel mating, their pedigree names, adaptation, country where
these lines were developed, and their haploid induction rate (HIR).

Name Pedigree Adaptation Country HIR (%)
CML510 SW89300-1P5S2-5-##1-6-BB MA Zimbabwe 3.58
CML396 P21C5HC109-3-1-5-4-B-4-3-##-2-B*6 LLT Mexico 4.04
CML398 P21 C5HC216-2-3-B-#*4-BBB-###-B*8 LLT Mexico 4.46
CML364 SAHC1-5-1-1-5-3-B LLT Colombia 6.91
CML381 P501c1#-401-3-1-2-B-B ST/MA Mexico 9.52
CML442 [M37W/ZM607#bF37sr-2-3sr-6-2-X]-8-2-X-1 ST/MA Zimbabwe 10.16
CML435 SA3-C4HC(16x25)-2-4-3-6-B-B-B-B-B LLT Colombia 10.44
CML484 G 19 C3H104-3-1-B-2-3-BB ST/MA Mexico 10.92
CML533 SA4C4HC19-3-2-2-2-3-4-3-B-B-B-B LLT Colombia 12.15
CML254 TUXSEQ-149-2-BBB-##-1-BB-f LLT Mexico 12.15
CML451 [NPH28-1*G25)*NPH28]-1-2-1-1-3-1-B*6 LLT Mexico 13.71
CML376 SLWHG-AF118-2-1-1-B-1-B-1-B-B ST/MA Mexico 14.95
CML383 P502c1#-771-2-2-1-1-B ST/MA Mexico 21.29

LLT = Lowland tropics; ST/MA: Subtropics/midaltitude; HIR = Haploid induction rate.

Haploid Induction Crosses and HIR

The di-allelic hybrids, along with 13 parental lines, were crossed to the
CIMMYT’s tropical haploid inducer hybrid CIM2GTAIL009xCIM2GTAIL006
[5] in the 2018 summer cycle at the Agua Fria station to induce haploids.
The induction crosses were analyzed for HIR by planting the induced seed
in the 2019 winter season at Agua Fria in Mexico. The genotypes were
crossed to the tropical haploid inducer hybrid CIM2GTAILO09 x
CIM2GTAILO06 again in the 2019 summer cycle at Agua Fria station to
induce haploids. The induction crosses were analyzed for HIR by planting
the induced seed in the winter cycle of 2020 at Metztitlan (20.6°N, 98.76°W)
in Mexico.

For assessing HIR, seeds resulting from induction crosses were planted
in the field in an alpha lattice design with two replications and 18 blocks
with six genotypes per block. For each genotype, 200 seeds were planted.
The induced seeds were planted in ridges at a spacing of 75 cm between
ridges and 10 cm between plants to accommodate a large number of plants.
Haploids and diploids were distinguished based on plant vigor, erectness,
and paleness of leaves and purple stem color after three weeks of planting
[31]. Diploid plants were removed afterwards, but any doubtful plants
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were left till flowering, by which the ploidy can be established accurately.
HIR was calculated as [(number of true haploids/numbers of surviving
plants) x 100] [30]. Non-germinated seeds and plants that died before HIR
evaluation were not considered in HIR determination.

Genotyping

DNA from all 13 parental inbred lines was extracted and genotyped
using a Genotyping by Sequencing (GBS) platform at the Institute for
Genomic Diversity, Cornell University, Ithaca, USA, as per the procedure
described in earlier studies [30,32]. Quality control on raw GBS SNPs,
where a minor allele frequency < 0.05, heterozygosity of >5% and missing
data rates > 15% were removed by using TASSEL ver 5.2 [33] and selected
109,590 SNPs were used for further analysis. The genetic relationship
among the lines was determined based on the neighbor joining tree
algorithm using the phylogenetic tree analysis in TASSEL software v5.2.93.
The principal component analysis (PCA) was conducted using the TASSEL
software and then visualized by using R software (http:/www.R-

project.org/).

