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Abstract: Hybrid breeding facilitates the exploitation of heterosis and it can result in significant
genetic gains and increased crop yields. Inefficient cross-pollination is a major limiting factor that
hampers hybrid wheat seed production. In this study, we examined the genetic basis of anther
extrusion (AE), which is an important trait in increasing cross-pollination, and thus improving seed
set on the female lines and hybrid wheat seed production. We studied 300 segregating F2 plants and
F2:3 families that result from a cross of two elite spring wheat lines. We observed that F2 and F2:3

populations hold significant and continuous genetic variation for AE, which suggests its reliable
phenotypic selection. Composite interval mapping detected three quantitative trait loci (QTL) on
chromosomes 3A, 5A, and 5D. The QTL on chromosome 5A (i.e., QAe.cimmyt-5A) was of large-effect,
being consistently identified across generations, and spanned over 25 cM. Our study shows that (1)
AE possesses strong genetic control (heritability), and (2) the QTL QAe.cimmyt-5A that imparted on an
average of 20% of phenotypic variation can be used for marker-assisted selection (MAS) in breeding
programs. In addition, pyramiding the large-effect QTL for MAS could efficiently complement the
phenotypic selection since it is relatively easy and cheap to visually phenotype AE. This study reports
the first large-effect QTL for AE in spring wheat, endorsing the use of this analysis in current hybrid
wheat breeding and future Mendelization for the detection of underlying gene(s).
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1. Introduction

Hybrid breeding in cross-pollinating crops has significantly contributed to increased grain yield
per unit area since the beginning of the 20th century, and it continues to attract the attention of breeders
and geneticists. Nevertheless, the benefits of hybrid breeding have not been exploited in wheat to date,
mainly due to wheat’s (1) self-pollinating behavior, which makes crossing laborious and expensive,
and (2) low levels of observed heterosis [1–4]. However, a recent large scale study showed the potential
of wheat hybrids for grain yield heterosis to be around 10%, which seems to be reasonable given the
advantages of hybrids for their abiotic and biotic stress tolerances and stable performances, especially
in marginal environments [5–10]. Nevertheless, the level of heterosis in breeding programs could be
improved by establishing the heterotic groups and patterns [11,12].

The spike architecture of wheat restricts the anthers inside the florets during flowering and
it consequently limits the amount of pollen that sheds into the air—A key factor that governs
cross-pollination. Therefore, the ineffective rate of cross-pollination remains as one of the major
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limitations for cost-effective establishment and the deployment of wheat hybrids. Anther extrusion
(AE)—anthers extruding outside the florets during flowering at the yellow anther stage—governs
the extent of cross-pollination and seed set on the female lines. In recent years, AE has been mainly
investigated as a trait per se for its importance in hybrid seed production and as an indirect trait
contributing to Fusarium head blight resistance [13–18].

Marker-assisted selection (MAS) is a procedure for selecting a trait based on trait-linked markers.
Selection based on the markers is useful for breeding when the quantitative trait loci (QTL) linked
with the markers are of significant effect, stable across generations and environments, and match the
genetic background of varieties into which they are introgressed [19]. The genetic analysis of AE in
recent bi-parental and diverse mapping populations revealed that AE is a quantitative trait, although
highly heritable. AE is mainly affected by the wild-type alleles of reduced height (Rht) genes (i.e.,
Rht-B1a and -D1a), which may limit other agronomic advantages, such as lodging resistance [20–23].
The selection on Rht-B1a and -D1a alleles in combination with other reduced height loci, such as Rht24,
could be performed to fine-tune the plant height since the taller male lines are required to promote
smooth pollen flow to the female lines, as suggested in Würschum et al., [24]. Nevertheless, a highly
heritable nature of AE suggests that large-effect QTL exist, but remain undetected possibly due to (1)
low frequency of AE alleles in the investigated populations and (2) the significant effect of the Rht-1a
loci, which masks the existing AE QTL.

In this study, we performed an elite-by-elite spring wheat cross and examined 300 F2 plants and
F2:3 families for their capacity to extrude anthers. The objectives were (1) to evaluate the distribution
and inheritance of AE in F2 and F2:3 populations and (2) to map the QTL underlying AE for use in MAS.

