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Abstract: Delayed planting date of rapeseed is an important factor affecting seed yield. However,
regulation of the leaf carbohydrate metabolism in rapeseed by a late planting date at the reproductive
stage is scarcely investigated. A two-year field experiment was conducted to assess the effect of
planting dates, including early (15 September), optimal (1 October), late (15 October), and very
late (30 October), on leaf growth and carbohydrate biosynthetic and catabolic metabolism at the
reproductive stage. The results showed that leaf dry matter decreased linearly on average from 7.48
to 0.62 g plant−1 with an early planting date, whereas it increased at first and peaked at 14 days after
anthesis (DAA) with other planting dates. Leaf dry matter was the lowest at the very late planting
date during the reproductive stage. For leaf chlorophyll content, rapeseed planted at an optimal date
maximized at 14 DAA with an average content of 1.51 mg g−1 fresh weight, whereas it kept high
and stable at a very late planting date after 28 DAA. For the carbohydrate catabolic system, acid
and neutral invertase (AI and NI, respectively) showed higher activity before 14 DAA, whereas both
sucrose synthase (SS) and starch phosphorylase (SP) showed higher activity after 14 DAA. For the
carbohydrate biosynthetic system, the activity of sucrose phosphate synthase (SPS) was the highest
at the late planting date after 14 DAA, whereas it was at the lowest at the very late planting date.
However, the activity of ADP-glucose pyrophosphorylase (AGPase) at the late and very late planting
dates was significantly higher than that of the early and optimal plant dates after 21 DAA, which is
in accordance with the leaf total soluble sugar content, suggesting that leaf carbohydrate metabolism
is governed by a biosynthetic system. The current study provides new insights on leaf carbohydrate
metabolism regulation by late planting in rapeseed at the reproductive stage.

Keywords: rapeseed; carbohydrate; enzyme; late planting date; metabolism

1. Introduction

Rapeseed (Brassica napus L.) is one of the most important oil crops worldwide, which
is distributed in Canada, the European Union, China, India, Australia, and others. Almost
80% of winter rapeseed is planted in the Yangtze River, and the remaining spring rapeseed
is grown in Northwest China, including Gansu Province, Qinghai Province, Inner Mongo-
lia Autonomous Region, Xinjiang Uyghur Autonomous Region, and Tibet Autonomous
Region. Rapeseed is an essential edible oil for humans, who benefit from its high content
of ploy-unsaturated fatty acids and healthy fatty acid compositions such as oleic acid and
linolenic acid [1,2]. Therefore, increasing seed yield and oil production of rapeseed is a
persistent goal for breeders and growers.

Although seeds are the harvesting target in most crops, the yield is closely associated
with crop leaves because they are an important organ due to their multiple functions.
Firstly, leaves are a producer of photosynthetic products such as carbohydrates, which are
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essential for plant growth and development [3–5]. Secondly, leaf transpiration is one of the
driving forces of root water absorption and transportation [6–8]. Thirdly, nutrient uptake
and accumulation in leaves is necessary for crop life cycling [9–11]. Nutrients such as
nitrogen assimilates could be absorbed through the roots and transported by the stems and
veins to the leaves [12]. Furthermore, leaves can directly absorb nutrients through foliar
application [13,14]. Fourthly, leaves are a key factor for plant architecture establishment,
including leaf area index, which is highly correlated with crop yield [15,16]. However, the
function of crop leaves is not fixed but dynamic. For example, young leaves are considered
a sink, whereas adult ones are generally thought of as a strong source [17,18].

The main function of leaves during rapeseed development is similar to that of other
crops. However, unlike other crops such as rice and wheat, rapeseed leaves can be divided
into three types, which are the long petiole leaves at the young seedling stage, the short
petiole leaves or rosette leaves during the late seedling to budding stage, and the sessile
leaves at the basal of each branch during the stem elongation and flowering stage [19].
Before floral meristem differentiation initiation, part of the long petiole leaves drops at the
basal of the stem. After floral meristem differentiation initiation, the left long petiole and
rosette leaves play pivotal roles in carbohydrate and nutrient supply for stem elongating
and bud development [20,21]. However, leaves are shaded thoroughly after the middle
flowering stage once flowers occupy the canopy. As a result, the remaining long petiole
leaves and rosette leaves gradually drop after the end of flowering until the seed-filling
stage. At this stage, the nutrients shift from the senescing leaves to other parts, such as
the stem and reproductive organs like the bud and developing siliques [12]. Processes
including leaf senescing, nutrient transfer from leaves, and leaf falling are affected by many
agronomic practices, such as nitrogen application and delayed planting date [22,23].

Late planting always happens with many crops due to reasons such as unsuitable
climate [24,25]. Besides climate change, such as continuous rain or drought at the seed-
ing stage, the delay in rice harvesting in the rapeseed–rice rotation system is one of the
most important reasons for the late planting of rapeseed. The rapeseed–rice rotation has
a long history in the planting system in China, which is mainly adopted by growers in
the Yangtze River region. However, in order to further increase the seed yield of rice, the
application of long-growth-duration varieties and a change in planting models such as from
rice–rice–rapeseed to rice–rapeseed resulted in the extension of rice growth and a delay in
rice harvesting. Similar to other crops, delayed planting of rapeseed and other oil crops
such as safflower led to a lower seed yield and oil content [26,27]. The yield decrease due
to the planting date being linked to the leaf development and physiological status has been
widely studied [28,29]. For example, it was found that the leaf emergence rate quickens
and the leaf size is reduced with a late planting date in barley [29]. Sinderlar et al. (2010)
reported that a leaf area decrease was associated with low yield in corn with a late plant-
ing date [30]. The relationship between leaf physiological status and yield change under
different planting dates has been also evaluated [31]. However, till now, although many
investigations have been performed on the contributions of leaves at the seedling stage
on the seed yield of rapeseed [32,33], no reports have been conducted on the correlation
between oil yield production and leaf carbohydrate metabolism both with normal and late
planting dates in rapeseed at the reproductive stage. As mentioned above, leaves are the
major carbohydrate source at the reproductive stage, which can affect seed yield via bud
and early silique development. Therefore, we hypothesized that a late planting date would
modulate leaf carbohydrate metabolism, which would be an important physiological mech-
anism of leaf dry matter accumulation and hence a commonly recognized phenomenon of
yield reduction.

