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ARTICLE INFO ABSTRACT

Intercropping is an effective strategy to maximize production potential, profits, and land use efficiency. Sowing
winter rapeseed in rice fields is a common cultivation technique in the Yangtze River basin in China, which is the
world’s largest region for rapeseed production. However, the 10-15days crop overlap in rapeseed-rice
cultivation results in low and unstable yields. In this study, we investigated, using both pot and field
experiments, whether presoaking oil rape seeds with Quizalofop-p-ethyl (QPE) improved winter hardiness and
yield. For the field trials, rapeseed was cultivated during two growing seasons from 2009 to 2011, in no-tillage
fallow rice fields at the experimental site of Wuhan. Without QPE application, seedling quality was low for
rapeseed sown in pots, and grown in shady conditions, or in the fallow rice field. Seedlings showed excessive
elongation of the crown, resulting in low yields and yield-related traits at maturity. Soaking seeds in QPE
improved the growth and survival of rapeseed seedlings, and improved their length, weight, and root neck
diameter traits. Furthermore, the treatment decreased crown length during winter. Overall yield and related
traits were enhanced by the QPE treatment. The most effective concentration of QPE was 120 ppm. Storing seeds
for 2-10 months after soaking in QPE reduced any inhibitory effect of the treatment on germination rate and
plant height. Our analyses demonstrated that treating seeds with QPE (120 ppm) increased the yield of rapeseed
in a rice-relay cropping system.
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1. Introduction

The global demand for vegetable oil production is increasing
because of increased domestic use as edible oil, as well as its
applications as a biofuel and forage crop (Finley, 2012). China is the
second largest producer of rapeseed after Canada, with 11.6 million
tons annually (FAOSTAT, 2015); nevertheless, the demand for vege-
table oil and protein meal continues to increase the import of rapeseed
oil into China (USDA, 2015). Rapeseed production has not yet fully
reached its saturation level in China and is capable of satisfying more of
the domestic demand (Wang et al., 2007).

China has two rapeseed oil production regions, a winter and a
spring region. The winter region represents more than 90% of the total
rapeseed planting area in China, with the largest rapeseed production
belt being situated in the Yangtze River basin (Ren et al., 2015). Here,
winter rapeseed is sown after rice or cotton, as a double- or triple-
cropping system. The recommended planting time of rapeseed in this
region is from late September to mid-October. However, because the
rice is harvested in October, rapeseed planting is normally delayed until
November (Wang et al., 2007). Rice-rapeseed intercropping is a good
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way to use rice fallow land in a rice-rice-rapeseed multiple cropping
system.

Multiple cropping is an efficient agronomic practice, which, if
utilized correctly, can contribute significantly to increased crop pro-
duction due to its substantial yield advantage compared to sole
cropping. Intercropping can increase yields, utilize available resources
and nutrients more efficiently, reduce weed, pest, and disease problems,
and provide greater biological and economic stability. Therefore, the
use of mono-crop production systems is decreasing, and intercropping
rapeseed with rice, cotton, and wheat is becoming more common
(Knorzer et al., 2009).