2. Materials and Methods

2.1. Populations, Field Trials, and Phenotypic Data Analyses

We developed an F2 population that comprised 300 wheat plants by crossing two parents:
KA/NAC//TRCH/4/MILAN/KAUZ//DHARWAR DRY/3/BAV92 (parent A) and GK ARON/AG SECO
7846//2180/4/2*MILAN/KAUZ//PRINIA/3/BAV92 (parent B). Parent A (female) and B (male) have
among the highest general combining ability in the CIMMYT hybrid wheat program. Several years of
assessment have demonstrated that parent A exhibits intermediate AE, with a visual score of 5, and
parent B exhibits good AE, with a score of 6. The AE in the derived F1 population was observed to be
better than both parents, with a visual score of 7.

In total, we planted 300 F2 plants, 20 cm apart in a long raised bed of 60 m. We grew the F2

population during the 2015/2016 winter cropping season (November through April), at the Norman E.
Borlaug experimental station (CENEB), Ciudad Obregon, Sonora, Mexico, and then evaluated for AE.
Anther extrusion was visually scored with a score from one (least; no or a few anthers extruded) to
nine (best; all anthers extruded). Figure 1a gives a full scale to visually score AE in the field. This is a
fast and effective method: visual scoring is positively correlated with the empirical anther count in
wheat florets [25].

The visual estimations represent the AE scores across all the spikes when about 50% of the spikes
showed extruded anthers. In the F2 population, we performed single scoring within two to five days
after the onset of anthesis. We observed AE from 9 am to 11 am by walking in one direction and
avoiding the direct sunlight. It has been observed that the extruded anthers remain intact for about
one week in the absence of rain and, therefore, the scoring can be performed within a range of days
after anthesis.

We advanced the F2 population to F2:3 families by harvesting two random spikes per plant.
We grew the F2:3 families in 1 m long double-row plots and evaluated them for AE during the
following summer cropping season (May to September) at CIMMYT’s headquarters in El Batan, State of
Mexico, Mexico. The F2:3 families were grown in two blocks as one spike per entry per block. Both of
the blocks were sown in the same field, but about 50 m apart, and, thus, represent two replicates of the
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experiment. We sowed seeds in each block four days apart due to logistical and regulatory reasons.
We evaluated the first block two to three times within seven days after the onset of anthesis in order
to capture the temporal variation in AE. We performed AE scoring only once from the second block
because the AE scores were similar across multiple evaluations in the first block.
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Figure 1. Phenotypic distribution of anther extrusion (AE). (a) Scale to visually score anther extrusion
in wheat; (b) Distribution of AE in the population of 300 F2 plants; (c) Distribution of best linear
unbiased estimations (BLUEs) of AE calculated in the population of 300 F2:3 families; (d) Association of
AE evaluated in F2 plants with BLUEs of F2:3 families; and, (e) Distribution of AE’s BLUEs calculated
across F2 and F2:3 generations. The down arrows mark the performance of the parents. R2

adj and P
denote the adjusted coefficient of determination and its significance value, respectively.

We took the mean AE in order to calculate the correlation with the second block since we
evaluated AE multiple times in the first block. The following linear mixed-effect model was used to
analyze F2:3 families:

yi j = µ+ Gi + B j + ei j (1)

where, yij is the AE score of the ith genotype in the jth block, µ is the common intercept, Gi is the effect
of the ith genotype, Bj is the effect of the jth block, and eij is the corresponding error term. All of the
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effects except µ were assumed to be random in the model to compute the variance components and to
calculate the repeatability between the blocks of F2:3 families as:

H2 =
σ2

G

σ2
G +

σ2
e

nB

(2)

where, σ2
G and σ2

e denote the variance components of the genotype and error, respectively, and nB
denotes the number of blocks. All effects except the intercept and the genotype were assumed to be
random in the above model (1) to calculate the best linear unbiased estimations (BLUEs) across blocks
for the F2:3 population.

We calculated the heritability of AE between F2 plants and the BLUEs of F2:3 families while using
the following model:

yi j = µ+ Gi + E j + ei j (3)

where, yij is the AE score of the ith genotype in the jth environment (i.e., F2 and BLUEs of F2:3), µ is the
common intercept term, Gi is the effect of the ith genotype, Ej is the effect of the jth environment, and eij
denotes the corresponding error term. All effects, except the intercept, were assumed to be random to
estimate the variance components to calculate heritability across generations as:

H2 =
σ2

G

σ2
G +

σ2
e

nE

(4)

where, σ2
G and ,σ2

e denote the variance components of the genotype and error, respectively, and nE
denotes the number of generations. We performed all calculations while using the R software package
lme4 [26,27].

