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Abstract
Key message  A large-effect QTL was fine mapped, which revealed 79 gene models, with 10 promising candidate 
genes, along with a novel inversion.
Abstract  In commercial maize breeding, doubled haploid (DH) technology is arguably the most efficient resource for rap-
idly developing novel, completely homozygous lines. However, the DH strategy, using in vivo haploid induction, currently 
requires the use of mutagenic agents which can be not only hazardous, but laborious. This study focuses on an alternative 
approach to develop DH lines—spontaneous haploid genome duplication (SHGD) via naturally restored haploid male fertility 
(HMF). Inbred lines A427 and Wf9, the former with high HMF and the latter with low HMF, were selected to fine-map a 
large-effect QTL associated with SHGD—qshgd1. SHGD alleles were derived from A427, with novel haploid recombinant 
groups having varying levels of the A427 chromosomal region recovered. The chromosomal region of interest is composed 
of 45 megabases (Mb) of genetic information on chromosome 5. Significant differences between haploid recombinant groups 
for HMF were identified, signaling the possibility of mapping the QTL more closely. Due to suppression of recombination 
from the proximity of the centromere, and a newly discovered inversion region, the associated QTL was only confined to 
a 25 Mb region, within which only a single recombinant was observed among ca. 9,000 BC1 individuals. Nevertheless, 79 
gene models were identified within this 25 Mb region. Additionally, 10 promising candidate genes, based on RNA-seq data, 
are described for future evaluation, while the narrowed down genome region is accessible for straightforward introgression 
into elite germplasm by BC methods.

Introduction

Doubled haploid (DH) technology has become an increas-
ingly important tool to produce completely homozygous 
lines in shorter time and to speed up breeding cycles (Gei-
ger and Gordillo 2009; Prigge et al. 2012; Jacquier et al. 
2020). Moreover, DH populations were shown to have an 
increased usefulness compared to F2-derived populations 
(Mayor and Bernardo 2009). Genetic gain (ΔG) is depend-
ent on the amount of phenotypic variance present in the 
population (σ2

P), heritability, selection intensity (i), and the 
number of generations between cycle intervals (Moose and 
Mumm 2008). Genomic selection relies on genotypic and 
phenotypic values, rather than phenotypic values alone, to 
obtain reliable genomic estimated breeding values (GEBVs) 
(Meuwissen et al. 2001). Combining genomic selection 
with DH technology would allow plant breeders to obtain 
more reliable estimates, while simultaneously reducing the 
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time between breeding cycle intervals (Heffner et al. 2009; 
Gaynor et al. 2017; Hickey et al. 2017; Ren et al. 2017).

The in vivo DH process requires that kernels with a 
haploid embryo are induced via in vivo maternal haploid 
induction with a male inducer. Haploid seed then needs to 
be identified, sown in a glasshouse, carefully exposed to 
chemical doubling agents, and finally transplanted into the 
field as seedlings (Vanous et al. 2017). The process of DH 
line development routinely uses chemical doubling agents, 
the most common being colchicine, to induce genome dou-
bling (Prigge and Melchinger 2012; Molenaar and Melch-
inger 2019). The process of treating and transplanting hap-
loids is very laborious and expensive. The final step in the 
DH process is the self-pollination of fertile haploid plants 
(Aboobucker et al. 2022). Only a fraction of haploid plants 
restore fertility to produce DH seed where seed set in the D0 
generation is generally low—requiring an additional gen-
eration for seed increase before being utilized in a breeding 
program.

Instead of utilizing hazardous chemicals to induce 
genome doubling, plant breeders can use a genetic mech-
anism, known as spontaneous haploid genome doubling 
(SHGD). SHGD encompasses two key traits: haploid male 
fertility (HMF) and haploid female fertility (HFF). Both 
traits must be present simultaneously to successfully pro-
duce DH progeny. It has been previously reported that HMF 
is the limiting factor for successful SHGD derived DH lines 
(Chase 1952; Chalyk 1994; Geiger et  al. 2006). There 
are other benefits in using SHGD compared to traditional 
methods. In particular, the ability to directly sow haploid 
seed instead of transplanting treated haploids substantially 
reduces the costs for DH line production. A major constraint 
is the limited availability of HMF in maize (Zea mays L.) 
(Kleiber et al. 2012; Ma et al. 2018; Chaikam et al. 2019a). 
Therefore, identification of novel genotypes with high lev-
els of HMF and underlying candidate genes is a ‘needle in 
a haystack’ approach. However, some genotypes exhibited 
HMF levels greater than 50% (Geiger and Schönleben 2011; 
Kleiber et al. 2012; Wu et al. 2017; Ma et al. 2018; Chai-
kam et al. 2019b; De La Fuente et al. 2020; Ren et al. 2020; 
Trampe et al. 2020;). Various QTL for HMF or SHGD iden-
tified by genome-wide association (GWAS), or QTL map-
ping studies, have been reported in maize (Boerman et al. 
2020), and the first genes affecting HMF were identified in 
Arabidopsis (Aboobucker et al. 2023).

