Received: 7 September 2023

Revised: 21 December 2023

W) Check for updates

Accepted: 27 December 2023

DOI: 10.1111/pbr.13160

ORIGINAL ARTICLE

1 ) ok
&)

1k PlantBreeding Wl LEY

First insights into the quantitative genetic composition of the
female seed yield for an efficient hybrid seed production in
wheat (Triticum aestivum L.)

Johannes Schneider?

| Valentin Hinterberger®® |

Monika Spiller? |

Thierry Moittié® | Mario Gils* | Markus Wolf> | Jochen C.Reif’® |
Albert W. Schulthess?

1Leibniz Institute of Plant Genetics and Crop

Plant Research (IPK) Gatersleben, Seeland, Abstract

Germany
2KWS LOCHOW GMBH, Northeim, Germany

SASUR Plant Breeding SAS, Estrées Saint-
Denis, France

“Nordsaat Saatzucht GmbH, Langenstein,
Germany

5Saaten-Union Biotec GmbH, Gatersleben,
Seeland, Germany

Correspondence

Albert W. Schulthess, Leibniz Institute of Plant
Genetics and Crop Plant Research (IPK)
Gatersleben, Seeland, Germany.

Email: schulthess@ipk-gatersleben.de

Funding information

Federal Ministry of Food and Agriculture,
Grant/Award Number: FKZ2818401A18;
Federal Ministry of Education and Research,
Grant/Award Number: FKZ031B0184B;
Deutsche Forschungsgemeinschaft,
Grant/Award Number: 491250510

1 | INTRODUCTION

Hybrid breeding of wheat (Triticum aestivum L.) is limited by its self-pollinating nature.
Past cross-pollination improvements mostly focused on optimizing male traits. We
tested the hybrid seed yield of 100 diverse elite lines treated with a chemical hybridi-
zation agent (CHA) and pollinated by non-sterilized male plants in multi-
environmental field trials. Plant height and phenological traits of female plants were
also assessed. In parallel, control experiments without CHA sterilization were con-
ducted to measure per se yield of the tested material. Hybrid seed yield variation is
of quantitative genetic nature, and, despite the large environmental influence, this
trait has a strong genotypic component and is highly heritable (h? = .77). The lack of
correlation between hybrid seed yield and per se yield suggests a non-shared genetic
control. Phenological traits and their interactions are important factors explaining
together ~1/3 of hybrid seed yield variation. In contrast to plant height and flower-
ing traits, which are influenced by major genetic factors, no significant marker-trait
associations were found for the hybrid seed yield, thus suggesting a highly polygenic
genetic architecture and the need of larger populations to investigate female hybrid

seed yield.

KEYWORDS
confounding traits, direct selection, female hybrid seed yield, hybrid seed production, marker-
trait associations, polygenic genetic architecture, wheat

population or the negative effects of climate change (Fréna
et al., 2019; Tester & Langridge, 2010).

Breeding hybrid varieties in bread wheat (Triticum aestivum L.) prom-
ises benefits in terms of higher grain yield due to heterosis as well as
yield stability (Liu et al, 2017; Longin et al, 2012; Mdubhleisen
et al., 2014; Pickett, 1993). These advantages could cope with major

challenges of future agricultural production, like an increasing world

Despite several efforts in recent decades, hybrid breeding pro-
grammes in wheat showed only limited success, and the interest of
growers in these varieties has increased only marginally through time
(Gupta et al., 2019; Ter Steeg et al., 2022). This is mainly due to the

fact that the market success of hybrid wheat is influenced by the level
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of seed production costs and the profit from an increased grain yield
compared to inbred lines for the farmers (Longin et al., 2014). In this
context, various requirements still need to be overcome. For example,
the level of commercial heterosis of varieties should be increased at
least 20% above the best locally adapted line varieties so that it coun-
terbalances the higher costs of hybrid seeds for farmers (Singh
et al., 2010). In addition, since wheat is an autogamous self-pollinating
species, an efficient and affordable hybrid seed production is another
major bottleneck for every breeding programme (Longin et al., 2014;
Whitford et al., 2013).

