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Abstract

This study investigated the induction and loss of dor-
mancy in oilseed rape (Brassica napus). Twenty geno-
types were preliminary screened; from these, two
genotypes, RGS003 and Hayola 308, which possess
high potential for dormancy induction (HSD) and
medium potential to induce secondary dormancy
(MSD), were selected. The stratification of seeds at
alternating temperatures of 5–30°C (in dark) signifi-
cantly relieved secondary dormancy, but dormancy
was not fully released. The ψb(50) values were −1.05
and −1.06 MPa for the MSD and the HSD before dor-
mancy induction. After inducing dormancy, the ψb(50)
values for the MSD and the HSD were increased to
−0.59 and −0.01 on day 0 stratification at 20°C. The
hydrothermal time (θHT) value was low for one-day strati-
fication for HSD in comparison with other stratification
treatments. Water stress can induce dormancy (if the
seeds have the genetic potential for secondary dor-
mancy) and warm stratification (in dark) can only
reduce the intensity of dormancy. The seeds with a
high potential of dormancy induction can overcome
dormancy at alternating temperatures and in the pres-
ence of light. It can, therefore, be concluded that a
portion of seeds can enter the cycle of dormancy ↔
non-dormancy. The secondary dormant seeds of B.
napus cannot become non-dormant in darkness, but
the level of dormancy may change from maximum
(after water stress) to minimum (after warm stratifica-
tion). It seems that the dormancy imposed by the condi-
tions of deep burial (darkness in combination with water
stress and more constant temperatures) might be more
important to seed persistence than secondary dor-
mancy induction and release. The dormancy cycle is
an important pre-requisite in order to sense the depth
of burial and the best time for seed germination.
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Introduction

Fully mature seeds of oilseed rape (Brassica napus) usu-
ally have low primary dormancy (Momoh et al., 2002;
Gruber et al., 2004; Gulden et al., 2004a). According to
Huang et al. (2016a), the primary dormancy in develop-
ing B. napus seeds rapidly decreases from initial levels
of 70−99% at 30−40 days after flowering to 0−15%
within the next 14 days. However, the level of dor-
mancy that is being changed over time and averages
to 30–50% of the initial dormancy is commonly
found in mature seeds and is dependent on the variety.
Non-dormant mature seeds of B. napus can become
secondarily dormant by environmental conditions
such as darkness in combination with the osmotic
stress and hypoxia after harvest (Pekrun et al., 1998;
Gulden et al., 2003, 2004a,b). The potential for oilseed
rape seeds to become dormant is dependent on variety,
and was found in several B. napus gene pools such as
China, Western Europe and Canada (Momoh et al.,
2002; Gulden et al., 2004b, Gruber et al. 2009). Weber
et al. (2010) investigated the potential of secondary dor-
mancy in 44 B. napus varieties and they classified these
varieties into high (>40%), medium (20–40%), and low
(<20%) secondary dormancy levels, similar to the work
of Gruber and Claupein (2008).

Dormant seeds can remain in the soil seed bank for
several years and become a weed problem if they ger-
minate and develop into volunteers in other crops.
Volunteer B. napus can emerge in different crops over
long periods – from the last month of the summer to
spring in semi-arid (Soltani et al., 2013) and temperate
climates (Gruber and Claupein, 2008). There are herbi-
cides available that effectively control volunteer
B. napus in cereals such as wheat. The control of
herbicide-tolerant volunteers (both conventionally
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bred or transgenic) in any other crop might be more
difficult. Major problems may arise when the volunteer
B. napus emerges in a B. napus crop. These plants can
cause very high crop densities and thus create agro-
nomic problems. They can be a source of gene disper-
sal in space by pollen and can spoil the quality of the
sown B. napus by the introduction of unwanted seed
admixture (Jørgensen et al., 2007; Schwabe et al., 2016).

The prediction of weed seedling emergence depends
on a knowledge of the dynamics of dormancy changes
(Batlla and Benech-Arnold, 2004). Temperature and
water potential are the two major environmental factors
that regulate germination and dormancy in seeds
(Bradford, 2002). The hydrotime (HT) model describes
the effect of water potential on seed germination and
dormancy (Gummerson, 1986; Bradford, 1990, 2002;
Alvarado and Bradford, 2005). This model has three
parameters: (1) the hydrotime constant, θH (MPa-hours
or MPa-days), (2) the base water potential, ψb(g)
(MPa), and (3) the standard deviation of the ψb(g)
(σψb). Thermal time and hydrotime have been success-
fully combined into a hydrothermal time model (HTT;
Gummerson, 1986; Bradford, 1990, 2002). The HTT
model has been successful in describing the germination
time courses across water potentials (ψ) and tempera-
tures (T) in the sub-optimal range (i.e. between the min-
imum and the optimum temperatures; Bradford, 2002;
Alvarado and Bradford, 2005). The HT and the HTT
parameters are meaningful from a biological perspective
and these models have wide applications that assist in
analysing the effects of dormancy or environmental con-
ditions on seed germination (Dutta and Bradford, 1994;
Bauer et al., 1998; Meyer et al., 2000; Bair et al., 2006;
Gianinetti and Cohn, 2007; Meyer and Allen, 2009;
Soltani et al., 2016).