Relay intercropping is a beneficial practice to allow a multiple
cropping pattern by resolving the timing conflicts for planting of
various crops during the available growing season. It achieves this by
the planting of the second crop (rapeseed) when the first crop (rice) is at
the reproductive stage prior to its time of harvesting (Tanveer et al.,
2017). Although relay cropping has the potential to increase production
and crop yield following timely sowing of rapeseed, the direct seeding
of rapeseed into rice field prior to harvesting of the rice can result in
elongation of seedlings. This occurs because of insufficient light to
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young rapeseed plants due to shading by the standing rice crop. As a
consequence, the rapeseed plants may not develop sufficient reserves
for over-wintering. For optimal winter survival, the crown of rosette
stage plants should be close to the soil surface with the height of the
apical bud not exceeding 3 cm; they need to develop 6-8 leaves and
have a root neck diameter of > 8 mm (Velicka et al., 2010). Stem
elongation at this stage increases the risk of disease and weed
infestation, leading to lower yields and oil contents (Su et al., 2014).
As a result, only double cropping of rice is practiced in the Yangtze
River belt area and farmers leave their land fallow after the winter rice
crop, because survival and yield is not good for overwintered rapeseed.
The application of growth regulators is a common approach to
manipulate rapeseed growth and to aid the development of winter
resistance (Riffkin et al., 2012). However, foliar application of growth
regulators is not suitable for relay-cropped rapeseed, because rapeseed
plants develop large shoots before the previous crop has been
harvested. An alternative approach is to treat seeds before planting;
such treatment might inhibit rapeseed crown elongation, encourage
winter hardiness, and subsequently improve plant survival and yield.
Low doses of some herbicides can be used to modify plant growth
(Velini et al., 2010). One such herbicide is quizalofop-p-ethyl (QPE),
which is an ethyl derivative of quizalofop and has the IUPAC name
ethyl (2R)-2- propanoate (EFSA, 2009; Mantzos et al., 2016). QPE is an
effective herbicide that can be used to selectively control grass weeds in
many broadleaf crops such as rapeseed, soybean, cotton, and sugar beet
(Mahakavi et al., 2014). Quizalofop inhibits fatty acid synthesis by
blocking the acetyl-Co-A carboxylase enzyme (Tang et al., 2014).
Furthermore, it has a low risk of contaminating adjacent water
resources because of its short half-life (0.5-0.7 days), and does not
penetrate more than 10 cm into the soil. In addition, it shows limited
transfer from broad-leaved plants such as rapeseed and sunflower
(Guan and Zhang, 2013; Mantzos et al., 2016). The overall aim of our
studies is to identify ways for improving rapeseed production in
otherwise fallow fields during winter. As part of this objective, we
investigated how QPE application affected winter rapeseed productivity
by studying how treatment affected seedling emergence rate, survival
rate, plant height, and winter growth, as well as other yield traits.

2. Materials and methods
2.1. Experimental materials and design

Overall, four pot experiments and two field trials were conducted
during the rapeseed growing seasons from 2009 to 2011, at the
Huazhong Agricultural University, Wuhan, China.

2.1.1. Identification of appropriate QPE concentrations
The pot experiments were carried out using rapeseed (Brassica napus
L.) ‘Huashuang 5’. First, 20 g of seeds were soaked in 50 ml QPE at
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concentrations of 40, 80, 120, 160, and 200 ppm for 12 h. As a control
(0), seeds were soaked in 50 ml of distilled water. We sowed 10 seeds
into plastic pots (0.3 m height, 0.2 m width) filled with 5 kg of soil
(mixed with sand in a 3:1 ratio) and 2 g of nitrogen, phosphorous, and
potassium (15% each) fertilizer. Each pot was shaded with a double
layered net for 7 days. Each treatment was replicated four times. After
the shading treatment, seedling germination rate, plant height, and root
length were measured.

2.1.2. Identification of the appropriate QPE volume

Rape seeds (20 g) were soaked for 12h in 10, 25 (complete
immersion), 40, 55, and 70 ml of QPE solution (120 ppm); these
treatments represented 2:4, 5:4, 8:4, 11:4, and 18:4 liquid-seed ratios
respectively. As a control, 25 ml of distilled water was used (5:4 seed
ratio). Subsequently, 10 seeds were sown in pots as described above,
and kept in shaded conditions for 7 days. This experiment was
replicated 4 times. Germination rate, seedling height, and root length
were measured.

2.1.3. Effects of seed storage time

Seeds (20 g) were soaked in 50 ml of QPE (120 ppm) for 12 h. The
seeds were then dried at room temperature, and stored for 0, 2, 4, 6, 8,
and 10 months. After storage, 10 seeds were planted per pot (as
described above), with four replicates per storage time. Seeds that
had not been soaked in QPE or distilled water were used as the control
treatment. Seven days after germination, seedling height and root
length were recorded.