In our previous study, the results showed that delayed planting significantly influenced
leaf carbohydrate profiles [34]. However, the physiological regulation of the carbohydrate
metabolism at the reproductive stage under different planting dates in rapeseed has scarcely
been reported. In this investigation, we used a widely grown rapeseed variety, Zheyou 50,
which is one of the major leading cultivars in the downstream of area of the Yangtze River,
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China. The main characteristics of the cultivar are high yield (the highest yield gained the
Guinness records of Zhejiang Agriculture, which was more than 4500 kg ha−1), high oil
content (50.1%), and wide adaptability in different growth areas. We first measured the
dynamic of leaf dry matter and total sugar content, and then determined the photosynthetic
pigment content and carbohydrate metabolic-driven enzymatic activities in rapeseed leaves
after initial flowering under different planting dates. The goals of the study were (1) to
evaluate the response of leaf dry matter accumulation, chlorophyll, and carbohydrate
content to the planting dates during rapeseed reproductive stage; (2) to compare carbohy-
drate metabolic enzymatic activities under different planting dates; and (3) to elucidate the
mechanism on the changed leaf carbohydrate metabolism induced by different planting
dates after flowering.

2. Materials and Methods
2.1. Plant Material and Crop Management

The experiment was conducted during the 2018–2019 and 2019–2020 growing seasons
at the experimental station of the Zhejiang Academy of Agricultural Sciences, Hangzhou,
China. One rapeseed (Brassica napus L.) cultivar, Zheyou 50, was chosen as the plant
material. The cultivar Zheyou 50 was bred by the rapeseed breeding team at the Institute
of Crop and Nuclear Utilization Technology, Zhejiang Academy of Agricultural Sciences.
The soil type in the experimental station is loamy clay (loamy, mixed, and thermic Aeric
Endoaquepts). The previous crop was rice grown in a rapeseed–rice rotation system. Urea,
calcium superphosphate, potassium oxide, and borax were manually broadcast at the rate
of 275, 375, 120, and 15 kg ha−1, respectively, as basal fertilizer before sowing. In addition,
plants were fertilized by urea as topdressing at the rate of 120 kg ha−1 at the end of January
in 2019 and 2020. About five rapeseed seeds were directly sown into the soil in a hole at a
depth of approximately 3 cm in the plot. The seedlings were thinned to one plant in each
hole after one month. The field was not irrigated during the rapeseed growing season, and
the mean temperature and precipitation of the two growing seasons is shown in Figure 1.
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2.2. Experimental Design

The experiment was a completely random block design with three replications. Four
planting dates—early (15 September), optimal (1 October), late (15 October), and very
late (30 October)—served as the experimental treatment. The recommended optimal
planting date was used as a control to compare the effects of different planting dates on
leaf carbohydrate metabolism after flowering initiation. The plot was 40 m in length and
had eight rows, with spacing between the rows of 0.35 m and between the plants of 0.2 m.

2.3. Sampling and Physiological Index Measurement

Plants were harvested from 0 DAA with a 7-day interval. During sampling, six plants
were randomly selected in each plot without border ones. Leaves from three plants were
mixed and immersed in the liquid nitrogen. The frozen leaf samples were transported to
the lab and stored at −80 ◦C in an ultra-low-temperature refrigerator until they were used
for physiological index analysis. Another piece of three plants was immediately taken back
to the lab. The leaves were detached from the plants and killed at 90 ◦C for 0.5 h in an
oven. Then the temperature was adjusted to 75 ◦C to dry the leaf samples until the weight
reached a constant value. The samples were cooled in a dryer and weighed by a balance.

2.4. Chlorophyll Content Determination

The leaf samples were ground into fine powder with liquid nitrogen and extracted by
800 mL L−1 acetone. The total chlorophyll content was determined following the method
described by Lichtenthaler [35].

2.5. Total Soluble Carbohydrate Content Measurement

The dried leaf samples were ground into fine powder. The extraction and measurement
of total soluble carbohydrate content followed the description by Hua et al. [36].

2.6. Carbohydrate Metabolism Enzymatic System Assay

Invertase, SUS, and sucrose phosphate synthase (SPS) extraction and determination
were performed using the method described by King et al. [37]. Starch phosphorylase (SS)
and ADP-glucose pyrophosphorylase (AGPase) activities were measured according to the
method of Smith [38], Smith et al. [39], and da Silva [40].

2.7. Statistical Analysis

Statistical analysis was performed using SPSS (version 17.0, Chicago, IL, USA). ANOVA
was performed on the leaf dry matter, total chlorophyll content, total soluble sugar con-
tent, and enzymatic activities. The mean values were compared using Duncan’s test at a
probability of 0.05. The results of the statistics are listed in Supplementary Table S1.

3. Results
3.1. Response of Leaf Dry Matter Accumulation to the Planting Date

Rapeseed leaf dry matter showed a decreasing trend at the early planting date
(15 September), showing an increasing trend from the day of initial anthesis to 14 DAA
and then decreasing under other treatments (Figure 2). The results suggest that leaves
on the rapeseed plants at an early planting date would senesce earlier than late planting.
Before the leaves dropped off, the rapeseed planted at 1 October showed higher dry matter
than other treatments (Figure 2). Leaf dry matter under the treatment of 1 October was
above 8 g plant−1, whereas it was below 8 g plant−1 before 14 DAA under other treatments
(Figure 2). Rapeseed leaf growth was seriously inhibited under very late planting date
(30 October) because the dry leaf dry matter exhibited the lowest amount at each develop-
ing stage except at 14 DAA, which was higher than that sowed at 15 September (Figure 2).
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Figure 2. Leaf dry matter accumulation from anthesis with a 7 d interval under four planting
dates—early, optimal, late, and very late (15 September, 1 October, 15 October, and 30 October,
respectively)—in 2019 and 2020. Bars of each value are standard error.

3.2. Response of Leaf Total Chlorophyll and Total Carbohydrate Content to the Planting Date

Total chlorophyll content showed an increasing trend from 0 to 14 DAA but very
few fluctuations before 21 DAA at optimal and early planting dates (1 October and
15 September, respectively) (Figure 3a and Supplementary Figure S1). Furthermore, leaf
total chlorophyll content under both treatments decreased from 21 DAA very quickly,
indicating the fast collapse of chloroplast in the leaf before senescence and drop. The total
chlorophyll content at the planting date of 1 October was highest at 14 DAA compared
with other planting dates (Figure 3a and Supplementary Figure S1). When rapeseed plants
were planted at late and very late dates (15 October and 30 October, respectively), the total
chlorophyll content ranked first and second from 28 DAA on compared with early and op-
timal planting dates, suggesting the vigorous physiological status of vegetative leaves. The
average leaf total chlorophyll content from 28 to 42 DAA for the 30 October and 15 October
treatments was 30.4%, 33.3%, 13.1%, and 16.8%, respectively, which is higher than that for
the 15 September and 1 October treatments (Figure 3a and Supplementary Figure S1).