For profitable hybrid seed production, the female parent compo-
nent has to be male sterile. Despite the existence of several cytoplas-
matic/nuclear genetic male sterility systems, treating plants with
chemical-hybridizing agents (CHA) is still one of the most widely
applied methods for plant emasculation in commercial hybrid seed
production of wheat (Farooq et al., 2023; Whitford et al., 2013). This
is probably because the use of a CHA treatment is in principle much
simpler than implementing alternative fertility control systems depen-
dent on restorer/maintainer genetics and has therefore a relatively
wide application scope for the stable production of hybrids with a
large number of different female lines (Easterly et al., 2019; Parodi &
de los Angeles Gaju, 2009). Regardless of the sterility system, hybrid
seed yield on the female parents is limited by the structure and the
development of the wheat flower and modulated by various environ-
mental factors (Fabian et al., 2019; Selva et al., 2020). Both female
and male parent components should be improved with respect to
favourable traits for cross-pollination (Selva et al., 2020). While the
properties and genetic architecture of suitable male components, such
as anther extrusion, pollen amount and viability, have been described
in various studies (Boeven et al., 2016, 2018; El Hanafi et al., 2021),
information on the female component are rare. Genotypic variation
underlying the hybrid seed yield of female lines has been reported
before (Schneider et al., 2021). Knowledge on the trait components
that improve pollen receptivity and increase the female hybrid seed
yield could support the design and selection of plant ideotypes
(Selva et al., 2020). In the literature, several traits like the stigma
length, the openness of floret or the ovary swelling have been well
described (Okada et al., 2018; Singh & Joshi, 2003), but until now,
their causal relation to the female hybrid seed yield has not been
reported. Moreover, phenotyping these characteristics is very time
consuming and labour intensive, which makes it difficult to study in
commercial breeding programmes that handle large numbers of
plants (Millan-Blanquez et al., 2022). As an alternative, the selection
of favourable female ideotypes could be supported by using molecu-
lar markers closely linked with major quantitative trait loci (QTL) for
the female hybrid seed yield (Boeven et al., 2018). In this regard and
to the best of our knowledge, the genetic architecture of the suit-
ability of female lines for hybrid seed production has not been
directly assessed so far.

In this study, the objectives were to (1) study the genotypic varia-
tion for the female hybrid seed yield of an elite wheat panel in the
context of hybrid seed production, (2) explore the relationship

between the hybrid seed yield and confounding traits like flowering

time, heading date, plant height or the per se yield of female lines and
(3) give first insights for the genetic architecture of the female hybrid

seed yield through genome-wide association mapping.

2 | MATERIALS AND METHODS

2.1 | Plant material and field experiments

A population of 100 Central European winter wheat (T. aestivum L.)
lines were used as female parents in hybrid seed production. This panel
contained released modern varieties as well as current breeding mate-
rial from the private breeding industry. Female parents were prese-
lected based on visual performance favouring traits that are in general
beneficial for crop production under continental environment and
rainfed agricultural conditions of Central Europe such as late flowering
time (FT), reduced plant height (PH) and good leaf health. To ensure
sufficient pollen availability during the whole flowering period, a seed
mix of male lines composed of the wheat German elite varieties Piko
(released in 1994) and KWS Ferrum (released in 2012) as well as two
advanced breeding lines from the German company Nordsaat Saatzucht
GmbH was used. These wheat genotypes are characterized by their
excellent pollination properties and cover together a wide range of
flowering times. In the male mix, seeds of wheat genotypes were com-
bined in equal proportion.

Multi-environmental field trials were carried out in Béhnshausen
(Germany, latitude 51°51'14.0”N, longitude 10°56'41.8"E, growing
seasons 2020 and 2021), Wohlde (Germany, latitude 52°50'05.1"N,
longitude 9°57'31.9”E, growing season 2020) and Estrées-Saint-Denis
(France, 49°25'59.2"N, longitude 2°38'11.5”E, growing season 2022).
The overview of weather conditions in these experiments are pre-
sented in Figure S1. The experiments were conducted following an
alpha lattice design with two replications and 10 female lines per
incomplete block. The wheat lines were grown in 10.95 m? plots in
Wohlde, while 9 m? plots were considered in both Bshnshausen and
Estrées-Saint-Denis. The sowing density amounted to 450 grains per
m? for the female and 250 grains per m? for the male lines. The higher
plant density in female plots was meant to inhibit the production of
late tillers, which often carry male fertile ears. In contrast, a low plant
density for male lines would benefit the late tillering, thus prolonging
the pollen shedding period of plants. To avoid uncontrolled outcross-
ing and ensure the targeted cross-pollination, male and female plots
were sown side by side in a crossing block surrounded by isolating
male sterile rye plants. Female lines were emasculated by using the
commercial CHA Croisor® 100 (ASUR Plant Breeding SAS), which
contains the active ingredient sintofen (1-(4-chlorophenyl)-5-(2-meth-
oxyethoxy)-4-oxo-1,4-dihydrocinnoline-3-carboxylic acid). For each
female plot, CHA application took place only once, when wheat ears—
still inside of the main shoot—reached a length of 2.5 cm during stem
elongation (Zadoks scale 31 [Zadoks et al., 1974], BBCH scale 31).
The sterility level of each female plot was controlled by counting the
number of kernels of individual plants, which were completely bagged,
directly after the CHA treatment.
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The hybrid seed yield was quantified as the grain weight har-
vested from each cross-pollinated female plot and expressed in g m~2
at a 14% moisture content. In this work, we also refer to this trait as
female hybrid seed yield or simply as female seed yield. Moreover,
during the growth period, five traits potentially influencing female
hybrid seed yield variation were evaluated on the CHA-treated
female population: (1) Heading date (HD) was quantified in days after
the 1st of January when 75% of the spike per plot have emerged
(Zadoks scale 59; BBCH scale 59). FT was also assessed in days after
the 1st of January as (2) the start of flowering (FT begin: Zadoks scale
60; BBCH scale 61), (3) the end of flowering (FT end: Zadoks scale 69;
BBCH scale 69) and (4) the flowering duration (FT dur) as difference
between both traits. (5) PH was measured in cm from the ground to
the erected ear after the end of flowering time (Zadoks scale 71;
BBCH 71). While FT begin, FT end and FT dur were recorded in
Wohlde and Bohnshausen during the 2020 growing season, HD and
PH were measured in all four environments considered in this study.

