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Abstract Rapeseed (Brassica napus L.) is important for
edible oil production in semi-arid areas. Abiotic stresses
are threatening rapeseed production in such areas. This
study was conducted to find tolerant genotypes of rapeseed
and to determine which traits of crop establishment is
related to abiotic stress tolerance. Hydrotime model
parameters were determined in a laboratory germination
test, and seedling emergence and growth were evaluated in
pot experiments under control, drought, salinity, deep
sowing, low and high temperatures for 19 rapeseed geno-
types. Results indicated that the predicted germination time
courses at the various water potentials generally fitted well
with the observed germination data. The estimated values
of Oy, U(50), and o\, differed significantly across geno-
types. Seedling emergence and growth differed signifi-
cantly under each environmental condition. PCA showed
that genotypes of Hayola 401 and line 285 were the most
tolerant to abiotic stresses during crop establishment and
seedling growth. The first PC explained 40% of variations,
and a correlation was observed between PC1 and \r,(50).
Correlations among hydrotime model parameters and early
seed vigour variables indicated that Vn,(50) negatively
correlated with seedling emergence percentage and rate
(day~") under all abiotic stresses. It shows that genotypes
with more negative values of ,(50) have more seedling
emergence percentage and a larger seedling emergence rate
(days™') under a wide range of environmental conditions.
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Thus, it can be concluded that, to identify tolerant geno-
types of rapesee to abiotic stresses, r,(50) is a good trait
and that breeders can focus on reducing {,(50) to increase
tolerance of abiotic stresses.

Keywords Crop establishment - Drought - PCA - Salinity -
Sowing depth - Temperature

Introduction

Rapeseed (Brassica napus L.) is one of the most important
oilseed crops in the world. Grains of rapeseed are com-
monly used as edible oil (Flakelar et al. 2015) and biodiesel
(Aoun et al. 2016). Rapeseed contains both spring and
winter types that are distinguished by vernalization
requirement. Spring types also can be cultivated in winter
when temperature is not very low and does not limit the
growth. Winter cultivation of rapeseed has advantages
compared to spring cultivation under rainfed conditions in
semi-arid areas. In these conditions, water stress can
restrict the production of crop, but a winter crop can use
water from winter rainfalls. Drought, salinity, temperature,
and deep sowing (physical stress) are the most common
abiotic stresses limiting crop establishment and early
growth of rapeseed in semi-arid area. Drought and salinity
stresses decrease germination and early growth in many
crops (Katembe et al. 1998; Jabbari et al. 2013; Fernandez-
Torquemada and Sanchez-Lizaso 2013). Rainfalls are low
and irregularly distributed in semi-arid areas, and it may
delay seedling emergence of rapeseed by inducing sec-
ondary dormancy (Momoh et al. 2002; Gulden et al. 2003)
or inhibiting seed germination. Salinity results in lower
osmotic potential (negative values), thereby inhibiting
water uptake by seeds (Zhang et al. 2010). Salinity stress
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also affects seed germination through ion toxicity (Fer-
nandez-Torquemada and Sanchez-Lizaso 2013). Low and
high temperatures can lead progressively poorer germina-
tion and emergence (Farzaneh et al. 2014), and effects on
rapeseed growth (Tian et al. 2017). It is possible to expe-
rience low or high temperatures during seedling emergence
and early growth of rapeseed under winter cropping sys-
tem. It is not surprising to have late summer heat or early
winter cold during autumn in semi-arid areas. Soil com-
paction, inappropriate seed bed, and deep sowing depth can
cause physical stresses and decrease seedling emergence
percentage and uniformity (Soltani et al. 2009; Zuo et al.
2017).

Higher seedling emergence and early vigour are
important for crop establishment and final yield, especially
under abiotic stresses. Genotypes vary in their ability to
respond to adverse conditions, and genotypes with higher
tolerance can successfully pass this stage. However, it is
difficult to find a genotype with all favourable character-
istics to overcome stress conditions. For example, Farzaneh
et al. (2014) indicated that cold and heat tolerances were
inversely related and made it difficult to identify a rapeseed
genotype that possesses both heat and cold tolerance
characteristics. If there was a characteristic(s) with high
correlation on plant tolerance to abiotic stresses, it was
possible to change this characteristic(s) to increase stress
tolerance. It is also possible to focus on breeding pro-
grammes to get this characteristic(s) in new cultivars.