A region on chromosome 5 was found to have a strong 
effect on SHGD (Ren et al. 2020; Trampe et al. 2020; Ver-
zegnazzi et al. 2021; Santos et al. 2022). Ren et al. (2020) 
utilized three inbreds with high (A427), moderate (CR1Ht), 
and poor (Wf9) SHGD to construct mapping populations. 
Three QTL related to SHGD were identified—qshgd1, 
qshgd2 and qshgd3. Within the same region as qshgd1, 
Trampe et al. (2020) identified a large effect QTL explaining 

approximately 40% of the phenotypic variance using the 
SHGD donor A427 crossed with CR1Ht to create haploid 
families from 220 F2:3 families. Verzegnazzi et al. (2021) 
utilized A427-derived offspring to determine, whether 
qshgd1 could be detected via a case–control GWAS. Four 
populations derived from temperate-adapted germplasm 
with poor SHGD, BS39 (Hallauer and Carena 2016), or 
the cross between BS39 and A427, were compared. Their 
analysis suggested that qshgd1 enabled SHGD in DH lines 
obtained without colchicine treatment. Finally, Santos et al. 
(2022) showed that the presence of qshgd1 from A427 did 
not impact the overall testcross performance for agronomic 
traits, suggesting no undesired linkage drag effects with this 
QTL in BS39 background.

The overall objective of this study was to fine-map the 
chromosomal region associated with the large-effect QTL, 
qshgd1, by (i) scoring A427 x Wf9 haploid recombinant 
groups for HMF, (ii) determining the position of this QTL 
using composite interval mapping, (iii) and identify posi-
tional candidate genes underlying this QTL, based on the 
available A427 genomic data.

Materials and methods

Plant materials

A BC1F1 was generated with A427 as the donor parent and 
Wf9 as the recurrent parent. A427 is an inbred line devel-
oped by the University of Minnesota during the early 1970s 
(Roth et al. 1970; Moss et al. 1971; Findley 1972). A427 
has been shown to have a rate of HMF which was consist-
ently greater than 65% (De La Fuente et al. 2020; Ren et al. 
2020; Trampe et al. 2020). The second parental inbred line, 
Wf9, was developed at Purdue University during the 1930s 
(Patch and Bottger 1937; Gethi et al. 2002). In contrast to 
A427, Wf9 has near 0% HMF (De La Fuente et al. 2020; 
Ren et al. 2020).

The subsequent work associated with genotyping, marker 
selection and haploid induction was equally shared between 
KWS and Limagrain companies. The collaborating com-
panies grew out 4,500 seed each in the field and screened 
for recombinants in the chromosomal area of interest. The 
resulting 232 recombinant BC1F2 families represented 24 
recombination groups. They served as donor populations in 
haploid induction and individuals were again screened with 
the same set of marker. Induction in the field was accom-
plished by sowing & induction of 100K per BC1F2 fami-
lies (4 rows X 25 plants), using inducer having R1-nj color 
maker, sorting done at mature seed level based on absence 
of coloration, at the same time genotyping to identify the 
homo recombinants. For each family, two contrasting groups 
of haploids were selected—those derived from individuals 



Theoretical and Applied Genetics (2024) 137:117	 Page 3 of 13  117

completely homozygous for the recurrent parent alleles and 
haploids derived from completely homozygous recombinant 
individuals. Haploid sets derived from a single BC1F2 fam-
ily with at least 100 potential haploid seed for control and 
recombinant haploids were used for the screenings at KWS 
and LG, whereas for the final screening at ISU, haploids 
from BC1F2 families assigned the same recombination 
group were pooled (Fig. 1).

The rationale was (1) to use the BC1F2 families with the 
recurrent parent allele fixed as an overall baseline for HMF 
to control for any QTL present in the A427 genome outside 
of the chromosome 5 region of interest, and (2) to be able to 
induce multiple recombinant plants to get sufficient haploid 
seed for subsequent trials.

Marker screening during plant material 
development

Genotyping was conducted as described by Gilles et al. 
(2017) , where DNA was isolated from five young leaf 
punches (diameter 6 mm). Leaf discs were collected in 
plates with 96 deep wells and ground with two metallic 
balls (diameter 4 mm). Genomic DNA was then extracted 
using a CTAB type lysis buffer and a magnetic bead-based 
purification.