Total carbohydrate content in leaves at early and optimal planting dates showed a
decreasing trend from the day of initial anthesis, suggesting that canola plants planted
early will correspondingly lead to leaves entering the senescing stage early (Figure 3b
and Supplementary Figure S2). However, when rapeseed plants were under the delayed
planting state (15 October), total carbohydrate content in leaves showed a slight increase and
then a slight decrease (Figure 3b and Supplementary Figure S2). The result suggests that the
assimilation and dissimilation of the carbohydrates in the leaves was much more equilibrant
under the late planting date. However, for the very late planting date (30 October), the
total carbohydrate content was low at the beginning of anthesis and 7 DAA and increased
from then on. After 28 DAA, the total carbohydrate content remained relatively stable and
the highest compared with other treatments (Figure 3b and Supplementary Figure S2). The
result suggests the continuous leaf growth and accumulation of photo-assimilates.
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3.3. Response of Leaf Carbohydrate Metabolism Enzymatic Activity to Planting Date
3.3.1. Leaf Acid Invertase (AI)

Leaf AI activity under all planting dates decreased sharply from the initial anthesis
to 14 DAA (Figure 4a and Supplementary Figure S3). The leaf AI activity was very low
from 14 DAA on, which was reduced by 50% to 75% compared with 0 DAA, and kept
rather stable (Figure 4a and Supplementary Figure S3). The result suggested that the AI
in rapeseed leaves mainly functioned at the early reproductive stage (0 to 14 DAA) to
catalyze sucrose. As for the influence of planting date on leaf AI activity, leaf AI activity
markedly decreased when rapeseed plants were planted under late and very late dates at
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the early reproductive stage (from 0 to 14 DAA). For example, the average leaf AI activity
at the beginning of flowering under the optimal planting date (1 October) was 30% and
38% higher than that at the late and very late planting dates (15 October and 30 October),
respectively (Figure 4a and Supplementary Figure S3).
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15 October, and 30 October, respectively)—in 2020. Bars of each value are standard error.
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3.3.2. Leaf Neutral Invertase (NI)

Unlike leaf AI activity, NI activity was weak during the rapeseed reproductive stage
(Figure 4b and Supplementary Figure S4). For the dynamics of leaf NI activity, it increased
first from the start of flowering and then decreased for all planting dates except for the very
late planting date, which showed a decline from 0 DAA on (Figure 4b and Supplementary
Figure S4). However, a recoverable increment of NI activity was observed at 42 DAA under
each planting date (Figure 4b and Supplementary Figure S4). Generally, leaf NI activity
with the very late planting date was the lowest at most rapeseed plant reproductive stages
(Figure 4b and Supplementary Figure S4). Furthermore, leaf NI activity under early and
optimal planting dates was significantly higher than that under late and very late planting
dates at 42 DAA, which showed 72.3, 82.6, 31.7, and 45.3% increments as compared with
late and very late planting dates, respectively (Figure 4b and Supplementary Figure S4).
The results suggests very strong carbohydrate hydrolysis in leaves before dropping.

3.3.3. Leaf Sucrose Phosphate Synthase (SPS)

Generally, leaf SPS activity under each planting date was relatively steady (Figure 4c
and supplementary Figure S5). For the early planting date (15 September), very high leaf
SPS activity was obtained at 0 DAA in 2019 and 7 DAA in 2020, which was 2.4-fold and
2.2-fold higher than that under late and optimal planting dates (15 October and 1 October),
respectively (Figure 4c and Supplementary Figure S5). Leaf SPS activity increased from 0 to
7 DAA (2019)/14 DAA (2020) and then decreased for the optimal planting date (Figure 4c
and supplementary Figure S5). Notably, rapeseed plants with the late planting date had
the highest SPS activity from 21 DAA on in both years, indicating strong requirements of
photo-assimilate for delayed leaf development (Figure 4c and Supplementary Figure S5).
However, when rapeseed plants had a very late planting date, the leaf SPS activity was the
lowest from 14 to 35 DAA, revealing the weakened sucrose synthetic capacity in the leaves
(Figure 4c and Supplementary Figure S5).

3.3.4. Leaf Sucrose Synthase (SS)

Like leaf AI activity, SS activity was very high under all planting date treatments
(Figure 4d and Supplementary Figure S6). The result clearly demonstrates that carbohydrate
catalysis dominated over the carbohydrate metabolism but not synthesis in the leaves
during the rapeseed plant reproductive stage. Although the leaf SS activity decreased from
the initial flowering to 7 DAA/14 DAA, a rapid increase in leaf SS activity was found till
28 DAA/35 DAA in all planting dates (Figure 4d and Supplementary Figure S6). At the
early reproductive stage (0 to 14 DAA), leaf SS activity was the highest for the very late
planting date (Figure 4d and Supplementary Figure S6). However, from 14 DAA on, leaf
SS activity was the strongest for the late planting date, compared with other treatments in
2014 (Figure 4d and Supplementary Figure S6). The leaf SS activity with the early planting
date was the lowest from 14 to 28 DAA as compared with other treatments, indicating the
importance of the invertase system for carbohydrate hydrolysis over that of the SS system
with an early planting date.

3.3.5. Leaf Starch Phosphorylase (SP)

Leaf SP activity was low and stable from the beginning of flowering to 14 DAA
and then increased to different extents under different planting dates (Figure 4e and
Supplementary Figure S7). Generally, the leaf SP activity peaked at 28 DAA for each
planting date in both years (Figure 4e and Supplementary Figure S7). However, at 35 and
42 DAA, leaf SP activity decreased to the lowest activity, which was very weak under all
treatments (Figure 4e and Supplementary Figure S7). At 28 DAA, leaf SP activity for the
late planting date (15 October) had the highest value, which was, on average, 36.7, 91.4,
and 150.9% higher than that under the optimal (1 October), early (15 September), and very
late (30 October) planting dates, respectively (Figure 4e and Supplementary Figure S7).
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3.3.6. Leaf ADP-Glucsoe Pyrophosphorylase (AGPase)

An opposite trend of leaf AGPase activity was found during the rapeseed repro-
ductive stage: The activity in early and optimal planting dates decreased, whereas they
increased under late and very late planting dates in both years (Figure 4f and Supple-
mentary Figure S8). Before 14 DAA, leaf AGPase activity for early and optimal planting
dates was significantly higher than that for late and very late planting dates (Figure 4f and
Supplementary Figure S8). However, from 21 DAA on, leaf AGPase activity for late and
very late planting dates was significantly higher than that for early and optimal planting
dates (Figure 4f and Supplementary Figure S8). The results suggest that rapeseed leaf
under late and very late planting conditions will synthesize starch for leaf growth, whereas
starch will be used or degraded in the leaves under early and optimal planting dates.

