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Abstract: Rapeseed-rice rotation is a cropping system that improves the land-use rate. The present
study conducted a field experiment with winter planting of rapeseed as treatment (WR) and winter
fallow as control (CK) to investigate the effects of winter planting of rapeseed on growth, yield for-
mation, and 2-acetyl-1-pyrroline (2-AP) biosynthesis of fragrant rice in the two subsequent cropping
seasons. The results show that WR treatment improved alkali-hydro nitrogen and rapidly available
phosphorus contents in soil. Compared with CK, WR treatment significantly increased grain yield
and effective panicle number per plant by 21.16-27.26% and 7.33-21.24%, respectively. Higher net
photosynthetic rate, leaf area index, and dry matter accumulation of fragrant rice plants were recorded
in WR treatment and CK. Furthermore, compared with CK, WR treatment significantly increased
grain 2-AP content, which could be explained by increased content of pyrroline-5-carboxylic acid,
methylglyoxal, 1-pyrroline, and enhanced activity of proline dehydrogenase. In addition, future stud-
ies should be conducted at a molecular level to reveal the regulation mechanism in 2-AP biosynthesis
of fragrant rice under conditions of winter planting of rapeseed.

Keywords: fragrant rice; rapeseed-rice rotation; 2-acetyl-1-pyrroline; photosynthesis; yield formation

1. Introduction

In the early 1980s, the aroma of fragrant rice was first analyzed and defined as “Similar
to the smell of popcorn”; it has been reported that 2-acetyl-1-pyrroline (2-AP) is a key
volatile in fragrant rice aroma [1]. Fragrant rice, as a high-grade rice variety, is very popular
and has a high market share [2].

As an important compound in fragrant rice aroma, 2-AP has a very complicated
biosynthesis process, which includes precursors like proline, ornithine, and glutamic
acid, pyrroline-5-carboxylic acid (P5C), and enzymes likes proline dehydrogenase (ProDH),
pyrroline-5-carboxylic acid synthetase (P5CS) and ornithine aminotransferase (OAT), which
eventually form 2-AP [3,4]. Furthermore, various environmental factors and cultivation
management measures all affect the 2-AP synthesis. A previous study shows that foliar
application of glutamic acid and phenylalanine can promote the yield, quality, and 2-AP
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content of rice [5]. In a study, the effects of different temperature conditions at the grain-
filling stage on the content of 2-AP in fragrant rice were revealed [6]. A previous study
demonstrated the effect of the interaction between different irrigation methods and planting
density on the aroma of fragrant rice [7]. In addition, a previous study found that the
2-AP content of fragrant rice can be significantly improved by shading treatment at the
grain-filling stage [8].

Crop rotation could substantially affect rice yield and quality. The rice yield under
previous winter crop rotation was significantly higher than that of fallow-rice rotation [9].
Crop rotation also improves soil fertility, which is conducive to the growth and development
of crops [10]. Rapeseed (Brassica campestris L.)-rice rotation is a common cropping system in
China. Previous studies have shown that rapeseed-rice rotation can significantly increase
rice yield compared with wheat rotation in traditional agriculture [11,12]. The reason
for this phenomenon may be that after rapeseed is returned to the field, it promotes the
recycling of soil nutrients, reduces nutrient loss in the field, and better maintains the
soil aggregate structure and reduces crop diseases and pests [13,14]. Therefore, under this
rotation system, compared with leaving fields fallow, planting rapeseed in the winter fallow
period seems to have potential advantages for post-crop crops, and effectively regulates the
growth cycle of field crops through various ways, so as to improve crop yield. However,
the application of rapeseed-rice rotation in fragrant rice production and its effects on 2-AP
biosynthesis have not been reported.

Considering all these findings, the current study was evaluated with three cropping
seasons (a winter season planting with rapeseed and two sequential cropping seasons
planting with fragrant rice) to determine the fragrant rice in fallow winter planting of
rapeseed, focusing on economic yield and quality traits.