The markers in this study originated from a public 50k 
Illumina array chip (Ganal et al. 2011). A combination of 
both published and company-specific markers were used to 
target a 45 Mb region on chromosome 5. We applied Kom-
petitive Allele-Specific PCR (KASP) assays, which uti-
lize allele-specific forward primers, along with a common 
reverse primer, to detect single nucleotide polymorphisms 
(He et al. 2014). Using this method, we were able to deploy 
17 SNP markers (Table S1; Table S2) within our 45 Mb 
target region, to differentiate alleles originating from either 
the A427 or Wf9 parental genotype to create a chromosome 
5-specific fine-mapping population. Physical coordinates 

of markers are based on the B73 genome assembly (Ref-
Gen_v4) (Jiao et al. 2017).

Maternal haploid induction and haploid 
identification

Selected individuals from BC1F2 families were induced via 
in vivo haploid induction using a male inducer bulk, devel-
oped by Iowa State University (BHI301, BHI305, BHI306, 
BHI310), which harbors the dominant R1-navajo (R1-nj) 
anthocyanin marker. Haploids were manually selected using 
the R1-nj anthocyanin marker. Hybrid kernels with a pur-
ple/red embryo were discarded and kernels with a colorless 
haploid embryo were used for further analyses. Moreover, 
false-positive diploid plants were rogued in experimental 
trials (Vanous et al 2017). A total of 232 A427 recombi-
nant BC1F2 families were produced utilizing this method. 
The 232 resulting A427 recombinant BC1F2 haploid fami-
lies were assigned to 24 haploid recombinant groups based 
upon the recombination breakpoint within the 45 Mb region, 
using 17 markers within this region (Fig. 2). There were two 
classes of A427 recombinants, with 14 recombinant groups 
in ‘Class 1’ and 10 recombinant groups in ‘Class 2’ (Fig. 2). 
The first class carrying the donor region from the distal end 
to the recombination break point, and the second carrying 
the donor region from the proximal end to the recombination 
break point (Fig. 2).

The first class of recombinant groups were made by 
recombining the donor region from the proximal end to the 
break point and the second by recombing the donor region 
from the distal end to the break point.

Experimental design

For this study, haploid recombinant groups were grown in 
three different environments, a KWS 2020/21 winter nurs-
ery in Chile, a Limagrain 2020/21 winter nursery in Chile, 
and an Iowa State 2021 summer nursery at the Agricultural 

Fig. 1   Diagram of breeding 
scheme for deriving haploid 
recombinant groups
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Engineering and Agronomy Research Farm in Boone, Iowa, 
USA. Depending on haploid seed availability, each A427 
BC1F2 haploid recombinant group was evaluated, alongside 
its Wf9 BC1F2 haploid baseline pair, at a minimum of two 
(2) environments. Different experimental designs were uti-
lized for the project with a minimum of two replications for 
each represented recombinant group in each environment. 
The experimental design at the Limagrain and KWS winter 
nursey was a split-plot design and the experimental design at 
the ISU summer nursey was a randomized incomplete block 
design. Within each environment, replications of recombi-
nant classes were combined as sample sizes for recombinant 
groups were often low. In addition, haploids of parents A427 
and Wf9 were replicated in each environment. In total, 22 
of the 24 haploid recombinant groups were evaluated in the 
KWS winter nursery, whereas all 24 haploid recombinant 
groups were evaluated in the Limagrain winter nursery, and 
the Iowa State summer nursery.

Phenotypic scoring

HMF was evaluated by scoring each tassel, on a daily basis, 
for the presence of fertile anthers and for the capacity of 
those fertile anthers to shed pollen as in Aboobucker et al. 
(2022). Scores were expected to fluctuate from day to day. In 
this circumstance, the highest recorded score is the reported 
score for each trait.

Different combinations of fertile scores were created for 
each trait. Scores of 1–5 encompass all tassels showing any 
level of fertility. However, scores of 2–5 are more interesting 
as the likelihood of misclassifying a sterile haploid plant as 
being fertile is reduced. Therefore, four trait/score combina-
tions were utilized for calculating HMF: (i) scores ranging 
1–5, for pollen shedding capacity (PSC); (ii) scores ranging 
1–5, for fertile anther emergence (FAE); (iii) scores ranging 

2–5, for PSC; and (iv) scores ranging 2–5 for FAE. HMF 
rates were calculated as:

Statistical analysis

Data analysis was conducted using R software version 4.2.2 
(R Core Team 2022) in RStudio (RStudio Team 2022) 
with the tidyverse package (Wickham et al. 2019). Logit 
transformed best linear unbiased estimates (BLUEs) were 
calculated for each haploid recombinant group, where hap-
loid recombinant groups were considered as fixed effects 
and environmental effects were also considered fixed. The 
response variable, HMF, was logit transformed to obtain 
normality of residuals with the following equation from 
Trampe et al. (2020):

A linear model was implemented to calculate each of 
the logit transformed BLUE values using the following 
equation:

where Yik is the phenotypic response of ith recombinant 
group in the kth environment, µ is the overall mean, Gi is 
the effect of the ith recombinant group, Ek is the effect of the 
kth environment and εik is the residual effect.