In parallel, control experiments were conducted within each envi-
ronment to test an additional trait potentially influencing the female
hybrid seed yield: (6) the per se yield of each female genotype without
applying the CHA treatment. For this, each female line was sown
directly nearby its corresponding crossing block following the exact
same experimental design and using the same plot sizes as well as
sowing rate as described above for the CHA-treated crossing blocks.
Grain yield was then recorded as the harvested grain weight in g m~2
at a 14% moisture content. With the exception of the CHA treatment,
all experiments (CHA-treated and control) were conducted under

standard cultural practice of plant protection and nutrition.

2.2 | Phenotypic data analyses
Before parameter estimation, we subjected the raw data to a quality
assessment. In the case of the CHA-treated experiment, all datapoints
across traits from non-sterile plots were completely removed. In the
case of the control experiments, we extracted the residuals from a
mixed model that included design effects as random factors plus
genotypes and a common mean as fixed effects. After normalizing
residuals, outliers were identified experiment-wise by following
Anscombe and Tukey (1963) and assuming a nominal alpha level of
.01. These significant outliers were removed from the datasets.
Experiment-specific heritabilities—a.k.a. repeatabilities—were com-
puted from outlier-corrected data according to Schulthess et al.
(2022) and served as an additional measure of quality control before
analysing data across environments.

For each trait, the best linear unbiased estimations (BLUEs) for
genotypes across environments, replications and blocks were calcu-
lated with the following mixed model:

Yijkm = R+ 8 + € + 8i X € + Ik(j) + bm(ig) + Eijkm (1)

where yj, is the observed phenotypic value of the ith genotype
tested in the mth incomplete block of the kth replication within the jth

MZ&;” 1L Plan Breeding_WI LEYM

environment, p is the common population mean effect, g; refers to the
effect of the ith genotype, ej— to the effect of the jth environment,
g; x g to the interaction effect of the ith genotype with the jth envi-
ronment, ry; stands for the kth replication effect, by for the effect
of the mth incomplete block and &y, is the residual. For BLUE calcula-
tion, all effects in Equation (1), except u and genotype effects, were
modelled as random. In addition, variance components were esti-
mated by assuming all factors in Equation (1) except p as random,
while their significance was tested using a log-likelihood ratio test.
Mixed models were fitted by using the ASReml V4 package (Butler
et al., 2018) in R V4.1.3. (R Core Team, 2020).

The heritability for every evaluated trait was calculated across

environments as

where cg represents the genotypic variance, che is the variance of
the interaction between the genotype and the environment, 52 stands
for the error variance, while E and R refer to the effective number of
testing environments and replicates, respectively.

We estimated the genetic correlation among two traits as

(Burdon, 1977)

_ Mono ( 3)

I, =

8no ’
fh2, 12
hy x hg

where r,  stands for the genetic correlation between the trait n and
0, Iy, is the phenotypic correlation between BLUEs, while h? and h?
are their corresponding trait heritabilites.

In addition, we investigated the contribution of female plant traits
and their interactions potentially underlying female seed yield in the
context of CHA-dependent hybrid seed production. We implemented
therefore a parsimonious model selection method to maximize the
percentage of explained variation of female hybrid seed yield while
avoiding overfitting. In a first step, a multiple regression model includ-
ing the main effects of all six potential confounding traits and their
two-way interactions was fitted to the BLUEs of female hybrid seed
yield using the Im() R function. Here, main effects of female plant
traits with the highest correlations with the female hybrid seed yield
entered first the model, while the sequence order of interactions was
determined by the absolute value of the correlation cross-product
with hybrid seed yield. From this model, main and interaction effects
with significant partial sum of squares (F test, P-value <.05) as well as
non-significant main effects with their significant interactions were
retained for further analyses. In the second step, the selected linear
model was progressively extended with higher-order components for
the significant main effects by using a sequential polynomial regres-
sion method. For each main effect, model extension was stopped after
observing two consecutive non-significant sequential sums of squares.
The final selected model included therefore the last significant high-

order term for the main effects of female plant traits in addition to
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their lower order terms as well as the significant interactions from the
first selection step. This model was used to compute the partial R?

values for each of the significant components.