Physiological dormancy (PD) is the most common
type of dormancy in plant species; in physiological
dormancy, non-deep is the most common level of PD
(Baskin and Baskin, 2014). Non-deep PD has existed
in many seeds of plant species that can be broken by
cold (imbibed seeds at 0 to 10°C) or warm (imbibed
seeds at ≥15°C) stratification (Baskin and Baskin,
2006, 2014). Dormancy of the B. napus seeds can be bro-
ken by alternating temperatures and light (12 h, 3°C,
darkness/12 h, 30°C, light) across seven days (Weber
et al., 2010). Brassica napus seeds do not usually experi-
ence this condition when they are deeply buried in the
soil seed bank. It has been reported that some B. napus
seeds can persist in the soil for over ten years (Lutman
et al., 2003). Therefore, it seems that the conditions of
deep burial (darkness in combination with water stress
and hypoxia) are responsible for the persistence of
B. napus seeds in the soil seed bank. Induced dormant
seeds of B. napus showed a dormancy/non-dormancy
cycle (Schlink, 1994) and they had a high level of ger-
minability (tested at the dark/light conditions after
being dug out from the soil) from midsummer to

spring in semi-arid conditions (Soltani et al., 2013).
Colbach et al. (2008) also showed that during the evalu-
ation of their model, there was a cycle of dormancy in
buried B. napus seeds and the fraction of non-dormant
seeds was at its highest level in December. This evi-
dence showed that the decreasing dormancy of B.
napus seeds may occur in the soil seed bank even
under the condition of darkness. However, the extent
to which dormancy can be overcome at different tem-
perature regimes (in darkness) in B. napus seeds has
not yet been studied. The potential for secondary dor-
mancy induction can be important for a dormancy/
non-dormancy cycle. Based on the explained details,
we hypothesized that (1) the potential of secondary
dormancy induction is different in B. napus genotypes;
(2) light has a key role in releasing B. napus seed dor-
mancy, but the seeds may come out of dormancy in
conditions of darkness as well; (3) warm stratification
at temperature regimes of ≥15°C (an average) may con-
trol dormancy loss in B. napus seeds; and (4) the pro-
cess of secondary dormancy loss could be described
using the hydrothermal time model.

Materials and methods

The potential of secondary dormancy induction –

experiment 1

Seeds of 20 winter and spring genotypes were pro-
vided by the Seed and Plant Improvement Institute,
Karaj, Iran (see Table 1). The seeds were produced in
the growing season of 2014–2015 in Karaj (35°50′ N,
51°00′ E, 1312 m above sea-level, 14.2°C mean annual
temperature, and 251 mm mean annual precipitation).
The seeds were tested for germination after harvest at
20°C under the condition of darkness. Four replicates
of 50 mature seeds (without dormancy induction)
were incubated in darkness at the mentioned tempera-
ture and the final germination percentage was deter-
mined after two weeks. After this, the harvested
seeds were kept in the laboratory at 20 ± 5°C, 40 ±
10% relative humidity, in the dark until the beginning
of each experiment.

The seeds were tested for secondary dormancy
according to the Hohenheim standard dormancy test
(HSDT; Weber et al., 2010; Huang et al., 2016a). This
method consists of three sequential processes, as
follows:

(1) Secondary dormancy induction: four replicates of 100
seeds for each genotype were imbibed in 6 ml of a
polyethylene glycol 6000 solution (354.4 g l−1,
−1.5 MPa; Michel and Kaufmann, 1973) in 9-cm
plastic Petri dishes with double layers of filter
paper. The seeds were kept in darkness and at
20°C in an incubator for 14 days. The Petri dishes
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were placed in metal boxes to exclude any light and
to provide a dark condition.

(2) Identification of non-dormant seeds: after dormancy
induction, the seeds were transferred to new Petri
dishes equipped with double layers of filter paper
and 6 ml deionized water in darkness at 20°C (14
days). After 14 days, the seeds were checked for
germination as non-dormant seeds could germin-
ate, but the seeds that were induced into secondary
dormancy could not. All handling of the seeds (e.g.
for the counting and removal of the germinated
seeds) was conducted under a green safety light
(500–600 nm).

(3) Identification of secondary dormant seeds: the remain-
ing seeds were exposed to alternating light and
temperature (12 h, 3°C, darkness/12 h, 30°C, light)
for 7 days. The germinated seeds were considered
as induced into secondary dormancy. There were
very few or no intact seeds at all. The identification
experiment for the potential of secondary dor-
mancy (HSDT) was repeated twice, and the data
were pooled together.

Analyses of variance for germination percentage (GP)
and secondary dormancy (SD) were performed accord-
ing to completely randomized designs using the PROC
GLM procedure of the statistical software SAS (SAS
Institute Inc., Cary, NC, USA, 2011). The data were
log10 transformed before the analysis to ensure homo-
geneity of variance was initiated.

