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Abstract Pre-harvest sprouting in wheat is the germina-
tion of seeds within the spikes when rains occur after or
during grain ripening, which occurs commonly in the
barani tract of Pakistan. Therefore, 10 cultivars and five
advanced lines of spring bread wheat were evaluated for
pre-harvest sprouting resistance. After natural rainfall,
seeds were immediately collected from the wet spikes and
tested for germinating ability. Three different germination
tests were applied to hand-threshed seed: (1) spikes
threshed on the day of sampling and germination tested
immediately, (2) spikes threshed on the day of sampling
and germination tested 1 week later, and (3) spikes
threshed 1 week after sampling and germination test
immediately after threshing. Seeds and spikes kept for 1
week were place on blotting paper at room temperature.
Cultivars BARS-09, 09FJ17, Doukkala-12, NARC-09 and
Ouassou-20 exhibited higher sprouting resistance while
other genotypes were susceptible to pre-harvest sprouting
in each of the three tests. A diallel crossing was conducted
with six susceptible and two resistant genotypes to assess
the genetic behavior of pre-harvest sprouting resistance.
The combining ability (CA) demonstrated a higher
proportion of additive genetic effects for sprouting
resistance, because of higher variance of general and
specific CA for both parameters under study. Doukkala-12
and BARS-09 showed increased pre-harvest sprouting
resistance in their F1 descendants.

Keywords bread wheat, germination index, general
combining ability, pre-harvest sprouting, specific combin-
ing ability

1 Introduction

Pre-harvest sprouting in bread wheat (Triticum aestivum) is
a problem that occurs all over the world to varying degrees.
The problem occurs when high humidity accompanies
rainfall on standing mature wheat crops before harvest, and
seeds in the spike germinate. As the consequence of this,
wheat quality as well as quantity are affected, reducing
nutritional value and yield[1]. Many early wheat scientists
reported that pre-harvest sprouting is negatively correlated
with yield, seed viability, seedling vigor, flour yield and
baking quality[1–9]. Changes in sugar content, total protein
and composition of amino acids accompanied by enzy-
matic activities are the reasons for the degradation in
quality and quantity. Products made from germinated seeds
can be spongy, soggy, off-color and of inferior quality as
reported by Groos et al.[10]. Compact interior and smaller
volume breads baked from sprouted seeds are also
reported[11]. The key reason for this is higher α-amylase
activity. α-Amylases degrade starch, hence producing
quality of bread that is below the accepted standards of
consumers[12].
Some seed characters have been reported that can

enhance sprouting resistance, abridged point of α-amylase
action, a reduced amount of water assimilation by the
grains and the occurrence of inhibitors of germina-
tion[10,13–15]. Pre-harvest sprouting is determined by
environmental conditions, inner factors and interaction
between these factors[5,16]. The resistance to sprouting is
primarily linked with an ample degree of kernel
dormancy[17,18]. Pre-harvest sprouting depends signifi-
cantly on (1) genetic traits like kernel coat, shielding
structures of spike and straightness of spike, (2) environ-
mental conditions like temperature and rainfall, and
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(3) agronomic aspect like fertilization[15,16,19]. With such a
wide ranges of factors that contribute to pre-harvest
sprouting in the field, it is quite difficult to identify
resistant plants. Several methods were devised to measure
resistance to sprouting in plants under laboratory condi-
tions, for example germination tests of threshed grains, or
whole spikes in sand or on blotting paper, visual
assessment of kernels and physiological study of grains
for enzymatic alterations[2,6,20]. Germination tests of
threshed grains or whole spikes indicate the extent of
kernel dormancy that is governed by the embryo[2,21].
Shorter et al.[22] evaluated some wheat accessions from
New Zealand to assess sprouting resistance and reported
that exploiting germination index to judge seed dormancy
was consistent across years, hence the most consistent
forecaster.
Another trait that is linked with pre-harvest sprouting