Statistical Analysis

The trait HIR data is based on a percentage, so it was checked for
statistical model fitting, to know whether it follows normal distribution,
has constant variance, and independence or not [34]. Plotting residuals
against fitted values showed that the residuals were symmetrically
distributed with constant variance; thus, the data were not transformed.
Phenotypic data analyses were carried out using Multi-Environment Trait
Analysis software in the R environment (META-R) [35,36]. Best linear
unbiased predictions (BLUPs) and best linear unbiased estimates (BLUESs)
for each parental line and hybrids were generated (Table S1). Analysis of
variance was determined for HIR for inbred lines and hybrids by
restricted maximum likelihood method using ASReml-R [37]. Dummy
variables were used to separate genotypes into parental lines and hybrids.
The phenotypic data of the parental inbred lines and hybrids were
analyzed based on following linear model:

Yijkim = U + @ + Gy + Sk + (GS)jjk + Rik + Bmix + €jjim @

where Yjjm is the HIR of ij-th genotype (parental line i = j, or hybrid i, j) in
the m-th incomplete block of the i-th replication in the k-th environment,
u is an intercept term, a is the group effect for lines and hybrids, Gj the
genetic effect of the ij-th genotype (parental line i = j, or hybrid i, j), Sk the
effect of the k-th environment, (GS);x the interaction of ij-th genotype
(parental line i = j, or hybrid i, j) with k-th environment, Rk the effect of
the Ith replication in the kth environment, Bnik the effect of the m-th
incomplete block in the 1-th replication of the k-th environment, and ejjxim
is the residual error term. To estimates the BLUEs, genotype (G),
environment (S) and replication (R) were treated as fixed effect and
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HIR = mean + environment + rep(environment) + male + female + pedigree + environmentmale +

genotype by environment interactions (GS) and block effects (B) were
treated as random effects. Whereas the total variance components for
lines and hybrids were estimated by treating environment (S) and
replication (R) as fixed effect and genotype (G), genotype by environment
interactions (GS) and block effects (B) as random effects.

Further, for the diallel analyses, the software ASReml-R [37] was used.
Parental lines GCA and SCA effects of F; hybrids, as well as their variance
components, were computed across environments, using the following
linear mixed model (2):

(2)

environmentfemale + environment x pedigree

Variance components for GCA of male and female parents, specific
combining ability (SCA; pedigree), and their interactions with
environments were estimated using a mixed-effects model. Environment
and replication nested within environment were fitted as fixed effects,
whereas male, female, pedigree, and their interactions with environment
were treated as random effects, assuming independent normal
distributions with a mean of zero. The kinship matrix was estimated by
using the VanRaden algorithm [38]. For male and female effects, we
considered a variance-covariance matrix based on the van Raden genomic
relationship which we obtained from markers data.

To get the line effect without considering its role as male or female
(both) we used the “equate.levels” instruction of ASReml. The significance
of GCA and SCA effects were tested with a z-test, using standard errors of
GCA and SCA effects, respectively. The variance components of GCA (6%gca)
and SCA (0%sca) were estimated from the corresponding combining ability
effects. The baker’s ratio [39] was used to evaluate the relative importance
of GCA and SCA. The ratio of phenotypic variance contributed by the
genetic variance was used to compute broad-sense heritability based on
the entry means [40]. The ratio of GCA effects (2GCA) to total genetic effects
(2GCA + SCA) closer to unity is considered a high predictability of HIR
performance. Pearson’s correlation coefficients (r) were calculated
between the F; hybrids and mid-parent values. A leave-one-hybrid-out
cross-validation procedure described by Schrag et al. (2006) [41] was
implemented to determine the coefficients of the correlations between F;
hybrids and the sum of GCA effects of both parents.

RESULTS
Haploid Induction Rates of Inbreds and Hybrids

The analysis of HIR among the inbred lines used in this study revealed
significant variability among the lines (Table 1 and Figure 1A). The lines
CML510, CML396, CML398, and CML364 showed low HIR ranging from
3.58 to 6.91, whereas the lines CML381, CML442, CML435, and CML484
showed medium levels of HIR (9.52-10.92%). The lines CML533, CML254,
CML451, CML376, and CML383 showed higher HIR (12.15% to 21.29%). The
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HIR values of the parental lines and Fi hybrids followed the normal
distribution pattern (Figure 1). The HIR was ranged from 2% to 21% for

parental lines and 9% to 17% for hybrids as shown in Figure 1.

20

1@

15

Number of parental lines
Number of hybrids
10
1

T
5 10 15 20 8 10 12 14 16
Haploid induction rate (%) Haploid induction rate (%)

Figure 1. Histogram and normal distribution profile of HIR for parental lines (A) and hybrids (B).