2. Materials and Methods
2.1. Plant Materials and Experimental Details

A field experiment with two cropping seasons was conducted at Teaching and Re-
search Base, South China Agricultural University, Zengcheng District, Guangzhou, (23°24' N,
113°64’ S, 43.40 m from sea level) China, from November 2022 to November 2023 (Novem-
ber 2022 to March 2023 for rapeseed, March 2023 to July 2023 for early cropping season of
fragrant rice, and July 2023 to November 2023 for late cropping season of fragrant rice). The
experimental soil was sandy loam with 0.89 g/kg total nitrogen content, 47.71 mg/kg avail-
able nitrogen content, 24.03 mg/kg rapidly available phosphorus content, 56.67 mg/kg
rapidly available potassium content, 8.97 g/kg organic matter content, and 5.08 pH. Winter
planting of rapeseed was taken as treatment (WR) and winter fallow was taken as control
(CK). For the planting of rapeseed, a rapeseed cultivar, Qingza-7, which was provided by
Qinghai Hufeng Agricultural Science and Technology Group Co., Ltd., Haidong city, China,
was sown in November 2022 and harvested in March 2023. Fertilizer dose of N-P,0O5-K,0,
15%-4%—-6%, was applied at 750 kg/ha. In 2023, two fragrant rice cultivars, 19xiang and
Nanjingxiangzhan, provided by Guangdong Xianmei Seed Co., Ltd., were used as the plant
materials. For fragrant rice planting, in the early cropping seasons, the seeds (19xiang
and Nanjingxiangzhan) were sown on 10 March for nursery raising. Then, the seedlings
were transplanted on 29 March. The harvest was carried out on 5 July. In the late cropping
seasons, the seeds (19xiang and Nanjingxiangzhan) were sown on 13 July for nursery
raising. Then, the seedlings were transplanted on 29 July. The harvest was carried out on
3 November. The treatments were arranged in a split block design with winter planting
treatment as the main factor and cultivar as the secondary factor in triplicate with a net plot
size of 108.39 m?. A fertilizer dose of N-P,05-K,0, 15%—4%-6%, was applied at 900 kg/ha
in each plot.

2.2. Determination of Soil Chemical Properties

At the harvest of rapeseed, soil at 0-20 cm depth was collected and air-dried in each
plot. Before the test, soil samples were treated with a 4 M HCl solution to eliminate the
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influence of inorganic carbon on the experimental data, and then the total nitrogen content
and organic carbon of the soil were analyzed with an elemental analyzer (Elementar Vario
Macro Cube, Germany). In addition, 10.0 g of soil was mixed with 25 mL of ultrapure water
and the pH of the soil was measured with a pH meter (TitroLine 5000, SI Analytics, Mainz,
Germany). According to the above method, the content of alkali-hydrolyzable nitrogen,
available phosphorus, and available potassium contained in the screened soil samples can
be determined [15,16]. Total nitrogen and organic carbon were expressed in g/kg; alkali
hydrolyzable nitrogen, available phosphorus, and available potassium were all expressed
in mg/kg.

2.3. Determination of Grain Yield and Yield-Related Traits

At harvest, the rice grains were harvested from three sampling areas (1.00 m?) in each
plot to measure the grain yield. Ten representative plants in each plot were investigated
to calculate and record the effective panicle number per hill. Three representative hills
from each plot were sampled to measure grain number per panicle, seed setting rate, and
1000-grain weight [5].

2.4. Measurement of Grain Quality Parameters

During this study, the grain quality traits viz. brown rice rate, milled rice rate, head
rice rate, chalky rice rate, and chalkiness degree were estimated [17].

2.5. Measurement of Net Photosynthetic Rate, Leaf Area Index, and Dry Matter Accumulation

At the tillering, booting, full heading, and maturity stages of fragrant rice plants, the
net photosynthetic rate was measured with LI-6800XT portable photosynthesis system
(Licor, USA). The area for all green leaves was measured with a Li-Cor area meter (Li-
Cor Model 3100, Lincoln, NE), and leaf area index was then calculated. Meanwhile, the
aboveground parts of five representative plants in each plot were collected and oven-dried
at 80 °C until constant weight to measure the dry matter accumulation [7].

2.6. Determination of Grain 2-AP Content

The current study evaluated the 2-AP content from harvested samples [18]. At the
harvest of both cropping seasons, the fragrant rice grains were collected. After grounding
to powder with liquid nitrogen, the samples were extracted by dichloromethane. Then, the
supernatant was transferred to GCMS-QP 2010 Plus (Shimadzu Corporation, Japan) for the
2-AP quantization.

2.7. Determination of Contents of P5C, MG, 1-Pyrroline, and Activity of ProDH

The current study estimated the P5C in umol/g [19], MG in pmol/g[20,21], 1-pyrroline
in mmol/g [22], and ProDH in mol/min/g [23,24].

2.8. Statistical Analysis

Experimental data in the present study were analyzed using statistical software ‘Statis-
tix” (Version 8.0, Analytical Software, Tallahassee, FL, USA) using the one-way analysis
of variance. The differences among means were separated using the LSD test at the
5% probability level.