Gummerson (1986) found that time to germination is
related to the magnitude of the difference between the
water potential (\) of environment and the physiological s
threshold for radicle emergence of seed (base ; V).
Multiplication of the difference between \y and s, by time
(hours or days) is equal to hydrotime (6y; MPa-hours or
MPa-days) (Bradford 1990; Dahal and Bradford 1990;
Bradford and Still 2004). It has been indicated that the
values of \, for different germination fractions (\r,(g))
vary among seeds in a population with a normal distribu-
tion at sub-optimal temperatures (Dahal and Bradford
1990; Soltani et al. 2013; Patané et al. 2016). This distri-
bution can be defined by its mean (\,(50)) and standard
deviations (G\,). Therefore, hydrotime model has three
parameters: (1) the hydrotime constant, Oy, (2) base water
potential, r,(50), and (3) germination uniformity (o).
Bradford and Still (2004), who explained that hydrotime
analysis can be applied to investigate the physiological
status of seed lots, showed that there was an association
between hydrotime parameters and stand establishment in
broccoli. It has been indicated that seed priming can
increase seed germination rate by reducing 0y (Dahal and
Bradford 1990; Bradford and Somasco 1994) or by
reducing \,(50) (Patané et al. 2016). Reports showed that
U,(50) was correlated with early vigour in sugar beet

@ Springer

(Farzane and Soltani 2011) and cotton (Soltani and Far-
zaneh 2014). However, it is unknown if there is a rela-
tionship between hydrotime parameters and crop
establishment in abiotic stresses for rapeseed. Based on the
explained details, the aims of this study were as follows:
(1) to model seed germination by hydrotime model for
different genotypes of rapeseed, (2) to evaluate different
rapeseed genotypes tolerance to abiotic stresses (drought,
salinity, deep sowing, low, and high temperatures), (3) to
find the most tolerant genotypes of rapeseed under a wide
range of abiotic stresses, and (4) to test whether hydrotime
parameters can be used as a measure of abiotic stresses
tolerance.

Materials and methods
Developing of hydrotime model

Seeds of 19 rapeseed genotypes (Table 1) were provided
by Seed and Plant Improvement Institute, Karaj, Iran. Four
replicates of 50 seeds for each genotype were germinated
in 90 mm-diameter Petri dishes on filter paper at 20 °C at
each of the five water potentials: 0, — 0.15, — 0.3, — 0.5,
and — 0.8 MPa. Osmotic potentials were maintained with
solutions of polyethylene glycol 6000 (PEG) according to
the desired water potentials at 20 °C (Michel and

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
Line 205 Iran Open pollinated -

Line 280 Iran Open pollinated -

Line 285 Iran Open pollinated -

Line 389 Iran Open pollinated -

H50 Canada Hybrid Spring
Hayola 401 Canada Hybrid Spring
Modena Denmark Open pollinated Facultative
RGS Germany Open pollinated Spring
SLMO046 Germany Open pollinated Winter
Sarigol Iran Open pollinated Facultative
Talayeh Germany Open pollinated Facultative
Karajl 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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Kaufmann 1973; Momoh et al. 2002). Before seed place-
ment, the filter papers were soaked for 24 h in Petri dishes
containing the mentioned water potentials. Seeds were
monitored for germination twice a day or daily until no
further germination was observed for 3 days, and they were
considered germinated when radicle protrusions were
approximately 2 mm.

The hydrotime model (Gummerson 1986; Bradford
1990; Bradford and Still 2004) is described by the fol-
lowing equation:

On= (¥ — ¥p(2)) te, (1)

where \ is the actual water potential (MPa), Oy is the
hydrotime constant (MPa h), (g) is the base water
potential (MPa) defined for a specific germination fraction
(g), and tg is the time (h) to radicle protrusion of fraction
g (%) of the seed population.

The normal distribution of (g) values among seeds in
a population is characterized by its median \i,(50) and
standard deviation (c\,) that can be estimated using
repeated probit analyses, varying 6y until the best fit is
reached (Dahal and Bradford 1990; Huarte 2006; Soltani
and Farzaneh 2014) as follows:

probit (g) = [ — (0n/ tg) — ¥, (50)] / oy, (2)

which separately model the germination time course at
different water potentials for each genotype.

Pot experiments

Seeds of the 19 mentioned rapeseed genotypes were sown
at control (EC, = 0.8 dS m™", field capacity, 2 cm depth)
and different abiotic stresses of drought (— 0.7 MPa),
salinity (7 dS mfl), deep sowing (5 cm), and low (10 °C)
and high (30 °C) temperatures. Abiotic treatments of
control, drought, salinity, and deep sowing were sown in
greenhouse (at 20 °C), and low and high temperatures in
growth chambers. At each stress treatment, we only had
one stress and other conditions were as control. There were
control conditions for greenhouse and growth chambers.
Pots (15 cm diameter and 20 cm deep) were filled with a
clay loam soil (34% clay, 26% silt, 40% sand). The
experiments began on 30 January 2016. Soil water was
determined based on soil moisture release curve, which
indicates the relationship between soil water potential and
soil moisture content (Saxton et al. 1986). Prior to the pot
experiments, three samples of wet soil (wet soil = dry
soil + soil moisture content) were dried and soil moisture
content at the beginning of experiment was determined.
Then pots were equally filled with wet soil. Two pots were
considered as references and were weighted each day: one
for drought stress and one for other abiotic stresses. The
soil moisture content could be obtainable after weighing

and it was possible to calculate soil water potential from
soil moisture release curve. Soil water potentials were kept
around field capacity and — 0.7 MPa for different treat-
ments during the experiment.