Among the thirteen inbred lines used in this study, seven were
developed for lowland tropical regions, and the remaining six inbreds
were developed for midaltitude/subtropical regions (Table 1). Based on
GBS SNPs data, the lowland tropical inbreds and mid-altitude/subtropical
inbreds fell into two distinct clusters (Figure 2A). Among the lowland
tropical inbreds, CML533, CML435, and CML364 inbreds that were
developed by the CIMMYT breeding program in Colombia formed a
separate cluster. Another set of lowland inbreds CML396, CML398,
CML254, and CML451, that were developed by CIMMYT in Mexico,
clustered together. Subtropical inbreds CML376 and CML383, together
with CML381, were developed by the subtropical breeding program in
Mexico are clustered together. The subtropical inbreds CML442 and
CML510, developed in Zimbabwe together with CML484, developed in
Mexico formed a separate cluster. The PCA analysis revealed a significant
variability among the inbred lines (Figure 2B). The first two principal

components accounted for 27% of the total variation.

To evaluate the potential impact of population structure on GCA
estimates, we analyzed Model 2 including the first two principal
components (PC1 and PC2) from the PCA analysis as fixed effects. Neither
PC was significant (Wald test: p = 0.0700 for PC1 and p = 0.3816 for PC2),
indicating that population structure did not contribute significantly to
variation in HIR. Furthermore, the estimated variance components were
virtually unchanged compared with the original model (GCAmale = 1.08,
GCAfemale = 3.19, GCAmale x Environment = 0, GCAfemale x Environment
=0.18, SCA = 1.04, SCA x Environment = 2.72, Residual = 7.59). These results
demonstrate that the observed GCA effects are robust to adjustment for
population structure and are not inflated by stratification among the
Colombian, Mexican, and Zimbabwean breeding groups identified by PCA

(Figure 2B).

The diallelic crosses were grouped into six categories based on the
haploid induction rate (HIR) of the parental lines (Table 2, Figure 3, Table
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S1). Hybrids made between two high-HIR lines had an average HIR of
14.5%, while those between high- and medium-HIR lines averaged 14.0%
of HIR. In F1 hybrids with both parents having high HIR, the HIR ranged
from 12.84% to 15.60%. Crosses between one high-HIR parent and one
medium-HIR parent, the HIR ranged from 11.95% to 15.90%. F; hybrids
developed by using medium x medium HIR parents averaged 13.24% of
HIR. Hybrids involving low-HIR parents (high x low, medium x low, low x
low) all had average HIR below 12%, with low x low HIR crosses showing
the lowest average HIR (8.35%) (Figure 3). All low x low crosses had less
than 10% HIR, except for F; hybrids developed from CML364 x CML510.

( A) CML254 ( B) G i e

Y , CML396 e B, o

M

CML484 - LN cMLaes ocuiL3ss -

\ Cigl3ss
. 0
- = ClL510
10 —_ £ ‘_. r "\ - a Group
M — S i L cMLest g - e~
|[‘ S |':"‘-\ 451 ] ‘
Ny 7 o CML254®
. 1
N ~ - \"'. / o e
CML533 — NN e 0 = CMIATE
o S\ P g
/ / \ S \
CML435/ \ CML383 2
cML384 / ' cmL3s1 o s
9 o 2

0
PC1 (16.9%)

Figure 2. Dendrogram (A) and principal component analysis (B) of 13 CMLs based on the neighbor-joining
method estimated using 109,590 SNP markers.

Table 2. Mean performance of F1 hybrids across two environments for HIR in the diallel experiment.

Hybrids HIR (%)
Group1l: High x High (n = 16)

Mean 14.25
Range 15.6-12.8
Group 2: High x Medium (n = 14)

Mean 14.01
Range 15.9-11.9
Group 3: High x Low (n = 14)

Mean 11.22
Range 13.5-8.6
Group 4: Medium x Medium (n = 6)

Mean 13.24
Range 14.1-11.6
Group 5: Medium x Low (n = 7)

Mean 10.4
Range 12.7-8.0
Group 6: Low x Low (n = 8)

Mean 8.35
Range 11.3-6.3

HIR = Haploid induction rate.

Crop Breed Genet Genom. 2026;8(2):e260016. https://doi.org/10.20900/cbgg20260016



Crop Breeding, Genetics and Genomics 9 of 20

Percent

" High-High

\\
High-Med

 High-Low

Med-Med

 Med-Low

Low-Low

Figure 3. Histogram and kernel density of hybrids for haploid induction rate (HIR %) across two
environments in diallel experiment.