4. Discussion

Although many agronomic practices can influence rapeseed leaf growth, planting date
has been paid much attention since it involves simple but very important management.
Appropriate planting date can increase crop yield with improved traits such as leaf area [41].
As planting date is delayed, one of the most important influences for rapeseed growth is
the loss of heat. In the present study, the average temperature reached 20 ◦C (Figure 1)
for the planting dates from 1 October to 15 October, which means the total effective
cumulative temperature would be greatly wasted within 15 days. Therefore, the reduced
growth time would deeply affect young rapeseed seedling development and population
establishment [42].

Because rapeseed leaves have a long life cycle, which is maintained from true leaf
appearance to abscission, the impact of late planting date on leaf development will last the
whole duration of leaf growth. Leaf development in rapeseed before budding is mainly in
shaping the plant architecture [43]. Once the plants enter the budding stage, another key
property during rapeseed development is the simultaneous advancement of vegetative
and reproductive growth from the beginning of floral meristem differentiation. At this
stage, rapeseed leaves have dual roles: Firstly, they synthesize many assimilates through
photosynthesis for new leaf expansion; secondly, the leaves partly act as a source to provide
nutrients for rapeseed bud development before the canopy formation. In this context,
both functions of rapeseed leaves should be protected for the rapid development of leaves
and buds. Normally, rapeseed budding to the end of flowering lasts approximately 40 to
50 days in the downstream area of the Yangtze River region, China. During this process,
leaf development is not only influenced by agronomic practices and adverse environmental
occurrence, but also its developmental characteristics. For example, as rapeseed stems
elongate and the flower layer is established, leaves can be severely shaded, which can
significantly affect the efficiency of leaf photosynthesis. In coffee leaves, when plants were
shaded in different levels, mean leaf net photosynthesis was kept at a lower level, which
decreased by 20% under shade treatments [44]. However, the situation is not absolutely
fixed when they suffer from an adverse environment; they can use other methods such as a
change in tissue morphology to avoid these adverse encounters [45,46].

When rapeseed has an early planting date, it can accumulate more plant dry matter
because of extended growth duration. Our results also explicitly revealed this issue, since
the leaf dry matter for the early planting date was lower than that for the optimal planting
date and showed a decreasing trend. In addition to the decreasing leaf dry matter, the
photosynthetic pigment had nearly no increment at the early reproductive stage, whereas
other treatments showed an increasing trend. The observation was in agreement with
other reports. For example, an earlier planting date of winter triticale produced more
dry matter [47]. On the other hand, another risk is also frequently observed, which is
premature senescence, because the rapeseed varieties used in most areas in China belong
to a semi-winter type. Soybean plants were planted earlier, leading to the premature
flowering, which was highly correlated with temperature and photoperiod [48]. However,
as the leaf physiological status alteration, which is the total soluble carbohydrate content
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in a continuous reduction at an early planting date, kept increasing at late and very late
planting dates, it is still unknown how big the influence of light reduction due to the shade
by the flower layer is on leaf senescence in rapeseed with different planting dates.

Unlike the early planting date, the reduction in plant growth duration can result in
insufficient leaf growth at vegetative and reproductive growth stages with a late planting
date because of the lesser leaf dry matter accumulated compared with an optimal planting
date (Figure 2). Leaves with insufficient growth condition can further lead to less chloro-
phyll content at the early reproductive stage (Figure 3). This phenomena clearly uncovers
the change in leaf physiological metabolism. Normally, leaf chlorophyll content should be
reduced because of both natural senescing and shade stress [49,50]. However, the lesser
reduction of leaf chlorophyll content at a late planting date might be due to the compacted
plant size, which saves space for reducing the adverse effect of shade stress. Under the same
plant density, enough space between rapeseed plants is obviously a benefit for leaf physio-
logical metabolism because of the improvement in irradiation and field humidity [51]. As a
result, the highly correlated photosynthetic product, which is carbohydrate content, with
chlorophyll content is a reasonable variation trend. Total soluble sugar content in rapeseed
leaves is considerably exported to other tissues such as young stems and buds at early and
optimal planting dates. However, the carbohydrates in the leaves under late or very late
planting dates should be a very small part for export to other tissues because of the slight
increase in the sugar content. The results also suggest that catalysis of carbohydrate in
rapeseed leaves should not be the dominant metabolism for a late planting date. It was
reported that different carbohydrate compositions had various responses to late planting
date. For example, fructose content increased by up to 60%, whereas sucrose decreased by
up to 50% in cotton under a late planting date treatment [52]. Similarly, in winter wheat,
late seeded plants generally deposited more simple sugars but less highly polymerized
fructan [53], which was the same trend in rapeseed after 28 DAA under the late planting
date treatment.

Rapeseed leaf sucrose catalysis has two independent systems, which are invertase and
sucrose synthase [54,55]. Although the function of the two enzymatic systems is the same,
they react differently at spatial and temporal levels [56]. In rapeseed leaf, acid invertase
at the early stage of anthesis plays a key role in cleaving sucrose into small molecules
according to its very strong enzymatic activity at this stage. Furthermore, the higher activity
at this stage might be closely correlated with the reallocation of the sugar within different
organs such as leaves, buds, and stems. Regardless of the development of the leaves at the
early stage of anthesis, large amounts of available cleaved sugars are required for rapeseed
bud development. For rapeseed plants, once the suitable developmental condition is
ready, buds should appear even if the plant is small, especially at a very late planting
date. This is because the rapeseed plants go through vernalization in winter for most semi-
winter genotypes [57,58]. Inversely, leaf sucrose synthase showed higher activity at the late
flowering stage. Although there is no evidence for the reasons why the sucrose catalytic
enzymatic activity kept high throughout the reproductive stage, there are likely some
activated factors resulting in the different switches between the two enzymatic systems.
Unlike sucrose, very strong starch phosphorylase was found with the late planting date.
The continuous leaf expansion for further growth needed a large number of assimilates
for the late planting date. This inference was supported by the increased AGPase activity,
which is another enzymatic system for starch biosynthesis [59,60]. Unlike the late planting
date, the activity of the enzymes was quite different under the optimal planting date.
For AGPase activity, it peaked at the early reproductive stage in rapeseed at the optimal
planting date, which was an ample sugar source for both rapid leaf and bud development.
However, rapeseed leaves also had higher starch phosphorylase activity with the optimal
planting date following the late planting date at the late reproductive stage. This should
be a benefit for rapeseed stem and silique/seed development. Although rapeseed stems
start elongation from budding, the stem is not lignified during this stage and large soluble
sugars are utilized by the stem. Furthermore, the stem also acts as a large physiological
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channel, letting the sugars be transported from leaf to bud. At the middle/late reproductive
stage, large amounts of sugars are still required during stem lignification, and those sugars
are most likely transported into siliques and seeds. A previous study showed that the
canopy acquired the largest capacity and heaviest weight around 30 DAA [34]; therefore, we
inferred that the synthesized starch was transported into the sink center, such as developing
seeds at the optimal planting date. Under this circumstance, it is reasonable to keep higher
enzyme activity both for stem and canopy development because rapid lignification of the
stem is quite necessary to enhance its lodging resistance to support the heavy layer of the
canopy. Therefore, the stronger enzymatic systems at different reproductive stages were
a guarantee for rapeseed’s vigorous vegetative and reproductive growth at the optimal
planting date. However, the enzymatic system, including the enzymatic activity and
shifting of the expressed stages under different reproductive stages, was significantly
changed and limited the plant organ development, which was not benefit for the yield for
the late planting date.