Salinity stress was created according to methods men-
tioned by Soltani et al. (2004) and Soltani et al. (2009). The
amount of salt required for the salinity level of 7 dS m™'
was calculated using the method of staff (US Salinity
Laboratory 1954; Richter et al. 1995). NaCl and CaCl,
salts with a weight ratio of 1:1 were used for soil
salinization.

Pots were observed daily for seedling emergence until
complete seedling emergence. Final emergence percentage
and emergence rate (day ') were determined as follows:

Emergence rate = 1/¢10, (3)

where 10 (day) is time to 10% of seedling emergence.
Estimates of the time taken for cumulative emergence to
reach 10% in each replicate and treatment were interpo-
lated from the emergence progress curve versus time. Time
to 10% of emergence was used because most treatments
had a 10 and not reached 50% of emergence (Bewley et al.
2013; Soltani et al. 2015). Leaf number, leaf area, and
shoot dry weight were measured at 45 days after sowing.
Due to the limitation of using the growth chambers, data
from seedling growth were not available for low and high
temperatures, and these experiments were finished after
seedling emergence completed.

Data analysis

Analysis of variation was conducted as factorial experi-
ment based on completely randomized design (CRD) with
four replications for pot experiments. Hydrotime model
was fitted to the data as indicated in Eq. 2. Analysis of
variation was conducted as CRD with four replications for
hydrotime model parameters. Significant differences for all
data among genotypes were determined using Proc GLM
(SAS Institute Inc., Cary, NC, USA, 2011). Mean com-
parisons among genotypes were considered by least sig-
nificant difference (P < 0.05). Simple correlation
coefficients and principal component analysis (PCA) were
carried out using SAS (SAS Institute Inc., Cary, NC, USA,
2011).

Results
Hydrotime model for germination
The time courses of cumulative germination at different

water potentials for each genotype are shown in Fig. 1. A
single distribution of \,(g) and a constant value of 0y was
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Fig. 1 Germination time-courses of 19 genotypes of oil seed rape. The symbols are the actual data and the curves are the results of fitting the

hydrotime model. The name of each genotype is indicated

obtained for each genotype. Coefficients of determination
(R?) values indicate a good fit of the hydrotime model at
20 °C. The predicted germination time courses at the var-
ious water potentials generally fitted well with the observed
germination data, with R values of 0.61-0.88 (Fig. I;
Table 2). The estimated values of Oy, ,(50), and o\,
differed significantly across genotypes (Table 2). The

@ Springer

estimated 0y was lowest for ‘“Zarfam’’ (22.8 MPa-hours)
and highest for ‘‘line 389’ (50.9 MPa-hours). The lowest
U,(50) was observed in ‘‘Karajl’’ (— 1.23 MPa), and it
did not significantly differ from °‘‘Karaj2’’, ‘‘Karaj3’’,
“‘Opera, line 285”’, and ‘‘Hayola 401”’. The estimated o\,
ranged between 0.326 and 0.750, and significantly changed
among genotypes.
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Table 2 Estimated hydrotime model parameters for different geno-
types of oilseed rape

Genotype Oy (MPa h) Y,(50) (MPa) o\, R?
Line 205 28.21 —0.853 0.326 0.85
Line 280 24.56 —0.798 0.352 0.87
Line 285 36.87 — 1.057 0.436 0.84
Line 389 50.93 —0.939 0.419 0.87
H50 24.43 — 0.681 0.372 0.85
Hayola 401 33.63 —0.988 0.490 0.85
Modena 29.34 — 0.360 0.484 0.61
RGS 40.31 — 0.892 0.589 0.80
SLMO046 40.16 — 0.603 0.612 0.68
Sarigol 28.52 — 0.377 0.524 0.70
Talayeh 23.73 — 0.665 0.488 0.86
Karajl 25.03 —1.234 0.366 0.76
Karaj2 27.38 — 1.153 0.393 0.87
Karaj3 40.25 — 1.023 0.750 0.87
Licord 34.03 —0.230 0.801 0.76
Okapi 30.72 — 0.867 0.443 0.80
Opera 48.07 — 1.202 0.726 0.79
RGS003 30.81 —0.950 0.523 0.88
Zarfam 22.76 — 0.611 0.366 0.84
F value 3.05%:* 18.437%:* 3,58

