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Abstract: Doubled haploid (DH) technology based on in vivo haploid induction has gradually
become the key technology in modern maize breeding. The ability of maternal germplasm to be
induced into haploids, inducibility, varies among genotypes. To dissect the genetic basis of maternal
haploid inducibility (MHI), an F, population derived from inbred lines B73 and Zheng58 was used
for single environment QTL analysis and QTL by environment interaction analysis. The mapping
population was genotyped by the 48K liquid-phase hybridization probe capture technique and
phenotyped in multi-environment trials for MHI. A total of ten QTLs located on chromosome bins
4.05,4.09,5.05/5.06, 6.07,7.00,7.01, 7.02, 7.03, 9.02, and 10.06 were identified for MHI. The PVE value
of each QTL ranged from 4.79% to 10.01%. The QTL gMHI5 is a stable QTL identified in JSH, HN,
and across environments with the highest PVE value of 10.01%. Three QTLs, gMHI4-1, gMHI5, and
gMHI 9-1, were detected by both methods. Three genes, Zm00001d017366, Zm00001d017420, and
Zm00001d017432, involved in seed development were the most likely candidate genes. This study
provides valuable information for the genetic basis of MHI.
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1. Introduction

By successfully taking advantage of hybridization technology, maize is the most
widely used commercial hybrid crop in the world. To comprise the hybrid, inbred line
development is the first step that requires seven or more generations through traditional
breeding technology. Therefore, shorten the breeding cycle and speeding up the breeding
process is gradually being realized by lots of breeders. Doubled haploid (DH) breeding
technology has become an important way to breed homozygous lines quickly and efficiently.
It could produce highly homozygous DH lines in only two generations, with the process of
haploid induction, identification, and doubling [1-3]. Because of its advantage in greatly
reducing the time and cost, DH technology is able to improve the overall breeding process.
Haploid breeding has been applied by many foreign companies at a large scale [4].

Haploid inducer line is a special germplasm to produce haploid by crossing with other
materials. This way, the haploid production efficiency is much higher than that obtained by
natural hybridization [5]. In 1956, the first haploid inducer Stock6 with haploid induction
rate (HIR) of 2-3% was discovered [6]. After years of haploid inducer line improvement by
breeders, the HIR has been continuously improved from ~2% to over 10% [7-9]. RWS [7]
and UH400 [5] developed from KEMS (HIR of ~6%) have the HIR of 8.65-13.39% and
8-15%, respectively. Tropical inducer candidates (TIC) developed from crosses between
temperate inducers (HIR of 8-10%) and tropical CIMMYT maize lines have the HIR up
to 10% [10]. A high oil inducer line, CHOI4, derived from CAU2 (HIR of ~10%) and
Beijing High Oil population has a HIR of ~10.59-20.84% and average kernel oil content of
~11% [11]. These high HIR inducers have been widely used in DH breeding programs, and
significantly improved the efficiency of DH line production.

Agriculture 2022, 12, 845. https:/ /doi.org/10.3390/agriculture12060845

https://www.mdpi.com/journal/agriculture


https://doi.org/10.3390/agriculture12060845
https://doi.org/10.3390/agriculture12060845
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://doi.org/10.3390/agriculture12060845
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture12060845?type=check_update&version=1

Agriculture 2022, 12, 845

2 0f 10

However, haploid inducer is not the only genetic factor impact HIR. The other key
factor is the genotype of maternal germplasm [12,13], which could be found in many
previous research studies. In the study of Prigge [12], there were significant genotypic
differences among inducers and maternal germplasm for HIR, but no interactions between
the two factors. A diallel analysis of a maize donor population was used to detect the
maternal influence on HIR by De la Fuente et al. [13]. The HIR ranged from 7.3% to 14.6%
by pollinate 30 F; with RWS x RWK-76 inducer.