2.3 | Genotypic characterization and marker
imputation

The DNA of all female lines was extracted from 10-day-old seedling in
compliance with known standard procedures (Stein et al., 2001). The
genotyping was carried out by TraitGenetics GmbH (https://www.
traitgenetics.com/) using a 70,000 single-nucleotide-polymorphism
(SNP) array, which derived from the original 90,000 lllumina Infinium
Chip array (Wang et al., 2014). Soleimani et al. (2020) placed the SNP
array marker sequences onto the pseudomolecule reference sequence
of Chinese Spring (The International Wheat Genome Sequencing Con-
sortium [IWGSC], 2018), which allowed the obtention of a physical
map for the lllumina Infinium Chip array. Particularly, the physical map
of our study is based on RefSeq V1.0 and was downloaded from the
BioStudies (Sarkans et al., 2018) database (https://www.ebi.ac.uk/
biostudies/arrayexpress/arrays/A-MTAB-675). SNP markers with
more than 25% missing values or a minor allele frequency of <0.05
were eliminated from the dataset. After this quality check, 10,194
markers remained for downstream analysis. Missing genotypic infor-
mation were imputed using the random forest method as implemen-
ted in the missForest R package V1.5 (Stekhoven & Bihimann, 2012).

2.4 | Population structure and association mapping
To investigate population structure, a principal coordinate analysis
(PCoA) was conducted based on the modified Rogers' distance
(RD) matrix (Wright, 1978). Here, the first two PCos were retained to

portray the molecular diversity using a biplot. In addition, we also

TABLE 1

Summary statistics for the traits female hybrid seed yield (g m

investigated the relationship between population structure and female
hybrid seed vyield variation through a Mantel correlation test
(Mantel, 1967) between RDs and the Euclidean distances among phe-
notypic values as implemented in the vegan R package V2.6-4
(Oksanen et al., 2022). To determine which loci are related to the
female hybrid seed yield, a genome-wide association study (GWAS)
was conducted based on BLUEs by using the R package rrBLUP
V4.6.2 (Endelman, 2011). Under simplified assumptions, kinship coef-
ficients between two homozygous genotypes can be approximated by
the expression 2 (1—RD) (Melchinger et al., 1991). Computed kin-
ship coefficients were compiled into a matrix and used to correct for
genetic relatedness in GWAS. For the detection of significant markers,
a threshold after Gao et al. (2008) was applied using the nominal alpha
level of .05. For the sake of data integrity, GWAS scans were also run
for HD, FT begin, FT end, FT dur and PH. For a given trait, the amount
of phenotypic variation explained by significant markers (R?) was esti-
mated by fitting a linear regression model to the BLUEs including all
corresponding significant markers. Here, significant markers with the
lowest P-value entered first the model. All computational methods
were implemented in R V4.1.3 (R Core Team, 2020).

3 | RESULTS
3.1 | Despite environment effects, the female
hybrid seed yield has a strong genetic component

Female hybrid seed yield was evaluated for 100 diverse lines in multiple
environments. In these experiments, the environment component was
4.6 times larger than the genotypic component for total variation on
female hybrid seed yield (Table 1). This large influence of the environ-
ment on the female hybrid seed yield was also reflected in the signifi-
cant mean environmental difference (A = 384.53 g m™2, P-value <.001)
between Bohnshausen 2021 and Bohnshausen 2020 (Figure S2). The

-2, yield per se (g m~32), heading date (days from 1st of January, HD),

beginning of flowering (days from 1st of January, FT begin), duration of flowering (days, FT dur), end of flowering (days from 1st of January, FT
end) and plant height (cm, PH) assessed for a population of 100 Central European female winter wheat lines in up to four environments. For each
trait, summary statistics include minimum, median, mean and maximum value among the best linear unbiased estimations of genotypes, variance
components of environments (o2g), genotypes (o2g), their interactions (6% « £) and residual error (02) as well as the heritability (h?) estimated
across environments. Significance of variance components was tested using a log-likelihood ratio test.

Parameter Hybrid seed yield Yield per se

Min 300.57 737.21

Median 533.80 844.95

Mean 528.79 844.71

Max 746.17 930.56

o’ 6153.08" 59145

o’ 28560.90" 394438

0%« E 348044 1189.16"

02 5276.94 1564.57 1.67
h? 0.77 0.47 0.90

HD
142.62
147.88
147.60
151.20

3.04"

56.34*

0.11*

FT begin FT dur FT end PH
148.01 3.55 156.07 66.21
155.60 5.93 161.17 81.08
154.98 6.09 161.08 80.76
161.01 11.06 166.04 93.76
599" 0.43 168" 2837
8.47 245 2.02" 45677
1.017 0.42 0.67 1461
1.73 1.75 1.43 6.45
0.83 0.32 0.65 0.85

Note: *, ** and *** indicate significantly different from zero with P-value <.05, .01 and .001, respectively.
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genotypic component was 1.8 times larger than its interaction with the
environment (Table 1). The strong genotypic effect was also evidenced
by the high heritability of h? = .77. The significant correlations with
values above .4 between the BLUEs of female hybrid seed yield from
individual environments also underline the importance of the genetic
effect (Table S1). According to these correlations, the environments
Wohlde 2020 and Bohnshausen 2020 presented the most contrasting
genotypic rankings. Moreover, the quantitative nature of the female
hybrid seed yield was reflected in the Gaussian-like distribution of
genotypic values (BLUEs) estimated across environments, ranging
between 300.57 and 746.1 g m~2 (Figure 1).