resistance is grain color. Cultivars having red kernels are
more resistant to sprouting than white ones[2,23]. Therefore,
red kernel color is commonly used as an indicator of
sprouting resistance in wheat. The general perception of
the relationship between grain color and flour extraction is
that white kernel grains are more useful than red kernel
grains[24]. Sprouted products do not receive a good price
and are often used to feed animals, resulting in huge
financial losses for many farmers and ultimately their
countries[9,24]. Due to this, improvement of pre-harvest
sprouting resistance of white kernel wheat genotypes must
be incorporated in the present breeding programs.
The barani (rainfed) tract is one of the important wheat

producing areas in the Punjab Province of Pakistan. Low
production of wheat in this area also negatively affects the
overall production of wheat in the province. Rainfall
during the grain maturing phase occurs in many years,
causing pre-harvest sprouting and severe harm to wheat
production significantly affecting the value of wheat in the
local market. This further highlights the importance of
breeding for pre-harvest sprouting resistance in wheat. A
technique that is helpful for analyzing genetic divergence
of particular parameters and to identify hybrids that will
provide better segregants was proposed by Griffing[25].
Genetic knowledge of pre-harvest sprouting is a prerequi-
site for a resourceful breeding program to improve the
dormancy level of wheat genotypes against pre-harvest
sprouting under rainfed conditions.
To understand the genetic basis of pre-harvest sprouting

and the required level of dormancy in white kernel
cultivars, 15 diverse genotypes of bread wheat were
assessed for pre-harvest sprouting resistance and eight
genotypes were further analyzed by diallel crossing to
identify parents with better combining ability. This study
aimed to provide practical information about pre-harvest
sprouting resistance in wheat cultivars and to develop
white kernel wheat cultivars with innately better sprouting
resistance.

2 Materials and methods

2.1 Experimental materials, design and evaluation of
sprouting resistance

2.1.1 Experiment 1

The current study was conducted at the Barani Agricultural
Research Station, Fatehjang District Attock, Pakistan.
Fifteen genotypes were assessed including six spring
wheat cultivars (FSD-08, Dharabi-11, NARC-09, CH-50,
BARS-09 and Inqlab-91) that are high yielding, commonly
grown and widely accepted by the farmers in the barani
tract, Pakistan. Five advanced lines (06FJS3013, 09FJ34,
09FJ21, 05FJS3074 and 09FJ17) in testing phases at
different provincial and national levels were also included.
The remaining four genotypes (Hamam-4, Hubara-2/
Qafzah-21, Ouassou-20 and Doukkala-12) were selected
from the International Centre for Agricultural Research in
Dry Areas nurseries. The genotypes, Hamam-4, Hubara-2/
Qafzah-21, Ouassou-20, NARC-09, 09FJ34 and Douk-
kala-12 are red kernel types, while the others are white
kernel types. The experiment was sown in a randomized
complete block design (RCBD) with three replicates. The
plot size was 7.2 m2 having six rows 4 m in length with
30 cm row spacing. This experiment was conducted
because of the periods of heavy rainfall (146 mm) during
the ripening months of the wheat crop, i.e., April and May,
just before and during the time of harvest. This precipita-
tion is undesirable leaving insufficient time for the grains
or spikes to dry before the next rainfall occurs. The total
rainfall of the crop season (Nov.–May) was 364 mm.
Germination tests were used to assess pre-harvest

sprouting resistance of the wheat genotypes. Tests for
pre-harvest sprouting on wet spikes harvested immediately
after rainfall were conducted by the method described by
Paterson et al.[26]. In this test, 50 spikes along with 10 cm
of peduncle were arbitrarily harvested from each plot.
Germination of hand-threshed seed was tested in three
different ways with two replicates each: T1, seed from 15
spikes threshed on the day of sampling tested immediately;
T2, seed from 15 spikes threshed on the day of sampling
tested after being placed blotting paper for 1 week at room
temperature; and T3, seed from 15 spikes that had been
kept for 1 week on blotting paper at room temperate before
threshing and tested immediately after threshing.