5. Conclusions

Early planting date, before 1 October, for rapeseed is not recommended, not only
for the rice–rapeseed production system for the late harvesting of rice but also due to the
adverse effect, mainly referring to the early prematurity and hence the rapeseed yield. Late
and very late planting dates resulted in less leaf dry matter and continuous accumulation of
chlorophyll and soluble sugar content at the late reproductive stage. The balance between
carbohydrate biosynthetic and catabolic systems indicated that the biosynthetic system had
the greatest contribution on late planted leaf carbohydrate deposition. The recommendation
of planting date of rapeseed was before 15 October in the downstream area of Yangtze
River, China. Since the small body of rapeseed led to less leaf dry matter at a late planting
date, we strongly suggest that growers increase the planting density, which could be more
than 45,000 plants ha−1, for further study. It should be feasible to compensate the effect of
delaying planting date on rapeseed growth by improving plant population under higher
planting density to reduce yield losses.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/plants11131696/s1, Figure S1: leaf total chlorophyll content from
anthesis with a 7 d interval under four planting dates in 2019; Figure S2: leaf total soluble sugar
content from anthesis with a 7 d interval under four planting dates in 2019; Figure S3: leaf acid
invertase activity from anthesis with a 7 d interval under four planting dates in 2019; Figure S4:
leaf neutral invertase activity from anthesis with a 7 d interval under four planting dates in 2019;
Figure S5: leaf sucrose phosphate synthase activity from anthesis with a 7 d interval under four
planting dates in 2019; Figure S6: leaf sucrose synthase activity from anthesis with a 7 d interval
under four planting dates in 2019; Figure S7: leaf starch phosphorylase activity from anthesis with a 7
d interval under four planting dates in 2019; Figure S8: leaf ADP-glucose pyrophosphorylase activity
from anthesis with a 7 d interval under four planting dates in 2019; Table S1: Mean value of each
physiological trait in 2019 and 2020.

Author Contributions: S.H., Y.R. and J.Z. designed the experiment. Y.R., H.Z., B.L. and P.H. per-
formed the experiment. Y.R. and S.H. wrote the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the earmarked fund for the China Agriculture Research
System (CARS-12), the Natural Science Foundation of Zhejiang (Y21C13014), the National Natural
Science Foundation of China (32130076), the Zhejiang Science and Technology Major Program on
Agricultural New Variety Breeding (2021C02064), and the Zhejiang Key Laboratory of Digital Dry
Land Crops (2022E10012).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

https://www.mdpi.com/article/10.3390/plants11131696/s1
https://www.mdpi.com/article/10.3390/plants11131696/s1


Plants 2022, 11, 1696 13 of 15

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chew, S.C. Cold-pressed rapeseed (Brassica napus L.) oil: Chemistry and functionality. Food Res. Int. 2020, 131, 108997. [CrossRef]

[PubMed]
2. Beyzi, E.; Gunes, A.; Beyzi, S.B.; Konca, Y. Changes in fatty acid and mineral composition of rapeseed (Brassica napus ssp. oleifera

L.) oil with seed size. Ind. Crop. Prod. 2019, 129, 10–14. [CrossRef]
3. Bhagsari, A.S.; Brown, R.H. Leaf photosynthesis and its correlation with leaf area. Crop Sci. 1986, 26, 127–132. [CrossRef]
4. Kumagai, E.; Burroughs, C.H.; Pederson, T.L.; Montes, C.M.; Peng, B.; Kimm, H.; Guan, K.; Ainsworth, E.A.; Bernacchi, C.J.

Prediction biochemical acclimation of leaf photosynthesis in soybean under in-field canopy warming using hyperspectral
reflectance. Plant Cell Environ. 2022, 45, 80–94. [CrossRef] [PubMed]

5. Coast, O.; Posch, B.C.; Gaju, O.; Richards, R.A.; Lu, M.; Ruan, Y.; Trethowan, R.; Atkin, O.K. Acclimation of leaf photosynthesis
and respiration to warming in field-grown wheat. Plant Cell Environ. 2021, 44, 23312346. [CrossRef]

6. Patanè, C. Leaf area index, leaf transpiration and stomatal conductance as affected by soil water deficit and VPD in processing
tomato in semi arid Mediterranean climate. J. Agron. Crop Sci. 2011, 197, 165–176. [CrossRef]

7. Jafarikouhini, N.; Sinclair, T.R.; Resende, M.F. Comparison of water flow capacity in leaves among sweet corn genotypes as basis
for plant transpiration rate sensitivity to vapor pressure deficit. Crop Sci. 2022, 62, 906–912. [CrossRef]

8. Sinclari, T.R.; Jafarikouhini, N. Plant waterflow restrictions among sweet corn lines related to limited-transpiration trait. Crop Sci.
2022, 62, 1242–1250. [CrossRef]

9. Šímová, I.; Sandel, B.; Enquist, B.J.; Michaletz, S.T.; Kattge, J.; Violle, C.; McGill, B.J.; Blonder, B.; Engemann, K.; Peet, R.K.; et al.
The relationship of woody plant size and leaf nutrient content to large-scale productivity for forests cross the Americas. J. Ecol.
2019, 107, 2278–2290. [CrossRef]

10. Grieco, M.; Schmidt, M.; Warnemünde, S.; Backhaus, A.; Klück, H.; Garibay, A.; Moya, Y.A.T.; Jozefowicz, A.M.; Mock, H.; Seiffert,
U.; et al. Dynamics and genetic regulation of leaf nutrient concentration in barley based on hyperspectral imaging and machine
learning. Plant Sci. 2022, 35, 111123. [CrossRef]

11. Chen, H.; Reed, S.C.; Lü, X.T.; Xiao, K.C.; Wang, K.L.; Li, D.J. Coexistence of multiple leaf nutrient resorption strategies in a single
ecosystem. Sci. Total Environ. 2021, 772, 144951. [CrossRef] [PubMed]

12. Seleiman, M.F. Use of plant nutrients in improving abiotic stress tolerance in wheat. In Wheat Production in Changing Environments;
Springer: Singapore, 2019; pp. 481–495.