Stratification and germination temperature regimes –
experiment 2

Genotypes were classified into high (>40 %), medium
(20–40%), and low (<20%) secondary dormancy levels,
and two spring genotypes were chosen (based on the
results from the experiment. These were: RGS003,
which possesses a high potential for dormancy induc-
tion (hereafter HSD), and Hayola 308, which possesses
a medium potential to induce secondary dormancy
(hereafter MSD). Among high secondary dormancy
level genotypes, RGS003 (spring type)with adisposition
of about 42% secondary dormancy has been chosen
because of the low primary dormancy level, and there-
fore, the other selected genotype Hayola 308 was also a
spring type with a disposition of about 20% secondary
dormancy. The experimentwas conducted in four steps:

(1) Secondary dormancy induction: secondary dormancy
was induced as in experiment 1 according to Weber
et al. (2010). 18,000 seeds (in three replicates of 3000
seeds for each genotype) were imbibed in PEG
solution adjusted to −1.5 MPa (Michel and
Kaufmann, 1973) and were kept in darkness and
at 20°C for 14 days.

(2) Temperature regimes to overcome dormancy (cold or warm
stratification): after secondarydormancy induction, the
seedswere extracted and subjected to fixedoralternat-
ing (12 h/12 h) temperature regimes (30, 5, 15–30,
15–25, 5–15 and 5–30°C; total 36 = 3 × 2 × 6 Petri
dishes). This step was performed in darkness and
was provided in the same manner as the previous
experiment. To moist stratify, the seeds were placed
on a medium of solidified agar–water (1% w/v) in
15-cm Petri dishes (Steadman et al., 2004). The Petri
dishes were kept at fixed or alternating temperature
regimes for a single week. After moist stratification in
different temperature regimes, the germinated seeds
were counted under a green safety light and removed.

(3) Post-stratification germination tests: after stratifica-
tion, the remaining seeds for each stratification
and genotype were tested for germination in deio-
nized water and different temperatures of 10, 15,
20, 25 and 30°C, and darkness in three replicates
(total 180 = 6 × 2 × 5 × 3 Petri dishes). After 14 days,
the germinated seeds were counted.

(4) Viability test: after the germination test, the remain-
ing seeds were tested for viability by the crush test
and most of them were viable (Borza et al., 2007;
Taab and Andersson, 2009; Soltani et al., 2016).

Modelling of dormancy loss – experiment 3

The seeds of the HSD and the MSD genotypes were
used in this experiment. This experiment was con-
ducted in two parts. These parts are described below:

Table 1. Oilseed rape genotypes and their characteristics
used for experiments with dormancy induction, produced
in Karaj in the growing season 2014–2015

Genotype Origin Type of cultivar Growing type

Ahmadi Iran Open pollinated Winter
Dalgan Iran Open pollinated Spring
Hayola 308 Canada Hybrid Spring
SLM Germany Open pollinated Winter
H50 Canada Hybrid Spring
Hayola 401 Canada Hybrid Spring
Hayola 420 Canada Hybrid Spring
Modena Denmark Open pollinated Facultative
RGS Germany Open pollinated Spring
SLM046 Germany Open pollinated Winter
Sarigol Iran Open pollinated Facultative
Talayeh Germany Open pollinated Facultative
Karaj1 Iran Open pollinated Winter
Karaj2 Iran Open pollinated Winter
Karaj3 Iran Open pollinated Winter
Licord Germany Open pollinated Facultative
Okapi France Open pollinated Facultative
Opera Sweden Open pollinated Facultative
RGS003 Germany Open pollinated Spring
Zarfam Iran Open pollinated Facultative
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(1) Germination modelling of non-dormant seeds: in this
part of the experiment, the seeds were tested for
germination after harvest without any inducing
dormancy treatment. The germination was tested
at five water potentials (0, −0.15, −0.3, −0.5 and
−0.8 MPa) at 20°C. Four replicates of 50 mature
seeds (without dormancy induction) were incu-
bated in darkness at the aforementioned tempera-
ture and water potentials. The water potentials
were maintained with solutions of polyethylene
glycol 6000 (Michel and Kaufmann, 1973). Before
seed placement, the filter paper was soaked in
Petri dishes containing osmotic solutions for the
desired water potential for 24 h. The seeds were
monitored for germination daily (for 2 weeks)
and they were considered to be germinated when
the radicle was ≥2 mm long.

(2) Modelling of secondary dormancy loss: this part of the
experiment was conducted in three steps. These
were:
(i) Secondary dormancy induction: secondary

dormancy was induced as the first process in
experiment 1 according to Weber et al. (2010)
with 30,000 seeds (three replicates with 5000
seeds for each genotype).

(ii) Warm stratification (5–30°C) periods: after
dormancy induction, the seeds were extracted
and exposed to a stratification temperature of
5–30°C for different periods of 0, 1, 3 and 5
days in darkness. For warm stratification, the
seeds were placed on a medium of solidified
agar–water (1% w/v) in 15-cm Petri dishes
(Steadman et al., 2004) at the mentioned tem-
perature.

(iii) Germination test: after the warm stratification,
germinated seeds were removed and the intact
seeds were tested for germination at five water
potentials (0, −0.15, −0.3, −0.5 and −0.8 MPa)
and four temperatures (5, 10, 15 and 20°C).
The water potentials were maintained with
solutions of polyethylene glycol 6000 for
each temperature and the water potential, sep-
arately (Michel and Kaufmann, 1973). There
were 480 Petri dishes (4 × 5 × 4 × 2 × 3) in total,
out of which 50 seeds were tested for
germination.