A linear mixed effect model, where haploid recombinant 
groups and environmental effects were both considered ran-
dom, was utilized to obtain the variance components for 
calculating entry-mean based heritability estimates using the 
following formula:

HMF =
No. of Fertile Plants

No. of Total Plants
× 100%

HMFlogit = log

[

(HMF + 0.005)

(1 − HMF + 0.005)

]

× 100%

Yik = � + Gi + Ek + �ik

Fig. 2   Allelic codes for each of the marker positions, given in megabases (Mb), for the A427 BC1F2 haploid recombinant groups
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where σg
2 is the variance component of the haploid recom-

binant groups, σr
2 is the variance of the residuals and ne is 

the harmonic mean of the number of environments (Schmidt 
et al. 2019).

Linkage map construction

The linkage map was constructed based upon 232 recombi-
nant BC1s of a ca. 9,000 BC1 population utilizing the MAP 
function in QTL IciMapping version 4.2 (Meng et al. 2015). 
The Kosambi mapping function was used to determine 
distance, in centimorgans (cM), based on the recombina-
tion rate between a set of markers. Markers within linkage 
groups were ordered using a window size of five and rippled 
using the recombination frequency matrix between markers 
(Fig. 3).

QTL mapping

QTL mapping was performed using the R/qtl package (Bro-
man et al. 2003) in R. Kosambi was the selected mapping 
function (Kosambi 2016) using the composite interval map-
ping (CIM) method with an error probability of p = 0.0001, 
a window size of 0.5 centimorgan (cM) and one marker 
covariate—M13 (Table S1). The logarithm of odds (LOD) 
threshold for QTL detection was set based on 1,000 permu-
tation tests using a Type I error rate of p = 0.05. Because 
genotypic data for calculating genetic probability was based 
on haploid recombinant groups, this information was coded 
as either ‘A’ or ‘B’, for a given marker, with ‘A’ signifying 
the allele originated from the Wf9 parental genotype and ‘B’ 
signifying the allele originated from the A427 parental geno-
type (Table S1). The only markers that were utilized were 
markers lying within the targeted region. Preceding map-
ping studies have shown that qshgd1 had by far the strongest 
effect with 50% of the genetic variance being contributed 
by qshgd1 alone (Trampe et al. 2020). For this reason, we 
focused on fine-mapping this major QTL region and did not 
conduct a genome-wide mapping study.

Candidate gene identification

At the time of publication, annotated gene models for 
A427 were not available. However, high quality PacBio 
genomic data of A427 were available (Seetharam et al. in 
prep.). To find candidate genes associated with qshgd1, 
alignments of A427 against B73, IL14H, and Ia453-sh2 
were made using Mugsy 1.2.3 (Angiuoli and Salzberg 
2011). The Ia453-sh2 genome region was most similar 

h2 =
�
2

g

�2

g
+

�2
r

ne

among sequenced maize genomes (Fig. S1). Gene models 
of Ia453-sh2 were then compared with the B73v5 refer-
ence genome using standalone BLAST for Windows (Tao 
2010). Resulting gene models were filtered for only those 
gene models found on chromosome 5 within the genomic 
region associated with qshgd1 from CIM. Publicly avail-
able data (GO term, GO Domain and RNA-Seq) were 
used to filter the most promising candidate genes in this 
genomic region.

Results

Phenotypic variation and heritability

The parents, A427 and Wf9, as well as the Wf9 BC1F2 hap-
loid baseline and the A427 BC1F2 haploid recombinant fami-
lies showed considerable variation across trait/score combi-
nations for calculating HMF (Table 1; Fig. 4). A427 parental 
haploids had a higher mean than haploids derived from the 
Wf9 parent. A427 haploids averaged 80.4–88.0% HMF and 
Wf9 haploids averaged 1.2–4.7% HMF (Table 1). Haploids 
derived from the BC1F2 generation that were fixed for the 
recurrent parent (Wf9) allele in the 45 Mb region averaged 
3.3–8.8% HMF. In contrast, across all A427 recombinant 
haploids derived from the BC1F2 generation the average 
HMF rate was 14.9–19.8% (Table 1).

For haploids from A427 BC1F2 haploid recombinant 
families, the highest means of haploids from BC1F2 families 
for HMF via PSC scores 1–5 and HMF via FAE scores 1–5 
were found at the KWS winter nursery research station in 
Chile at 19.3 and 38.0%, respectively (Table 1). The highest 
means for HMF via PSC scores 2–5 were found at the Iowa 
State Agronomy/Agricultural Engineering Research Farm 
in Iowa, USA at 15.6% (Table 1). Finally, the highest means 
for HMF via FAE scores 2–5 were found at the Limagrain 
winter nursery research station in Chile at 18.5% (Table 1).