LSDy 05 13.27 0.254 0.244 -

Coefficients determination (R%) is showing the goodness of fitness of
the model fitting. F values and LSD are indicated to compare the
parameters among genotypes

The ** indicate significance at P < 0.01

Pot experiments

Seedling emergence percentage (%) and rate (days ')
differed significantly across genotypes under each experi-
mental condition (Table 3). Leaf number, leaf area, and
shoot dry matter also changed significantly cross genotypes
in control, deep sowing, water stress, and salinity stress
(Table 4). Abiotic stresses decreased emergence percent-
age and rate of emergence (Table 3) and all seedling
variables compared to control conditions (Table 4). How-
ever, there were no significantly changes for the emergence
and seedling growth in some genotypes under stress con-
ditions compared with control. Top genotypes differed for
each variable and environmental condition, and it was not
easy to select a top genotype in a wide range of environ-
mental conditions from means comparison. For example,
““Karajl’” was included in top genotypes for emergence
(%) in control, deep sowing, low temperature, and high
temperature, but it was not included in water and salinity
stresses.

Principal component analysis (PCA)

PCA showed that 17 PCs (1-17) explained all early vigour
variations across genotypes, and six PCs (1-6) explained
80% of variations (Table 5). The first PC explained 40% of
variations, and a correlation was observed between PC1
and \,(50), germination percentage and rate (hour™') in
different water potentials, and seedling emergence per-
centage and rate (day~') in different environmental con-
ditions. The correlation between PC1 and V,(50) was
negative and positive between PC1 and germination and
seedling emergence [both rate (time™') and percentage].
The second and third PCs explained about 22% of varia-
tions. PC2 had negative correlations with hydrotime con-
stant (fg), shoot dry matter, and leaf area (in deep sowing),
but had positive correlations with leaf number (in control
and water stress), shoot dry matter (in control, and water
stress), and leaf area (in control and water stress). PC3 had
positive correlations with hydrotime (6y), leaf area (in
control and salinity stress), shoot dry matter (in control and
salinity stress), and leaf number (in deep sowing and
salinity stress).

The score plots of PCA are indicated to study overall
distribution of different variables of early seedling growth
in different environmental conditions (Fig. 2). It can be
observed that ‘‘Hayola 401°’, “‘line 205°°, ‘‘line 280’’,
““RGS003’, “‘line 285°, and ‘‘Karajl’’ have more nega-
tive values of \(50), high germination and seedling
emergence percentage rate (PC1) and lower hydrotime, and
high seedling growth under control and water stress (PC2)
(Fig. 2a). Genotypes of ‘‘Karaj3’’, ‘‘Opera’’, ‘“‘RGS”’,
“line 285’°, ‘“Hayola 401’’, ‘‘Karaj2’’ also have more
negative values of \,(50), high germination and seedling
emergence percentage and rate (PC1) and high seedling
growth under control, salinity and deep sowing (Fig. 2b).
Overall, genotypes of ‘‘Hayola 401°° and ‘‘line 285" were
the most tolerant to abiotic stresses during crop establish-
ment and seedling growth.

Correlation analysis

Correlations among hydrotime model parameters and early
seed vigour variables indicated that \,(50) negatively
correlated with seedling emergence percentage and rate
(day™") under control, deep sowing, water stress, salinity
stress, low and high temperatures (Table 6). It showed that
genotypes with more negative values of {r,(50) have more
seedling emergence percentage and more seedling emer-
gence rate under a wide range of environmental conditions.
Hydrotime constant (6y) had only negative correlations
with seedling growth variables under water stress. The
correlations were observed between o\, and rate of

@ Springer



252 Page 6 of 11

Acta Physiol Plant (2017) 39:252

Table 3 Effect of environmental conditions of control, deep sowing, water stress, salinity stress, low and high temperatures on seedling
emergence (E) and rate of emergence (RE) in relation to the genotypes