2.1.2 Experiment 2

Eight bread wheat genotypes (Hamam-4, Hubara-2/
Qafzah-21, Dharabi-11, 06FJS3013, 09FJ21, Doukkala-
12, BARS-09 and Inqlab-91) were selected from the
results of the first experiment, based on their diverse
sprouting response. To access their combining ability,
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these genotypes were crossed in all possible combinations
to obtain all possible offspring. All 56 F1 hybrids from the
eight parents were sown on 10 November 2012, in an
RCBD with three replicates at the Barani Agricultural
Research Station, Fatehjang District Attock, Pakistan. The
F1 hybrids along with parents were sown in an area of
1.2 m2 comprised of two rows 2 m in length with 10 cm
between plants, and 30 cm between rows. A total of
760 mm rainfall was recorded during that growing season.
All the recommended agronomic and protection measures
were carried out for the whole trial.
For assessing sprouting resistance, 10 physiological

mature spikes were harvested from each experimental unit
for each replicate. To disinfect the spikes, a 1% solution of
bleaching powder was used and spikes were sterilized for
10–15 min. Then, they were soaked in water in a plastic
tube, wrapped with plastic film for 4 h, according to the
method of Jiang and Xiao[1] to simulate the effect of
natural rainfall on the spikes. After soaking, intact spikes
were place on blotting paper to dry beforehand thrashing
and bulking, and germination was then tested to determine
their pre-harvest sprouting resistance.

2.2 Germination test

Germination tests were conducted for both experiments in
Petri dishes sterilized with 70% ethanol and distilled water
to avoid contamination of the germinating materials. The
germination tests for Experiment 1 were executed in 2012
and for Experiment 2 in 2013, 25 seeds from each of the 15
genotypes from the first experiment and from the second
experiment, 56 F1 crosses along with eight parents were
kept on a filter paper of 10 cm diameter in separate Petri
dishes. Then, 6 mL of distilled water was poured into each
Petri dish and they were incubated at 20°C, 75% RH and
16:8 h L:D photoperiod. Germinated seeds were counted
daily for seven consecutive days for all samples.
Germination was characterized as coleoptiles emergence
from the seeds as described by Hagemann and Ciha[27]

(sprouting scale 3).
The data were converted to percent germination (PG)

and a germination index (GI). The GI was obtained for
each experimental unit in Experiment 1 and the 56 F1
crosses and eight parents (Experiment 2) by the equation of
Jiang and Xiao[1].

GI ¼ ð7� n1 þ 6� n2 þ 5� n3 þ 4� n4 þ 3� n5Þ

þ2� n6 þ 1� n7Þ � 100=ðnumber of daysÞ

�ðtotal number of seedsÞ
where n1, n2, ..., n7 represents the number of germinated
seeds on day 1, seeds germinated day 2 through to seeds
germinated on day 7, i.e., 7 days and 25 seeds in this case.
Percentage of germination was the percentage of the

total seeds with coleoptile length at least equal to the size
of seed out of the total number of seeds examined, as given
by Hagemann and Ciha[27].

PG ¼ ðseed counted on days 1 to 7Þ=25� 100

2.3 Data analysis

Analysis of variance (ANOVA) of PG and GI was
performed using the method provided by Steel et al.[28]

and detailed by Muhammad[29]. Comparison of means was
performed with the Duncan’s new multiple range test[30].
The variability analysis for combining abilities was
calculated by the method of Griffing[25] Method 1 and
Model 1, while including parents, F1 progeny and
reciprocals.

3 Results

3.1 Selection of plant materials for pre-harvest sprouting
resistance

Th outcome of the ANOVA of germination percentage and
index for the 15 genotypes is shown in Table 1. Significant
divergence was observed between treatments (T) and
genotypes (G) for both PG and GI. The interaction between

Table 1 Analysis of variance of PG and GI of 15 spring wheats screened for pre-harvest sprouting resistance

Source of variance DF
Mean square

PG GI

Replication 2 7.48 16.35

Genotype (G) 14 1069.99** 460.09**

Error 28 1.96 3.97

Treatment (T) 2 36.08** 84.19**

G � T 28 15.48** 13.01**

Error 60 2.31 4.71

CV/% 1.87 4.32

Note: PG, Percent germination; GI, Germination index; **, significant difference at P< 0.01.
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G � T was also statistically significant for both traits
(P< 0.05). PG and GI mean values for the 15 genotypes
are presented in Table 2.
Broad ranges and significant variation were observed