Inducibility, first proposed by Wu et al. [14], was defined as the ability of maternal
germplasm to be induced into haploids. In an F, population, Wu et al. [14] identified
two QTLs for MHI on chromosomes 1 and 3, explaining 14.7% and 23.12% of the total
phenotypic variation, respectively. Benjamin et al. [15] reported four QTLs for MHI on
chromosomes 2, 4, 5, and 8 with a total phenotypic variation explained (PVE) value of 37.4%.
Li [16] detected 13 QTLs related to MHI, of which gMHI9-3 and qMHI10-3 with PVE values
of 22.14 and 17.44% were major QTLs. The genome-wide association study (GWAS) for
MHI was conducted using 671 tropical inbreed lines in two association mapping panels [17].
A total of 29 significant SNPs distributed over all 10 chromosomes were identified.

Only several genetic analyses had been performed on maternal haploid inducibility
(MHI) in different genetic backgrounds [14-16]. Most of the QTLs were reported in a
special population or in a special environment, there was no stable QTL identified in
different environments. Therefore, the stable QTL region identified in a cross environment
needs to be individually explored for molecular marker-assisted selection. In this study,
an F, population including 200 F,.3 families was used to perform QTL mapping. The
population was phenotyped for MHI in three different environments and genotyped by
the 48K liquid-phase hybridization probe capture technique. The objectives of this study
were to: (1) evaluate the phenotypic variation for MHI; (2) identify QTL conferring MHI;
(3) explore the stable QTL region in different environments; and (4) predict candidate genes
for major QTLs of MHI.

2. Materials and Methods
2.1. Materials and Experimental Design

In this study, 200 F3 families developed from a bi-parental cross between maize
inbred lines B73 (high MHI) and Zheng58 (low MHI) were used. The high-oil maize haploid
inducer line CHOI3 [18] with HIR of 8.72% was used as male parent to induce haploids.

The F,.3 families were planted at the Jiushenghe Experimental Station (N 43°57’3.2"
E 87°13'19.3”, JSH) in Changji, Xinjiang and the Erliugong Town Experimental Station
(N 44°3/10.0” E 87°10'23.1”, ELG) in Urumgj, Xinjiang in the summer of 2020, and at the
Ledong Experimental Station, Hainan (N 18°45'0.2” E 109°10'24.1”, HN) in the winter of
2020. A randomized complete block design with two replications at each site was used. In
each block, plants were planted in a single row with a row length of 2.5 m, a plant distance
of 0.25 m, and a row distance of 0.60 m. CHOI3 was planted on three different planting
dates to guarantee sufficient pollen for haploid induction. The F,.3 family was pollinated
by CHOIS3.

2.2. Phenotypic Evaluation

The R1-nj seed-based color marker system was used for haploid selection. All the
kernels were classified into two main types: diploid kernels with purple endosperm and
embryo, and haploid kernels with purple endosperm and colorless embryo (Figure 1) [19].
MHI was evaluated using the following formula:

number of haploid kernels

total number of kernels x 100%

MHI (%) =
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Figure 1. Two different types of hybrid induction kernels: (A) haploid kernels; (B) diploid kernels.

2.3. Data Analysis
The phenotypic data were analyzed using a mixed linear model:

Yijk =u+ Gi + E] + Rk(]‘) + GE,] + Eijk

where Y refers to the phenotypic value of the ith genotype in the jth environment in the
jkth replicate, p refers to the overall phenotypic mean, G; refers to the effect of ith genotype,
E; refers to the effect of the jth environment, Ryyj) refers to the effect of the kth replication
nested on the jth environment, GE;; refers to the interaction effect of the ith genotype with
the jth environment, and ¢;; refers to the effect of the experimental error. Analysis of
variance was performed using the AOV (ANOVA of multi-environmental trials) function
of the QTL IciMapping software [20]. The broad-sense heritability (h?) was calculated
as follows:
W = aé/ (aé —HT%E /E+ U?/ER)

where 02 refers to the genotypic variance, 02 refers to the genotype x environment
interaction variance, ‘752 refers to the error variance, E refers to the number of environments,
and R refers to the number of replications. The Best Linear Unbiased Estimator (BLUE)
values for single and combined environments were evaluated by the META-R Version 6.04
software [21]. The violin plots were plotted by R software [22].