Analyses of Variance Components

Analyses of variance (ANOVA) indicated significant genotypic variation
for both parental lines and F; hybrids for HIR (Table 3). Hybrids tend to
show slightly higher HIR compared to the average HIR of parental lines.
Genotype x environment interaction variance is also significant for both
parental lines and F; hybrids. The inbreds showed high heritability (0.67)
for HIR, similar to hybrids which showed a heritability of 0.68. When
variance components are further partitioned into GCA and SCA (with
Model 2), assuming that male and female parents are not contributing
equally, the GCA for both male and female parents in the diallelic crosses
is significant (Table 4). GCA for female parents and its interaction with the
environment, GCA for male x female x environment is also significant
(Table 4). SCA is less significant compared to GCA; however, SCA x Env is
highly significant. Additive variance is 4.4 times the dominance variance.
Broad-sense heritability is higher than narrow-sense heritability. When
the male and female parents are assumed to be equal contributors,
variance for both lines and hybrids was significant (Table 4). However, the
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parentalline x environment interaction was not significant, but the hybrid
x environment interaction was significant.

Table 3. Estimation of total variance components and heritability for haploid induction rate (%) for parents

and F; hybrids.
Variance components Parents F1 hybrids
Mean performance 10.33 12.58
0% 27.16** 5.84**
0%GxE 4.72%* 2.97**
0% 4.77 7.93
h? 0.90 0.68
LSDso 5.18 3.88
Ccv 21.15 22.39

** significant at the 0.01 probability level; LSD: least significant difference at 5%; CV: coefficient of variation (%); o6%c:

genotypic variance; o%cxe: genotype x environment interaction variance; o%: error variance; h?: heritability.

Table 4. Estimates of variances for general combining ability (GCA), specific combining ability (SCA), and
their interaction with environment for maize haploid induction rate (HIR).

Source of variation Estimate Standard error z-Value p-Value
GCAmale 1.30 0.63 2.06 0.0196
GCAfemale 3.26 1.59 2.04 0.0205
GCAmae*Env 0.00 NA NA NA
GCAfemale*Env 0.18 0.20 0.93 0.1753
SCA 1.03 0.69 1.51 0.0655
SCA*Env 2.71 0.78 3.50 0.0002
Residual 7.60 0.51 15.01 -
Genetic variance 5.59 1.78 3.13 0.0009
GXE variance 2.90 0.76 3.80 0.0001
Additive variance 4.55 1.70 2.68 0.0037
Dominance variance 1.03 0.69 1.51 0.0655
Baker ratio 0.81 0.12 6.89 0.0000
Broad sense heritability 0.67 0.08 8.19 0.0000
Narrow sense heritability 0.55 0.10 5.31 0.0000
Log-Likelihood -1145.00 - - -
Male = Female Estimate SE z-Value p-Value
Line 1.61 0.70 2.28 0.0112
Line*Env 0.11 0.15 0.71 0.2399
Hybrid 1.19 0.68 1.75 0.0399
Male*Female*Env 2.79 0.79 3.53 0.0002
Residual 7.60 0.51 15.01 -
Log-Likelihood -1137.00 - - -

According with the Log-Likelihood, the model that equates male and female effects fits better. GCA = general combining

ability; SCA = specific combining ability; Env = environments; Rep = replication.

General- and Specific Combining Ability Analyses

GCA for inbreds with low HIR tends to be low, contributing negatively
whether used as a male or female parent in the diallelic crosses. The lines
CML396 and CM398 had the highest negative GCA effects for HIR. GCA of
the inbreds with high HIR tends to be positive when used as either male
or female parents (Table 5). The lines CML383 and CML376 had the highest
positive GCA effects among all the inbreds included in the study. GCA
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effects for the inbreds with medium HIR are mostly in a positive direction
except for CML381 when used as a female parent and CML442 when used
as a male parent. SCA effects for each cross combination were estimated
based on phenotypic and genotypic data (Table 6). SCA variance was not
significant (p = 0.06), and no individual effect was statistically different
from zero minimum (p = 0.0601). The SCA effects ranged from -1.29% to
1.67% with and standard error of 0.89%. Mid-parent performance was
significantly (p < 0.01) correlated with F; hybrid performance for HIR (r =
0.76, Figure 4). However, compared to predictions based on mid parent
values, the GCA based correlations for F; hybrid performance was higher
with r =0.96 (p <0.01) (Figure 4).
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Figure 4. Association of (A) mid parent values and (B) GCA based prediction with observed Fi hybrid
performance for haploid induction rate (%). ** Means a significant correlation with p-value < 0.01.