Correlations between environments, specifically for HMF 
via PSC scores of 2–5 and HMF via FAE scores of 2–5, 
were significant with values ranging from 0.65 to 0.73 and 
0.48 to 0.76, respectively (Fig. S2). The highest correlation 
between environments, for HMF via FAE scores 2–5, was 
found between ISU and KWS (0.76; Fig. S2). Furthermore, 
the highest correlation between environments, for HMF via 
PSC scores 2–5, was found between ISU and LG (0.73; Fig. 
S2). Correlations between traits and scores were also cal-
culated (Fig. S3). Heritabilities were 0.81, 0.68, 0.87, and 
0.87 for HMF for PSC 1–5, HMF for FAE scores 1–5, HMF 
for PSC 2–5, and HMF for FAE scores 2–5, respectively 
(Table 2). Finally, analysis of variance calculations revealed 
significant variation, at the α = 0.001 significant level, for 
recombinant groups (Table 3).
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Linkage map

The region for constructing our linkage map was approxi-
mately 45 Mb in physical distance and 2.4 cM in genetic 

distance (Fig.  3). The linkage map shows a large non-
recombing region from marker 11 (96.01 Mb) to marker 
14 (119.77 Mb) (Fig. 3; Table S1). This ‘dead zone’ for 
recombination includes both the centromere and the 

Fig. 3   Comparative map of markers utilized for QTL analysis. Genetic position, in centimorgans, (right) and physical position, in megabase 
pairs, (left) are provided



Theoretical and Applied Genetics (2024) 137:117	 Page 7 of 13  117

pericentromere. In addition, the parental line, A427, con-
tains a 600 kb inversion region, near to the centromere 
on chromosome 5, that is not present in B73v5 (Fig. S4; 
Seetharam et al. in prep.), which could also contribute to 
high physical linkage of markers in this region.

QTL analysis

The mapping region of interest was approximately 2.4 cM 
in length where 17 SNP markers were utilized (Fig. 3). For 
HMF based on either PSC or FAE, CIM results showed 
similar results—a significant association was found at 
102,458,115 bp (Fig. 5), which corresponds to a genetic 
position of 2.0 cM on the linkage map (Fig. 3). The QTL 
was found at this chromosomal position, regardless of the 
scoring system used for the traits (Fig. 5).

Candidate gene identification

The sequence alignment and filtering of gene models 
revealed 79 potential candidate genes dispersed over the 
96–120 Mb region closest associated with qshgd1 on chro-
mosome 5 (Table S3). Of those gene models, ten promising 
candidate genes for qshgd1 were identified (Table 2) based 
on available RNA-seq data (Dataset S1). Because qshgd1 
confers the ability of haploid plants to spontaneously dou-
ble their genome to the diploid state, RNA-seq expression 
of genes associated with mitotic or meiotic division were 
considered most promising.

Most promising candidate genes were selected as 
being highly expressed in plant tissues in which mitosis 
or meiosis are actively occurring, such as candidate gene 
Zm00001eb234730 (Table 4). Zm00001eb235700 codes 

Table 1   Statistics for haploid 
parental lines (A427 and Wf9), 
Wf9 BC1F2 haploid baseline, 
and A427 BC1F2 haploid 
recombinants for haploid 
fertility (HMF) traits

a Iowa State Agronomy/Agricultural Engineering Research Farm; Iowa, USA
b Limagrain Winter Nursery Research Station; Chile
c KWS Winter Nursery Research Station; Chile
d Haploid male fertility (HMF) via pollen shedding capacity (PSC)
e Haploid male fertility (HMF) via fertile anther emergence (FAE)

Plant material Trait Score Mean Max Min

A427 parental haploids (across environments) PSC HMF %d ‘1–5’ 84.0 87.0 82.8
FAE HMF %e ‘1–5’ 88.0 98.2 82.8
PSC HMF %d ‘2–5’ 80.4 82.8 74.1
FAE HMF %e ‘2–5’ 84.4 88.9 82.8

Wf9 parental haploids (across environments) PSC HMF %d ‘1–5’ 1.2 1.6 0.0
FAE HMF %e ‘1–5’ 4.7 33.3 1.6
PSC HMF %d ‘2–5’ 1.2 1.6 0.0
FAE HMF %e ‘2–5’ 1.8 3.0 0.0