2.4. Genotyping

Young leaves of the F, population and parental lines were sampled. DNA was ex-
tracted according to the CTAB method [23] and genotyped using the 48K liquid-phase
hybridization probe capture technique (China golden marker, Beijing, China). BWA 0.7.17
software [24] was used to anchor reads to the Maize B73_RefGen_v4 reference genome.
For each line, 62,504 SNPs evenly distributed on 10 maize chromosomes were obtained.
The SNP data were strictly filtered using vcftools software. The filtering parameters were
set as follows: MAF = 0.05, minDP = 10, maxDP = 300, minGQ = 30, minQ = 30, and
max-missing = 0.8. A total of 1855 polymorphic SNPs were used for further analysis.

2.5. Linkage Map Construction and QTL Analysis

QTL iciMapping V4.2 software was used for linkage map construction and QTL
analysis. Linkage map construction was performed using the “MAP” function. Kosambi
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mapping function was used to convert recombination frequencies into centi Morgans (cM).
The SNPs were first ordered by physical position and then rippled by the sum of adjacent
distances (DIS) with a window size of 5. QTL in single environment were identified using
the “BIP” function with the inclusive composite interval mapping of additive and dominant
(ICIM-ADD) method. QTLs by environment interactions for multi-environment trials were
detected by the “MET” function with the “ICIM-ADD” method. The LOD thresholds were
2.5 and 5.5 for the single environment QTL analysis and QTL by environment interaction
analysis, respectively. The dominant (D) effect, additive (A) effect, and phenotypic variation
explained (PVE) by each QTL were estimated. According to the ration of D and A (D/A),
gene action was classified into four types: A =0 to 0.20, partial dominance (PD) = 0.21 to
0.80, D = 0.81 to 1.20, and over-dominance (OD) > 1.20. The candidate gene identification
and annotation were based on MaizeGDB [25].

3. Results
3.1. Phenotypic Analysis of Maternal Haploid Inducibility

The phenotypic variation for MHI in the three environments is shown in Table 1
and Figure 2. MHI varied across environments and the means in different environments
were similar, ranging from 9.01% in ELG to 11.10% in HN. For each environment, there
were abundant phenotypic variations. The greatest variation occurred in ELG, where the
MHI ranged from 2.56 to 16.62. The smallest variation was detected in the combined
environment, where MHI ranged from 5.64 to 14.12. All the values of skewness were
negative, indicating that some lines had quite low MHI.

Table 1. Descriptive statistics of maternal haploid inducibility (%) in the F, population in three environments.

Environment Mean Min Max Median SD Kurtosis Skewness
JSH 10.46 2.94 14.45 10.73 2.04 0.26 —0.61
ELG 9.01 2.26 16.62 8.85 2.68 —0.32 —0.02
HN 11.10 3.11 15.75 11.31 241 —0.16 —047

Combine 10.19 5.64 14.12 10.29 1.76 —0.26 —0.32
9
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Figure 2. Violin plots of maternal haploid inducibility in the F, population.

ANOVA analysis results revealed significant differences among genotypes, environ-
ments, and genotype by environment interaction (Table 2). The heritability of MHI was
0.40 indicating that MHI was a complex quantitative trait easily affected by environments.
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Table 2. Analysis of variance (ANOVA) and broad-sense heritability (H?) for maternal haploid
inducibility (%) in the F, population.

Source of Variation Degree of Freedom  Sum of Square Mean of Square F-Value p-Value H?
Environment 2 20.46 10.23 3.25 <0.01 **
Genotype 199 4008.93 20.14 2.74 <0.01 **
GXE 398 8983.60 22.57 3.12 <0.01 ** 0.40
Residual 597 3117.01 5.21
Total 1195 16,130.00

** significance at p < 0.01.

3.2. Construction of Linkage Map

The results of linkage map construction are shown in Table 3 and Figure 3. The map
length was 3085.72 cM with an average distance between adjacent markers of 1.66 cM. The
number of SNPs on each chromosome ranged from 85 to 346 on chromosomes 6 and 3,
respectively. Chromosome 1 was the longest with 444.11 cM, while chromosome 6 was the
shortest with 178.57 ¢cM. The genetic gap interval ranged from 6.34 cM on chromosome 3 to
22.70 cM on chromosome 6. Although the average distance between markers was small,
there were still some relatively large gaps.
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Figure 3. QTL analysis for maternal haploid inducibility in the F, population.
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Table 3. Basic information of genetic linkage map for the F, population.