between the 15 wheat genotypes studied for both traits.
Mean values of PG in T3 were greater than in T2 and T1,
with statistical difference for T1. The mean value of GI in
T1 was higher than other treatments. The ranges of PG
were 54% to 91%, 55% to 90% and 57% to 92% for T1, T2

and T3, respectively. Similarly, GI ranged from 35.7% to
57.6%, 33.2% to 57.3% and 35.2% to 57.7% for T1, T2 and
T3, respectively. Germination percentage and index values
for BARS-09, 09FJ17, Doukkala-12, Ouassou-20 and
NARC-09 were lower than other genotypes for T1, T2 and
T3. However, Inqlab-91, 09FJ21, Hamam-4 and Dharabi-
11 showed higher PG and GI values.
The average PG values of white kernel genotypes were

81.4%, 82.0% and 82.3% for T1, T2 and T3, respectively.
The red kernel genotypes showed 78.6%, 79.4% and
79.2% for T1, T2 and T3, respectively, for PG. The average
GI values in white and red kernel genotypes were 52.3%,
51.0% and 50.0%, and 47.5%, 47.3%, and 47.2% for T1,
T2 and T3, respectively. Grain color is another parameter
that influences pre-harvest sprouting resistance. Generally
red kernel genotypes are more resistant than the white
ones. Lower values of PG and GI of red kernel cultivars
compared to the white ones, as recorded in our study, show
the relationship between grain color and pre-harvest
sprouting resistance.

3.2 Combining ability studies

PG and GI results diallel crosses are given in Table 3.
Significant differences were observed between all the
parents and F1 hybrids for both traits under study. The
general and specific combining abilities along with their
reciprocal effects were statistically significant for both the
traits (Table 4). Based on the expected mean square
method, variance of general combining ability (GCA)
was greater than the variance of specific combining ability
(SCA). The higher ratio of GCA compared to SCA for both
PG and GI (Table 5) indicates significance of additive
genetic effects controlling the inheritance of both these
traits.
SCA and GCA estimates are presented in Tables 6–7,

respectively. Among the parents, BARS-09 had maximum
negative GCA effects on both PG (-12.4) and GI (-10.8).
Similarly, Doukkala-12 also had negative GCA effects on
both PG (-9.08) and GI (-10.4), whereas the other six
parents (Hamam-4, Hubara-2/Qafzah-21, Dharabi-11,
06FJS3013, 09FJ21 and Inqlab-91) had positive GCA
effects for both traits under study. Analysis of SCA showed
that the hybrids Hubara-2/Qafzah-21 � Doukkala-12
[ – 9.97 (PG), – 9.71 (GI)] and Hubara-2/Qafzah-21 �
BARS-09 [ – 7.37 (PG) and – 9.23 (GI)] had maximum
negative SCA effects for both PG and GI. Other crosses
that exhibited negative PG and GI values were 09FJ21 �
Inqlab-91, 06FJS3013 � Inqlab-91, Dharabi-11 � BARS-
09, Dharabi-11 � 09FJ21 and Hamam-4 � 06FJS3013,

Table 2 Mean PG and GI of 15 spring wheat genotypes screened for pre-harvest sprouting resistance