2.2. Genotypic Data Analysis, Linkage Map Construction, and QTL Mapping

We genotyped the F2:3 families and both parents with the wheat Illumina 20 k Infinium single
nucleotide polymorphism (SNP) array that was developed at the TraitGenetics (available online:
http://www.traitgenetics.com/en/). We extracted the DNA from the leaf tissues at the seedling stage
from ten random plants per F2:3 family that were subsequently pooled for SNP genotyping. The SNP
scores from the pooled DNA of each F2:3 families were assumed to represent the original F2 plant
genotype. We performed a quality check by removing the SNPs that harbored more than 20% missing
values and the individuals with missing genotypic information. We also implemented a χ2 (p < 0.001)
test to remove the SNPs that deviated from the expected Mendelian segregation pattern (1:2:1).

We generated a genetic linkage map by selecting the markers from each chromosome according to
consensus maps [28,29] while using the Kosambi mapping function [30], with the logarithm of the
odds (LOD) values ranging from 3.0 to 8.0. Only the markers which passed the quality criteria and the
χ2 test were used to create the linkage map in Joinmap v 4.0 [31].

We performed composite interval mapping (CIM) to detect QTL underlying AE, with both
backward and forward regression at a walking speed of 2-centimorgan (cM) on F2 and F2:3 populations
and their best linear unbiased estimations (BLUEs), while using Windows QTL Cartographer 2.5 [32].
We empirically estimated the LOD threshold values to declare the presence of QTL by performing 1000
independent random rounds of permutations at α = 0.05 [33]. The proportion of phenotypic variation
that was explained by a QTL at a test site was determined as the square of the partial correlation
coefficient (R2).

The QTL were named based on the recommended rules for gene symbolization in wheat
(available online: https://wheat.pw.usda.gov/ggpages/wgc/98/Intro.htm), and the QTL identified in
both generations and their BLUEs were defined as consistent. We established the connection of the
markers that were present in the consistent QTL genetic interval by anchoring the markers onto the

http://www.traitgenetics.com/en/
https://wheat.pw.usda.gov/ggpages/wgc/98/Intro.htm
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physical map of the corresponding chromosome of the wheat reference sequence RefSeq v 1.0 [34] via
BLAST [35]. The high-confidence genes and their descriptions were retrieved to study the underlying
genes and their functions.

3. Results

3.1. Phenotypic Data Analyses Show that AE in Wheat Can be Reliably Evaluated Across F2 Plants
and F2:3 Families

Phenotypic data gathered from 300 F2 plants and F2:3 families segregating for AE approximated
a normal distribution (Figure 1). The Pearson’s product-moment correlation of AE between two
blocks of 300 F2:3 families amounted to 0.42 (p < 0.001), with a repeatability of 0.59 across the blocks
(Table 1). We also observed a positive and significant Pearson’s correlation (r = 0.39; p < 0.001) between
the phenotypic data of F2 plants and the BLUEs of the F2:3 families (Figure 1). The heritability of
AE across generations amounted to 0.55 (Table 1). The distribution of BLUEs calculated across F2

and F2:3 generations mirrored the populations at individual generation stage (Figure 1). Significant
genotypic variance coupled with a reasonably high heritable performance suggests that AE could elicit
a high selection response in breeding programs, although AE’s phenotypic distribution at every stage
indicates a quantitative genetic nature. Moreover, the broad-sense heritability value across generations
hints at the presence of large-effect QTL.

Table 1. Phenotypic performance of anther extrusion in F2 plants, F2:3 families, and their corresponding
best linear unbiased estimations (BLUEs).

Population Mean ± SD Range H2

F2 Plants 4.23 ± 1.06 1.50–7.00 N/A
F2:3 Families 5.04 ± 0.91 2.50–7.25 0.59

BLUEs 4.64 ± 0.83 2.03–6.63 0.55

SD = standard deviation; H2 (F2:3) = repeatability between the blocks; H2 (BLUEs) = broad-sense heritability across
the F2 and F2:3 generations; N/A = not applicable.