3.2 | Phenological traits had the greatest
confounding effect on female hybrid seed yield

Phenological traits (HD, FT begin, FT end, FT dur), PH and per se
yield performance were assessed in parallel to the hybrid seed yield
for female lines. The heritability of each trait ranged between moder-
ate to high, with the least heritable trait being FT dur (h? = .32) and
the most heritable one being HD (h? = .9) (Table 1). Genotypic values
for phenological traits and PH corresponded to those expected from
preselection for limited PH and late FT (see Section 2.1), thus favour-
ing adaptation to Central European modern wheat production envi-
ronments. Particularly for per se yield (CHA-untreated females), the
experiment conducted at Bohnshausen during the 2020 season pre-
sented a much lower repeatability than the other three environments,
that is, 0.19 versus 0.60-0.80. By discarding per se yield data of this
outlier experiment from the dataset, the final heritability for this trait
amounted to 0.47. Genotypic values of per se yield were in general
1.3 times higher (average: 844.71 g m~2) and less variable (range:
737.21-930.56 gm™2) than those of female hybrid seed yield
(Figure 1a nd Table 1). Moreover, per se yield as well as PH were not
significantly correlated with the female hybrid seed yield (Table 2). To
rule out that the non-significant correlation between hybrid seed yield
and per se yield was due to an incomplete environment overlap after

45

40

Frequency

FIGURE 1 Histogram of the best linear
unbiased estimations of the female hybrid seed
yield (red bars) and the per se yield (blue bars) in 5
g m~2 for 100 Central European winter wheat
lines evaluated in four multi environmental field
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discarding Béhnshausen 2020 data for the latter trait, we recomputed
the BLUEs for hybrid seed yield but ignoring this particular environ-
ment and re-estimated the correlation. This new correlation estimate
was again non-significantly different from zero (P-value 2.05), con-
firming thus the lack of association between hybrid seed yield and per
se yield. In case of PH, we cannot rule out that the pre-selection
favouring short to medium genotypes caused the lack of correlation
between this trait and female seed yield. In contrast, all studied phe-
nological features of female plants presented significant pairwise cor-
relations with the hybrid seed yield (P-value <.05). According to these
pairwise correlations, female wheat plants heading or flowering later
but having simultaneously short flowering periods were associated
with higher hybrid seed yield. This motivated us to investigate the
relationship between these traits and female hybrid seed yield in more
detail by using variable selection to obtain a parsimonious model that
can explain most phenotypic variation on hybrid seed yield. The final
model explained 29.08% of the phenotypic variation on hybrid seed
yield. Among significant components, the FT dur was highlighted as
the only trait of female plants having a main influence, explaining
13.51 % of the variation on female hybrid seed yield (Table 3). In addi-
tion, the two-way interaction effects of FT begin with the FT dur and
with HD of female plants were significant and explained 5.75% and

8.2% of the variation on female hybrid seed yield.

3.3 | Genome-wide association mapping suggests
that female hybrid seed yield is a complex
quantitative trait

The 100 diverse female lines were genotyped with 70,000 genome-
wide SNP markers from the lllumina Infinium Chip array (Wang
et al., 2014). After quality control, 10,194 high-quality polymorphic
markers from the SNP array with available physical positions mapped
to RefSeq V1.0 of Chinese Spring were retained for downstream anal-
ysis. A PCoA was applied to the modified RD distances derived from
these makers to investigate the population structure (Figure 2). The first

experiments. [Color figure can be viewed at
wileyonlinelibrary.com]

300 350

400 450 500 550 600 650 700 750 800 850 900 950

Harvested amount [g m™3]
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TABLE 2

Phenotypic (upper triangle) and genetic (lower triangle) correlation coefficients among the traits hybrid female seed yield (g m~

?)

)

yield per se (g m~2), heading date (days from 1st of January, HD), begin of flowering (days from 1st of January, FT begin), flowering duration
(days, FT dur), end of flowering (days from 1st of January, FT end) and plant height (cm, PH) assessed for a population of 100 Central European
female winter wheat lines in up to four environments. The significance of phenotypic correlations was evaluated through a t-test.

Hybrid seed yield Yield per se

Hybrid seed yield 11
Yield per se .18

HD .34 14
FT begin 44 -.21
FT dur -.75 31
FT end .35 -.16
PH .07 .09

HD FT begin FT dur FT end PH
28" 357 -377 25* .06
—-.09 -.13 0.12 -.09 .06
917" e o o
1 —74 88" 32"
-1 -1 -35" -3"
1 1 —-77 26"
0.54 0.38 -.16 .35

Note: *, ** and *** indicates phenotypic correlations are significantly different from zero with P-value <.05, 0.01 and .001, respectively.