Genotype
PG/% GI/%

T1 T2 T3 Mean T1 T2 T3 Mean

FSD-08 86.5 a 86.8 a 87.1 ab 86.8 d 53.7 ab 54.0 ab 52.1 abc 53.3 cd

Hamam-4 89.7 a 90.2 a 89.9 ab 89.9 ab 57.0 ab 57.3 a 56.7 a 56.8 a

Hubara-2/ Qafzah-21 87.0 a 87.0 a 87.3ab 87.1 d 53.7 ab 52.7 b 53.3 ab 53.2 cd

Dharabi-11 88.1 a 88.1 a 87.8 ab 88.0 cd 56.0 ab 55.3 ab 57.7 a 56.3 a

Ouassou-20 74.5 c 75.1 c 75.2 c 74.9 f 45.7 c 47.4 c 46.3 cd 46.5 e

06FJS3013 88.3 a 89.0 a 90.0 ab 89.1 bc 56.5 ab 57.3 a 55.0 ab 56.3 a

NARC-09 74.7 c 75. bc 77.0 c 75.8 f 45.7 c 46.0 cd 45.3 d 45.7 e

09FJ34 87.4 a 87.5 a 87.7 ab 87.5 d 54.1 ab 52.7 b 53.3 ab 53.4 cd

CH-50 86.3 a 88.1 a 85.3 b 86.6 d 54.9 ab 55.1 ab 52.0 abc 54.0 bc

09FJ21 90.3 a 89.5 a 90.0 ab 90.1 ab 57.6 a 55.3 ab 55.0 ab 56.0 ab

Doukkala-12 67.3 d 69.1 d 66.7 d 67.7 g 35.7 d 33.2 f 35.2 e 34.7 h

05FJS3074 78.8 b 79.7 b 79.0 c 79.2 e 52.8 b 52.1 b 49.2 bcd 51.4 d

09FJ17 64.7 d 65.7 d 67.2 d 65.9 h 44.7 c 42.4 d 44.0 d 43.7 f

BARS-09 53.7 e 55.0 e 57.0 e 55.2 i 36.4 d 38.5 e 35.7 e 36.9 g

Inqlab-91 90.7 a 90.7 a 92.3 a 91.2 a 56.0 ab 56.2 ab 53.0 ab 55.0 abc

Mean 80.5 81.2 81.3 81.0 50.7 50.4 49.5 50.2

Note: Means followed by the same letter within a column are not statistically different according to DMR test at P< 0.05. PG, Percent germination; GI, Germination
index; T1, Germination of seeds immediately after harvest; T2, Germination of seeds kept for seven days on blotting paper before the germination test; T3, Germination
tests on seeds that were kept unthreshed for seven days before the germination test.
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whereas the crosses such as BARS-09 � Inqlab-91,
Hamam-4 � BARS-09, 09FJ21 � Doukkala-12,

Hamam-4 � Hubara-2/Qafzah-21 had higher positive
SCA values for PG (Table 6). The cross combinations
Hubara-2/Qafzah-21 � Dharabi-11, Hamam-4 � 09FJ21,
BARS-09 � Inqlab-91, Hubara-2/Qafzah-21 � 09FJ21
had higher positive GI values than other direct crosses
(Table 7).
Reciprocal effects of PG show that the hybrids

Doukkala-12 � Inqlab-91 had maximum negative value
(-13.5), followed by BARS-09 � Inqlab-91 (-9.38),
Dharabi-11 � Inqlab-91 (-7.95), 06FJS3013 � Inqlab-91
(-4.82) and Dharabi-11 � 09FJ21 (-4.80) (Table 6).
Among the rest of the crosses, the majority had positive
values for PG. As far as GI values were concerned, the
crosses of Doukkala-12, BARS-09, Dharabi-11 and
09FJ21 with Inqlab-91 had higher negative reciprocal
effects (-10.83, -10.70, -10.37 and -6.60, respectively)
(Table 7). The majority of the remaining crosses had
positive reciprocal effects.

4 Discussion

Pre-harvest sprouting resistance of wheat is assessed by its
grain dormancy level, i.e., PG and GI. PG is negatively
associated with the seed dormancy level or sprouting
resistance[31]. GI is a weighted indicator that gives higher
weight to early germinating grain and gradually lesser
weight to seeds germinating later[32]. GI is a useful
measure when there is a lower grain germination due to
comparatively small rainfall periods as an easy, quick and
trouble-free method to measure the susceptibility to pre-
harvest sprouting. Germination testing is a useful and easy
method for assessing pre-harvest sprouting resistance of
different wheat genotypes compared to the various
enzymatic tests[27] and Wu and Carver[21] demonstrated
that PG has good association with field assessment of
sprout damage.
Temperature and moisture are the key environmental

aspects that affect pre-harvest sprouting, especially during
the late maturity stage of wheat[33–35]. In 2011, there was
100 mm of rainfall on a single day (25 April), after plant

Table 3 Analysis of variance for PG and GI in 8 � 8 diallel crosses of

spring wheat

Source of variation DF
Mean square

PG GI

Replication 2 1.76 2.34

Genotype 63 405.11** 418.10**

Error 126 0.99 1.15

CV/% 1.39

Note: PG, Percent germination; GI, Germination index; **, significant difference
at P< 0.01.