13. Verma, K.K.; Song, X.; Zeng, Y.; Guo, D.; Singh, M.; Rajput, V.D.; Malviya, M.K.; Wei, K.; Sharma, A.; Li, D.; et al. Foliar application
of silicon boosts growth, photosynthetic leaf gas exchange, antioxidative response and resistance to limited water irrigation in
sugarcane (Saccharum officinarum L.). Plant Physiol. Biochem. 2021, 166, 582–592. [CrossRef] [PubMed]

14. Bonelli, L.E.; Andrade, F.H. Maize radiation use-efficiency response to optimally distributed foliar-nitrogen-content depends on
canopy leaf-area index. Field Crop Res. 2020, 247, 107557. [CrossRef]

15. Zhu, Y.C.; Li, T.; Xu, J.; Wang, J.J.; Wang, L.; Zou, W.W.; Zeng, D.L.; Zhu, L.; Chen, G.; Hu, J.; et al. Leaf width gene LW5/D1affects
plant architecture and yield in rice by regulating nitrogen utilization efficiency. Plant Physiol. Biochem. 2020, 157, 359–369.
[CrossRef]

16. Invernizzi, M.; Paleari, L.; Yang, Y.B.; Wilson, L.T.; Buratti, M.; Astaldi, A.Z.; Confalonieri, R. Genotype-specific models for leaf
architecture as affected by leaf position and age. Model development and parameterisation using smartphone-based 3D plant
scans. Biosyst. Eng. 2022, 215, 249–261. [CrossRef]

17. Masclaux, C.; Valadier, M.; Brugière, N.; Morot-Gaudry, J.; Hirel, B. Characterization of the sink/source transition in tobacco
(Nicotiana tabacum L.) shoots in relation to nitrogen management and leaf senescence. Planta 2000, 211, 510–518. [CrossRef]

18. Jorquera-Fontena, E.; Alberdi, M.; Reyes-Díaz, M.; Franck, N. Rearrangement of leaf traits with changing source-sink relationship
in blueberry (Vaccinium corymbosum L.). Photosynthetica 2016, 54, 508–516. [CrossRef]

19. Lancashire, P.D.; Bleiholder, H.; van dem Boom, T.; Langelüdeke, P.; Stauss, R.; Weber, E.; Witzenberger, A. A uniform decimal
code for growth stages of crops and weeds. Ann. Appl. Biol. 1991, 119, 561–601. [CrossRef]

20. Zhang, Y.; Zhang, D.; Yu, H.; Lin, B.; Fu, Y.; Hua, S. Floral initiation in response to planting date reveals the key role of floral
meristem differentiation prior to budding in canola (Brasscia napus L.). Front. Plant Sci. 2016, 7, 1369. [CrossRef]

21. Smet, D.; Depaepe, T.; Vandenbussche, F.; Callebert, P.; Nijs, I.; Ceulemans, R.; Van Der Straeten, D. The involvement of
the phytohormone ethylene in adaption of Arabidopsis rosettes to enhanced atmospheric carbon dioxide concentrations.
Environ. Exp. Bot. 2020, 177, 104128. [CrossRef]

22. Wang, W.Q.; Hao, Q.Q.; Wang, W.L.; Li, Q.X.; Chen, F.J.; Ni, F.; Wang, Y.; Fu, D.L.; Wu, J.J.; Wang, W. The involvement of
cytokinin and nitrogen metabolism in delayed flag leaf senescence in a wheat stay-green mutant, tasg1. Plant Sci. 2019, 278, 70–79.
[PubMed]

23. Li, Y.Y.; Ming, B.; Fan, P.P.; Liu, Y.; Wang, K.R.; Hou, P.; Xue, J.; Li, S.K.; Xie, R.Z. Quantifying contributions of leaf area and
longevity to leaf area duration under increased planting density and nitrogen input regimens during maize yield improvement.
Field Crop Res. 2022, 283, 108551. [CrossRef]

24. Acharjee, T.K.; Van Halsema, G.; Ludwig, F.; Hellegers, P.; Supit, I. shifting planting date of Boro rice as a climate change
adaptation strategy to reduce water use. Agr. Syst. 2019, 168, 131–143. [CrossRef]

http://doi.org/10.1016/j.foodres.2020.108997
http://www.ncbi.nlm.nih.gov/pubmed/32247493
http://doi.org/10.1016/j.indcrop.2018.11.064
http://doi.org/10.2135/cropsci1986.0011183X002600010030x
http://doi.org/10.1111/pce.14204
http://www.ncbi.nlm.nih.gov/pubmed/34664281
http://doi.org/10.1111/pce.13971
http://doi.org/10.1111/j.1439-037X.2010.00454.x
http://doi.org/10.1002/csc2.20711
http://doi.org/10.1002/csc2.20717
http://doi.org/10.1111/1365-2745.13163
http://doi.org/10.1016/j.plantsci.2021.111123
http://doi.org/10.1016/j.scitotenv.2021.144951
http://www.ncbi.nlm.nih.gov/pubmed/33571760
http://doi.org/10.1016/j.plaphy.2021.06.032
http://www.ncbi.nlm.nih.gov/pubmed/34175813
http://doi.org/10.1016/j.fcr.2019.107557
http://doi.org/10.1016/j.plaphy.2020.10.035
http://doi.org/10.1016/j.biosystemseng.2022.01.011
http://doi.org/10.1007/s004250000310
http://doi.org/10.1007/s11099-016-0207-9
http://doi.org/10.1111/j.1744-7348.1991.tb04895.x
http://doi.org/10.3389/fpls.2016.01369
http://doi.org/10.1016/j.envexpbot.2020.104128
http://www.ncbi.nlm.nih.gov/pubmed/30471731
http://doi.org/10.1016/j.fcr.2022.108551
http://doi.org/10.1016/j.agsy.2018.11.006