The hydrotime model (HT; Gummerson, 1986;
Bradford, 1990; Dahal and Bradford, 1990) was used
to describe the seed germination (before any dormancy
induction or warm stratification treatments) response to
water potential for each genotype and germination tem-
perature. The hydrotime constant (θH, MPa-hours) was
calculated as follows:

uH = C−Cb g
( )( )

tg, (1)

where ψ is the actual seed water potential (MPa), ψb(g)
is the base water potential (MPa) defined for a specific
germination fraction (g), and tg is the time (hours) to
radicle protrusion of fraction g (%) of the seed popula-
tion. Assuming that the variation in ψb within each
genotype follows a normal distribution, the hydrotime
parameters were estimated by repeated probit analysis
of the following equation (2), varying θH until the best
fit is reached for each genotype (Dahal and Bradford,
1990):

probit g
( ) = C− uH/tg

( )−Cb 50( )[ ]
/sCb, (2)

where ψb(50) is the median, and ψb and σψb are the
standard deviations in ψb among the seeds within the
genotypes. All three hydrotime parameters were esti-
mated by this method for each genotype separately.

A hydrothermal time (HTT) model was used to
describe germination in the course of time when both
water potential and the temperature were varied
(Gummerson, 1986; Dahal and Bradford, 1994):

uHT = (C−Cb(g)) T − Tb( )tg, (3)

where θHT is the hydrothermal time constant (MPa-
degree-hours), T is the temperature and Tb is the base
temperature for germination. Using a base temperature
of 3.79°C (Soltani et al., 2013), the parameters θHT,
Ψb(50) and σΨb were estimated by a probit procedure
according to the following equation (Dahal and
Bradford, 1994):

probit g
( ) = C− uHT/ T − Tb( )tg

[ ]−Cb 50( ){ }
/sCb.

(4)

All three hydrothermal time parameters were esti-
mated by repeated probit for each treatment separately
as described by Dahal and Bradford (1994).

Seedling emergence in the field condition –

experiment 4

This experiment was carried out at the research farm of
the Abourahian Campus, University of Tehran,
Pakdasht, Tehran, Iran (35°28′ N, 51°40′ E, 1003 m
above sea-level). The soil was a clay loam (37.1%
sand, 26.2% silt, and 36.7% clay, 0.75 organic matter,
pH 7.7). The seeds of the HSD and the MSD genotypes
were used in this experiment as mentioned in the
second experiment. Dormancy induction of seeds was
performed as explained in the previous experiments.
The seeds of induced and not-induced dormancy of
the two genotypes were sown in four replicates on 17
November 2015. The experiment consisted of 16 micro-
plots (0.3 × 0.5 m) that were unearthed at random; 100
seeds per microplot were sown by hand at a depth of
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3–5 cm. Seedling emergence was recorded daily for 122
days and removed after each counting. The maximum
and minimum soil temperatures were recorded daily
during the experiment using a min/max thermometer
buried at a soil depth of 5 cm (Fig. 1A). Soil moisture
content (g g–1) was measured by daily soil sampling
and converted to soil water potential (MPa) based on
the soil moisture release curve (Saxton et al., 1986)
(Fig. 1B). The estimates of the time taken for cumula-
tive emergence to reach 50% of seedling emergence
(t50) for each replicate were interpolated from the emer-
gence time courses as described by Soltani et al. (2015).

Results

The potential of secondary dormancy induction

There was variation among the different genotypes of
B. napus in germination percentage (GP) and secondary
dormancy (SD) induction, and the genotypes were sig-
nificantly different in GP and SD (Fig. 2). The potential
of dormancy induction (as a result of HSDT) was lower
than 20% in nine genotypes (low secondary

dormancy), between 20 and 40% in seven genotypes
(medium secondary dormancy), and higher than 40%
in four genotypes (high secondary dormancy). The
highest potential of dormancy was observed in the
genotypes of Sarigol (60.7%), Licord (55.0%), Okapi
(49.7%) and RGS003 (42.0%) (Fig. 2). The initial ger-
mination percentages were from 70 to 99.5% in the
seeds before any treatment (Fig. 2). The seeds were
not tested for primary dormancy using tetrazolium,
but, as a result of HSDT, most of the seeds were viable.
Therefore, less than 100% initial germination percent-
age is mostly a consequence of primary dormancy.
The highest levels of primary dormancy were observed
in Licord, Talayeh, Okapi and Sarigol.

Stratification and germination temperature regimes

The analysis of variance showed significant effects of
stratification (cold or warm) temperature regimes and
genotype on germination during stratification
(Table 2). After stratification, the effects of stratification
temperature regimes (S) and incubation temperatures
(T) on germination were observed to be significant,
but the genotypes (G) were not different (Table 2).
The interaction effect of G × S × T significantly changed
post-stratification germination (Table 2). During strati-
fication, some seeds germinated with different percen-
tages depending on the stratification temperature
regimes and the secondary dormancy potential
(Fig. 3). No germination occurred during stratification
at 5°C for both genotypes. Maximum germination
occurred between 15 and 25°C for both genotypes,
with germination rates of 50.3 and 40.9% for MSD
and HSD, respectively (Fig. 3). The proportion of ger-
minating seeds during the period of moist stratification
was significantly higher in the MSD in comparison
with those in the HSD at all temperature regimes
(except for 5°C).