Wf9 BC1F2 haploid baseline (across environments) PSC HMF %d ‘1–5’ 8.8 32.8 1.9
FAE HMF %e ‘1–5’ 4.2 22.4 0.8
PSC HMF %d ‘2–5’ 4.0 15.5 0.8
FAE HMF %e ‘2–5’ 3.3 10.3 0.0

A427 BC1F2 haploid recombinants (across environments) PSC HMF %d ‘1–5’ 17.0 60.3 0.0
FAE HMF %e ‘1–5’ 19.8 72.7 0.0
PSC HMF %d ‘2–5’ 14.9 60.3 0.0
FAE HMF %e ‘2–5’ 16.1 68.2 0.0

A427 BC1F2 haploid recombinants (ISU)a PSC HMF %d ‘1–5’ 16.8 60.3 0.0
FAE HMF %e ‘1–5’ 16.8 60.3 0.0
PSC HMF %d ‘2–5’ 15.6 60.3 0.0
FAE HMF %e ‘2–5’ 15.9 60.3 0.0

A427 BC1F2 haploid recombinants (LG)b PSC HMF %d ‘1–5’ 17.0 59.1 0.0
FAE HMF %e ‘1–5’ 30.4 72.7 3.2
PSC HMF %d ‘2–5’ 13.0 59.1 0.0
FAE HMF %e ‘2–5’ 18.5 68.2 0.0

A427 BC1F2 haploid recombinants (KWS)c PSC HMF %d ‘1–5’ 19.3 50.0 0.0
FAE HMF %e ‘1–5’ 38.0 64.3 0.0
PSC HMF %d ‘2–5’ 9.9 33.3 0.0
FAE HMF %e ‘2–5’ 15.1 41.7 0.0
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an actin-related protein of the SWR1 complex, which is 
required for essential life processes, such as vegetative and 
reproductive development (Blessing et al. 2004; Dion et al. 
2010; Nie and Wang 2021). As final example, a homolog 
of Zm00001eb235200 has been reported in Arabidopsis 
thaliana (L.) Heynh. as an augmin-like complex (AUG6) 
which plays an essential role in microtubule organization 
during sexual reproduction (Oh et al. 2016).

Discussion

Phenotyping

To critically assess the quality of our experiments, cor-
relations between environments were calculated (Figs. 
S2, S3) and were found to be significant and moderate to 
high. High entry-mean based heritabilities (0.81–0.87) for 
three HMF measures (Table 2) were consistent with previ-
ous studies (Chaikam et al. 2019b; Molenaar et al. 2019; 
Trampe et al. 2020). Only HMF via FAE scores of 1–5 
showed a lower heritability (0.68). One possible explana-
tion is that sterile haploid plants can produce needle-like 
anthers, which do not contain pollen. In such a case, a hap-
loid plant could be misclassified as ‘fertile’ with a score of 
1 when it is ‘sterile’. Differences found between environ-
ments are most likely attributed to differences between 
scorers. It was initially planned that a single investigator 
scores all three trials. However, travel restrictions due to 
the COVID-19 pandemic made it necessary that pheno-
typic values were gathered by a different researcher at each 

Fig. 4   Distribution of haploid male fertility percentage across haploid recombinant groups. The number of haploid plants evaluated for each 
recombinant group is provided above the distribution bar

Table 2   Haploid male fertility (HMF) trait heritabilities

a Haploid male fertility (HMF) via pollen shedding capacity (PSC)
b Haploid male fertility (HMF) via fertile anther emergence (FAE)

Trait Score Heritability

PSC HMF %a ‘1–5’ 0.81
FAE HMF %b ‘1–5’ 0.68
PSC HMF %a ‘2–5’ 0.87
FAE HMF %b ‘2–5’ 0.87
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location. Despite developing and exchanging detailed scor-
ing guidelines, classifying haploids with low levels (‘1’), 
is likely to have differed between locations. This is also 
consistent with our finding that means for each of the HMF 
methods between environments were consistent, except for 
the calculated means between environments for HMF via 
FAE scores of 1–5 (Table 1). For this reason, we primarily 

focused further analyses on HMF via FAE scores and PSC 
scores of 2–5.

It should be noted that in this study, plants were classified 
as either ‘fertile’ or ‘sterile’ based solely on the quantity of 
anthers emerging from the tassel and the quantity of pollen 
shed from those anthers. Essentially, if any pollen was shed 
from anthers, the pollen was assumed to be fertile. However, 

Table 3   Analysis of variance 
tables

Source Degrees of 
freedom

Sum of squares Mean squares F-value P-value

Fertile anther emergence scores 1–5
Environment 2 24.08 12.04 12.37 4.65E−05
Group 25 127.78 5.11 5.25 4.46E−07
Residual 48 46.72 0.97
Pollen shedding capacity scores 1–5
Environment 2 0.42 0.21 0.21 0.8127
Group 25 187.54 7.50 7.53 1.47E−09
Residual 48 47.80 1.00
Fertile anther emergence scores 2–5
Environment 2 4.58 2.29 2.88 0.06568
Group 25 213.04 8.52 10.74 2.62E−12
Residual 48 38.09 0.79
Pollen shedding capacity scores 2–5
Environment 2 9.94 4.97 5.64 0.006289
Group 25 225.42 9.02 10.24 6.39E−12
Residual 48 42.28 0.88