Table 4 Analysis of variance for the combining ability of percent PG

and GI in 8 � 8 diallel crosses of spring wheat

Source of variation DF
Mean square

PG GI

GCA 7 751.63** 740.95**

SCA 28 62.68** 50.71**

Reciprocal 28 53.25** 77.45**

Error 126 0.33 0.38

GCA/SCA 11.99 14.61

Note: PG, Percent germination; GI, Germination index; **, significant difference
at P< 0.01.

Table 5 Estimates of variance components of general and specific

combining abilities (GCA and SCA), reciprocal effects of PG, and GI for

8 � 8 diallel crosses of spring wheat

Components of variance PG GI

GCA 43.13 43.19

SCA 35.01 28.26

Reciprocal 26.46 38.53

Environmental 0.33 0.38

Note: PG, Percent germination; GI, Germination index.

Table 6 Estimates of general combining ability effects (diagonal values), specific combining ability effects (above the diagonal), and reciprocal

effects (below the diagonal) for percent germination in 8 � 8 diallel crosses of spring wheat

Genotype P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8

P-1 6.55 2.79 – 2.38 – 2.97 1.25 – 4.17 2.88 – 2.34

P-2 – 0.87 2.97 2.72 2.26 – 2.22 – 9.97 – 7.37 2.51

P-3 1.05 0.13 1.12 – 1.92 – 6.10 – 0.65 – 3.73 – 1.81

P-4 1.38 3.57 – 0.03 4.31 – 0.23 1.88 – 2.16 – 5.47

P-5 2.72 – 2.10 – 4.80 – 0.55 3.45 2.80 0.32 – 7.16

P-6 10.50 1.02 5.85 8.43 – 0.10 – 9.08 – 1.53 – 2.35

P-7 – 0.23 – 3.20 – 1.77 6.72 4.93 4.07 – 12.39 3.50

P-8 1.18 – 0.68 – 7.95 – 4.82 – 4.43 – 13.48 – 9.38 3.08

Note: P-1, Hamam-4; P-2, Hubara-2/Qafzah-21; P-3, Dharabi-11; P-4, 06FJS3013; P-5, 09FJ21; P-6, Doukkala-12; P-7, BARS-09; P-8, Inqlab-91.
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maturity and another 9 mm on 2 May. The average daily
temperature was 22.6°C with 80% RH during days of
cloudy weather. Such sudden weather changes are not
normal. The climate of the Fatehjang region is generally
favorable for screening pre-harvest sprouting responses of
wheat genotypes under natural rainfall conditions. Ander-
son et al.[36] reported that pre-harvest sprouting resistance
can be tested under natural or artificial rainfall conditions.
For these reasons, sprouting resistance of 15 wheat
genotypes were evaluated under natural conditions in this
region. Wet wheat spikes from these genotypes were
harvested immediately after rainfall to assess their PG and
GI under controlled conditions. On average, PG values for
T2 and T3 were higher than T1, while T1 and T2 values
were higher than T3 values for GI. This variation in PG
could be conditioned by temperature as germination tests
were carried out for T2 and T3 after one week storage at
room temperature[37].
Threshed seeds and whole spikes were also kept at room

temperature for 1 week to study the effect of wet awns on
sprouting, but no significant differences in PG was
observed between T2 and T3 (Table 2). This finding was
consistent with the results of Gavazza et al.[6] but differed
from those of Harrington[38], who showed that unthreshed
seeds took 20 days longer to germinate than threshed
seeds. Many spike or plant attributes and mechanisms,
such as ear type, seed coat, water uptake of the seed,
germination inhibitors in seeds, drying rate of the ear,
α-amylase synthesis, the rate of imbibition, spike orienta-
tion, smooth wax and glossy surfaces, starch sensitivity,
soil properties, day length, drought, response to gibberellic
acid and intensity of light, are related to sprouting
susceptibility[5,7,14,39–42].
The genotypes Doukkala-12, BARS-09, 09FJ17, Ouas-

