
Phenotypic evaluation of elite spring bread wheat genotypes
for hybrid potential traits

Samira El Hanafi . Najib Bendaou . Zakaria Kehel . Miguel Sanchez-Garcia .

Wuletaw Tadesse

Received: 6 February 2020 / Accepted: 10 September 2020 / Published online: 7 October 2020

� Springer Nature B.V. 2020

Abstract Wheat breeding has significantly con-

tributed to enhancing yield potential and stability.

However, one of the most promising technologies for

further sustainable yield increases, hybrid wheat, is

still limited due to lack of well-established heterotic

groups and insufficient heterosis to compensate cost of

hybrid seed production. Thus, optimizing the appro-

priate parents and combinations of floral and flowering

traits is important to enhance outcrossing ability.

Phenotyping methods for floral and flowering traits

were applied in this study. Wide phenotypic variation

was observed for all the traits assessed. High heri-

tability coupled with high genetic advance for anther

extrusion, pollen mass, duration of floret opening, and

openness of florets were observed. Ideally, visual

anther extrusion and pollen shedding appear as

promising traits allowing indirect selection of other

associated floral traits, such as pollen mass and

duration and degree of floret opening. Adopting these

two traits in further selection will allow scoring of

large numbers of genotypes in a very short time.

Keywords Female ideotype � Flowering traits �
Hybrid seed production � Hybrid wheat � Male

ideotype

Introduction

Wheat (Triticum aestivum L.) is one of the main staple

crops in the world and demand for wheat is almost

synonymous with demand for food. Worldwide, wheat

is the primary source of calories for millions of people,

accounting for around 28% of cereals used as food

(FAOSTAT 2014). Globally, wheat is grown on more

than 220 million hectares with annual production

likely to reach 750 million tons (FAOSTAT 2018).

Despite remarkable progress in wheat productivity,

greater efforts need to be made to cope with an ever-

increasing world population growth that will reach 9.8

billion by 2050. Global wheat production needs to

increase by 2% annually to meet escalating demands.

Over the years, wheat breeding has significantly

contributed to enhancing yield potential and stability.

Comparing the 1961–1965 and 2013–2017 periods,

average yield rose from 1.18 to 3.15 t/ha, and wheat
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production increased from 247 to 741 million tons

(FAOSTAT 2019). However, opportunities for further

sustained increases are limited due to the limited

genetic variability in wheat germplasm, insufficient

exploitation of heterosis and the gap between the

technology and farm achievement (Venske et al.

2019). To bridge this gap and to make wheat

cultivation more attractive, there is a need to explore

new technologies with potential to break yield barriers

and substantially enhance the level of productivity

(Jordaan 1996). In this context, the exploitation of

heterosis through hybrid wheat is one possibility that

could capture significant yield benefits.

Hybrid wheat has shown superior grain potential

for enhanced yield performance and stability com-

pared to pure-line varieties (Mühleisen et al. 2014).

Longin et al. (2013) reported average best parent

heterosis levels ranging from - 15.7 to 25.7% for

grain yield of elite hybrids compared to their respec-

tive higher yielding parent (average of 12.45 t ha-1).

Several attempts have been undertaken to establish

suitable seed production systems for hybrid wheat.

However, these were only partially successful. The

constraints included inadequate levels of heterosis,

inefficient seed production systems, and lack of

defined heterotic groups of germplasm to serve as

parents (Zhou et al. 2005). A major hindrance was also

the stringent autogamous nature of wheat. Thus,

optimization of floral and flowering traits could

contribute to increased production of hybrid seed.

Several traits such as flowering time, plant height,

anther extrusion, pollen mass and degree and duration

of floret opening were seen as essential for maximum

pollination (De Vries 1971; Whitford et al. 2013).

Moreover, the respective male and female parental

lines need to possess specific trait combinations. The

male ideotype was taller than the female, with long

extruded anthers producing large amounts of pollen

over an extended time period enabled by differential

flowering timing between tillers. The female ideotype

was envisaged as shorter with wide opening florets and

long hairy stigmas that were receptive for extended

periods (De Vries 1972; Longin et al. 2012). Obvi-

ously, flowering time has to be synchronized.

Identification of potential parental lines with these

features is challenging and phenotyping of most floral

and flowering traits is difficult and time consuming.