3.2. Linkage Map Construction Points to the Similar Breeding History of Parent A and Parent B

The 20 k Infinium SNP array generated 17,267 SNP markers in total. Two of the 300 lines were not
genotyped due to the limited slots on the SNP arrays, and therefore, phenotypic and SNP data for 298
lines were used for further analyses. Removing the SNPs harboring > 20% of missing values resulted
in 2850 SNPs; of which 705 passed the χ2 test of segregation distortion at p < 0.001. Of the 705 SNPs,
we could assign 623 SNPs to 21 linkage groups during linkage map construction. The lowest number
of SNPs were mapped on the D-genome (84), followed by A-(253) and B-genome (286). Although we
genotyped a reasonably large population, a low number of polymorphic SNPs that were mapped on
three sub-genomes suggest that both of the parents are genetically related. In the final SNP matrix,
25.8% and 26.5% of the alleles were homozygous for parent A and parent B, respectively; a total of
41.9% of the alleles were at heterozygous (H) state, while 5.9% of the alleles were missing values in the
investigated population.

3.3. QTL Mapping of AE Identifies a Large-Effect QTL

We performed composite interval mapping of AE on population at F2 and F2:3 generations and
the resulting BLUEs. While using an empirically estimated LOD threshold with 1000 rounds of
permutations (i.e., LOD in F2 = 3.7, F2:3 = 3.7, and BLUEs = 3.9), we detected AE QTL on chromosomes
3A, 5A, and 5D, which were designated as QAe.cimmyt-3A, QAe.cimmyt-5A, and QAe.cimmyt-5D,
respectively (Figure 2). The QAe.cimmyt-3A and QAe.cimmyt-5D were environment (population)
specific, whereas QAe.cimmyt-5A was consistently identified in both F2 and F2:3 populations and their
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corresponding BLUEs, explaining an average of about 20% of the phenotypic variance for the trait AE
(Figure 2 and Table 2).
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Table 2. Quantitative trait loci (QTL) for anther extrusion in F2 and F2:3 progenies, and their best linear unbiased estimations (BLUEs).

Population Chr. QTL Pos.
(cM)

Sig.
SNP

Pos.
(cM) Genetic Interval LOD

Score
Add.

Effect
Dom.
Effect R2 (%)

F2
Plants

3A QAe.cimmyt-3A 74.90 AX-94481094 72.91 68.21–98.73 7.09 −0.396 −0.281 3.76
3A QAe.cimmyt-3A 87.00 Kukri_c1308_2782 78.95 68.21–98.73 7.63 −0.520 −0.065 10.84
5A QAe.cimmyt-5A 43.90 Ku_c69633_1873 43.93 37.17–62.21 7.77 0.460 −0.417 16.21
5A QAe.cimmyt-5A 52.00 BS00109052_51 52.02 37.17–62.21 11.31 0.625 −0.205 19.22
5A QAe.cimmyt-5A 59.50 Ex_c104539_35 59.50 37.17–62.21 9.72 0.565 −0.164 15.90

F2:3
Families

5A QAe.cimmyt-5A 54.00 BS00109052_51 52.02 43.44–72.81 9.37 0.458 −0.206 17.44
5A QAe.cimmyt-5A 59.30 Ra_c700_2210 59.31 43.44–72.81 7.99 0.418 −0.197 14.75
5D QAe.cimmyt-5D 18.00 BS00082423_51 0.00 0.00–36.89 4.51 0.391 0.153 7.32

BLUEs

3A QAe.cimmyt-3A 93.00 Kukri_c1308_2782 78.95 78.95–98.73 6.71 −0.336 0.112 11.09
5A QAe.cimmyt-5A 45.70 AX-94826558 45.68 37.17–62.21 13.53 0.444 −0.226 22.98
5A QAe.cimmyt-5A 52.00 BS00109052_51 52.02 37.17–62.21 17.98 0.579 −0.160 28.24
5A QAe.cimmyt-5A 59.50 Ex_c104539_35 59.50 37.17–62.21 14.53 0.507 −0.133 22.61

Chr. = chromosome; QTL = name of the quantitative trait loci; Pos. = genetic (cM) position; Sig. SNP = the name of the closest, most significant single nucleotide polymorphism (SNP)
linked to the QTL; Genetic interval = genetic (cM) interval of the QTL; LOD = logarithm of the odds; Add. = additive; Dom. = Dominant; R2 (%) = percentage of the phenotypic variance
imparted by the corresponding QTL
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Figure 2. Allele-wise distribution of the most significant markers linked to the quantitative trait loci
(QTL) for anther extrusion (AE). The QTL detected in (a) the population of F2 plants, (b) the population
of F2:3 families, and, (c) best linear unbiased estimations (BLUEs) of F2 and F2:3 populations. A, B,
and H represent the homozygous alleles from parent A, parent B, and heterozygous state, respectively.
The dashed horizontal line marks the mean value of AE in the respective population. The red dots
within the boxplots and n represent the mean of lines harboring respective alleles and the number of
plants or families, respectively.