3. Results
3.1. Effects of Winter Planting of Rapeseed on Soil Chemical Properties

Winter planting of rapeseed substantially impacted some soil chemical indexes (Figure 1).
Compared with CK, WR treatment significantly increased the content of alkali-hydrolyzable
nitrogen and available potassium by 19.19% and 32.06%, respectively. Lower content of
available phosphorus content was recorded in WR than CK. There was no significant differ-
ence between WR treatment and CK in the content of total nitrogen and organic carbon.
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Figure 1. Effects of winter planting of rapeseed on soil chemical properties. Bars sharing a common
letter do not differ significantly at (p < 0.05) in each cropping season according to the LSD test. The
same as below.

3.2. Effects of Winter Planting of Rapeseed on Net Photosynthetic Rate

Winter planting of rapeseed substantially impacted the net photosynthetic rate of
fragrant rice (Figure 2). In the early cropping season, for 19xiang, compared with CK,
WR treatment significantly increased the net photosynthetic rate at the full heading stage
and maturity stage by 6.04% and 47.02%, respectively (Figure 2A). For Nanjingxiangzhan,
a higher net photosynthetic rate was recorded in WR treatment than CK in the booting
stage and maturity stage (Figure 2C). In the late cropping season, for 19xiang, compared
with CK, WR treatment significantly increased the net photosynthetic rate at the tillering
stage, booting stage, full heading stage, and maturity stage by 16.67%, 16.24%, 11.48%,
and 10.63%, respectively (Figure 2B). For Nanjingxiangzhan, a higher net photosynthetic
rate was recorded in WR treatment than CK in the booting stage, full heading stage, and
maturity stage (Figure 2D).
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Figure 2. Effects of winter planting of rapeseed on the net photosynthetic rate of fragrant rice. (A) For
19xiang in the early cropping season. (B) For 19xiang in the late cropping season. (C) For Nanjingxi-
angzhan in the early cropping season. (D) For Nanjingxiangzhan in the late cropping season.
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3.3. Effects of Winter Planting of Rapeseed on Chlorophyll Content

Winter planting of rapeseed substantially impacted the chlorophyll content of fra-
grant rice (Figure 3). In the early cropping season, for 19xiang, compared with CK, WR
significantly increased the chlorophyll content at the booting stage, full heading stage,
and maturity stage by 17.21%, 4.19%, and 27.96%, respectively (Figure 3A). For Nanjingxi-
angzhan, the chlorophyll value of WR treatment was significantly higher than CK treatment
at booting stage, full heading stage, and maturity stage (Figure 3C). In the late cropping
season, for 19xiang, compared with CK, WR treatment significantly increased the chloro-
phyll content from tillering stage to maturity stage by 5.67%, 9.28%, 11.62%, and 7.56%,
respectively (Figure 3B). For Nanjingxiangzhan, a higher chlorophyll value was recorded
in WR treatment than CK in the booting stage, full heading stage, and maturity stage
(Figure 3D).
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Figure 3. Effects of winter planting of rapeseed on the chlorophyll content of fragrant rice. (A) For
19xiang in the early cropping season. (B) For 19xiang in the late cropping season. (C) For Nanjingxi-
angzhan in the early cropping season. (D) For Nanjingxiangzhan in the late cropping season.

3.4. Effects of Winter Planting of Rapeseed on LAI

Winter planting of rapeseed substantially impacted the LAI of fragrant rice (Figure 4).
In the early cropping season, for 19xiang, compared with CK, WR treatment significantly
increased the LAI at the full heading stage and maturity stage by 115.33% and 46.52%,
respectively (Figure 4A). For Nanjingxiangzhan, a higher LAI was recorded in WR treat-
ment than CK in the full heading stage and maturity stage (Figure 4C). In the late cropping
season, for 19xiang, compared with CK, WR treatment significantly increased the LAI at the
booting stage, full heading stage, and maturity stage by 42.72%, 61.00%, and 32.29%, respec-
tively (Figure 4B). For Nanjingxiangzhan, LAI was significantly higher in WR treatment
than in CK at the booting stage, full heading stage, and maturity stage (Figure 4D).
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Figure 4. Effects of winter planting of rapeseed on the LAI of fragrant rice. (A) For 19xiang in the
early cropping season. (B) For 19xiang in the late cropping season. (C) For Nanjingxiangzhan in the
early cropping season. (D) For Nanjingxiangzhan in the late cropping season.