Table 5. Estimates of general combining ability (GCA) effects for the 13 parental lines in a diallel for HIR.

Both Male Female .

Parent Effect Std Err Effect Std Err Effect Std Err Difference Female-Male
CML510 -1.42* 0.55 -0.18 0.64 =5.71** 1.55 -5.53
CML396 -3.66** 0.50 -3.44** 0.69 -3.28%* 0.77 0.16
CML398 -2.65%* 0.48 -2.40** 0.65 -2.50** 0.76 -0.10
CML364 -1.25* 0.42 -1.37* 0.51 -0.78 0.72 0.60
CML381 -0.19 0.51 0.16 0.71 -0.34 0.78 -0.49
CML442 0.04 0.47 -0.17 0.62 0.55 0.77 0.72
CMLA435 1.53* 0.48 1.18* 0.63 2.09%* 0.77 0.91
CML484 0.05 0.49 0.24 0.66 0.10 0.77 -0.14
CML533 0.30 0.42 0.22 0.52 0.56 0.67 0.34
CML254 1.47* 0.48 0.87 0.65 2.28%* 0.76 1.41
CML451 1.26* 0.48 1.19* 0.65 1.35* 0.76 0.16
CML376 2.10%* 0.47 1.59* 0.61 2.84%* 0.76 1.25
CML383 2.41%* 0.41 2.10%* 0.51 2.82%* 0.66 0.72

**, *significant at the 0.01 and 0.05 probability level, respectively; std err: standard error; effect: GCA effect.
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Table 6. Estimates of specific combining ability (SCA) effects across two environments for HIR in diallel.