TABLE 3

Percentage of explained variation on female hybrid seed yield (partial R?) and significance of the estimated main effects of flowering

duration (FT), beginning of flowering (FT begin), heading date (HD) and the end of flowering (FT end) of female plants as well as their significant
interactions. Model components were selected by applying a parsimonious model fitting method (please see Section 2 for further details).

Source of variation Effect

FT dur 1568 gm 2 day*
FT begin 1038 gm 2 day~*
HD 1065 g m 2 day !
FT dur x FT begin -1.052 g m~2 day~2
FT begin x HD —6.933 g m~2 day 2
Residuals =

Sum of squares R? (%) Significance
115,860 13.51 o
10,839 1.26
3010 0.35
49,317 5.75 *
70,293 8.2 **
608,121 70.92

Note: *, ** and *** indicate ignificantly different from zero with P-value <.05, .01 and .001, respectively.

and second coordinates from the PCoA explained 10.25% and 7.72% of
the total molecular variation, respectively, but no distinct family group-
ings that could graphically explain variation on female hybrid seed yield
could be clearly observed. The lack of association between female
hybrid seed vyield variation and genome-wide genetic differences was
also supported by a non-significant Mantel test between RD and
Euclidean phenotypic distances (r = —.0018, P-value = .5). A null corre-
lation between phenotypic and genomic similarities maximizes the
expected detection power in GWAS (Myles et al., 2009), which moti-
vated us to perform a genome-wide scan for marker-trait associations
on female hybrid seed vyield. According to the significant threshold of
Gao et al. (2008), no significant (P-value 2.05) major QTL was however
detected for the hybrid seed yield variation observed among female
lines (Figure 3). In contrast, GWAS for PH and phenological traits
revealed some major QTL in our studied population (Figures S3-57,
Table S3). For PH, two significant markers were found on the distal
region of the long arm of chromosome 5A (Figure S4) and explained up
to 23.26% of the phenotypic variation. We presume that these
detected signals on chromosome 5A correspond most likely to the Rht9
dwarf locus, which maps ~22 Mb distal from the associated markers
(Ellis et al., 2005; Lujan Basile et al., 2019). In addition, a total of seven

Female hybrid seed yield
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FIGURE 2 Principal coordinate analysis (PCoA) based on the

modified Rogers' distances computed from 10,194 SNP markers among
100 Central European winter wheat lines used as female plants for
hybrid seed production. The proportion of genetic variation explained
by the first and second PCos are included within brackets, while the
colour scale corresponds to the female hybrid seed yield in g m™=2.

[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Manhattan plot of a genome-wide 5
association analysis for the female hybrid seed
yield (g m™2) in a population of 100 Central 4

European winter wheat lines used as female plants
for hybrid seed production and genotyped with
10,194 SNPs. The significant threshold was set
after Gao et al. (2008) considering a nominal alpha
level of .05. The scale of P-values corresponds to
—log1o(P-value), while physical positions (bp) on
chromosomes are according to RefSeq V1.0 of
Chinese Spring (IWGSC, 2018) and were
downloaded from: https://www.ebi.ac.uk/
biostudies/arrayexpress/arrays/A-MTAB-6759.
[Color figure can be viewed at wileyonlinelibrary.
com]
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markers—all of them mapping on the homologous chromosome group
2—were significantly associated with at least one of the assessed flow-
ering traits (FT beg, FT end, FT dur) (Figures S5-S7). These significant
markers could explain up to 36.95% of the variation on a single flower-
ing trait (Table S3). Several past studies have already highlighted chro-
mosomes 2A, 2B and 2D as carriers of important flowering-related
genes in wheat, such as Ppd-1 (Royo et al., 2018; Zhang et al., 2022).
Given that PH and flowering traits are described in the literature as
traits of moderate to low complexity, their contrasting GWAS results
with those for female hybrid seed yield are indicative of a more com-
plex quantitative genetic architecture underlying the latter trait. In sum-
mary, our results suggest that the variation on hybrid seed yield of
female plants is influenced by the net effect of many loci, each with a

very small individual influence on trait variation.

4 | DISCUSSION

An efficient hybrid seed production system is an important prerequi-
site for establishing successful hybrid breeding programmes, but in
the case of wheat, this is mostly limited by its self-pollinating nature.
Therefore, both parents should contain fundamental traits, which sup-
port outcrossing and help to increase the hybrid seed yield on the
female parent (Selva et al., 2020). Previous research has mainly
focused on the optimization of the relevant traits for the male ideo-
type (Boeven et al., 2018; El Hanafi et al., 2022; Sade et al., 2022). In
contrast, information about the properties of excellent female lines
are little, while their routine large-scale assessment in breeding pro-
grammes is usually discarded, because of being difficult to measure
and time consuming (Langer et al., 2014; Millan-Blanquez et al., 2022).
This stimulated us to study the genetic component underlying the

female hybrid seed yield and its prospects for targeted breeding.
4.1 | Improving female hybrid seed yield through
its targeted phenotypic selection