2.1.4. Effects of QPE on rapeseed growth in the shade

A pot experiment was conducted to determine the effect of shading
on seedlings and mature plant stages. Seeds were soaked in QPE
(120 ppm) for 12 h. As a control, seeds were soaked in distilled water.
On October 15, 2009, seeds of the rapeseed cultivar ‘Huashuang 5’ were
sown in pots placed in the shade for 10 or 15 days. After the shading
treatment, they were thinned to two seedlings per pot at the 3-leaf
stage. One of the plants per pot was harvested on December 22, 2009 to
measure seedling growth parameters. Crown diameter was measured
using the maximum value of the diameter of the rosette plant with open
leaves. Root neck diameter was measured at the cotyledonary scar. The
other plant was harvested at maturity on May 15, 2010 to measure
yield-related traits.

2.1.5. Effect of QPE seed soaking in field trials

After selecting the appropriate concentration (120 ppm) and vo-
lume of QPE (25 ml for 20 g seeds) for seed soaking, as well as the
optimal seed storage time, the rapeseed cultivar ‘Huashuang 5’ was
sown in a fallow zero-tillage rice field in winter of 2009-2010 and
2010-2011, at Huazhong Agricultural University, Wuhan. Total pre-
cipitation (mm per month) and average temperature (°C) data were
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Fig. 1. Monthly total rainfall and monthly temperature during the crop growing season in the experiment conducted at Huazhong Agricultural University Wuhan, during 2009-2011.
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Fig. 2. Pictorial view of a rapeseed as relay crop in rice field, a) before rice harvest, and b) after rice harvest.

obtained from a nearby weather station (Fig. 1). Before sowing, the
seeds were soaked for 12 h in 120 ppm QPE at a 5:4 liquid seed ratio
(20 g seeds in 25 ml QPE) or in distilled water (control). The seeds were
sown on 20 October at a rate of 6.0 kgha~!. The period of overlap
between the rice and rapeseed in each plot lasted 10 days, after which
rice crop was harvested (Fig. 2). Before sowing, single dose fertilizers
were applied as P,Os (12gm~2) and K,O (9 gm™32). Additionally,
22.5 ¢ m~ 2 nitrogen was applied in the form of urea on November 10,
and 11.25 g m~ 2 was applied on January 25, 2009 and 2010. Germina-
tion rates of the seedlings was recorded 15 days after sowing. Plant
survival (for plants with more than 3 leaves) and wintering stage
growth data was recorded on December 22 in both years. Twenty plants
were uprooted per plot in order to measure their height, root neck
diameter, length, number of leaves, shoot and root weight, leaf area
index, and root to shoot ratio. On May 2, 2010 and 2011, when the
plants were mature, 30 plants were randomly selected to measure
height, number of branches, pods per plant, grains per pod, and 1000-
grain weight. Each plot was harvested separately to determine the total
yield.

2.2. Data analysis

All pot experiments followed a completely randomized design
(CRD), and the field trial followed a randomized complete block design
(RCBD). Analyses of variance and LSD analyses were used to identify
whether treatments and interactions were significant, and whether the
differences among the treatments were significant at the P < 0.05
level, using SAS 8.1 (SAS Corp., USA).

3. Results
3.1. Optimal QPE concentration

After soaking seeds in QPE concentrations from 40 to 200 ppm,
germination rates of approximately 85% were found for all treatments
and the control; no significant differences were present among the
different treatments (Fig. 3). This suggests that the tested concentra-
tions of QPE did not have an inhibitory effect on seed germination.
However, seedlings that developed from seeds treated with QPE at
concentrations from 80 to 200 ppm showed significantly decreased
height after being shaded. Moreover, this effect became more apparent
at higher concentrations. QPE also inhibited seedling root growth,
although there was little difference between seedlings in the
40-120 ppm QPE treatments compared to the control. These results
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Fig. 3. Effect of seeds soaking treatment with different concentrations of quizalofop-p-
ethyl (QPE) on the germination rate, seedling height and root length of rapeseeds.
Different lettering denote the difference between the treatments at 0.05 probability level.

indicated that 120 ppm QPE was an appropriate concentration for
soaking seeds as it reduced plant height but had no significant effect on
germination rate or root length.