Hence, it is important to use suitable approaches to

expedite selection for enhanced outcrossing capacity.

The present study was undertaken to evaluate diverse

wheat germplasm for appropriate floral and flowering

traits and to investigate potential of genomic

approaches for use in hybrid wheat programs. In

particular, our objectives were to (1) evaluate genetic

variability in bread wheat for male and female traits

with potential relevance for hybrid wheat breeding

programs, (2) assess correlation, heritability and

genetic advance for hybrid related traits, and (3)

identify time- and cost-effective proxies for good

outcrossing ability.

Materials and methods

Plant materials

A panel of 400 genotypes, including mainly elite lines

from the ICARDA bread wheat breeding program, 15

commercial checks and 63 synthetics and synthetic-

derived lines was assembled to study the genotypic

variability in hybrid wheat-related traits (Supplemen-

tal Table S1).

Phenotyping

The panel was phenotyped under plastic house con-

ditions at ICARDA Rabat Guich, Morocco (33�970N,
6�86 W, 57 masl) in the 2015/16 cropping season and

a subset of 200 genotypes were selected based on

initial phenotypic assessment of potential hybrid traits.

This subset was grown under field conditions at

Marchouch Station, Morocco (33�360N, 6�430W, 394

masl) during the 2016–2017 and 2017–2018 cropping

seasons. The genotypes were grown in 3m2 plots in an

augmented design. All experiments were managed

according to standard cultural practices.

The traits assessed are listed in Table 1:
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Statistical analyses

Statistical analyses were performed on a yearly basis

as well as across years. A linear mixed model using

restricted maximum likelihood (REML) method (Pat-

terson and Thompson 1971) was used for data

analysis. For yearly analyses, genotypes and checks

were considered as fixed whereas blocks were con-

sidered as random effects. Best linear unbiased

estimates (BLUEs) were calculated for genotypes for

all traits specifically to get the estimated means in

order to compute the between trait correlations. The

same analysis was done using genotypes as random to

get the genotypic variance components and hence to

Table 1 Traits measured in this study

Trait name Abbreviation Details for each plot or genotype

Days to heading DH 75% spike emergence (Zadoks GS 67) (Zadoks et al. 1974)

Days to maturity (DM) 50% of ripe spikes turned yellow (Zadoks GS 87)

Days to anthesis

start

FLS First observation of anther extrusion

Days to flowering

peak

FLP 50% of spikes with visible anthers

Days to flowering

end

FLE All spikes with visible anthers

Flowering duration FLD FLS minus FLE

Plant height PH Ground to spike tip without awns

No. of spikelets

per spike

SPKLSP Mean spikelets per 5 random spikes

Spike length SPL Base to spike tip, 5 random plants

No. of tillers per

plant

TLP Fertile tillers per 5 random plants

Pollen mass PM Estimate of pollen release (Langer et al. 2014)1

Pollen viability PV Determined by the I-KI method (Joppa et al. 1966)2

Anther length AL Mean of 9 anthers determined at flowering stageusing image analysis software ImageJ3

Anther extrusion AEX Mean of five random spikes per genotype harvested 5–7 days post flowering peak (Langer et al.

2014)4

Pollen shedding PSH Visual 1 to 9 scale (1 = no pollen shedding and 9 = maximum pollen shedding) following

jolting of a shedding spike with a pencil

Openness of floret OPF Angle between the glumes of first two florets of a spikelet

Duration of floret

opening

DFO Time in minutes of opening to closing of florets recorded by a digital video

Grain yield per

spike

GYS Mean of 5 random spikes

1000-grain weight TGW Mean weight of two sets of 1000 grains

1. Ten random spikes were placed into paper bags 2 days before anthesis (Fig. 1a). After anthesis the pollen bags were collected by

harvesting the spikes and dried in an oven for 72 h at 65 �C, after which the bag contents were sieved (100 lm mesh) and the pollen

retrieved was weighed using a precision balance

2. Anthers from spikes at Zadoks GS 60 fixed in 3:1 95% ethanol: acetic acid were extracted and gently crushed in three drops I-KI

solution on a microscope slide; the debris was removed and a cover slip was added. Darkly stained pollen grains were considered

viable; unstained or partially stained pollen grains were rated as unviable (Fig. 1b)