Stratified seeds at 5°C were germinated to a greater
extent at 15°C than at the other germination tempera-
tures (Fig. 4). The germination of stratified seeds at 30°
C was low at all incubation temperatures; the maximum
germination percentage was observed at 15°C (28.3 and
25% for MSD and HSD, respectively), while the min-
imum germination (percentage) occurred at 30°C (zero
for both genotypes). Stratification at alternating tem-
peratures of 5 to 30°C relieved secondary dormancy
more than the other alternating temperatures, especially
at incubation temperatures of 15 and 20°C (Fig. 4).

Modelling of dormancy loss

For the not-induced secondary dormant seeds (without
any treatment), the hydrotime model accurately
described seed germination time courses across ψ for

Figure 1. Minimum (Tmin) and maximum (Tmax) soil
temperature (A) and soil water dynamics (B) 122 days after
planting in a field experiment in Tehran, Iran, in 2015. Tmax

and Tmin were available until 83 days after planting date.
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each cultivar (Fig. 5). The ψb(50) values were −1.05 and
−1.06 MPa for the MSD and the HSD genotypes before
secondary dormancy inducing (Fig. 5), and they
increased to −0.59 and −0.01 after secondary dor-
mancy inducing in not-stratified seeds at a germination
temperature of 20°C (data not shown). The analysis of
variance showed significant effects of the incubation
temperature (T), dormancy induction (DI), stratifica-
tion period (S) and genotype (G), and their interaction
with the final germination percentage, except for the
effect of G (Fig. 6). After dormancy induction, the ger-
mination percentage was very low at 5°C and the seeds
did not germinate without warm stratification in both
genotypes (Fig. 6). The maximum germination percen-
tages were observed at day 1 warm stratification in

both genotypes, and they were about 91 and 87% for
the MSD (20°C and 0 MPa) and the HSD (15°C and
0 MPa), respectively (Fig. 6). The germination percent-
age decreased with a reducing water potential and at
the reduced water potential, the effect of warm stratifi-
cation on the germination percentage was higher than
0 MPa for MSD (Fig. 6).

The hydrothermal time model (HTT) generally fitted
the observed germination data well at each warm strati-
fication period and genotype (Table 3). The warm strati-
fication decreased ψb(50) especially for the HSD and a
one-day warm stratification had the lowest ψb(50) in
the HSD in comparison with other stratification dura-
tions (Table 3). The lowest ψb(50) was observed in

Table 2. Analysis of variance for germination of oilseed rape
during stratification and after stratification, as affected by
genotype (G), stratification temperature regime (S), germin-
ation temperature (T) and their interactions

Source of variation DF F-value P

During stratification
S 5 14.77 <0.0001
G 1 11.55 0.0019
G×S 5 0.86 0.5195
After stratification
G 1 0.85 0.3595
S 5 53.63 <0.0001
T 4 52.16 <0.0001
S×T 20 13.69 <0.0001
G×S 5 5.87 <0.0001
G×T 4 0.94 0.4579
G×S×T 20 11.15 <0.0001

Figure 3. Germination (%) during stratification of imbibed
seeds of oilseed rape at different fixed and alternating
temperatures (in darkness) for two oilseed rape genotypes
with different potentials for secondary dormancy (Hayola
308, medium secondary dormancy; RGS003, high secondary
dormancy), after artificial dormancy induction according to
Weber et al. (2010). Table 2 shows the analysis of variation
during stratification. Error bars are ± 1SE.

Figure 2. The potential for secondary dormancy according to the Hohenheim standard dormancy test (HSDT; Weber et al., 2010)
and germination (%) after harvest before any treatment in 20 oilseed rape genotypes cultivated in Iran. Most seeds were viable as
results of the HSDT, less than 100% of germination after the harvest can show primary dormancy. The effect of genotype was
significant for F values of 17.94 for germination percentage and 23.47 for the potential of secondary dormancy induction. Error
bars are ± 1SE.

Elias Soltani et al.222

https://doi.org/10.1017/S0960258517000186 Published online by Cambridge University Press

https://doi.org/10.1017/S0960258517000186


three days warm stratification for the MSD and in all
stratification durations; the MSD seeds had lower
ψb(50) than HSD seeds. No pattern was observed in
hydrothermal time (θHT) values with the changing strati-
fication periods of MSD, but the θHT value was quite low
in one-day stratification compared with the other stratifi-
cation periods for the HSD (Table 3). In total, the value of
θHT was higher in the induced dormant seeds compared
with the stratified seeds for the HSD. Warm stratification
of the MSD seeds also decreased the θHT values except
in three-day stratification.