sou-20 and NARC-09 showed lower values for GI and PG
compared to the other genotypes. The genotypes Hamam-
4, Dharabi-11, Inqlab-91, 06FJS3013 and CH-50 showed
higher values of GI and PG compared to the other
genotypes, so had a greater susceptibility to pre-harvest
sprouting (Table 2). Inqlab-91 showed the highest PG but a

moderate to high GI level. Groos et al.[10], Ogbonnaya
et al.[43] and Yucel et al.[44] reported significantly lower
values of PG and GI in red kernel cultivars than in white
ones, which was also recorded in our study, indicating a
relationship between grain color and pre-harvest sprouting
resistance.
The association between red color and pre-harvest

sprouting resistance is expected due to pleiotropic effects
(genetic linkage) of the genes governing grain color, which
occur on the short arm of chromosome 5A of
wheat[10,43,44]. The results of our study are consistent
with a linkage between red kernel type and pre-harvest
sprouting resistance. Wheat cultivars, BARS-09, 09FJ17,
Doukkala-12, Ouassou-20 and NARC-09, showed pre-
harvest resistance, which can provide breeding materials
for development of white kernel wheat genotypes resistant
to pre-harvest sprouting. However, due to limited resources
a limited number of genotypes were examined for pre-
harvest resistance. Although some of the genotypes were
found to possess desirable traits, evaluation of more
genotypes will be needed for efficient use in breeding
programs.
Five white kernel wheat cultivars, Dharabi-11,

06FJS3013, 09FJ21, BARS-09 and Inqlab-91 (susceptible)
and three red kernel wheat cultivars, Hamam-4, Hubara-2/
Qafzah-21 and Doukkala-12 (resistant), from the germina-
tion test results, were selected for diallel crossing to assess
the inheritance and the combining ability of sprouting
resistance in the F1. In this assessment both additive and
non-additive gene effects were found; however, due to
high GCA variance, additive gene action was quite high.
The genetic gains in traits linked to pre-harvest sprouting
resistance in cereals is primarily governed by additive
genes (multiple genes)[1,45,46]. A similar relationship
between pre-harvest sprouting resistance and additive
gene action was also reported by Gao et al.[5].
Positive combining ability is an indicator of an increase

in a trait under study and a negative result indicates a
decrease in the performance of the trait[47]. In this study we
assessed the sprouting resistance by GI and PG. The

Table 7 Estimates of general combining ability effects (diagonal values), specific combining ability effects (above the diagonal values), and

reciprocal effects (below the diagonal values) for germination index in 8 � 8 diallel crosses of spring wheat

Genotype P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8

P-1 6.61 2.67 – 2.80 – 2.50 3.64 – 0.35 0.01 – 1.42

P-2 – 0.37 2.53 4.52 1.58 2.89 – 9.71 – 9.23 1.97

P-3 2.12 0.05 1.52 1.24 – 4.64 – 1.24 – 4.31 – 3.21

P-4 – 0.23 2.13 2.57 6.03 – 0.23 1.67 – 1.25 – 1.92

P-5 1.45 – 1.55 – 5.37 1.63 2.11 – 1.72 – 3.58 – 5.31

P-6 13.42 2.87 3.72 10.32 5.45 – 10.41 – 0.44 – 0.90

P-7 10.40 1.15 0.45 11.67 7.25 2.30 – 10.81 3.14

P-8 2.40 – 1.30 – 10.37 0.55 – 6.60 – 10.83 – 10.70 2.41

Note: P-1, Hamam-4; P-2, Hubara-2/Qafzah-21; P-3, Dharabi-11; P-4, 06FJS3013; P-5, 09FJ21; P-6, Doukkala-12; P-7, BARS-09; P-8, Inqlab-91.
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genotypes with low PG and GI have a dormancy period.
Therefore, in this case, a high or positive value of
combining ability indicated a susceptibility to pre-harvest
sprouting and vice versa.
To transfer desired characters to offspring, those parents