Fig. 5   QTL detection on chromosome 5 by composite interval mapping
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given more time and resources, the pollen could be further 
differentiated into aborted and non-aborted pollen (Peterson 
et al. 2010). In addition, recorded scores were categorical 
and with some subjectivity of scores. With deep learning 
and image-based phenotyping, quantitative scores could 
be obtained, which would increase accuracy of the study 
(Pound et al. 2017). This method has yet to be reported for 
the traits of interest in this study. Moreover, heritabilities for 
our traits were sufficiently high for reliable mapping studies.

Although not every A427 recombinant haploid contained 
the region associated with qshgd1, the difference in BLUEs 
found between these 24 groups suggests that the QTL is 
located within the 96–120 Mb region (Figs. 3, 5). To support 
these findings, recombinant groups sharing common genetic 
markers were combined to create sets of recombinant classes 
(Table S4). The rationale of this approach was to locate the 
QTL either upstream, directly upstream, or far downstream 
of the centromere. BLUEs for each recombinant set were 
obtained using the previously described methods (Table S5). 
There was no increase in HMF until the A427 sequence was 
incorporated at 102,458,115 bp, regardless of the direction 
of recovering the A427 sequence, for HMF determined by 
PSC or FAE, using only scores of 2–5. This was consistent 
with QTL mapping across all recombinant groups (Tables 
S4, S5; Fig. 5). Nearly all recombinant sets from the com-
bined approach that lack the A427 allele at 102,458,115 bp 
were not different from the Wf9 BC1F2 haploid baseline, 
which further indicates that the HMF phenotype from A427 
is largely controlled by a single, large-effect gene, or > 1 
tightly linked genes (Tables 1, S4, S5).

Fine‑mapping results

The QTL position at 102,458,115 bp lies in a large non-
recombining region. For the mapping population of this 
study, suppression of recombination resulted in very few 

novel recombinant groups. Specifically, recombination from 
96,007,337 bp to 119,766,475 bp was limited, which led to 
close linkage between markers (Fig. 3). Of the ca. 9,000 
BC1 plants, only one individual had a recombination event 
within this large genomic region. Given the large size of our 
mapping population, finding no recombinant in a > 20 Mb 
region is not encouraging for systematic map-based cloning 
of the underlying genes for qshgd1. However, we were able 
to further reduce the qshgd1 QTL region from 45 Mb to a 
region of ca. 25 Mb.

Suppressed recombination in the qshgd1 region can be 
due to different phenomena. First, pericentromeric regions 
near a chromosome’s centromeres have been shown to 
exhibit low recombination rates (Slotman et al. 2006). Unfor-
tunately, the centromere on chromosome 5 is located within 
the qshgd1 region, which helps to explain the observed low 
recombination rates. Our observed recombination rate was 
similar to the recombination rate reported for the NAM hap-
lotype map for this region on chromosome 5, where this 
region was shown to be a ‘dead zone’ for recombination 
(Gore et al. 2009). In addition, suppressed recombination 
could be influenced by a 600 kb inversion found downstream 
of the centromere in A427 relative to B73 (Fig. S4). Most 
sequenced lines in the NAM population are like B73 and do 
not carry the inversion (Seetharam et al. in prep.). Haploids 
of other three NAM genotypes (CML333, P39, IL14H) car-
ryied a similar inversion like A427, did not exhibit HMF 
(data not shown). This observation suggests that the inver-
sion itself is not causative for HMF.

Candidate genes

An intriguing attribute of plant pericentromeric regions is 
the presence of functional genes that are conserved across 
plant species (Wang and Bennetzen 2012). Addition-
ally, highly repetitive segments, such as centromeric and 