3. https://imagej.nih.gov/ij/index.html

4. Determined by number of anthers retained in two lateral florets of eight central spikelets of a spike; i.e. based on 3 anthers per

floret, 2 florets per spikelet and 8 spikelets per spike, or 48 anthers converted to a percentage

5. Mean of 2 open florets measured in degrees using a divider and protractor or digital angle ruler (Fig. 1c)
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compute heritability and the genotypic coefficient of

variation. For the across year analysis, years, checks

and their interaction were fitted as fixed effects and

genotypes and genotype by year interaction were

random to get the genotypic and genotype by year

interaction variance components. Best linear unbiased

predictors (BLUPs) were calculated for genotype by

year interactions and used for ranking genotypes and

selection of the best genotypes for further

experiments.

Pearson correlation coefficients and their corre-

sponding P values were calculated between traits in

each year. Repeatability among biological replicates

was calculated from the expression r2g / (r2g ? r2e/
nr). Broad sense heritability of the evaluated traits was

calculated from the expression r2g/(r2g ? r2g � e/
ne ? r2e/ne � nr), where r2g represented the genetic

variance, r2e the error variance, ne was the number of

environments and nr the number of replicates. All

statistical analyses were done and models were fitted

in ASReml v3.0-1 (Butler et al. 2007) in R v3.3.1 (R

Core Team 2016).

Phenotypic and genotypic coefficients of variation

were estimated according to the method suggested by

Burton and DeVane (1953) as follows:

Phenotypic coefficient of variation PCVð Þ

¼
ffiffiffiffiffiffiffiffi

r2p
p

x
� 100

Genotypic coefficient of variation PCVð Þ

¼
ffiffiffiffiffiffiffiffi

r2g
p

x
� 100

wherer2p was the phenotypic variance; r2gwasthe

genotypic variance and �x was the sample mean.

Genetic advance (GA) and percentage of the mean

(GAM) assuming selection intensity at 5% was

estimated as per the formulae given by Allard (1960)

GA ¼ K� r2p� H

GAM ¼ GA

x
� 100

where K = standardized selection differential (at 5%

selection intensity K = 2.063); and H is broad sense

heritability

Genotypic analyses

The panel was genotyped by whole genome scanning

using the 15 K Single Nucleotide Polymorphism

(SNP) marker array (TraitGenetics Gmbh). SNP raw

data were filtered according to marker criteria; minor

allele frequency (MAF)[ 5% and missing data

B 10%. This resulted in 10,477 SNPs for this study.

Cluster analysis was performed by the unweighted pair

group method with arithmetic mean (UPGMA)

method to find discrete groups based on linkage

criteria between genotypes.

Fig. 1 Phenotypic evaluation of traits: a Pollen mass assessment; b Pollen viability. Viable pollen grains are indicated with

arrowheads; c Openness of florets (gapping)
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Results

The results of the mixed model analysis showed large

phenotypic and genotypic variations as well as

important differences in broad sense heritability for

all flowering and floral traits evaluated for the

200-genotype subset (Table 2). Heritabilities ranged

from low to high and genotypic variances were

significantly different from zero (P\ 0.001) for all

traits across the three data sets.

Floral traits showed a wide range of variability

across years. Genotypes SOMAMA-9/ICARDA-

SRRL-2 and QADANFER-11/REBWAH-11 among

others showed very good performance for floral traits

favoring outcrossing. FLAG-1 was the check having

highest values for anther extrusion and anther length

but low values for the other floral traits. Among the

synthetic and synthetic-derived lines, STY-US/

CELTA//PALS/3/SRN_5/4/AE.SQUARROSA (431)

was the only genotype with good performance for

duration of floret opening, pollen mass and anther

extrusion with values of 100 min, 38.42 mg and

79.17%, respectively. Most of the synthetic and

synthetic-derived genotypes had long anthers but

produced lower pollen mass compared with the elite

lines used in this study. For example, synthetics

DOY1/AE. SQUARROSA (1026) and SORA/AE.

SQUARROSA (208) had large anthers ([ 5 mm) but

shed small amounts of pollen (\ 14 mg).

The trait distributions of the BLUES followed

approximate normal distributions except for heading

date, flowering start and flowering peak (Fig. 2).