Parent/Cross Effect StdErr z-value p-Value
CML254/CML254 -0.71 0.90 -0.80 0.4237
CML254/CML364 -0.03 0.89 -0.03 0.9761
CML254/CML376 -0.36 0.90 -0.40 0.6892
CML254/CML383 0.46 0.89 0.52 0.6031
CML254/CML435 0.79 0.90 0.88 0.3789
CML254/CML442 0.06 0.90 0.07 0.9442
CML254/CML484 0.08 0.90 0.09 0.9283
CML254/CML533 0.09 0.89 0.10 0.9203
CML364/CML364 -0.85 0.89 -0.95 0.3421
CML364/CML376 0.29 0.89 0.32 0.7490
CML364/CML383 -0.40 0.89 -0.45 0.6527
CML364/CML398 -0.54 0.90 -0.61 0.5419
CML364/CML435 -0.06 0.94 -0.07 0.9442
CML364/CML442 -0.99 0.89 -1.10 0.2713
CML364/CML451 0.81 0.90 0.91 0.3628
CML364/CML484 0.42 0.90 0.47 0.6384
CML364/CML510 1.08 0.90 1.20 0.2301
CML364/CML533 0.13 0.89 0.14 0.8887
CML376/CML376 -0.20 0.90 -0.22 0.8259
CML376/CML254 -0.12 0.90 -0.14 0.8887
CML376/CML364 -0.22 0.89 -0.25 0.8026
CML376/CML383 0.19 0.89 0.21 0.8337
CML376/CML435 0.25 0.90 0.28 0.7795
CML376/CML442 0.63 0.90 0.70 0.4839
CML376/CML484 0.88 0.90 0.98 0.3271
CML376/CML533 -1.03 0.89 -1.15 0.2501
CML381/CML381 -0.58 0.90 -0.65 0.5157
CML381/CML364 0.24 0.89 0.27 0.7872
CML381/CML383 -0.32 0.89 -0.36 0.7188
CML381/CML396 -0.13 0.90 -0.15 0.8808
CML381/CML398 0.73 0.90 0.81 0.4179
CML381/CML451 0.18 0.90 0.20 0.8415
CML381/CML510 -0.45 0.90 -0.50 0.6171
CML381/CML533 0.26 0.94 0.28 0.7795
CML383/CML383 1.67 0.89 1.88 0.0601
CML383/CML254 0.63 0.89 0.71 0.4777
CML383/CML364 -0.49 0.86 -0.56 0.5755
CML383/CML376 -0.27 0.89 -0.30 0.7642
CML383/CML381 0.03 0.90 0.03 0.9761
CML383/CML396 -0.33 0.90 -0.36 0.7188
CML383/CML398 0.43 0.89 0.48 0.6312
CML383/CML435 0.34 0.89 0.38 0.7039
CML383/CML442 -0.09 0.89 -0.10 0.9203
CML383/CML451 0.15 0.89 0.17 0.8650
CML383/CML484 -0.77 0.89 -0.87 0.3843
CML383/CML510 -0.52 0.89 -0.59 0.5552
CML383/CML533 -0.41 0.86 -0.47 0.6384
CML396/CML396 -0.44 0.90 -0.49 0.6241
CML396/CML364 0.68 0.89 0.76 0.4473
CML396/CML381 -0.09 0.94 -0.09 0.9283
CML396/CML383 -0.23 0.89 -0.26 0.7949
CML396/CML398 -0.12 0.90 -0.13 0.8966
CML396/CML451 -0.14 0.90 -0.15 0.8808
CML396/CML510 0.12 0.90 0.14 0.8887
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CML396/CML533 -0.25 0.89 -0.28 0.7795
CML398/CML398 -0.83 0.90 -0.92 0.3576
CML398/CML364 -0.30 0.89 -0.34 0.7339
CML398/CML381 0.52 0.90 0.57 0.5687
CML398/CML383 0.21 0.89 0.24 0.8103
CML398/CML396 0.36 0.90 0.40 0.6892
CML398/CML451 -0.06 0.90 -0.07 0.9442
CML398/CML510 -0.17 0.90 -0.18 0.8572
CML398/CML533 -0.09 0.89 -0.10 0.9203
CML435/CML435 -1.29 0.90 -1.43 0.1527
CML435/CML254 0.08 0.90 0.09 0.9283
CML435/CML364 0.63 0.89 0.70 0.4839
CML435/CML376 0.43 0.90 0.48 0.6312
CML435/CML383 -0.04 0.89 -0.04 0.9681
CML435/CML442 0.50 0.90 0.56 0.5755
CML435/CML484 -0.07 0.90 -0.08 0.9362
CML435/CML533 0.04 0.89 0.04 0.9681
CML442/CML442 -0.55 0.90 -0.61 0.5419
CML442/CML254 0.07 0.90 0.07 0.9442
CML442/CML364 0.08 0.89 0.09 0.9283
CML442/CML376 -0.21 0.90 -0.24 0.8103
CML442/CML383 0.26 0.89 0.29 0.7718
CML442/CML435 -0.09 0.90 -0.10 0.9203
CML442/CML484 -0.20 0.90 -0.22 0.8259
CML442/CML533 0.74 0.89 0.83 0.4065
CML451/CML451 -0.04 0.90 -0.05 0.9601
CML451/CML364 0.06 0.89 0.07 0.9442
CML451/CML381 0.47 0.90 0.52 0.6031
CML451/CML383 0.13 0.89 0.15 0.8808
CML451/CML396 -0.94 0.90 -1.05 0.2937
CML451/CML398 -0.14 0.90 -0.15 0.8808
CML451/CML510 0.37 0.90 0.41 0.6818
CML451/CML533 0.29 0.89 0.33 0.7414
CML484/CML484 -0.29 0.90 -0.32 0.7490
CML484/CML254 -0.26 0.90 -0.28 0.7795
CML484/CML364 0.14 0.89 0.15 0.8808
CML484/CML376 0.50 0.90 0.56 0.5755
CML484/CML383 -0.69 0.89 -0.77 0.4413
CML484/CML435 0.25 0.90 0.27 0.7872
CML484/CML442 0.02 0.90 0.02 0.9840
CML484/CML533 0.34 0.89 0.38 0.7039
CML533/CML254 0.71 0.89 0.80 0.4237
CML533/CML364 -0.46 0.86 -0.53 0.5961
CML533/CML376 0.35 0.87 0.40 0.6892
CML533/CML381 -0.35 0.90 -0.39 0.6965
CML533/CML383 -0.51 0.86 -0.59 0.5552
CML533/CML396 0.26 0.90 0.29 0.7718
CML533/CML398 -0.31 0.89 -0.34 0.7339
CML533/CML435 0.17 0.89 0.20 0.8415
CML533/CML442 0.37 0.89 0.42 0.6745
CML533/CML451 -0.42 0.89 -0.47 0.6384
CML533/CML510 0.30 0.89 0.34 0.7339
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DISCUSSION