Table 4   List of candidate genes within the chromosome 5 region of 95 megabase (Mb)—120 Mb. Position and description for each candidate 
gene are given

a Descriptions obtained from MaizeGDB

Gene Chromosome Position Descriptiona

Zm00001eb234380 5 98,121,754—98,125,232 Nucleolin
Zm00001eb234410 5 98,586,947—98,596,578 Ubiquitin system component Cue protein
Zm00001eb234730 5 101,207,388—101,211,688 Putative cinnamyl alcohol dehydrogenase
Zm00001eb234840 5 102,056,714—102,058,336 GDSL esterase/lipase
Zm00001eb234920 5 102,904,638—102,918,971 Protein STRUBBELIG-RECEPTOR FAMILY 8
Zm00001eb235200 5 107,929,306—107,980,823 AUGMIN subunit 6
Zm00001eb235320 5 110,102,282—110,119,169 Guanylate-binding family protein
Zm00001eb235400 5 113,626,774—113,637,765 Peptidyl-prolyl cis–trans isomerase CYP95
Zm00001eb235450 5 114,384,308—114,385,558 Ran BP2/NZF zinc finger-like superfamily protein
Zm00001eb235700 5 117,158,455—117,189,485 SWR1-complex protein 4
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pericentromeric regions, of eukaryotic genomes commonly 
include transposable elements and satellite DNA (Biscotti 
et al. 2015). Therefore, satellite DNAs are highly concen-
trated in centromeric and pericentromeric regions of chro-
mosomes (Jagannathan et al. 2018). Although much is still 
unknown about centromeric regions, the overabundant pres-
ence of satellite DNA in this region, in comparison to the 
rest of the genome, signifies their importance in centromere 
function (Hartley and O’neill 2019). Extensive presence 
of sequence repeats in pericentromeric regions can help to 
explain why our methods for identifying potential candidate 
genes only produced a total of 79 gene models for a large 
genomic region (~ 25 Mb). Given that the maize genome is 
approximately 2.4 gigabases (Gb) (Haberer et al. 2005), and 
with an estimated 59,000 genes (Liu et al. 2007), one should 
expect approximately 600 genes for every 25 Mb region, 
more than sevenfold of the amount found.

We used a reasonable method of identifying conserved 
genes by evaluating, whether the B73v5 gene name had a 
homolog in Sorghum (Andorf 2022). Using this method, 
six of the 10 candidate genes have syntenic homologs in 
Sorghum (Table S6). Two of the three previously described 
gene models, Zm00001eb234730 and Zm00001eb235700, 
contain Sorghum homologs and are highly likely to be func-
tional genes. While the remaining described gene model, 
Zm00001eb235200, does not appear to contain a homolog 
in Sorghum and does not appear to be conserved across 
species.

Given limitations of fine mapping of our target region due 
to suppressed recombination, isolating respective genes will 
likely require alternative approaches. This includes study-
ing candidate genes using the Arabidopsis thaliana DH sys-
tem, which has been successfully used by Aboobucker et al. 
(2023), assuming conservation of gene function. Alterna-
tively, the Cre-lox system could be utilized to precisely tar-
get, and delete, DNA sequences. Using this method, small, 
sequential regions within the large 25 Mb region could be 
targeted for deletion. Mutants with a loss of function for 
HMF would signify a gene responsible for the phenotype 
lies within the deleted region. The primary limitation to 
this approach is the extensive resources needed to cover the 
entire 25 Mb region. Successfully targeted deletions have 
been reported in studies of a region smaller than 70 kb (Ull-
rich and Schüler 2010; Shaw et al. 2021).

Implications for breeding

Because the effect of qshgd1 is quite large (Trampe et al. 
2020), breeding and selection for this QTL is likely to 
be effective. Breeding and selection using PSC scores of 
2–5 would provide the best means for trait assessment as 
this trait/score combination provides the most consistency 

in quantifying the HMF trait. Incorporating qshgd1 into 
elite germplasm could be accomplished by phenotypic or 
marker-assisted backcrossing. In any attempt to incorpo-
rate qshgd1, tracking the QTL through scoring for PSC 
2-5 would be preferred over FAE 2-5 as there is more 
consistency in quantifying the trait for a categorical score. 
With incorporating such a large non-recombining region, 
linkage drag of other undesirable genes could be expected. 
Thus far, testcross trials did not show negative impacts 
when incorporating qshgd1, but were limited to BS39 
background (Santos et al. 2022). Therefore, we recom-
mend further testing to assess the extent of linkage drag, 
if any, in other genetic backgrounds.

Linkage drag is not the only potential limitation with 
incorporating qshgd1 into elite maize germplasm. For 
example, qshgd1 has been mainly associated with restored 
male fertility in haploids and restored female fertility for 
qshgd1 remains unstudied. Without both restored fertile 
for both the male and female reproductive systems, DH-
progeny derived from SHGD is not possible. Nonethe-
less, reports of haploid female fertility, with rates > 90%, 
indicate that HFF should not be a limiting factor (Cha-
lyk 1994). Finally, including qshgd1 into all available 
elite germplasm would result in fixed genome regions in 
hybrids and thus likely cause suboptimal performance 
through the loss of natural genetic variation. It would 
be preferable to utilize qshgd1 in only a single heterotic 
group and rely on other SHGD QTL (Boerman et al. 2020) 
in complementary heterotic groups to maximize hybrid 
performance.
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