Absolute values of phenotypic correlations among the

20 traits ranged between - 0.40 and 0.92 (Table 3).

There were high correlations among pollen mass,

openness of the floret, duration of floret opening,

pollen shedding, anther extrusion and visual anther

extrusion ranging from 0.65 to 0.90 (P\ 0.001). The

highest correlation for pollen mass was with anther

extrusion (r = 0.90). The correlation between anther

extrusion and visually scored anther extrusion was

highly significant (r = 0.75, P\ 0.001). Spikelet

number per spike was near-independent of pollen

shedding and pollen mass (r = - 0.18* and

r = - 0.15*, respectively) but moderately positively

correlated with spike length (r = 0.47, P\ 0.001).

Anther length was weakly correlated with plant height

(r = 0.16).

Among flowering traits, days to heading was

strongly correlated with days to maturity, flowering

start, flowering peak and flowering end with the

highest value for flowering start and flowering peak

(r = 0.92).

The across year analysis showed high heritability of

important floral traits in Table 4 except for anther

length. The highest heritability (0.93) was observed

for anther extrusion. However, anther length and spike

length showed low to medium heritability across

years. The percentage of estimated genotypic vari-

ances and variances due to genotype-by-year interac-

tion were significant for most of the floral and

flowering traits except for spike compactness

(Fig. 3). Genetic variation dominated the total varia-

tion for anther extrusion (59.94%), pollen mass

(59.09%), duration of floret opening (57.01%) and

floret openness (61.64%). However, genotype-by-year

variation had the greatest effect on anther (62.56%)

and stigma length (46.81%). The genotypic variance

for agronomic traits accounted for a maximum 5% of

the total variation.

The phenotypic and genotypic coefficients of

variability ranged from 4.01 and 44.24 and from

1.46 and 41.92, respectively. The highest coefficient

of variability for both phenotypic and genotypic levels

was recorded for anther extrusion. Highest values

were also found for pollen mass, duration and degree

of floret opening (Table 4). Similarly, the highest

genetic advance was for anther extrusion (GA =

38.09). Genetic advance estimated at 5% selection

intensity was high for anther extrusion, pollen mass,

duration and degree of floret opening.

Discussion

Although hybrids are well established for allogamous

crops such as maize, hybrid wheat has not been

successful due to relatively low levels of hybrid vigor

and lack of an efficient hybrid seed system. Floral

biology will play an important role in increasing out-

crossing. Several studies have described the floral and

flowering biology of wheat. Although male and female

ideotypes for efficient hybrid seed production are well

bFig. 2 Histograms of variation in phenotypic values for some

evaluated traits in 200 genotypes
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defined, slow progress has been made in key trait

improvement. In this study, we applied several

approaches to evaluate floral and flowering traits and

discuss their contribution in improving pollination

capacity.

Variation in floral and flowering traits

A high outcrossing ability is most likely influenced by

a combination of floral traits such as anther extrusion,

pollen shedding, anther size, openness of the floret,

and stigma length (Singh et al. 2010). The approaches

suggested by Langer et al. (2014) to assess pollen mass

and anther extrusion are generally used as proxies to

determine the amount of pollen released and

percentage of extruded anthers. Anther extrusion can

be visually and repetitively assessed under optimum

weather conditions, but assessments could be dis-

rupted by wind or rain. In the present study, anther

extrusion assessment was carried out using counted

and visual scoring methods and the results showed that

both were successful in identifying highly extruding

genotypes. Given the high correlation between anther

extrusion and visual anther extrusion, visual anther

extrusion is a promising method for initial selection of

male parents for hybrid seed production.

It is not surprising that anther extrusion depends on

opening florets and the duration of opening. A line

showing these traits should serve as a potential pollen

donor as well as a more receptive female parent. As in

Table 4 Estimation of

genetic parameters for some

hybrid - related traits

Trait abbreviations are

listed in Table 1.