Seedling emergence in the field condition

The analysis of variance showed significant effects of sec-
ondary dormancy induction (DI) and genotype (G) on

time up to 50% of the emergence (t50); however, they
were insignificant for the final emergence percentage
(Fig. 7). The interaction effect of the G×DI had not signifi-
cantly changed t50 and the final emergence percentage
(Fig. 7). The emergence of seeds with induced secondary
dormancy was started later and it finished after the seeds
without dormancy induction. The t50 values were signifi-
cantly different in the induced and the not-induced
seeds, and this resulted in 17.1 and 20.2 days for the
MSD and the HSD without dormancy induction
(Fig. 7), and 22.3 and 35.6 days for the MSD and the
HSD with preceding dormancy induction. Both geno-
types exhibited similar final emergence percentages,
with a slightly higher overall emergence without dor-
mancy induction (79.5 and 79.3% for MSD and HSD,
respectively) than with preceding dormancy induction
(73.3 and 73.8 % for MSD and HSD, respectively; Fig. 7).

Figure 4. Post-stratification germination tests at different incubation temperatures for two oilseed rape genotypes with medium
secondary dormancy (MSD, Hayola 308: white) and high secondary dormancy (HSD, RGS003: black). Germination did not occur
in some temperature regimes. Error bars are ± 1SE.
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Discussion

We observed a wide variation of secondary dormancy
from nearly zero to 60% in the 20 genotypes that are cur-
rently cultivated in Iran. This confirmed our hypothesis
that the potential of secondary dormancy induction is
different in the B. napus genotypes. This variation has
been previously observed for European, Canadian and
Chinese oilseed rape (Momoh et al., 2002; Gruber et al.,
2004, 2009; Gulden et al., 2004a; Weber et al., 2010).
Knowledge about the variation of secondary dormancy
in B. napus genotypes can help breeders focus on geno-
types with low secondary dormancy potential and assist
farmers in reducing the problems encountered from

volunteers. Storage periods, seed size and maturity
have an effect on secondary dormancy within a geno-
type (Momoh et al., 2002; Gruber et al., 2004; Gulden
et al., 2004a; Huang et al., 2016a).

The MSD genotype (Hayola 308) germinated with a
higher percentage than the HSD genotype (RGS003)
during stratification, which can be a consequence of
the differences in the disposition of secondary dor-
mancy between both of the genotypes. The seeds of
the MSD genotypes seem to show not only a generally
lower number of seeds which become dormant in the
standard dormancy inductive conditions, but also
their dormancy state may be different in comparison
with the HSD genotypes. This difference could prob-
ably be much more clearly shown if very contrasting
genotypes could be compared, for example, a genotype
with a potential dormancy level of <10% and another
genotype with a potential dormancy level of >80%.
The differences in the germination of HSD seeds, and
to a lesser extent, the germination of MSD seeds,
seem to be linked to temperature regimes during strati-
fication. If these seeds were exposed to low incubation
temperatures, the preceding stratification temperature
had little effect, but if the seeds were exposed to high
incubation temperatures, they germinated only if the
preceding stratification was in low to medium tem-
peratures. Consequently, after a period of warm envir-
onmental conditions (but which did not break
dormancy), the dormant oilseed rape seeds would ger-
minate in the subsequent low to medium temperatures.
If temperatures stay high, and other germination con-
ditions such as water are provided, the dormancy
would not be broken. Transferred to agricultural prac-
tice, it would mean that germination of the seed bank
of B. napus could take place successfully in autumn
(when temperatures change from warm to cool) and
in spring (when temperatures change from cool to
warm), but less so during the summer months when
the temperature is high for a long time.

Secondary dormancy was induced in non-dormant
seeds in darkness in combination with the water stress
condition. It has been previously reported that water
stress induced secondary dormancy in B. napus
(Momoh et al., 2002), Arabidopsis thaliana (Auge et al.,
2015), Sinapis arvensis (Soltani et al., 2016), and
Bromus tectorum (Hawkins et al., 2017). In the current
study, the germination of induced dormant seeds dif-
fered, depending on the stratification temperature
regimes, incubation temperatures and water potential.
Warm stratification had a greater impact on the ger-
mination percentage of the HSD in comparison with
MSD at 0 MPa. However, the germination percentages
were higher in warm stratification in comparison with
no stratification at lower water potentials in both gen-
otypes (Fig. 6). After warm stratification, the range of
incubation temperatures and water potentials was
wider. It has been indicated that during dormancy,