The results of our linkage mapping exercise found that QAe.cimmyt-5A spanned over a large
genetic interval of about 25 cM (37.17–62.21 cM) and harbored 32 polymorphic markers (Figure 3).
We conducted an analysis of the marker sequences that were retrieved from published sources [28,29]
via BLAST (Megablast method) to identify the genes on chromosome 5A of the wheat reference sequence
RefSeq v 1.0 [34,35]. Of the 32 polymorphic markers that were harbored by the QAe.cimmyt-5A genetic
interval, we were able to anchor 15 markers to high-confidence genes (Table S1). This strategy allows
for the identification of high-confidence genes and their corresponding functions. However, any
prediction of the genes and their function controlling the AE phenotype would be impractical, since
the genetic interval and its corresponding physical interval (around 500-Mb) harbors 2838 genes–too
many for analysis. Nevertheless, the results warrant extending the present analysis to narrow down
the genetic interval and to Mendelize the QAe.cimmyt-5A.
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Figure 3. Linkage map of chromosome 5A harboring large-effect QTL (QAe.cimmyt-5A) for anther
extrusion identified in F2 and F2:3 generations, and their best linear unbiased estimations (BLUEs).
The color code of the identified QTL in different generations is given in the figure. The α-value denotes
the logarithm of the odds (LOD) threshold to declare the presence of QTL.

4. Discussion

4.1. Anther Extrusion Exhibits Quantitative Variation and Possesses a Strong Genetic Control

Breeding is a continuous process where the inheritance of a trait from one generation to another
determines the rate of its selection. Efficient hybrid wheat breeding depends on an excellent seed set
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on male-sterilized female lines. The extent of anther extrusion (AE) from the male plants governs
the rate of cross-pollination and the seed set on female lines. In this study, we evaluated AE in an F2

population that comprised of 300 plants and F2:3 families to observe how AE is inherited in breeding
populations and mapped the quantitative trait loci (QTL) via linkage mapping.

In our study, the AE phenotypic data at both generations exhibited a wide variation and
approximated a normal distribution, which suggested the complex genetic nature of AE. We also
observed the stable and reasonably high genetic control (heritability) of AE. All recent studies on
bi-parental as well as diverse mapping populations suggest that AE is a quantitative trait and it
exhibits significant genetic variance [16–18,20–22,25,36,37]. These findings suggest two conclusions
regarding the selection for increased AE to improve hybrid wheat seed production. On the one hand,
we find that it is valuable to phenotypically select for AE due to the wide genotypic variation and
consistent heritability values that facilitate its high selection response. On the other hand, detection and
introgression of a large-effect stable AE QTL would efficiently complement the phenotypic selection to
make MAS more cost-effective and increase hybrid wheat’s genetic gain over time because meaningful
results from MAS depend on the presence of large-effect stable QTL that are introgressed into varieties
with similar genetic backgrounds.

4.2. Construction of a Linkage Map Suggests that Mapping Population Parents are Genetically Related

Successful linkage mapping of traits depends on the genetic variance for the trait and genetic
polymorphism that are available in the investigated population [38]. In this study, we genotyped F2:3

families plus parents with 20 k single nucleotide polymorphism (SNP) array. In total, 623 SNPs were
assigned to the 21 linkage groups. We observed a low number of polymorphic markers covering the
whole genome although we genotyped a reasonably large population (298 lines) with a fairly dense
SNP array. This indicates that either (1) the parents lack polymorphism at the genetic level due to a
likely similar breeding history or (2) the density of marker loci to cover the polymorphic sites across the
genome is very low. Here, it is essential to note that breeding programs usually involve elite-by-elite
crosses, and the pedigree of parents may share common ancestors. Moreover, varieties are usually
simultaneously bred for an index of traits, which necessitates a degree of genetic relatedness to avoid
drastic yield drag. In our study, the pedigrees of parents A and B shared common ancestors (MILAN,
KAUZ, and BAVIACORA M92), which is a possible reason for the lack of high genetic polymorphism.