In agreement with previous reports (Boeven et al, 2018;
Pickett, 1993; Schneider et al., 2021), the effect of the environment
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influenced a large proportion of the female hybrid seed yield variation
in our study (Table 1). Besides limiting photosynthesis and grain pro-
duction, heat and drought stress, on the one hand, reduce the func-
tionality of female reproductive organs and the viability of male pollen
(De Storme & Geelen, 2014; Fabian et al., 2019; Imrie, 1966). On the
other hand, high temperatures accompanied with high air moisture
increase the risk of grain lost due to fungal diseases (Miedaner &
Juroszek, 2021). We looked at the accumulated precipitation and tem-
perature sums during the growing season of our experiments in more
detail but found no clear trend that could explain the differences in
average hybrid seed yields of female plants observed between envi-
ronments (Table S2). Nevertheless, we expect that pervasive environ-
ment effects on hybrid seed yield are an overall limitation for all
female plants in general and less genotype specific due to the minor
relative importance of interactions between genotypes and environ-
ments (Tables 1 and S1). Moreover, the wide distribution for female
hybrid seed yield (Figure 1) is in line with past observations (Boeven
et al., 2018; Pickett, 1993; Schneider et al., 2021) and together with
its high heritability (Table 1) holds the promise for an effective female
hybrid seed yield improvement through targeted phenotypic selection.
However, testing a large number (>1000) of potential female lines in
crossing blocks is challenging, very costly and time consuming. There-
fore, and similar as for per se yield, field testing and direct selection
for female hybrid seed yield should be performed at later breeding
stages, when population sizes have been already reduced to a man-
ageable number and enough seeds are available to perform meaning-
ful field trials. Population sizes could be reduced by performing
indirect selection during early breeding stages based on highly herita-
ble indicator traits correlated to hybrid seed yield of female plants. To
this respect, further applied research on high-throughput non-
destructive phenotyping methods, for example, automated imaging
under controlled plant growing conditions, which highlight genotypes
with the features of the female plant ideotype linked to high hybrid
seed yield, is required. As we discuss later, early routine selection
assisted by genomics could be also an alternative to reduce population
sizes in breeding. Interestingly, the per se yield of female lines was not
significantly correlated to their hybrid seed yield (Table 2), suggesting
that selection for high-yielding varieties does not necessarily lead to

an increase in grain yield in hybrid seed production. Nonetheless,
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hybrid wheat breeding programmes should at the end target both
traits, because while female hybrid seed yield is of central importance
for hybrid seed production itself, a high per se grain yield is required

to maintain and multiply parent lines.

4.2 | The hybrid seed yield is highly influenced by
the flowering period of female plants

In our experimental setup under continental environment and rainfed
agricultural conditions of Central Europe, CHA-sterilized wheat plants
heading or flowering later but having simultaneously short flowering
periods were associated with higher female hybrid seed vyield
(Tables 2 and 3). In the absence of pollen, wheat plants make use of
the second opening mechanism, in which the ovary increases its radial
size and pushes the lemma and palea to open spike florets and favour
pollination from external pollen sources (Okada et al., 2018). As indi-
cated by the outcome of the fitted parsimonious model, the flowering
duration of female plants has a positive main effect on their hybrid
seed vyield (Table 3), suggesting that male sterilized plants with high
hybrid seed vyield increase the likelihood of being pollinated by
extending their flowering periods. This assumption goes in line with
the conclusion of El Hanafi et al. (2020), who highlighted flowering
duration of CHA-untreated plants as an important trait for the selec-
tion of suitable wheat female lines. Nevertheless, flowering duration
of female plants and its start have a negative multiplicative interaction
effect on the hybrid seed yield (Table 3), indicating that for hybrid
seed production it is not only important for how long but also when
female plants start to flower. With open spike florets in a late flower-
ing context, the stigma of female plants becomes more exposed to
hot and dry air and thus will progressively desiccate with prolonged
flowering periods, which would lead in turn to a decreased stigma
receptivity and lower final hybrid seed yield (Imrie, 1966; Millan-
Blanquez et al., 2022). In addition, the negative multiplicative inter-
action effect on hybrid seed yield between the start of flowering
and heading date of female plants (Table 3) highlights also the
importance of the moment when the male sterilized plants are pol-
linated. Theoretically, the optimal timepoint is given by the syn-
chronized flowering of pollen donor and receptor, that is, optimal
nicking, accompanied by ideal weather conditions that ensure an
effective pollination in crossing blocks (Selva et al., 2020). In our
experiments, nicking was maximized by using a seed mix composed
of different wheat male lines with excellent pollination properties
and a wide range of flowering times. With this experimental setup,
we expected to unmask the genotypic value of female plants that
underlies hybrid seed vyield. In practical breeding, this is however
even more challenging because besides the pollinator qualities of
the male lines, as well as the receptivity of the females, the over-
lapping flowering time of both parent lines should be also under
consideration (Whitford et al., 2013). In this regard, the breeding
of male and female components within maturity classes can sub-
stantially contribute to reduce some sources of seed yield lost dur-

ing hybrid seed production.