Plants 2022, 11, 1696 14 of 15

25. Anwar, M.R.; Wang, B.; Liu, D.L.; Waters, C. Late planting has great potential to mitigate the effects of future climate change on
Australian rain-fed cotton. Sci. Total Environ. 2020, 714, 136806. [CrossRef] [PubMed]

26. Moore, M.K.; Guy, S.O. Agronomic response of winter rapeseed to rate and date of seeding. Agron. J. 1997, 89, 521–526. [CrossRef]
27. Luebs, R.E.; Yermanos, D.M.; Laag, A.E.; Burge, W.D. Effect of planting date on seed yield, oil content, and water requirement of

safflower. Agron. J. 1965, 57, 162–164. [CrossRef]
28. Uddin, S.; Parvin, S.; Löw, M.; Fitzgerald, G.J.; Tausz-Posch, S.; Armstrong, R.; Tausz, M. The water use dynamics of canola

cultivars grown under elevated CO2 are linked to their leaf area development. J. Plant Physiol. 2018, 229, 164–169. [CrossRef]
29. Kirby, E.J.M.; Appleyard, M.; Fellowes, G. Effect of sowing date on the temperature response of leaf emergence and leaf size in

barley. Plant Cell Environ. 1982, 5, 477–484. [CrossRef]
30. Sindelar, A.J.; Roozeboom, K.L.; Gordon, W.B.; Heer, W.F. Corn response to delayed planting in the Central Great Plains. Agron. J.

2010, 102, 530–536.
31. De Bruin, J.L.; Singer, J.W.; Pedersen, P.; Rotundo, J.L. Soybean photosynthetic rate and carbon fixation at early and late planting

dates. Crop Sci. 2010, 50, 2516–2524.
32. Gong, Y.; Duan, B.; Fang, S.H.; Zhu, R.S.; Wu, X.T.; Ma, Y.; Peng, Y. Remote estimation of rapeseed yield with unmanned aerial

vehicle (UAV) imaging and spectral mixture analysis. Plant Methods 2018, 14, 70. [CrossRef] [PubMed]
33. Sun, B.; Wang, C.F.; Yang, C.H.; Xu, B.D.; Zhou, G.S.; Li, X.Y.; Xie, J.; Xu, S.J.; Liu, B.; Xie, T.J.; et al. Retrieval of rapeseed leaf area

index using the PROSAIL model with canopy coverage derived from UAV images as a correction parameter. Int. J. Appl. Earth Obs.
2021, 102, 102373. [CrossRef]

34. Hua, S.; Lin, B.; Hussain, N.; Zhang, Y.; Yu, H.; Ren, Y.; Ding, H.; Zhang, D. Delayed planting affects seed yield, biomass
production, and carbohydrate allocation in canola (Brassica napus). Int. J. Agric. Biol. 2014, 16, 671–680.

35. Lichtenthaler, H.K. Chlorophylls and carotenoids: Pigments and photosynthetic biomembranes. Method Enzymol. 1987, 148,
350–382.

36. Hua, S.; Chen, Z.; Zhang, Y.; Yu, H.; Lin, B.; Zhang, D. Chlorophyll and carbohydrate metabolism in silique and seed are
prerequisite to seed oil content of Brassica napus L. Bot. Stud. 2014, 55, 34. [CrossRef]

37. King, S.P.; Lunn, J.E.; Furbank, R.T. Carbohydrate content and enzyme metabolism in developing canola silique. Plant Physiol.
1997, 114, 153–160. [CrossRef]

38. Smith, A.M. Enzymes of starch synthesis. In Method in Plant Biochemistry; Academic Press: London, UK, 1990; pp. 93–102.
39. Smith, A.M.; Bettey, M.; Bedford, I.D. Evidence that the rb locus alters the starch content in developing pea embryos through an

effect on ADP glucose pyrophosphorylase. Plant Physiol. 1989, 89, 1279–1284. [CrossRef]
40. da Silva, P.M.F.R.; Eastmond, P.J.; Hill, L.M.; Smith, A.M.; Rawsthorne, S. Starch metabolism in developing embryos of oilseed

rape. Planta 1997, 203, 480–487. [CrossRef]
41. López-Bellido, F.J.; López-Bellido, R.J.; Khalil, S.K.; López-Bellido, L. Effect of planting date on winter kabuli chickpea growth

yield under rainfed Mediterranean conditions. Agron. J. 2008, 100, 957–964. [CrossRef]
42. Ren, Y.; Zhu, J.F.; Hussain, N.; Ma, S.L.; Ye, G.R.; Zhang, D.Q.; Hua, S.J. Seedling age and quality upon transplanting affect seed

yield of canola (Brassica napus L.). Can. J. Plant Sci. 2014, 94, 1461–1469. [CrossRef]
43. Li, H.T.; Liu, J.J.; Song, J.R.; Zhao, B.; Guo, C.C.; Wang, B.; Zhang, Q.H.; Wang, J.; King, G.J.; Liu, K.D. An auxin signaling

gene BnaA3.IAA7 contributes to improved plant architecture and yield heterosis in rapeseed. New Phytol. 2019, 222, 837–851.
[CrossRef] [PubMed]

44. Franck, N.; Vaast, P. Limitation of coffee leaf photosynthesis by stomatal conductance and light availability under different shade
levels. Tree 2009, 23, 761–769. [CrossRef]

45. Ashra, H.; Nair, S. Review: Trait plasticity during plant-insect interactions: From molecular mechanisms to impact on community
dynamics. Plant Sci. 2022, 317, 111188. [CrossRef] [PubMed]

46. Li, X.L.; Png, G.K.; Li, Y.H.; Jimoh, S.O.; Ding, Y.; Li, F.; Sun, S.X. Leaf plasticity contributes to plant anti-herbivore defenses and
indicates selective foraging: Implications for sustainable grazing. Ecol. Indic. 2021, 122, 107273. [CrossRef]

47. Schwarte, A.J.; Gibson, L.R.; Karlen, D.L.; Liebman, M.; Jannink, J. Planting date effects on winter triticale dry matter and nitrogen
accumulation. Agron. J. 2005, 97, 1333–1341. [CrossRef]

48. Board, J.E.; Hall, W. Premature flowering in soybean yield reductions at nonoptimal planting dates as influenced by temperature
and photoperiod. Agron. J. 1984, 76, 700–704. [CrossRef]

49. Wang, Y.B.; Huang, R.D.; Zhou, Y.F. Effects of shading stress during the reproductive stages on photosynthetic physiology and
yield characteristic of peanut (Arachis hypogaea Linn.). J. Integr. Agr. 2021, 20, 1250–1265. [CrossRef]