3.2. Effects of different liquid-seed ratios
Germination rate, plant height, and root length decreased when the

amount of QPE increased (Fig. 4). The germination rate was only
slightly decreased by an increase in QPE volume from 10 to 70 ml,
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Fig. 4. Effects of seed soaking with distilled water (control) and different volumes of
120 ppm of quizalofop-p-ethyl (QPE) on germination rate, seedling height and root length
of rapeseed. Different letters on columns indicate statistically significant differences
among treatments at the p < 0.05 based on LSD tests.

compared to the control. Although seedling height was greatly inhibited
at higher liquid-to-seed ratios, with a value of 4.8 cm at a 3:4 ratio and
3.4 cm at a 14:4 ratio. A similar trend was recorded for root length at
increasing liquid-to-seed ratios. The reductions in plant height and root
length were less obvious when the ratio was increased above 5:4
(completely immersed seeds), which indicates that higher ratios
resulted in a weaker inhibitory effect.

3.3. Effects of seed storage time

Seed storage after soaking in QPE reduced the inhibition of seedling
shoot and root growth, as compared to zero storage time (Fig. 5).
Overall, the longer the period of storage after the QPE treatment, the
smaller was the effect of the treatment on seedling growth. However,
for germination rates, there was no significant effect of storage time.

3.4. Effects of QPE seed soaking on seedling growth and yield of rapeseed
under shading conditions

Germination rates were not influenced by the different shading
treatments of QPE-soaked seeds. However, prolonged shading did cause
higher seedling death rates, a decrease in seedling height, fewer leaves,
a thinner crown diameter and root neck diameter with substantial
differences among the treatments, whereas the crown length was
significantly increased (Table 1). Under the same shading conditions,
soaking seeds significantly improved seedling quality through a higher
germination rate, increased seedling survival rate, increased seedling
height, higher crown thickness, more leaves, a higher crown diameter,
and a notable decrease in the crown length.
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Fig. 5. Effects of different storage times after the seed soaking treatment with quizalofop-
p-ethyl (QPE) on germination rate, plant height and root length of rapeseed. Control seeds
were not soaked. Different letters on columns indicate statistically significant differences
among treatments at the p < 0.05 based on LSD tests.

Shading time influenced yield traits and the overall rapeseed yield
(Table 2). Increasing the shading time from O to 10 or 15 days in the
same soaking treatment resulted in gradual increases in crown length
and the number of seeds per pod. In contrast, seedling height, root neck
diameter, shoot weight, root weight, root-to-shoot ratio, the number of
pods, and 1000-seed weight declined with increased shading time. The
QPE soaking treatment under the same shading conditions increased
plant height, root neck diameter, shoot weight, root-to-shoot ratio,
number of pods, and the 1000-seed weight, whereas the only trait that
showed a reduction was crown length. Seeds soaked in QPE showed
increased yield per plant compared to the control. An increase of 1.1 g
per plant for un-shaded seedlings, 2.1 g per plant for those shaded for
10 days, and 2.7 g per plant for those shaded for 15 days was found
compared to the control. Other traits changed in a similar manner.
Overall, QPE had a greater influence on improving traits in seedlings
and in maturing plants.

3.5. Effect of QPE seed soaking on seedling growth and yield of rapeseed
cultivated in rice fallow field

Analysis of rapeseed grown in a fallow rice field showed that the
different soaking treatments resulted in differences in emergence rates
and seedling survival (Table 3). Emergence rate and seedling survival
were highest for QPE treated seeds and lowest in the control during
both years. Other indicators such as seedling height, leaf number, leaf
area index, shoot weight, root length, and root neck diameter were also
higher for QPE treated seeds.

In mature stages, all yield-related traits showed notable differences
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Effects of quizalofop-p-ethyl (QPE) seeds soaking on seedling survival and seedling traits in the wintering stage under shading conditions.