Figure 5. Germination time courses for seeds of two oilseed
rape genotypes with medium secondary dormancy (A:
Hayola 308) and high secondary dormancy (B: RGS003)
before any treatment (without secondary dormancy
induction or loss) at five water potentials at 20°C. Symbols
indicate observations, and lines the prediction of the
germination time courses by the hydrotime model: θH,
Ψb(50), σΨb and R2 were 38.86 (MPa-hours), –1.049 (MPa),
0.475 MPa, and 0.95 in Hayola 308, and 44.72 (MPa-hours),
–1.063 (MPa), 0.637 MPa and 0.89 in RGS003.
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Figure 6. Final germination percentage for induced secondary dormancy in HSD (RGS003) and MSD (Hayola 308) at different
stratification periods, incubation temperature and water potentials. F-values of incubation temperature (T), dormancy induction
(DI), stratification period (S) and genotype (G) and their interaction are indicated. The + and ** indicate significance at P < 0.1 and
P < 0.01, respectively, and ‘n.s.’ denotes a non-significant effect. Error bars are ± 1SE.
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the loss of a range of environmental conditions permis-
sive for seed germination gradually widens until it is
maximal, and reversely, as dormancy is induced, the
range of temperatures under which germination
occurs, narrows, until germination cannot take place
at any temperature and the seeds are fully dormant
(Vegis, 1964; Batlla and Benech-Arnold, 2015). It
seems that warm stratification could not fully release
secondary dormancy, and longer periods of warm
stratification (in the dark) also would not be effective
in fully overcoming dormancy. Warm stratification
(in the dark) can only reduce the intensity of dor-
mancy; B. napus seeds with high potential of dormancy
induction can fully overcome dormancy at alternating
temperatures and the presence of light as hypothesized
previously. Therefore, it seems that secondary dor-
mancy is imposed by conditions of deep burial (dark-
ness in combination with water stress and more
constant temperatures); burial depth might be more
important to seed persistence than secondary dor-
mancy induction and release. When B. napus seeds
are located in the upper soil layers that are exposed
to required water, light and alternating temperatures,
they can overcome dormancy in a few days.

The secondary dormant seeds of B. napus become
less dormant during warm stratification in darkness
(Fig. 4). In no stratification, the lowest water potential
for germination [ψb(50)] was observed at 15°C (show-
ing lowest dormancy). This means that when HSD
seeds have a high level of dormancy, they can germin-
ate with high percentage at 15°C (not low or high tem-
peratures). After warm stratification, the seeds of both
HSD and MSD were germinated (low percentage) at 5°
C, but there was no germination for the not-stratified
seeds. One-day stratification also increased germin-
ation at 20°C for the HSD seeds. Therefore, after
warm stratification (dormancy releasing), the min-
imum and the maximum temperatures at which the
seeds can germinate, respectively, decreased and
increased. Previously, the cardinal temperatures for
the germination of B. napus were determined and the
base temperature for Hayola 308 was 5°C for

Table 3. Parameter estimates of the hydrothermal time model, describing seed germination of two oilseed rape genotypes with
medium secondary dormancy (MSD, Hayola 308) and high secondary dormancy (HSD, RGS003) during different durations of
warm stratification at ranges of temperatures (5, 10, 15 and 20°C) and water potentials (0, –0.15, –0.3, –0.5 and –0.8 MPa)

Duration of stratification (days)

θHT Ψb(50) σΨb R2

MSD HSD MSD HSD MSD HSD MSD HSD

0 751.36 937.16 −0.693 −0.176 0.375 0.766 0.91 0.82
1 632.99 503.98 −0.772 −0.358 0.408 0.583 0.88 0.78
3 876.21 711.61 −0.823 −0.191 0.779 1.005 0.84 0.84
5 483.84 778.19 −0.458 −0.202 0.459 0.954 0.85 0.80

θHT, hydrothermal time constant; Ψb(50), median base water potential; σΨb, standard deviation for base water potential; R2, coefficient of
determination.

Figure 7. Cumulative seedling emergence for seeds of two
oilseed rape genotypes with medium secondary dormancy
(MSD, Hayola 308) and high secondary dormancy (HSD,
RGS003) without secondary dormancy (white) and with
secondary dormancy (black). Effect of secondary dormancy
induction (DI), genotype (G) and their interaction (DI × G) are
indicated for final emergence (%) and time to 50% of
emergence (t50; day). The * and ** indicate significance at
P < 0.05 and P < 0.01, respectively, and ‘n.s.’ denotes
non-significant effects.
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germination percentage (Farzaneh et al., 2014). There is
no report for RGS003, but it has been indicated that the
base temperature for the germination percentage of oil-
seed rape cultivars ranged between 1 and 5°C
(Farzaneh et al., 2014).

Hydrothermal (HTT) time models can explain dor-
mancy states within a seed population. Dormancy loss
is usually associated with more negative values of
ψb(50) and lower values of θHT. The reduction of
ψb(50) during seed dormancy loss in B. napus in this
study (Table 3) is consistent with the results of previ-
ous studies on Lactuca sativa (Dutta and Bradford,
1994), Bromus tectorum (Bauer et al., 1998; Meyer and
Allen, 2009; Bair et al., 2006), Elymus elymoides (Meyer
et al., 2000), Solanum tuberosum L. (Alvarado and
Bradford, 2005), and Oryza sativa (Gianinetti and
Cohn, 2007). The values of ψb(50) were more negative
for the MSD than the HSD after dormancy induction
at different temperatures, and linked with a high
level of secondary dormancy in the HSD. The ψb(50)
values were more negative for non-dormant seeds
(without dormancy induction) than those seeds with
dormancy induction. After warm stratification, ψb(50)
values moved to more negative values than those
seeds which possessed induced dormancy and were
not stratified. However, the ψb(50) values were also
more negative for the non-dormant seeds in compari-
son with those seeds with secondary dormancy that
were stratified. It seems that the dormancy was not
fully released after warm stratification in the dark. In
the laboratory, alternating temperatures and light
(12 h, 3°C, darkness/12 h, 30°C, light) can break

secondary dormancy in B. napus without fail (Weber
et al., 2010). The current study indicated that the alter-
nating temperatures of 5–30, 5–15 and 15–25°C (in
darkness) can also reduce secondary dormancy, but
not as 3−3°C (dark/light) does. These temperatures
(5–15 and 15–25°C) occur from midsummer to spring
in the north of Iran, Europe and many other areas of
the world. Previously, it has been claimed that
B. napus seeds in the soil seed bank had the highest
level of germinability (lower dormancy) from midsum-
mer to spring in Iran (Soltani et al., 2013).