H heritability, GA genetic

advance, GAM genetic

advance as % of mean

Trait Min Max Mean H Coefficient of variability GA GAM

Phenotypic Genotypic

AL 3.24 4.43 3.79 0.31 4.01 3.49 0.17 4.58

AEX 5.41 90.03 43.19 0.93 44.24 41.92 38.09 88.20

PM 6.23 41.69 20.49 0.84 34.33 32.55 13.28 64.83

DFO 17.12 101.72 53.29 0.85 34.29 31.19 34.67 65.06

OPF 12.65 41.47 23.74 0.87 23.53 21.85 10.73 45.20

SL 2.53 4.40 3.35 0.54 8.95 7.93 0.45 13.51

SPC 1.43 2.33 1.77 0.81 9.89 8.26 0.33 18.40

SPKLSP 17.47 24.53 20.93 0.06 4.01 1.46 0.42 2.00

SPL 9.78 13.89 11.98 0.21 10.28 5.49 0.27 10.12

GYS 1.73 3.78 2.63 0.23 4.94 2.88 0.56 4.70

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

AL AEX PM DFO OPF SL SPC SPKLSP GYS SPL TLP

Ve Vg Vg/y

Fig. 3 Partition of total

variance for some

investigated traits. See

Table 1 for trait

abbreviations. Ve: error

variance, Vg: genotypic

variance, Vg/y: genotype by

year variance
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the present study, previous research showed that a high

percentage of anther extrusion was directly related to

high numbers of open florets (Rajki 1960, 1962; Singh

and Joshi 2003). In addition to anther extrusion, visual

anther extrusion also showed a close relationship with

floret openness and duration of floret opening.

Another important determinant for outcrossing is

the quantity of shed pollen. The wide variation in

pollen shedding in this study was in concordance with

previous studies. D’Souza (1970) reported differences

of 5–80% between genotypes for the amount of pollen

shed. However, such differences will dependent on

traits like anther extrusion, openness of the floret and

duration of floret opening. Generally, there was

profuse pollen shedding outside the florets when there

was adequate floret widening and high anther extru-

sion. Our results were in agreement with previous

studies (De Vries 1974a, b; Singh et al. 2007; Langer

et al. 2014).

Pollen viability is also an important factor that

enhances cross-pollination. The longevity of pollen

grains is less than 3 h (Fritz and Lukaszewski 1989).

Regardless of low viability values, most lines showed

high variability. The low values might be due to

moisture loss during transportation from the field to

the laboratory.

Anther length, used as proxy for anther size, is also

a key spike trait that contribute to enhance outcrossing

in wheat. We found ranges of 2.52–4.95 mm over the

three years. Song et al. (2018) showed anther length to

be 2.7–6 mm in a set of 305 lines. Anther size was

associated with pollen grain number in wheat/rye

addition lines (Athwal and Kimber 1970; De Vries

1974a; Nguyen et al. 2015). Other studies showed that

anther size per se had no impact on the amount of

pollen shed outside the floret (Beri and Anand 1971).

We also found no correlation between the anther

length and pollen shedding or any other trait except for

stigma length and plant height. The lack of correlation

between the two characters suggests that genes

controlling anther length differ from those controlling

the other floral traits.

Open florets in hybrid seed production is crucial for

both male and female parents. Lines with wide floret

opening for an extended duration should be prone to

greater outcrossing. Few studies have addressed

female traits due to their intensive work and time

requirements. In this study, we observed a wide range

of variability in the degree of floret opening

(9.05–45.6� as separation angles) and duration

(8.61–109 min).

Selection for stigma size was shown to have

positive effects for cross-pollination and seed set

(Virmani and Edwards 1983; Blouet et al. 1999). Long

fully extruded and receptive stigmas for extended

periods should be advantageous. Wide ranges in

stigma length have been published (2.13–5.2 mm)

(Komaki and Tsunewaki 1981; Fábián et al. 2019) as

well as 1.78–5.05 mm being recorded in this study.

An optimized difference in plant height and

synchronized flowering between the male and female

parents are prerequisite for an efficient hybrid wheat

seed production system. Non-uniformity of flowering

causes low seed set. The pollen shed by taller male

parents can disperse longer distances and gradually

fall to reach the shorter female parents. The flowering

period is expected to be determined by genotype and

weather conditions. For hybrid production, a pro-

longed flowering time should be advantageous.

Phenotyping specific traits for hybrid production is

hard and time-consuming as floral and flowering traits

are strongly dependent to environmental conditions.

High temperatures accelerate the flowering process

and shorten the flowering period, narrowing the time

window for pollination.