Producing haploids in desired numbers economically is an important
requirement in the maize DH line production process. Maternal haploid
inducer genotypes with an innate ability to produce haploids are central
to this process. Improvements in HIR in maternal haploid inducers were
achieved through decades of selection for HIR, with modern maternal
haploid inducers having HIR > 10% compared to the first reported inducer
with ~1% of HIR [1,16]. While HIR is relatively stable when assessed within
a given inducer genotype and environment, it varies considerably when
the same inducer is used across different female genotypes. This highlights
an important opportunity to improve not only the innate HIR of inducers
but also the genotypic response of source germplasm to haploid induction.

Some female genotypes consistently show higher HIR responses,
suggesting the presence of genetic factors within such source germplasm
influencing haploid induction efficiency [30]. Understanding these
genotypic responses has practical implications. Knowledge of germplasm
performance for haploid induction allows breeders to plan more precisely,
optimizing field space, labor, and other inputs during the haploid
induction stage. Identification and incorporation of rare, high-responding
genotypes into breeding pipelines is strategically beneficial in enhancing
the efficiency and cost-effectiveness of DH line production in the long term.

Estimating variance components and combining ability for HIR
response could provide valuable insights into the inheritance of HIR, with
significant general and specific combining ability effects guiding parental
selection to maximize haploid induction efficiency. In this diallelic study,
tropical inbred lines adapted to the lowland tropics and subtropics
exhibited considerable variation for HIR, ranging from 3.58% to 21.29%,
reaffirming that the source germplasm from which haploids are derived
plays a significant role in determining HIR. The thirteen inbreds evaluated
here were previously characterized for their HIR using a different haploid
inducer [30], and the HIR trends observed in this study were consistent
with the earlier findings. However, all inbreds showed higher HIR levels
in the present study, which can be attributed to the use of a different
haploid inducer with enhanced haploid induction capability [5] compared
to the inducers used in the earlier study [30]. Similar to inbred lines, the
hybrids also showed great variation for HIR, ranging from 5.5% to 17.99%
(Table S1). This variability among both the parental lines and hybrids for
HIR implies strong potential for improving haploid induction response
through selection in source germplasm.

There are several indications to confirm a strong influence of source
germplasm on HIR, alongside variation for HIR observed among the
inbreds and hybrids. First, there is a significant genotype effect observed
in ANOVA for both the lines and the F; hybrids (Tables 2 and 3). Secondly,
the hybrids derived from high HIR inbreds consistently exhibited high HIR,
while those from low HIR parents showed lower HIR. Thirdly, a large
broad-sense heritability (h? = 0.67) suggests that most of the phenotypic
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variation observed was attributable to genetic differences in the
germplasm evaluated. This conclusion is in agreement with observations
from several other studies on HIR using temperate and tropical maize
germplasm [2,23,26-30].

The total variance for genotype x environment interaction is significant
for both parental inbreds and F; hybrids, highlighting the critical role of
environmental factors in HIR expression and the broader adaptation of
the material studied. Previous studies also observed a significant effect of
environment on HIR in both temperate [2,24] and tropical maize
germplasm [23], where higher HIRs were generally achieved under
optimal environmental conditions. In contrast to these observations, other
studies found no significant environmental effects on HIR [25,26]. In our
study, GCA x environment interaction variances were nonsignificant,
indicating that parental inbreds performed consistently in hybrid
combinations across environments, consistent with Kebede et al. (2011)
[23] but differing from De La Fuente et al. (2018) [24]. The significant SCA
x environment-interaction variance observed here suggests that hybrid
performance for HIR is not solely determined by the average effects of the
parents, but also by how specific parental combinations interact with
particular environmental conditions.

Our results are broadly consistent with those of De La Fuente et al.
(2018) [24], who reported significant GCA, SCA, environmental, and GCA x
environment effects for haploid inducibility. However, the magnitude of
GCA effects observed in the present tropical germplasm was considerably
greater, with a maximum GCA of 2.41% compared with 0.06% reported by
De La Fuente et al. (2018) [24] and 1.06% by Kebede et al. (2011) [23]. This
likely reflects the wider range of parental HIR (3.58-21.29%) and the
broader genetic diversity represented by CIMMYT tropical germplasm,
encompassing distinct lowland tropical, subtropical, and mid-altitude
breeding pools. Significant GCA and SCA variances indicate that both
additive and non-additive genetic effects contribute to HIR, although the
predominance of additive gene action was evident from the larger GCA
variance, high Baker’s ratio (0.81), greater additive than dominance
variance, and medium narrow-sense heritability (h? = 0.55). Collectively,
these results demonstrate that responsiveness to haploid induction is
largely under additive genetic control, enabling effective improvement
through selection and increasing the predictability of hybrid performance
from parental breeding values.