50. Acciaresi, H.; Tambussi, E.A.; Antonietta, M.; Zuluaga, M.S.; Andrade, F.H.; Guiamét, J.J. Carbon assimilation, leaf area dynamics,
and grain yield in contemporary earlier- and later-senescing maize hybrids. Eur. J. Agron. 2014, 59, 29–38. [CrossRef]

51. Li, Z.Q.; Zeng, H.L.; Fan, J.L.; Lai, Z.L.; Zhang, C.; Zhang, F.C.; Wang, H.D.; Cheng, M.H.; Guo, J.J.; Li, Z.J.; et al. Effects of plant
density, nitrogen rate and supplemental irrigation on photosynthesis, root growth, seed yield and water-nitrogen use efficiency of
soybean under ridge-furrow plastic mulching. Agr. Water Manage. 2022, 268, 107688. [CrossRef]

52. Bi, J.L.; Lii, K.S.; Toscano, N.C. Effect of planting date and nitrogen fertilization on photosynthesis and soluble carbohydrate
contents of cotton in relation to silverleaf whitefly (Bemisia tabaci biotype “B”) populations. Insect Sci. 2005, 12, 287–295. [CrossRef]

53. Gaudet, D.A.; Laroche, A.; Puchalski, B. Seeding date alters carbohydrate accumulation in winter wheat. Crop Sci. 2001, 41,
728–738. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2020.136806
http://www.ncbi.nlm.nih.gov/pubmed/31982770
http://doi.org/10.2134/agronj1997.00021962008900030024x
http://doi.org/10.2134/agronj1965.00021962005700020009x
http://doi.org/10.1016/j.jplph.2018.08.001
http://doi.org/10.1111/1365-3040.ep11611839
http://doi.org/10.1186/s13007-018-0338-z
http://www.ncbi.nlm.nih.gov/pubmed/30151031
http://doi.org/10.1016/j.jag.2021.102373
http://doi.org/10.1186/1999-3110-55-34
http://doi.org/10.1104/pp.114.1.153
http://doi.org/10.1104/pp.89.4.1279
http://doi.org/10.1007/s004250050217
http://doi.org/10.2134/agronj2007.0274
http://doi.org/10.4141/cjps-2014-021
http://doi.org/10.1111/nph.15632
http://www.ncbi.nlm.nih.gov/pubmed/30536633
http://doi.org/10.1007/s00468-009-0318-z
http://doi.org/10.1016/j.plantsci.2022.111188
http://www.ncbi.nlm.nih.gov/pubmed/35193737
http://doi.org/10.1016/j.ecolind.2020.107273
http://doi.org/10.2134/agronj2005.0010
http://doi.org/10.2134/agronj1984.00021962007600040043x
http://doi.org/10.1016/S2095-3119(20)63442-6
http://doi.org/10.1016/j.eja.2014.05.007
http://doi.org/10.1016/j.agwat.2022.107688
http://doi.org/10.1111/j.1005-295X.2005.00035.x
http://doi.org/10.2135/cropsci2001.413728x


Plants 2022, 11, 1696 15 of 15

54. Gutiérrez-Miceli, F.A.; Rodríguez-Mendiola, M.A.; Ochoa-Alejo, N.; Méndez-Salas, R.; Dendooven, L.; Arias-Castro, C. Relation-
ship between sucrose accumulation and activities of sucrose-phosphatase, sucrose synthase, neutral invertase and soluble acid
invertase in micropropagated sugarcane plants. Acta Physiol. Plant. 2002, 24, 441–446. [CrossRef]

55. Sachdeva, M.; Mann, A.P.S.; Batta, S.K. Sucrose metabolism and expression of key enzyme activities in low and high sucrose
storing sugarcane genotypes. Sugar Tech. 2003, 5, 265–271. [CrossRef]

56. Sun, L.; Li, C.Y.; Zhu, J.; Jiang, C.N.; Li, Y.H.; Ge, Y.H. Influences of postharvest ATP treatment on storage quality and enzyme
activity in sucrose metaoblism of Malus Domest. Plant Physiol. Biochem. 2020, 156, 87–94. [CrossRef] [PubMed]

57. Luo, T.; Zhang, J.; Khan, M.N.; Liu, J.H.; Xu, Z.H.; Hu, L.Y. Temperature variation caused by sowing dates significantly affects
floral initiation and floral bud differentiation process in rapeseed (Brassica napus L.). Plant Sci. 2018, 271, 40–51. [CrossRef]

58. Waalen, W.M.; Stavang, J.A.; Olsen, J.E.; Rognli, O.A. The relationship between vernalization saturation and the maintenance of
freezing tolerance in winter rapeseed. Environ. Exp. Bot. 2014, 106, 164–173. [CrossRef]

59. Tyagi, P.V.A. Correlation between expression and activity of ADP glucose pyrophosphorylase and starch synthase and their role
in starch accumulation during grain filling under drought stress in rice. Plant Physiol. Biochem. 2020, 157, 239–243.

60. Kang, G.Z.; Liu, G.Q.; Peng, X.Q.; Wei, L.T.; Wang, C.Y.; Zhu, Y.J.; Ma, Y.; Jiang, Y.M.; Guo, T.C. Increasing the starch content and
grain weight of common wheat by overexpression of the cytosolic AGPase large subunit gene. Plant Physiol. Biochem. 2013, 73,
93–98.

http://doi.org/10.1007/s11738-002-0041-5
http://doi.org/10.1007/BF02942483
http://doi.org/10.1016/j.plaphy.2020.09.004
http://www.ncbi.nlm.nih.gov/pubmed/32919213
http://doi.org/10.1016/j.plantsci.2018.03.004
http://doi.org/10.1016/j.envexpbot.2014.02.012

	Introduction 
	Materials and Methods 
	Plant Material and Crop Management 
	Experimental Design 
	Sampling and Physiological Index Measurement 
	Chlorophyll Content Determination 
	Total Soluble Carbohydrate Content Measurement 
	Carbohydrate Metabolism Enzymatic System Assay 
	Statistical Analysis 

	Results 
	Response of Leaf Dry Matter Accumulation to the Planting Date 
	Response of Leaf Total Chlorophyll and Total Carbohydrate Content to the Planting Date 
	Response of Leaf Carbohydrate Metabolism Enzymatic Activity to Planting Date 
	Leaf Acid Invertase (AI) 
	Leaf Neutral Invertase (NI) 
	Leaf Sucrose Phosphate Synthase (SPS) 
	Leaf Sucrose Synthase (SS) 
	Leaf Starch Phosphorylase (SP) 
	Leaf ADP-Glucsoe Pyrophosphorylase (AGPase) 


	Discussion 
	Conclusions 
	References