Genetic advance

Improvement of a given trait is through the available

genetic variation and its heritability. Estimated broad-

sense heritability alone is not very helpful because it

includes the effect of both additive and non-additive

genetic variation. Prediction of genetic advance is

therefore useful to indicate the expected genetic

progress from selection for a particular trait and helps

to determine gene action affecting that trait (Sravan

et al. 2012). Hazel and Lush (1942) defined the genetic

advance as the improvement in average phenotypic or

genetic value due to selection within a population in

each breeding cycles. Genetic advance as percent of

the mean was classified as low for values from 0 to

10%, 10–20% for moderate and 20% and above for

high values (Johnson et al. 1955). Since high heri-

tability does not necessarly indicate high genetic gain,

heritability coupled with genetic advance is a more

reliable guide for selection of superior genotypes at

early generation (Akinwale et al. 2011).
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The genetic advances as percentages of means

ranged from 4.58 to 88.20% for floral traits. Predicted

genetic advances in anther extrusion, duration of floret

opening, pollen mass, and floret openess were high at

88.20%, 65.06%, 64.83% and 45.20%, respectively.

Moderate GAM was estimated for stigma length

(13.51%) while that for anther length was low

(4.58%). Singh (2006) predicted high genetic

advances as percentage of mean values for the same

floral traits. The agronomic traits underwent moderate

genetic advances when compared to their mean values.

Traits like anther extrusion, pollen mass, openness

of the floret and duration of floret opening showed

high GAM coupled with high heritability estimates.

This indicates the preponderance of additive gene

action in determination of these traits and that a large

proportion of the phenotypic variance was genotypic

and effective selection could be made for such traits

based on phenotypic expression. However, high

heritability along with low to moderate genetic

advance as percent of mean, i.e. spike compactness,

was indicative of non-additive gene action and that

selection might be less successful. Low heritability

and predicted genetic advance for anther length was

observed due to non-additive gene action and high

environmental influence as reported by Akinwale et al.

(2011).

The estimates of phenotypic variance were only

slightly higher than genotypic variance for some floral

traits indicating a low influence of environmental

factors. Thus, selection based on phenotype could be

successful for these traits. Anther extrusion, duration

of floret opening, pollen mass, and floret openness

showing high genotypic and phenotypic coefficients of

variation along with high heritability and predicted

genetic advance may be considered important traits in

breeding for high hybrid seed production.

Associations among traits

The results of selection for hybrid parent attributes

depend on the heritability and genetic variation of

floral and flowering traits. Positive associations

between traits could simplify parental selection. Most

floral and flowering traits show positive correlations.

Anther extrusion, a key trait for improving pollen

dispersal, was highly correlated with released pollen

mass and pollen shedding. Similar associations were

reported by Langer et al. (2014). Given the high

correlation between pollen shedding and both pollen

mas and anther extrusion, pollen shedding is an easily

scored trait that could be taken as proxy for selection

based on the respective correlated traits. Several

studies showed that genotypes with high anther

extrusion are more likely to have resistance to

Fusarium head blight (FHB) (Buerstmayr and Buer-

stmayr 2015; Xu et al. 2019). Therefore, it will also by

interesting to check correlations between FHB and

other evaluated floral traits.

Whether longer anthers influence pollen mass

remains unclear. We assessed anther length, but no

significant correlation was found. However, Langer

et al. (2014) reported that anther size was positively
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correlated with pollen mass and anther extrusion.

Boeven et al. (2018) reported that both counted and

visual anther extrusion as well as filament length were

correlated with hybrid seed set. In other hand, AL was

found to be weakly associated with SL (r = 0.29) in

the present study.

An extended period of open flowers should favor

outcrossing. The degree and the duration of floret

opening were highly associated (r = 0.85) over two

years. OPF and DFO were both correlated with other

traits including pollen mass, pollen shedding, and

visual and counted anther extrusion. Singh et al.

(2007) reported weak but significant associations

between OPF and DFO (r = 0.30) and a high corre-

lation between DFO and AEX (r = 0.89).

Langer et al. (2014) reported a moderate correlation

between anther extrusion and plant height and there-

fore suggested that the correlation between these traits

was worthy of further investigation. Boeven et al.

(2016) later reported that reduced height genes had a

negative effect on male floral traits. However, our

results did not confirm this effect as we found only a

weak association between anther length and plant

height.