4.3. Genetic Mapping of Anther Extrusion Reveals QAe.Cimmyt-5A as a Large-Effect QTL

Cost-effective genetic gain over time can be enhanced by complementing phenotypic selection
with MAS [19,39]. While recent research highlights the importance of AE as an essential trait for hybrid
wheat seed production, it has also been suggested as an escape mechanism from a devastating wheat
disease “Fusarium head blight” [15,17,18,20]. We identified two QTL in the population of F2 plants
(i.e., QAe.cimmyt-3A and QAe.cimmyt-5A), two in the population of F2:3 families (QAe.cimmyt-5A and
QAe.cimmyt-5D), and two based on the combined analysis of the F2 and F2:3 populations in our analysis
(BLUEs; QAe.cimmyt-3A and QAe.cimmyt-5A). We found that AE is a heritable trait, as analogous to
previous reports; however, not all of its phenotypic variance could be explained by the identified
QTL [16–18,20]. The unexplained phenotypic variance may be attributed to the quantitative genetic
nature of AE and the low number of polymorphic loci that were used in mapping due to which some
QTL might have been missed.

As previously mentioned, linkage mapping depends on the genetic background of the population
and the environment in which it is evaluated for a particular trait. It is generally not easy to compare
different populations due to diverse genetic backgrounds and differing marker systems. Nevertheless,
we compared the QTL from our analysis with other bi-parental populations. The QTL detected in our
study are novel—with a possible exception of QAe.cimmyt-5A (37.17–62.21 cM), which was identified
in a winter wheat population of the recombinant inbred lines by Buerstmayr and Buerstmayr [18], but
in a slightly different genetic interval. Likewise, Muqaddasi et al., [25] identified a consistent QTL on
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chromosome 5A at 37.92 cM across three years in a diverse mapping population that comprised of
gene bank spring wheat accessions. Recently, Okada et al., [23] showed that Rht-B1 and photoperiod
sensitivity (Ppd-D1) genes influence traits that help in wheat’s cross-pollination. It appears that
the genes regulating photoperiod sensitivity on group 2 chromosomes in wheat (i.e., Ppd-A1, -B1,
and -D1) do not influence AE in our population since QAe.cimmyt-5A is present on chromosome 5A.
Nonetheless, vernalization (Vrn) genes can also influence flowering; therefore, Vrn-A1 (Uniprot-ID
AY747599; Gene-ID TraesCS5A01G391700) located on the long arm of chromosome 5A was investigated
as a possible gene that influences AE. However, it lies about 55-Mb (587,423,240-bp-587,411,825-bp)
from the distal end (533,071,664-bp) of the QTL (Table S1), which suggests that Vrn-A1 may not be the
gene controlling AE in the investigated population. As described elsewhere, AE is not only essential
for creating excellent males with high pollen supply, but it is also positively correlated with other traits,
such as Fusarium head blight resistance [15,17,18]. In light of the quantitative genetic nature of AE, the
effect of QTL that was identified in this study suggests that efficient MAS can be performed. Currently,
CIMMYT is validating the QAe.cimmyt-5A in a set of parents for its hybrid wheat program by using
Kompetitive Allele Specific PCR (KASP) markers.

The quantitative genetic nature of AE makes it a perfect candidate for genomic selection (GS)—a
selection procedure in which the total genetic value of a trait is predicted based on dense marker
genotypes, irrespective of their effect sizes [40]. However, GS is often not often applicable—especially
in smaller breeding programs—because it requires (1) funding for routine whole-genome genotyping
of new lines and (2) functional pipelines for genotyping, genomic prediction analysis, and selection
at early stages of a breeding cycle. Pyramiding the large-effect QTL for MAS could be an efficient
alternative to GS since it is relatively easy and cheap to visually phenotype AE.

5. Conclusions

The success of wheat hybrids is mainly hindered by the high cost due to the low seed set
on the male-sterilized female lines. Anther extrusion in male lines improves pollen load to
maximize cross-pollination and increases seed set on the female lines. Therefore, improving AE
is of immediate relevance to hybrid wheat breeding. In this study, we observed that F2 and F2:3

populations hold significant and continuous genetic variance for AE, which suggests its reliable
phenotypic selection. Moreover, our analysis detected a large-effect AE QTL on chromosome 5A across
generations. Our study shows that (1) AE possesses strong genetic control across generations and (2)
the consistent QTL (QAe.cimmyt-5A) can be used for MAS in breeding programs and it is a candidate
for future Mendelization.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/7/407/s1,
Table S1: Anchoring the markers in QAe.cimmyt-5A genetic interval onto the corresponding physical sequence of
chromosome 5A.
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