Chromosomes Number of Chromosome Average SNP Maximum Gap

SNPs Length (cM) Distance (cM) (cM)
1 270 44411 1.65 17.01
2 257 392.01 1.53 10.93
3 346 440.67 1.28 6.34
4 129 249.25 1.95 14.91
5 193 315.80 1.64 17.14
6 85 178.57 2.13 22.70
7 111 274.18 2.49 16.95
8 150 265.54 1.78 10.19
9 89 233.36 2.65 17.95
10 225 292.23 1.30 11.51

Total 1855 3085.72

3.3. Single Environment QTL Analysis

The single environment QTL analysis results are presented in Table 4 and Figure 3.
In JSH, five QTLs were detected on chromosome bins 5.05/5.06, 6.07, 7.00, 7.02, and
10.06 explaining 6.84%, 5.24%, 5.65%, 5.26%, and 4.81% of the total phenotypic variation,
respectively. The total PVE value was 27.8%. For QTLs gMHI5 and gMHI6, the MHI
increasing alleles were derived from the inbred line B73. For the other three QTLs, gMHI7-1,
gMHI7-2, and gMHI10, the favorite alleles were provided by Zheng58. In ELG, two QTLs
located on chromosome bins 10.06 and 4.09 were detected. The PVE value of each QTL was
5.97% and 5.43%. The inducibility increasing alleles were derived from B73. In HN, two
QTLs were detected on chromosome bins 5.05/5.06 and 7.03 explaining 6.04% and 5.97% of
the phenotypic variation, respectively. For gMHI7-3, the inducibility increasing allele were
derived from Zheng58.

Table 4. Single environment QTL mapping of maternal inducibility in the F, population.

Genetic

QTL Env Chr Bin Position (cM) Left Marker* Right Marker LOD PVEP (%) Add¢ Dom Gene Effectd
gMHI5 JSH 5 5.05/5.06 229 S5_192539104  S5_198930944 3.67 6.84 08  —0.14 A
gMHI6 JSH 6 6.07 160 S6_168195277  S6_169331347 2.64 5.24 0.68 0.65 D

gMHI7-1 JSH 7 7.00 4 S7_2687664 S7_5084568 2.63 5.65 —04 0.85 OD
gMHI7-2 JSH 7 7.02 133 S7_118697494  S7_119793590 3.09 5.26 —-045 073 OD
gMHI10 JSH 10 10.06 243 510_139299755 S10_139367146  2.63 4.81 -070 012 A
gMHI4-1 ELG 4 4.09 226 54238620990  S4_238810734 3.53 5.97 -112  —-0.05 A
gMHI9 ELG 9 9.02 79 59_20780866 59_21925680 2.99 543 —-0.05 1.40 OD
gMHI5 HN 5 5.05/5.06 229 S5_192539104  S5_198930944 2.62 6.04 089  —0.06 A
gMHI7-3 HN 7 7.03 167 S7_144352936  S7_149327555 2.83 5.97 -0.39 1.01 OD
gMHI4-2 Combine 4 4.05 85 S4_63834477 S4_67727362 3.17 4.79 028 —0.78 OD
gMHI5 Combine 5  5.05/5.06 231 55192539104  S5_198930944 5.72 10.10 087  —041 PD
gMHI7-4 Combine 7 7.01 50 579620150 5710978116 3.33 5.55 —024 084 OD

@ Marker name, chromosome_position, for example, S5_192539104 refers that the SNP is located at the physical
position of 192,539,104 bp on chromosome 5. The physical position was based on the Maize B73_RefGen_v4
reference genome. P PVE, phenotypic variation explained. ¢ Additive effect, positive values refer that the favorite
alleles came from B73 and negative values refer that the favorite alleles came from Zheng58. 4 Gene action was
classified to: additive (A), partially dominant (PD), dominant (D), and overdominant (OD).

Three QTLs located on chromosome bins 4.05, 5.05/5.06, and 7.01 were identified
across environments. The QTL gMHI5 with the PVE value of 10.1% was a major QTL for
MHI. The favorite alleles were derived from B73, except for the QTL gMHI7-3.