Genotyzpe Control Condition  Deep sowing Water stress Salinity stress Low temperature High temperature
E RE E RE E RE E RE E RE E RE
(%) (days™) (%) (days™) (%) (daysT) (%) (daysT) (%) (daysT) (%) (days))
Line 205 573  0.0064 61.3  0.0043 44.0  0.0048 57.3  0.0046 342 0.0020 48.1  0.0127
Line 280  61.3  0.0052 24.0  0.0039 37.3  0.0039 58.7  0.0056 449 0.0028 58.1  0.0343
Line 285 57.8  0.0065 66.7  0.0072 52.0  0.0058 253 0.0044 36.6  0.0032 77 0.0126
Line 389  58.7  0.0069 20.0 0.0036 347 0.0045 293 0.0039 583  0.0030 50 0.0177
H50 52.3  0.0055 57.3  0.0053 227 0.0031 20.0 0.0024 26.6  0.0023 74 0.0404
Hayola 61.3  0.0070 37.3  0.0051 573  0.0045 573  0.0049 31.6  0.0023 49 0.0131
401
Modena 42.6  0.0038 10.0  0.0013 30.0 0.0033 6.0  0.0000 51.1  0.0033 26.1 0.0112
RGS 573 0.0078 13.3  0.0021 40.0 0.0044 453  0.0044 28.9  0.0027 31 0.0170
SLM046 30.6  0.0035 5.3 0.0008 6.7  0.0000 18.7  0.0021 35.0 0.0025 20 0.0108
Sarigol 50.6  0.0038 6.7  0.0000 36.0 0.0033 20.0  0.0025 222 0.0023 22 0.0061
Talayeh 42.6  0.0051 30.7  0.0046 36.0 0.0050 36.0 0.0064 333 0.0033 15 0.0097
Karajl 84.0  0.0092 58.7  0.0068 453 0.0041 29.3  0.0031 60.0  0.0044 65 0.1208
Karaj2 72.0  0.0080 20.0  0.0040 65.3  0.0047 453 0.0059 69.9  0.0042 66 0.0523
Karaj3 57.3  0.0071 17.3  0.0027 29.3  0.0038 37.3  0.0059 25.0 0.0024 29 0.0226
Licord 333 0.0042 14.7  0.0014 8.0  0.0000 13.3  0.0016 11.7  0.0013 23 0.0079
Okapi 48.0 0.0058 16.0  0.0025 28.0  0.0031 147 0.0017 283 0.0026 48 0.0100
Opera 62.7  0.0062 10.7  0.0009 30.7 0.0034 253  0.0039 222 0.0021 53 0.0203
RGS003 547  0.0064 13.3  0.0019 30.7  0.0042 50.7  0.0046 30.0 0.0030 41 0.0203
Zarfam 57.3  0.0051 8.0 0.0010 37.3  0.0036 6.7 0.0008 13.3  0.0018 39 0.0093
LSDg 05 25.97 0.0022 17.82  0.0031 15.51 0.0014 20.60 0.0026 15.58 0.0011 18.75 0.0348
Source of variation DF E RE
F value P F value P
G 18 18.35 < 0.0001 6.51 < 0.0001
EC 5 36.93 < 0.0001 58.73 < 0.0001
G x EC 90 3.66 < 0.0001 5.08 < 0.0001

Analysis of variance are indicated for seedling emergence and rate of emergence as affected by genotype (G), environmental condition (EC) and
their interactions (G x EC). The values of LSDg s are indicated for each variable and environmental condition

emergence (under control, water stress, and salinity stress),
leaf number (under water stress), and seedling emergence
percentage (under salinity stress).

Discussion

Our results showed wide variations among genotypes for
germination characteristics, hydrotime parameters, and
early vigour of seedlings under different environmental
conditions. Considerable variations were observed for
seedling emergence and rate under abiotic stresses. Abiotic
stresses decreased seedling emergence compared to control
by 52, 36, 42, 36, and 20% for deep sowing, water stress,
salinity stress, low and high temperatures, respectively.
However, abiotic stresses decreased shoot dry weight (mg)
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vis-a-vis control by 16, 77, and 5% for deep sowing, water
stress, and salinity stress, respectively. It showed that
seedling emergence of rapeseed is most sensitive to deep
sowing, but seedling growth is most sensitive to water
stress.

Sowing depth is one of the major factors known to
influence seedling emergence and crop establishment of
rapeseed (Zuo et al. 2017). Gurber et al. (2010) showed that
increasing soil depth from 1 to 5 cm had no effect on
seedling emergence of rapeseed, but it was clearly
decreased at depth of 7 cm and completely inhibited at
12 cm. Soltani et al. (2013) indicated that no seedling of
rapeseed emerged from soil depth of 10 cm and seedling
emergence was the highest at the soil depth of 1-3 cm.
Thomas et al. (1994) also observed that seedling emer-
gence of rapeseed decreased at sowing depths deeper than
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Table 4 Effect of environmental conditions of control, deep sowing, water stress and salinity stress on leaf number (LN), leaf area (LA) and