Shading time Soaking Condition of seedling survival Seedling condition at wintering stage
treatment
Seedling Seedling Plant Root neck Crown No. of Crown diameter
emergence survival height diameter length leaves (cm)
(%) (%) (cm) (mm) (cm)
0 Control 88.7 80.2 19.2 10.2 0.6 14.5 29.2
QPE 93.8 86.5 20.0 12.4 0.2 15.3 33.6
10d Control 87.4 65.6 13.6 9.40 39 13.1 26.7
QPE 94.5 85.3 14.9 12.1 2.5 14.3 31.8
15d Control 88.6 52.8 11.2 7.80 5.1 11.3 24.7
QPE 93.6 80.6 13.0 11.3 2.8 13.7 30.2
LSDo.05 4.2 8.4 1.6 1.4 0.6 0.4 3.3
LSDo.01 5.7 11.3 2.2 1.9 0.8 0.5 4.4

QPE level was 120 ppm. LSD o5 and LSDy o; mean difference between the treatments at a 0.05 and 0.01 probability level, respectively.

Table 2

Effects of quizalofop-p-ethyl (QPE) seeds soaking on growth and yield traits in the maturity stage under shading conditions.

Shading  Soaking  Plant height (cm) Crown length (cm) Root neck  No. of  No. of Seed Yield (g) Shoot weight (g) Root weight (g) Root-shoot ratio
time Treatment diameter pods seeds weight
(mm)  (plant’) (pod™) (g/1000)

0 Control 109.6 1.5 14.3 149.0 21.6 3.4 10.9 32.7 2.2 0.069

QPE 116.5 1.1 15.4 163.0 20.5 3.6 12.0 39.6 3.0 0.075

10d Control 106.6 4.6 12.4 124.7 21.1 3.1 8.2 20.2 1.2 0.060

QPE 113.8 2.8 14.6 140.2 22.3 3.3 10.3 26.8 1.4 0.051

15d Control 100.1 5.4 10.7 108.6 20.5 3.0 6.7 15.5 0.8 0.050

QPE 107.8 3.1 13.8 126.1 24.1 3.1 9.4 22.9 1.0 0.044

LSDg 05 4.6 0.6 0.9 10.8 0.8 0.2 0.8 4.4 0.3 0.005

LSDo.01 6.2 0.8 1.2 14.5 1.1 0.3 1.1 5.9 0.4 0.007

QPE level was 120 ppm. LSDg o5 and LSDy o1 denote the difference between the treatments at a 0.05 and 0.01 probability level, respectively.

among the control and QPE treatments in both years (Table 4). For
QPE-soaked seeds, plant height, number of branches, and pods per
plant were higher than those of the control plants during both years of
the trial. Grains per pod and the 1000-grain weight were lower in the
QPE treatments, which caused a slight reduction of yield per plant. As
the density of mature QPE-treated rapeseed was significantly higher
than that of the control plants, with an increase of 19 and 21.7%, the
total yield was 23% higher in the winter of 2009-2010, and 21% higher
in the winter of 2010-2011, respectively.

4. Discussion

Cultivating rapeseed in rice fields during winter is a very effective
way to make use of otherwise fallow fields in triple-cropping rice and
cotton areas, and can increase the multiple-cropping index. However,
one constraint for production is the 10-15 days overlap between the
two crops, during which the rapeseed is sown and the rice is harvested.
Sowing rapeseed in a rice field at its reproductive stage (relay cropping)

Table 3

tends to result in the elongation of the apical bud of rapeseed seedlings,
reduction in the root neck diameter, and a decreased rate of survival,
leading to a poor overall quality of rapeseed seedlings. If rapeseed
seedling growth does not reach the optimum rosette stage before winter
starts, the plants are unable to survive in the cold weather conditions,
resulting in low and unstable yields (Velicka et al., 2012). One of our
pot experiments showed that shading for 10 or 15 days could cause
longer and thinner crowns in the seedlings, and a lower yield per plant
(Tables 2 and 3). Thinner and longer crowns reduced the overwintering
capacity of the plants, and the rosette biometric parameters are
therefore important traits that determine the overwintering efficiency.
Rapeseed overwinters well when the rosettes have 6-8 leaves, apical
bud exceeds 3 cm, and the root neck diameter is 8-10 mm (Velicka
et al., 2011). Velicka et al. (2012) additionally reported that rapeseed
plants from later sowings had particularly thin root neck diameter
compared to plants from earlier sowings; these poorer qualities caused
late sown plants to have a lower winter survival rate.