The QTL gMHI5 was detected in JSH, HN, and across environments, indicating that
it is an environmentally stable QTL for MHI. Most of the QTLs showed additive and
overdominant gene action.

3.4. QTL by Environment Interaction Analysis

A total of three QTLs were detected on chromosome bins 4.09, 5.05/5.06, and 9.02
explaining 2.28%, 2.47%, and 2.04% of the total phenotypic variation, respectively (Figure 3).
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All the three QTLs were detected in the single environment QTL analysis. Two QTLs,
gMHI4-1 and gMHI 9-1 (Table 5), had higher PVE by additive x environment effect than
PVE by additive effects, indicating strong QTL X environment interactions. The QTL
gMHI5 showed strong additive effects (Table 5).

Table 5. QTL by environment interaction analysis of maternal inducibility in the F, population.

QTL

Chr

Bin

Genetic
Position (cM)

PVE PVE

e f
(A) (%) © (A by E) (%) 4 Add Dom  Gene Effect

Left Marker® Right Marker LOD PVE (%) ?

qMHI4-1
GMHI5
gMHI9-1

4
5
9

4.09
5.05/5.06
9.02

227
229
79

54238810734  S4_241403945  5.97 2.28 1.06 122 —0.39 0.45 oD
S$5_192539104  S5.198930944  7.56 2.47 2.30 0.17 0.74 —-0.23 PD
59_20780866 59_21925680 5.78 2.04 0.17 1.87 0.20 0.03 A

@ Marker name, chromosome_position. The physical position was based on the Maize B73_RefGen_v4 reference
genome. ? PVE, phenotypic variation explained. ¢ PVE (A), phenotypic variation explained by additive effects.
4 PVE (A by E), phenotypic variation explained by additive x environment effects. ¢ Additive effect, positive
values refer that the favorite alleles came from B73 and negative values refer that the favorite alleles came
from Zheng58. f Gene action was classified to: additive (A), partially dominant (PD), dominant (D), and
overdominant (OD).

3.5. Prediction of Candidate Genes

The QTL gMHI5 was detected by both methods with the biggest PVE value of
10.10%. Therefore, candidate gene prediction was performed for gMHI5. Three candidate
genes Zm00001d017366, Zm00001d017420, and Zm00001d017432 encoding AP2-EREBP-
transcription factor 76, trihelix-transcription factor 20, and U6 biogenesis likel (UBL1)
were annotated (Table 6). All the three candidate genes may play important roles in seed
development.

Table 6. Putative candidate genes for maternal haploid inducibility.

Chr

Physical Location (Mb)

Candidate Gene

Annotation

Q1 G1 U1

193,683,447-193,687,796
195,390,564-195,397,434
195,843,468-195,848,738

Zm00001d017366
Zm00001d017420
Zm00001d017432

AP2-EREBP-transcription factor 76
Trihelix-transcription factor 20
U6 biogenesis likel

4. Discussion

In vivo haploid induction is a backbone of doubled haploid technology in maize.
HIR is not only affected by haploid inducers, but also by maternal lines [14,16]. In the
present study, MHI was significantly affected by genotypes, environments, and genotype by
environment interactions. Selecting sites with suitable climatic conditions and appropriate
germplasm can increase the MHI. In this study, materials planting in Hainan showed
slightly higher MHI than that of Jiushenghe and Erliugong in Xinjiang. This may be due
to the low pollen viability of the inducer caused by the high temperature during anther
shedding pollen stage in Xinjiang. Similar results were also observed by Li [16], where
the MHI of Hainan was higher than that of Beijing, Shijianzhuang, and Jinan. Therefore,
carrying out haploid induction in Hainan can obtain a higher MHI and improve the
efficiency of haploid breeding.

The heritability of MHI was 0.40, slightly lower than previous studies, but within an
acceptable range. The heritability of MHI was 049, 0.58, and ranged from 0.44 to 0.59 in the
study of Benjamin et al. [15], Wu et al. [14], and Li [16]. In our study, the lower heritability
may be due to the misclassification of haploids. Because of high cost and time-consuming
in manual work, correction for HIR was not conducted.