shoot dry weight (SDW) in relation to the genotypes

Genotype Control Condition Deep sowing Water stress Salinity stress

LN LA (mm? SDW (mg) LN LA @mm?» SDW (mg) LN LA (mm?» SDW (mg) LN LA (mm? SDW (ng)
Line 205 3.75 1828.59 88.11 3.55 1775.01 87.50 1.98 593.44 33.67 226  969.15 53.89
Line 280 3.34 2414.15 118.17 272 1732.75 80.15 1.69 672.66 32.29 291 2592.81 102.27
Line 285 372 2122.26 97.02 329 1432.11 63.25 2.24  468.90 29.62 4.03 2915.38 126.17
Line 389 3.28 1977.03 106.20 3.14 2300.52 100.60 0.75  93.00 13.62 2.89 1894.31 93.87
H50 338 2133.18 92.66 349 2867.57 127.16 1.64 233.82 19.43 2.87 1441.46 75.63
Hayola 401 3.31 2360.21 117.54 2.80 1750.62 66.22 2.33 57822 36.42 321 3890.83 187.98
Modena 2.50 1872.34 92.01 2.65 1672.81 81.37 0.92 108.24 14.21 2.17 122833 65.29
RGS 3.44 1643.17 78.64 3.00 235253 108.37 1.70  300.85 17.24 390 3373.76 144.31
SLMO046 2.62 1315.13 62.99 2.89 2502.07 137.89 2.33 484.38 23.33 2.33  1809.07 83.98
Sarigol 3.01 1350.10 83.18 333 1216.94 86.67 1.81 363.57 28.54 1.89  780.12 47.17
Talayeh 3.96 4383.02 185.83 3.11 2241.05 97.43 2.11 784.57 39.83 2.83 1627.85 86.47
Karajl 3.11 2144.27 110.71 2.65 1695.02 84.35 2.59 591.27 53.45 2.73 1685.88 94.92
Karaj2 2.84 223847 104.24 2.63 1300.31 44.00 1.63 488.32 25.50 3.10 2882.03 129.37
Karaj3 3.27 3155.68 147.93 3.08 1993.00 97.56 1.67 22246 22.22 3.06 2451.32 124.48
Licord 3.32 3294.22 194.50 242  581.72 37.58 1.33 141.15 12.33 2.78 291091 123.17
Okapi 3.92 275491 122.99 354 1715.28 91.13 2.00 632.19 37.17 2.87 1143.04 56.11
Opera 3.39 2785.45 117.78 3.67 3917.11 172.83 1.36  238.88 16.34 3.32 3407.63 194.48
RGS003 3.63 2470.14 100.38 3.73 2073.32 86.31 2.10 412.60 26.68 3.37 1828.55 98.21
Zarfam 2.53 221251 87.69 342 292722 104.50 1.40 201.60 15.75 2.89 1296.33 83.33
LSDy 05 0.68 1447.2 53.41 0.99 1931.00 82.98 0.82 522.65 21.46 0.98 1768.10 74.73
Source of variation DF LN LA SDW

F value P F value P F value P

Genotype (G) 18 2.85 0.0004 1.88 0.0246 1.91 0.0211
Environment (E) 3 89.04 <0.0001 49.41 <0.0001 57.66 <0.0001
G xE 54 1.86 0.0023 1.71 0.0072 2.16 0.0002

Analysis of variance are indicated for leaf number, leaf area and shoot dry weight as affected by genotype (G), environmental condition (EC) and
their interactions (G x EC). The values of LSDg s are indicated for each variable and environmental condition

Table 5 Eigenvalues of first six principal components and the per-
centage of variance explained by them for hydrotime model param-
eters, germination, emergence and seedling growth properties of oil
seed rape under different environmental conditions

PCs Eigenvalue Percentage Cumulative
of variance (%)
1 16.51 40.26 40.26
2 491 11.97 52.23
3 4.14 10.09 62.32
4 3.52 08.59 70.91
5 2.17 05.28 76.19
6 1.93 04.70 80.89

3 cm in field. In the current study, soil depth of 5 cm
reduced seedling emergence compared with soil depth of
2 cm (control). In general, failure of rapeseed seedlings
emergence in deep sowing could result from (1)

unfavourable conditions for germination, (2) fatal germi-
nation, and (3) dormancy induction (Soltani et al.
2013, 2016). Our results showed that deep sowing also
increases the time between seed germination and seedling
emergence. This can result in an increase in hypocotyl or
epicotyl length, and reduce the ability to overcome soil
strength and increase the risk of exposure to pathogens
(Zuo et al. 2017).

Insufficient rainfall affects rapeseed establishment,
seedling growth, and foliar expansion in semi-arid areas.
The present study showed soil water potential of
— 0.7 MPa decreased seedling emergence and growth of
rapeseed crops. Sangtarash et al. (2009) showed that water
stress decreased seedling growth of rapeseed crops. Jabbari
et al. (2013) found that reduction in soil moisture content
from 50 to 20% field capacity decreased seedling emer-
gence of rapeseed from 94.3 to 82.7%. The effects of water
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Fig. 2 Biplot for diversity of 19 oil seed rape genotypes at five water
potentials in germination stage and at six environmental conditions in
seedling emergence stage, showing which tolerant genotypes to
abiotic stresses and had higher values PC1, PC2 and PC3. PC1, PC2
and PC3 are first, second, and third principal components. Genotypes
name are defined in Table 1

stress on crop establishment are well understood. A
reduction in soil water potential leads to decrease differ-
ence between \/ and \s, and increasing seedling emergence
time. Water stress also affects photosynthesis, translocation
of assimilates, shoot dry weight and chlorophyll content
(Mundree et al. 2002; Liu et al. 2013), and severe drought
stress can lead to complete death (Kivuva et al. 2015).