that have a good combining ability should be included in a
compound breeding approach[48]. Yildirim et al.[47] stated
that the additive genetic variation is the main choice in
formalizing a selection approach in a wheat breeding
program. Among the genotypes, Doukkala-12 and BARS-
09, showed significant negative GCA values for PG and
GI. In the case of self-pollinated crops, SCA conditioned
by heterosis has minimal effect on the development of any
specific characters[48]. The hybrids with negative SCA
values or higher sprouting resistance were Hubara-2/
Qafzah-21 � Doukkala-12 and Hubara-2/Qafzah-21 �
BARS-09, which had maximum negative SCA effects for
both PG and GI (Tables 6–7).
A well-built cytoplasmic effect on both factors is

displayed by significant reciprocal effects (Table 5).
Inqlab-91 could be utilized as a male parent while having
Doukkala-12, BARS-09 and Dharabi-11 as females. The
parents used in the crosses had negative GCA values
(Doukkala-12 and BARS-09), which is an indication that
the hybrids of these parents would produce wanted
transgressive segregants. Doukkala-12 and BARS-09
were found to be the best parents for both general and
specific combining abilities.
Pre-harvest sprouting susceptibility is considered pri-

marily to be due to a genetic mechanism, but is also
affected by the environment (less than 6%) during seed
growth[19,31,33]. Low heritability, and being a self-polli-
nated crop producing single generation a year, makes it
difficult to breed wheat for pre-harvest sprouting resis-
tance[49]. Although selection is restricted to one generation
in a year[36], two generations a year can be produced by
shuttle breeding. In addition, strong environmental influ-
ence on the sprouting resistance has been reported by
Zanetti et al.[50]. This also makes it difficult to select
desirable plant materials from segregating offspring. Jiang
and Xiao[1] reported that certain local landraces and wild
ancestors of modern hexaploid wheat can be used in
production of white kernel wheat cultivars that would be
more resistant to pre-harvest sprouting. Many scientists
have found that Aegilops tauschii (the D-genome donor of
bread wheat) has a high deviation for sprouting resistance
and QTLs for sprouting resistance are located on almost
every chromosome[16,51–54]. Similarly, Lan et al.[55] also
found that A. tauschii had 0% germination of both threshed
kernels and intact spikes. An artificial amphiploid ‘RSP’
(2n = 42, AABBDD) (T. turgidum-A. tauschii) with strong
pre-harvest sprouting resistance is an example of an
artificially synthesized hexaploid wheat made from cross-
ing A. tauschii and T. turgidum (tetraploid) wheat[51].
The results of the diallel crosses in this study contribute

useful data. Doukkala-12 and BARS-09 can be used for the

development of pre-harvest sprouting resistance. Douk-
kala-12 is a red and bold seeded wheat cultivar of
Mediterranean origin with good production potential[48]

and also performs well in barani areas. BARS-09, on the
other hand, a local wheat cultivar well adapted to this
rainfed region, has white kernels, high tillering, good
quality and high yield. BARS-09 is more resistant to pre-
harvest sprouting as it possesses tightly held spikelets,
which reduces rainfall contact. These wheat cultivars could
easily be exploited in an effective manner in a breeding
program to develop wheat with moderate dormancy
periods and resistance to pre-harvest sprouting.
In Pakistan, unluckily, breeding and selection for pre-

harvest sprouting resistance in white kernel wheat has
receive little attention in recent years. Due to climate
change, rains occur during the harvest of wheat in the
rainfed or barani tract of Pakistan, therefore it is essential to
develop new cultivars that are resistant to pre-harvest
sprouting. Another factor is the correlation of seed color
and sprouting resistance. Red kernel wheat is usually more
resistant than white types, but it is difficult to select for
genes that are linked to sprouting resistance in red kernel
genotypes. If molecular studies can identify markers for
the sources of pre-harvest sprouting resistance this
information would benefit future breeding programs.

5 Conclusions

The results of this study will be useful to the breeders
working on pre-harvest sprouting resistance, especially
those working with wheat in barani areas of Pakistan. The
data will allow breeders to make selections from the
breeding material they have and use them in the
improvement of pre-harvest sprouting resistance in white
kernel wheat genotypes. In particular, Inqlab-91, BARS-09
and Dharabi-11 are the most promising cultivars that could
be used for pre-harvest sprouting resistance in white kernel
cultivars, while Doukkala-12 can be used as foreign parent
for improvement in a breeding bank.
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