To better understand the genetic mechanism of MHI, an F, population was used to
identify QTL related to MHI. High-density markers for QTL mapping can not only improve
the resolution of QTL mapping, but also identify more minor QTLs [26]. Li et al. [27]
identified a major QTL with a confidence interval of 3.1 Mb using 3K SNP chips in a RIL
population. In our study, a total of 1855 high-quality SNPs were used for linkage mapping
construction. The total length of the linkage map was longer than previous studies, possibly
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due to the potential genotyping errors. The average distance between adjacent markers
was 1.66 cM, which effectively improved the resolution of QTL mapping. The interval of
each QTL ranged from 0.07 Mb of gMHI10 to 6.39 Mb of gMHI5, with an average interval
of 2.88 cM.

A total of ten QTLs were detected for MHI. The QTLs gMHI4-1, gMHI5, and gMHI9
were reliable QTLs detected by both single environment QTLs and by environment interac-
tion analysis. The QTL gMHI5 was also an environment stable QTL detected in multiple
environments. All loci were minor QTLs except gMHI5.

QTLs identified in different studies may be different due to the use of different popula-
tions, environments, and markers [28,29]. Four QTLs detected in our study were reported in
previous studies [16,17]. The QTLs gMHI9 and gMHI10 coincided with the QTLs identified
by Li [16]. In the study of Li, the two QTLs were stable QTLs identified in different environ-
ments. They were minor QTLs in our study, but major QTLs in Li’s study. The QTLs gMHI5
and gMHI7-3 contain the significant SNPs S5_191373611, S7_147071275, and S7_147071295
identified by Nair et al. [17] in tropical and subtropical maize. These four common loci
were consistent in different studies, indicating that they were stable QTLs across different
genetic backgrounds. The remaining five loci may be population-dependent QTLs, pro-
viding new genetic sources for MHI improvement. The stable QTLs identified in different
environments and genetic backgrounds need to be explored further for fine-mapping and
functional marker development for maker-assisted selection (MAS).

Three candidate genes related to MHI were annotated. Zm00001d017366 encodes a
AP2-EREBP-transcription factor 76 protein, which controls seed mass and seed yield [30].
Zm00001d017420 encodes a trihelix-transcription factor 20 protein, which plays crucial
roles in seed development and seed filling. In Arabidopsis, ASIL1, a member of the plant-
specific trihelix family of transcription factor, controls embryonic gene expression [31].
The mutation of ASILI leads to early embryo development. Zm00001d017432 encodes a
UBL1 protein, which is involved in kernel and seedling development. The mutation of
ubl1 showed small kernel in Maize [32,33]. These results provide valuable information on
fine-mapping and candidate genes cloning.

Overall, MHI is a complex trait controlled by a few large effect QTLs with multiple
small effect QTLs. Both MAS and genomic prediction can be used to improve the inducibil-
ity in maize. The average prediction of genomic prediction was 41% and 33% in different
GWAS panels, which increased to 49% and 44% by the inclusion of significant makers in
the prediction model [17]. Thus, the loci detected in our study can be used to develop
functional markers for MAS or included in the genomic selection model to improve the
prediction ability.

5. Conclusions

In this study, an F, population, phenotyped in multi-environment trials for MHI
and genotyped by the 48K liquid-phase hybridization probe capture technique, was used
for single environment QTL analysis and QTL by environment analysis. The heritabil-
ity of MHI was 0.40, which was significantly affected by environment, genotypes, and
environment X genotype interactions. A total of ten QTLs distributed on chromosomes
4,5,6,7,9, and 10, explaining 4.79% to 10.01% of the total phenotypic variation, were
identified by single environment QTL analysis. The QTL gMHI5 is a major QTL iden-
tified in JSH, HN, and across environments. Three QTLs, gMHI4-1, gMHI5, and qMHI
9-1, were also detected using QTL by environment interaction analysis. Zm00001d017366,
Zm00001d017420, and Zm00001d017432 were candidate genes for MHI that play important
roles in seed development. Our study contributes to a better understanding of the genetic
mechanism of MHL
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