4.3 | Potential confounding effects of CHAs

One of the main practical advantages of CHA treatments is their wide
application range that allows to test many female lines without the
need of more complex genetic fertility control systems (Easterly
et al., 2019; Parodi & de los Angeles Gaju, 2009). Particularly for our
study, the applied CHA—Croisor® 100—is a plant growth regulator
and belongs to the new generation of CHAs, which are less harming
for the environment, have a more effective sterilization effect and are
less phytotoxic as compared to early CHA molecules/formulations
(Farooq et al., 2023; Singh et al., 2015; Whitford et al., 2013).
Genotype-specific effects for the effectiveness of male sterilization
have been nevertheless described for Croisor® 100 in recent studies
(Easterly et al., 2019; Schneider et al., 2021). Sterilization was con-
trolled in our experiments by counting the number of kernels of plants
that were bagged directly after the CHA treatment. Afterwards, plots
in which the sterility did not work properly were removed from the
analyses. By doing this, all genotypes were retained in the dataset
across environments, and only for 3% of genotypes data had to be
discarded for both replications in particular environments. This last
observation suggests environment- and genotype-specific effects for
the effectivity of sterilization. In addition, molecules with reduced
phytotoxicity can still produce some level of plant damage/yield pen-
alty for all plants in general or particularly for certain more susceptible
genotypes. We further computed genotype-specific absolute and rela-
tive yield penalties by either only centring or centring and scaling,
respectively, the BLUEs of hybrid seed yield with those of per se yield.
Absolute yield penalties were slightly correlated with per se yield
(r = —.27, P-value <.05; Figure S8), while no significant association
was observed for relative yield penalties (r = —.14, P-value 2.05;
Figure S9). These results suggest that the negative effects of CHAs
like Croisor® 100 are only slightly proportional to the per se yield level
of the tested plant material. Although further confounding effects of
CHAs cannot be fully discarded from our experiments, the estimation
of their real magnitude lies out of the scope of our current work. In
practice, hybrid wheat breeding programmes that rely on gametocides
for hybrid seed production select female lines that show a highly
repeatable sterilization response to the CHA treatment accompanied
with high hybrid seed yield values (Easterly et al., 2019).

44 | Larger populations are needed to implement
genomics-assisted breeding of hybrid seed yield of
female plants

As far as we know, association/genetic mapping studies assessing the
genetic architecture of potential female indicator traits for hybrid seed
yield are scarce. A recent GWAS study investigated for the very first
time the genetic architecture of potential indicator traits for female
hybrid seed yield (El Hanafi et al., 2021). In their study, the authors
reported 11 and three significant marker-trait associations for the
indicator traits flower openness and the duration of floret opening,

respectively. To the best of our knowledge, our work is the first study
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directly assessing the quantitative genetic architecture of the female
hybrid seed yield. For GWAS, we computed the significance threshold
to correct for multiple testing according to Gao et al. (2008), which
offers a balance between detection power and false positives as com-
pared to more liberal methods like false discovery rate (Benjamini &
Hochberg, 1995) or highly conservative ones such as the classical
Bonferroni correction. Moreover, the positive GWAS results for traits
PH, FT begin, FT end and FT dur (Figures S4-S7), which are known
for their relatively less complex genetic architecture (Ellis et al., 2005;
Lujdn Basile et al., 2019; Pérez-Gianmarco et al., 2020; Royo
et al., 2018; Zhang et al., 2022), further support the suitability of the
chosen significant threshold to detect major QTL.

However, phenotypic variation influenced by numerous QTL, each
of them with small effects, is more challenging to be reduced to the
genetic level than variation that results from a small number of large-
effect QTL (Myles et al., 2009). We attribute, therefore the lack of
major significant QTL (Figure 3) to an underpowered population used
for GWAS of female hybrid seed yield and to a hitherto polygenic
genetic architecture underlying this particular trait. This is also consis-
tent with the conclusions of Liu et al. (2013), who emphasize that smal-
ler mapping populations with a high heritability for the trait of interest
can nevertheless have a low QTL detection performance. In this regard,
despite the relatively high heritability of .77 and the practically null cor-
relation between phenotypic and genomic similarities (Figure 2)—which
is expected to maximize power in GWAS (Myles et al., 2009)—could
not counterbalance the limited population size of 100 genotypes for
QTL detection of hybrid seed vyield. Larger populations would be
needed not only to disentangle the complex genetic architecture of the
female hybrid seed vyield but also to train genomic prediction models
and evaluate the prospects of genomics-assisted selection by means of
cross-validations (Jannink et al., 2010). Once mapping or training popu-
lations are established, significant markers and reliable genomic predic-
tions could be used to routinely screen thousands of non-phenotyped
but genotyped candidates in the long term and reduce therefore popu-

lation sizes for later stages of breeding programmes.
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