One possible approach is to treat seeds with growth regulators or

Effects of quizalofop-p-ethyl (QPE) soaked seeds on seedling survival and seedling traits in the wintering stage of rapeseed cultivated in a fallow rice field site in winter 2009-2010 and

winter 2010-2011.

Trial Treatment Seedling Seedling traits at wintering stage
Season Survival

Seedling Seedling Plant No. of green LAI Shoot Root Root length Crown Root neck
emergence survival height leaves weight weight (cm) length diameter

(%) (%) (cm) (g © (cm) (cm)

2009/10  Control 68.7 58.2 19.4 5.2 1.89 0.42 0.065 5.9 4.8 1.80

QPE 72.4 79.4 21.3 5.7 2.94 0.62 0.084 8.0 2.1 2.60

2010/11 Control 64.1 61.2 9.7 5.0 1.09 0.27 0.045 2.0 4.7 1.80

QPE 70.4 82.0 12.2 5.6 2.55 0.43 0.058 3.6 2.3 2.52

LSDy.05 10.7 9.4 1.8 0.4 0.31 0.11 0.006 1.1 0.8 0.45

LSDg 01 15.0 13.2 2.5 0.6 0.43 0.15 0.008 1.5 1.1 0.63

QPE level was 120 ppm. LSDg o5 and LSDy o; denote the difference between the treatments at a 0.05 and 0.01 probability level, respectively.
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Effect of Quizalofop-p-ethyl (QPE) soaked seeds on the yield and yield traits in the maturity stage of rapeseed cultivated in a fallow rice field in winter 2009-2010 and winter 2010-2011.

Trial Season  Treatment Density Plant height =~ Number of branches Pods per plant  Grains per pod 1000-grain weight  Yield per plant  Total yield
(Plants m™%) (cm) 3] 3] (kg ha™')

2009/10 Control 57.45 112.3 4.1 82.0 16.0 2.98 3.91 2136
QPE 68.55 126.3 5.7 110.7 12.8 2.78 3.94 2618

2010/11 Control 53.25 103.8 4.7 71.7 15.1 4.01 4.34 2222
QPE 64.80 114.3 5.5 92.5 131 3.51 4.25 2681

LSDg 05 4.04 5.3 0.6 0.211 1.3 0.18 1.13 138

LSDg.01 5.66 7.4 0.8 15.7 1.8 0.25 1.58 193

QPE level was 120 ppm. LSDy o5 and LSDy o; denote the difference between the treatments at a 0.05 and 0.01 probability level, respectively.

inhibitors before sowing. This can potentially improve the yield of
rapeseed in a triple-cropping system by inhibiting rapeseed crown
elongation, increasing root neck diameter, and increasing seedling
survival rates.

Rapeseed plants have a complex phenotype owing to their indeter-
minate and dynamic growth and rosette structure. Inhibiting factors for
late sown rapeseed in the field include shading due to late sowing, and
competition from neighboring plants. Therefore, the rapeseed competi-
tion strategy involves a reallocation of growth resources to expand the
leaf area and elongate the stem. However, this strategy likely causes a
reduced seed yield. The stem elongation strategy can be prevented by
applying growth retardants (Kurepin et al., 2013).

QPE inhibited crown elongation without having a significant effect
on seedling emergence. One hypothesis for this pattern of response is
that growth regulators influence plant growth during the post-germina-
tion stage, whereas the seed coats acts as a carrier for such growth
regulators (Pasian and Bennett, 2001). Herbicides can be applied to
crops at low rates in order to regulate their growth (Velini et al., 2010).
To our knowledge, no study has focused on the effects of quizalofop-like
herbicides as a pre-sowing seed treatment. The toxicity of QPE, when
applied to soils or plant leaves, is well documented. According to
Mahakavi et al. (2014), QPE applied to soils at low concentrations
(0.5%) stimulate growth performance in blackgram (Vigna mungo).
However, it reduces plant height, chlorophyll levels, and photosynth-
esis rate at subsequent applications with increased concentrations of
QPE. Quizalofop is used to control annual and perennial grasses, and
works by inhibiting fatty acid biosynthesis through inactivation of
acetyl-CoA carboxylase. However, in broad-leaved plants, the absorp-
tion of QPE is limited, and most of the chemical remains at the site of
application with limited translocation through the phloem or via the
transpiration stream (Hutson, 1998).