Floral traits in relation to flowering traits showed

only weak negative correlations between flowering

duration and pollen shedding and visual anther

extrusion. Langer et al. (2014) reported a high

negative correlation between AEX and DH. It would

be interesting to determine whether the early flowering

is associated with greater anther extrusion and pollen

mass in further studies.

AEX previously showed a moderately negative

correlation (r = - 0.48) with numbers of spikelets

per spike (Langer et al. 2014). Other weak negative

correlations were between spikelets per spike and both

pollen mass and pollen shedding. But no associations

between tillers per plant, spike length, spike compact-

ness and the floral traits were measured in this study.

The floret structure within spikes was reported to

influence flowering type characteristics with tighter

spikelets tending to have narrower separation angles

(Obermayer 1916). However, no significant relation-

ship was observed between the spike compactness and

floret gap in this study.

Clustering of germplasm

Wemade a cluster analysis of panel members based on

phenotypic values (Fig. 4). We identified genotypes

that combined high pollen mass and anther extrusion

as promising traits for male parents and openness of

the florets and duration of floret opening for female

parents. This allowed us to confirm that most geno-

types exhibiting high male potential carried features of

good females as well. The selected genotypes were

already used in hybrid wheat trials to study the

combining ability and level of heterosis of hybrids

using a chemical hybridizing agent to sterilize the

female lines.

We also tried to determine the molecular related-

ness of the characterized genotypes in relation to

observed phenotypic values. From the cluster plot

(Fig. 5) eight main clusters were identified at branch

Fig. 5 Cluster analysis of genetic relationships among 200 genotypes and heat plots for evaluated traits. *, Genotypes with superior

floral trait combinations. Trait abbreviations are provided in Table 1
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level 5. Except for QAFZAH-21/ICARDA-SRRL-9,

lines derived from crosses involving QAFZAH and

QIMMA in the first cluster showed a weak perfor-

mance in floral traits. Six different lines derived from

the cross QADANFER-11/REBWAH-11 grouped in

the second cluster had high potential for both male and

female parent traits. QAMAR-6, in the third cluster,

was the best check having high values of anther

extrusion (83.6%), pollen mass (38.6 mg) duration of

floral opening (89.3 min), and floret openness (39�).
The fifth and sixth clusters included the most diverse

genotypes in terms of potential parents. SOMAMA-9/

ICARDA-SRRL-2 and FLAG-1 showed high poten-

tial as male/female for hybrid seed production. Some

genotypes were closely related but differed in hybrid

parent potential. Hence pedigree was not an accept-

able guide for prediction of potential hybrid parents.

However, we could identify different groups of

genotypes with favorable trait combinations for both

male and female parents with high rates of extruded

anthers, likely to release more pollen and with florets

that remained open for extended time periods. The

identification of these groups of genotypes appears

interesting and can be classified as one heterotic

pattern. It will therefore be interesting to investigate

the heterotic potential among the selected genotypes to

demonstrate high levels of heterosis. The identifica-

tion of heterotic loci and exploring their expression

levels will help to map stable QTLs and simplify the

hybrid wheat breeding process. When the heterotic

loci and genes are clearly known, it will be possible to

characterize the genotypes of the key loci across the

collection of parental lines and predict the potential

hybrid combinations with strong heterosis perfor-

mances. Genome-wide association mapping (GWAS)

can be also an alternative to detect genomic regions

harboring genes/markers for hybrid traits and thereby

substantially reduce the time for selection.

Height indicates

Conclusions

The self-pollinating nature of wheat makes hybrid

wheat development a major challenge. Considerable

progress has been made in defining phenotyping

approaches in order to identify parents for hybrid

breeding. Visual anther extrusion and profuse pollen

shedding are promising traits to predict associated

target floral traits. While the genetic architecture of

male floral traits has been intensively studied, female

traits are far less dissected. We therefore recommend

shorter lines with prolonged opening of florets and

stigma receptivity as potential female parents. The

superior potential male and female parents identified

in this study must be converted into cytoplasmic male

sterile and/or restorer parents for hybrid seed produc-

tion. The phenotypic variability within the present

screened panel is adequate and allowed us the

identification of best performing male and female

genotypes tested for cross-pollination in hybrid wheat

crossing blocks.
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