Salinity is a major problem affecting semi-arid areas.
Grewal (2010) indicated that water uptake and shoot dry
weight of rapeseed declined by 26 and 34% under highest
subsoil salinity (1500 and 2000 mg/kg soil). The reduced
water uptake is probably due to more osmotic potential
under salinity conditions. Naeem et al. (2011) found a
positive correlation between osmotic potential and relative
water content of first leaf and third leaf in rapeseed. They
also showed that increasing salinity imposed negative
impact on relative growth rate of rapeseed. Our study
revealed that salinity significantly decreased seedling
emergence, but shoot dry weight of emerged seedling has
little difference from control.

@ Springer

Table 6 Correlation coefficients (r) between seedling growth vari-
ables and hydrotime parameters at different environmental conditions
of control, deep sowing, water stress, salinity stress, low and high
temperatures for 19 oil seed rape

Variable Ou U, (50) o\,
Control condition
Emergence (%) — 0.09 — 0.45%* 0.21
Rate of emergence (days™') 0.03 — 0.58%* 0.27*
Leaf number 0.08 —0.10 0.02
Leaf area — 0.09 0.07 0.17
Shoot dry matter — 0.07 0.17 0.05
Deep sowing
Emergence (%) — 0.18 — 0.29* 0.18
Rate of emergence (days™') — 0.07 — 0.42%% 0.11
Leaf number 0.01 0.01 0.07
Leaf area 0.06 — 0.01 0.14
Shoot dry matter 0.10 0.05 0.05
Water stress
Emergence (%) —0.14 — 0.42%%* 0.18
Rate of emergence (days™') — 0.05 — 0.43%%* 0.27*
Leaf number — 0.23* —0.11 — 0.22%
Leaf area — 0.28* — 0.06 —0.12
Shoot dry matter — 0.26* - 0.17 —0.20
Salinity stress
Emergence (%) — 0.04 — 0.41%* 0.26*
Rate of emergence (days™") 0.03 — 0.46%* 0.28%
Leaf number 0.15 — 0.28* 0.18
Leaf area 0.14 —0.15 0.05
Shoot dry matter 0.15 — 0.23% 0.10
Low temperature (10 °C)
Emergence (%) —0.02 — 0.25% —0.03
Rate of emergence (days_') — 0.10 — 0.24* —0.11
High temperature (30 °C)
Emergence (%) —0.12 — 0.43%%* 0.20
Rate of emergence —0.22 — 0.32%%* — 0.04

The * and ** indicate significance at P <0.05 and P < 0.01,
respectively

Temperature is the single-most important factor for
germination and seedling growth when light, oxygen,
nutrients, and moisture are not the limiting factors (Stein-
maus et al. 2000). Cardinal temperatures determine the
range for seed germination and seedling growth (Seefeldt
et al. 2002). Maximum rate of growth is obtainable at
optimum temperature(s), while decreasing and increasing
temperatures lead to declined seedling growth. Farzaneh
et al. (2014) showed wide variations of cardinal tempera-
tures and cold or heat tolerance among rapeseed genotypes.
The base, optimum, and ceiling temperatures ranged from
0 to 5, 21-35, and 4146 °C for germination rate (hour_l)
of rapeseed (Farzaneh et al. 2014). These values were
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similar to the range of values reported in other studies
(Marshall and Squire 1996; Squire 1999; Soltani et al.
2013). Low or high temperatures reduce the seedling
emergence and increase time from sowing to seedling
emergence. It is important to develop cultivars with chil-
ling or heat tolerance, as these allow cultivars to tolerate
the cold or heat stresses during early rapeseed growth,
allowing for better crop establishment (Farzaneh et al.
2014).