In the present study, seed soaking with QPE improved the rapeseed
seedlings after sowing in winter, and raised yields per plant at maturity
during both years. These effects might be more prominent with
prolonged shading time. Furthermore, minimum plant height and
minimum number of branches were observed in control plants. This
effect is probably caused by the relatively late timing of planting, which
limits the availability of growth resources such as light, water, and
nutrients for the plant (Sharif and Qishtah, 2002). Furthermore, due to
the lower temperatures in winter, physiological processes slow down,
and plant growth reaches its critical limit at the end of autumn. Growth
of winter rapeseed stops when the average day temperature drops
below 2 °C and insufficient preparation for overwintering will deter-
mine the extent of plant damage during the winter (Kurepin et al.,
2013).

Low light stimulates shade avoidance mechanisms in plants in order
to increase their light capture. These mechanisms include (i) different
biomass partitioning, such as petiole and shoot elongation, upward
positioning of leaves (Rondanini et al., 2014), and increase in leaf area
combined with reduction in weight (Brunel-Muguet et al., 2013), (ii)
changes in nitrogen allocation and mobilization (Brunel-Muguet et al.,
2013), (iii) changes in photosynthetic parameters such as the photo-
synthetic capacity and stomatal conductance (Bragg and Westoby,
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2002), and (iv) changes in phytochrome composition because of
reduced red/far-red ratios (Franklin and Whitelam, 2005).

Overall, we found that shaded (Table 2) and control plants without
QPE seed soaking treatment (Table 4) had the lowest yields. Factors
that generally influence rapeseed yield are the duration of growth, start
of flowering, radiation use efficiency and the availability of assimilates
for pod setting and seed filling (Diepenbrock, 2000). Although rapeseed
plants have a substantial capacity to compensate for damage, optimal
stand establishment before the onset of winter is a prerequisite for both
high yields and high yield stability (Diepenbrock, 2000). Results from
the two field trials showed that soaking seeds in QPE dramatically
improved the yields. Previous studies on the foliar application of
growth regulators showed a range of responses. For example, increased
assimilate availability and translocation to the developing seeds,
altered sink strength within the plants, resulting in a redistribution of
assimilates to the meristematic regions, and an improved flow of
assimilates toward the reproductive structures (Setia et al., 1996).
Although we showed the inhibitory effects of QPE in rapeseed seed-
lings, the mechanisms of this effect are unknown, and the possible
effects on other crops still need further research. Furthermore, the
mechanisms by which QPE seed soaking changes the biochemistry of
seeds and physiological changes that cause increases in winter hardi-
ness and yields, remain unknown and require further investigation.

5. Conclusion

Sowing rapeseed in fallow rice fields in winter is an effective way to
use these fields in double-crop rice and cotton systems. Pot experiments
and field trials both showed that shading and lack of sunshine after
sowing can lead to over-elongation of seedling crowns, which results in
weaker seedlings and leads to decreased seedling viability, and poor
seedling conditions and yields. Treating seeds with QPE inhibited
crown elongation, increased seedling survival rate, improved seedling
conditions in winter, and boosted yields. Furthermore, these treatments
performed better with a longer shading time. The most effective
concentration of QPE was 120 ppm, and increasing the QPE volume
beyond that in which seeds were completely immersed did not further
enhance the inhibitory effect. Rapeseed yields were highest when seeds
were soaked in QPE, and subsequently dried and stored for 4 months
after soaking. Overall, QPE soaking treatments could considerably
improve seedling conditions in winter, increase seedling survival rate,
and enhance harvest densities and the actual yield.
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