Since GCA effects were more predominant than SCA effects in
governing HIR, breeding strategies to improve HIR should primarily
exploit additive genetic variation. The inbred lines CML383, CML376,
CML254, CML451, and CML435 exhibited the highest positive GCA effects,
indicating their ability to consistently transmit favorable alleles for
haploid inducibility to progeny. These lines represent valuable donor
parents for enhancing HIR and can be integrated into CIMMYT’s forward
breeding pipeline through recurrent crossing and DH line development,
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similar to the deployment of favorable alleles for MLN and MSV resistance.
The associated QTLs can be targeted through marker-assisted or genomic
selection to accelerate the accumulation of favorable alleles while
maintaining gains for agronomic performance and disease resistance,
ultimately improving induction efficiency, reducing DH production costs,

and increasing genetic gain.

Significant SCA x environment interactions observed in this study
indicate that specific parental combinations responded differently across
environments, suggesting that non-additive genetic effects underlying
inducibility are sensitive to environmental conditions. One plausible
explanation is variation in temperature and related stresses during
pollination and fertilization, which influence pollen viability, fertilization
success, embryo development, and genome elimination processes
associated with haploid induction. Earlier studies [23,24] reported reduced
HIR under hot summer conditions compared with more favorable
environments, indicating that environmental stress can affect induction
efficiency. Tropical haploid inducers may also differ in their adaptation to
high-temperature environments, which could contribute to differential
hybrid responses and the observed SCA x environment interactions.

Further studies evaluating induction

controlled

temperature regimes would help clarify the physiological mechanisms

responsible for these genotype-specific environmental responses.

Parental lines for hybrid development are often selected based on their
per se performance. For simply inherited traits, mid-parent values can
predict hybrid performance with moderate to high accuracy (>0.60), as
reported for days to silking, ear dry matter content, and plant height in
maize [42] and for plant height, heading time, and 1000-kernel weight in
wheat and triticale [43]. In this study, the correlation between mean
parental values and F, performance for HIR was moderately high,
indicating that mid-parent values can guide preliminary hybrid selection,

although perfect prediction is not assured.

For traits predominantly governed by additive variance (GCA),
prediction accuracy is generally higher than for those with substantial
non-additive effects (SCA) as shown for dry matter content in maize [42].
GCA in the present study was a strong predictor of hybrid HIR, achieving
a prediction accuracy of 0.96 (p < 0.01) (Figure 4), like the previous results
for maize lethal necrosis resistance [44]. Prior information on GCA values
for the target trait can therefore greatly assist breeders in identifying lines
with the highest probability of producing high HIR resulting in production
of more DH lines with less resources. Overall, these findings suggest that
for HIR, GCA alone can serve as a robust predictor for identifying optimal
parental combinations to produce DH lines with high haploid induction
rates. A comprehensive understanding of the trait’s genetic architecture—
including variance components, heritability, combining ability, and trait-
linked markers—further improves the precision of germplasm selection,
ensuring more efficient and targeted DH-based breeding pipelines.
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In conclusion, this study confirms that HIR in tropical maize is strongly
influenced by the genetic background of the source germplasm. The
predominance of additive genetic effects, evidenced by high GCA
variances, Baker’s ratio, and narrow-sense heritability, underscores the
potential for substantial genetic gains to improve HIR through selection of
more responsive germplasm. Lines such as CML383, CML376, CML254,
CML451, and CML435 emerged as valuable donors of favorable alleles for
HIR enhancement. The strong correlation between mid-parent values and
hybrid performance, coupled with high prediction accuracy from GCA,
indicates that breeders can reliably use per se performance and GCA
estimates to identify optimal germplasm for DH production with optimal
resources. By integrating these insights, breeding programs can
systematically improve haploid induction efficiency, reduce DH
production costs, and accelerate genetic gains in maize improvement
pipelines.
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