In the current study, analysis of PCA showed that PC1 is
related to crop establishment under control and abiotic
stresses, and PC2 and PC3 are related to seedling growth.
PC2 had correlations with seedling growth variables under
control and water stress. However, PC3 was related to
seedling growth under control, salinity, and deep sowing
stresses. Based on PCA biplot analysis, rapeseed genotypes
were categorized into four groups based on tolerant to
water stress, low and high temperatures (Fig. 2a), or tol-
erant to salinity, deep sowing, and low and high tempera-
tures (Fig. 2b): tolerant (I), intermediate (II and III), and
sensitive (IV). The genotypes in Groups I and II had good
establishment in a wide range of environmental factors
(control, water stress, salinity, deep sowing, low and high
temperatures; Fig. 2a, b). Genotypes in Group III had good
seedling growth under control and water stress (Fig. 2a), or
under control, salinity and deep sowing (Fig. 2b). Geno-
types in Group IV did not well crop establishment (in all
environmental conditions) and did not well seedling
growth under control, water stress (Fig. 2a), or under
salinity and deep sowing (Fig. 2b) conditions. Genotypes
of ‘“Hayola 401’ and ‘‘line 285’ were included in Group I
in both PCA graphs, showing these genotypes had well
crop establishment and seedling growth under control and
abiotic stresses (Fig. 2). ‘‘Hayola 401’ and ‘‘line 285’
were the most tolerant genotypes to water stress, salinity,
deep sowing, and low and high temperatures.

PC1 negatively correlated with \,(50), thus showing
that genotypes with more negative values of ,(50) have
better crop establishment. Our results indicated that among
hydrotime parameters, ,(50) was correlated with seedling
emergence percentage and rate (day') under control and
abiotic stresses (Table 6). There were close relationships
between the overall mean (under control, water stress, deep
sowing, salinity, and low and high temperatures) of seed-
ling emergence (%) or rate (days_l) and {r,(50) (Fig. 3). It
shows that {,(50) can be applied to predict crop estab-
lishment in rapeseed under a wide range of environmental
conditions. Some reports showed that hydrotime parame-
ters could be used to predict early seed vigour in other
crops (Dahal and Bradford 1990; Bradford and Somasco
1994; Bradford and Still 2004; Farzane and Soltani 2011;
Soltani and Farzaneh 2014). Farzane and Soltani (2011)
indicated that ,(50) was related to seedling vigour of
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Fig. 3 Relationships (regressions) between overall mean (mean of
six levels of environmental conditions) of seedling emergence
percentage (a) and rate of emergence (b) with base water potential
(Up(50)) for 19 oil seed rape genotypes. Significant (P < 0.01) R?
values are indicated by double asterisk

sugar beet. Soltani and Farzaneh (2014) also revealed a
relationship between \,(50) and seedling emergence per-
centage, suggesting that \r,(50) can be used for predicting
early seed vigour in cotton.

Successful breeding programmes to improve abiotic
stress tolerant of crops depend on the identification of
tolerant germplasms and their traits. There were studies on
identification indices of drought tolerance by the PCA
method during rapeseed germination (Xia and Xiaoyu
2012) and seedling establishment (Jabbari et al. 2013). Xia
and Xiaoyu (2012) reported that seed germination and
germination rate are the most important traits for screening
of rapeseed genotypes under drought conditions. Jabbari
et al. (2013) showed that tolerant rapeseed genotypes were
characterized by their higher germination rate, final emer-
gence, mean daily germination, and seedling vigour index.
Farzaneh et al. (2014), who screened rapeseed genotypes
for thermotolerance, stated that base temperature (7},) had
positive relationship with heat tolerance and negative
relationship with cold tolerance, and that 7, is the most
important trait for screening rapeseed genotypes under heat
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or cold stresses. There was no study to identify indices of
salinity or deep sowing tolerance during rapeseed estab-
lishment. Our study showed that tolerance to rapeseed
genotypes to water stress, salinity, deep sowing, and low
and high temperatures can be identified by lower \,(50).

On the whole, this study estimated hydrotime parame-
ters for rapeseed germination and related them to abiotic
stress tolerance for the first time. Abiotic stresses decreased
seedling emergence and seedling growth. Seedling emer-
gence of rapeseed was most sensitive to deep sowing, but
seedling growth was most sensitive to water stress. PCA
analysis showed that ‘‘Hayola 401°° and ‘‘line 285’ were
the most tolerant genotypes to abiotic stresses. Among the
hydrotime parameters, {r,(50) was the most correlated one
with seedling emergence under all abiotic stresses. Based
on our results, the \i,(50) ranged between — 1.234 and —
0.230 MPa, and the most tolerant genotypes had more
negative values of ,(50). Therefore, it can be concluded
that identifying tolerant genotypes of rapeseed to abiotic
stresses, ,(50) is a good trait and that breeders can focus
on reducing ,(50) to increase tolerance to abiotic stresses.
It may be difficult to identify a cultivar that possesses all
stresses tolerance characteristics, but selection and breed-
ing based on a single trait (,(50)) would be more appli-
cable. Evaluation of the relationships between stress
tolerance characteristics and hydrotime model parameters,
in particular \s,(50), might reveal similar significant rela-
tionships in other crops.

Author contribution statement This paper is based on
the MS thesis for Rogia Adeli. Elias Soltani was her
supervisor and he has written the paper. Gholam Abbas
Akbari and Hossein Ramshini worked as advisors.
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