Secondary dormancy delayed the seedling emer-
gence of both the MSD and the HSD in the field, but
the final emergence percentages were almost the same
(Fig. 7). The seeds were also exposed to light for minutes
during the sowing time and this can reduce the light
requirement for germination. It had been reported that
the B. napus variety with the high dormancy would
lead to a long-term volunteer emergence in comparison
with the low dormancy variety, but the annual seedling
emergence was lower in the high dormancy variety
(Huang et al., 2016b). It is well known that seed dor-
mancy can increase time to germination by increasing
the time needed to break dormancy prior to germin-
ation (Roberts and Smith, 1977; Benech-Arnold et al.,
1990; Vleeshouwers, 1998; Chen et al., 2013). The current
study showed that the time to 50% of seedling emer-
gence was 5.3 and 15.4 days longer in the MSD and
the HSD seeds, respectively, after induction of second-
ary dormancy (Fig. 8). Therefore, the secondary dor-
mancy can be released in the upper soil layers of the
field in a few days. Short periods (less than one week)

Figure 8. Postulated scheme for dormancy cycling in oilseed rape seeds. Water potentials lower than –1.5 MPa are considered as
water stress. D denotes dormancy. Dormancy release can be performed in short periods of stratification (less than one week) at
alternating temperatures. Seeds become non-dormant only at the alternating temperature (warm stratification) conditions in
light.
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of alternating temperatures in the field obviously alle-
viated secondary dormancy. After planting, the max-
imum and the minimum temperatures were about 20
and 5°C, and both of these temperatures were decreased
until spring (Fig. 1A). As indicated here, one week of
moist stratification at these temperatures can release
dormancy in B. napus (Fig. 4).

This study provides information which may explain
the dormancy cycling of oilseed rape seeds. Water
stress can induce dormancy (if the seeds have the gen-
etic potential for secondary dormancy) and alternating
temperatures can reduce dormancy in B. napus seeds.
Changes in the status of dormancy can occur several
times a year if the seeds experience dry periods –
there would not be any changes if the seeds experience
no water stress. Therefore, it is possible to observe
cycles between dormancy and non-dormancy in
B. napus seeds with the potential of secondary dor-
mancy, but this is not a constant condition. If the
seeds never experience water stress, they would not
fall dormant, and there would not be any cycle.
Secondary dormancy and the dormancy cycle are less
important to seed persistence than the dormancy
imposed by the conditions of deep burial in the soil
seed bank. However, the dormancy cycle as a result
of water stress and temperature regimes, may enable
seeds to sense the time of the year and light to indicate
where they are located. If buried deeply, no light can
access the seeds, and the temperature is more even.
This is a signal for the seed that indicates that it is bur-
ied too deeply for emergence. These conditions will
ensure the survival of the germinated seeds.

The main conclusions are presented schematically
in Fig. 8. Some of the B. napus seeds remain non-
dormant after water stress and these seeds can germin-
ate across a wide range of environmental conditions.
Secondary dormancy induces the other seeds after
water stress and they can enter the cycle of dormancy
↔ non-dormancy. The range of germination tempera-
tures for those seeds that lost their dormancy during
the cycle is not as wide as those seeds that never
entered the cycle. Dormant seeds of B. napus cannot
become non-dormant again under the condition of
darkness, but usually the level of dormancy can
change from a maximum level (after water stress) to
minimum level (after warm stratification). Alternating
temperatures can reduce dormancy in oilseed rape
seeds, but dormant seeds require alternating tempera-
tures and light to become fully non-dormant.

The usage of seeds with low potential of secondary
dormancy is the best strategy to reduce the risk of
developing a soil seed bank of volunteer B. napus.
However, from agro-ecological points of view, the fol-
lowing strategies are useful:

(1) As water stress can induce secondary dormancy,
soil tillage should be avoided immediately after

harvest, and keeping the moisture in the soil can
promote seedling emergence of shattered seeds
and the seedlings can then be destroyed by subse-
quent cultivations.

(2) As alternating temperature can release secondary
dormancy in less than a week, a feasible strategy
to control an already existing soil seed bank of oil-
seed rape is to wait for temperatures of 5–30, 5–15
and 15–25°C in between midsummer and spring,
keeping the soil moisture at field capacity. This con-
dition leads to seedling emergence of existing seeds
in the upper layers of the soil; these seedlings should
be removed without soil tillage. Finally, the results
from this study are for spring varieties of B. napus,
and the winter varieties might respond differently.
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