3.5. Effects of Winter Planting of Rapeseed on Dry Matter Accumulation

Winter planting of rapeseed substantially affected the dry matter accumulation of
fragrant rice (Figure 5). WR treatment significantly increased the dry matter accumulation
of 19xiang at the maturity stage by 18.05%, but had no significant effect on the Nanjingx-
iangzhan (Figure 5A). In the late cropping season, compared with CK, WR treatment
significantly increased the dry matter accumulation by 30.61% and 50.19% for 19xiang and
Nanjingxiangzhan, respectively (Figure 5B).
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Figure 5. Effects of winter planting of rapeseed on the dry matter accumulation of fragrant rice;
19X for 19xiang, NJXZ for Nanjingxiangzhan. (A) For the early cropping season. (B) For the late
cropping season.

3.6. Effects of Winter Planting of Rapeseed on Grain Yield and Yield-Related Traits

Winter planting of rapeseed substantially affected the yield formation of fragrant rice
(Table 1). In the early cropping season, for 19xiang, compared with CK, WR treatment
significantly increased the effective panicle number and grain yield by 27.26% and 21.24%,
respectively. For Nanjingxiangzhan, compared with CK, WR treatment significantly in-
creased the effective panicle number and grain yield by 24.21% and 16.60%, respectively.
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In the late cropping season, for 19xiang, compared with CK, WR treatment significantly
increased the effective panicle number and grain yield by 23.46% and 17.51%, respec-
tively. For Nanjingxiangzhan, compared with CK, WR treatment significantly increased the
effective panicle number and grain yield by 21.16% and 7.34%, respectively.

Table 1. Effects of winter planting of rapeseed on grain yield and yield-related traits of fragrant rice.

Effective
Croppin, . Panicle Grain Number Seed-Settin, 1000-Grain .
Sela?ong Cultivar Treatment Number per per Panicle Rate (%) 8 Weight (g) Yield (t/ha)
Plant
Early cropping season
19xiang
CK 9.39 £0.06 b 61.63 +0.45b 14342 +£10.20 a 20.86 =054 a 3.86 £0.03b
WR 1195+ 0.19a 65.00 +0.97 a 133.81 £0.32a 19.55 £0.52a 468 £0.14a
Nanjingxiangzhan
C 10.08 +0.30 b 85.60 £ 0.96 a 12592 £1.90 a 2258 £0.76 a 518 £0.05b
WR 1252 £0.04 a 85.68 +1.44a 121.59 £ 8.09 a 21.92+0.14a 6.04+0.18a
Late cropping season
19xiang
CK 11.17 + 0.66 b 6189 +144a 14271 +£7.13a 20.58 £ 0.51 a 3.54+0.04b
WR 13.79 £ 0.39 a 5321 +0.76 b 144.31 £15.00 a 19.94 £ 0.08 a 416+ 0.17a
Nanjingxiangzhan
C 9.64 £0.19b 83.00 £ 0.57 a 118.74 £ 6.77 a 22.76 £0.67 a 477+ 011b
WR 11.68 + 0.36 a 83.70 £1.97 a 123.17 £ 6.41a 2236+ 0.12a 512+ 0.04a

Note: Values sharing a common letter within a column do not differ significantly at (p < 0.05) in each cropping
season according to the LSD test. WR means the winter planting of rapeseed and CK means winter fallow. The
same as below.

3.7. Effects of Winter Planting of Rapeseed on Grain Quality Parameters

Winter planting of rapeseed impacted some grain quality parameters of fragrant rice
(Table 2). Compared with CK, WR treatment significantly decreased the brown rice rate
for both cultivars in both cropping seasons. A higher milled rice rate was recorded in
WR treatment than CK for 19xiang in both cropping seasons. Compared with CK, WR
treatment significantly decreased the head rice rate for Nanjingxiangzhan in both cropping
seasons. There was no significant difference between WR treatment and CK in chalky rice
rate and chalkiness degree for both cultivars in both cropping seasons.

Table 2. Effects of winter planting of rapeseed on grain quality parameters of fragrant rice.

Cropping . Brown Rice Milled Rice Head Rice Rate Chalky Rice Chalkiness
Season Cultivar Treatment Rate (%) Rate (%) (%) Rate (%) Degree (%)
Early cropping season
19xiang
CK 75.16 £ 0.85a 61.38 +0.28 b 4295+ 035a 058 £0.19a 233+£033a
WR 71.18 £0.18 b 63.89 £0.52a 39.23 £0.35b 0.64 £0.34a 233 £0.67a
Nanjingxiangzhan
C
WR 7731+ 038 a 66.53 +0.30 a 42.66 £0.10 a 041+035a 333+ 145a
Late cropping season 75.75 £ 0.13b 67.05+0.03a 4297 £0.58a 041+0.14a 3.00+0.58a
19xiang
CK 7432 +£022a 61.60 + 0.38 b 39.69 £ 0.53 b 0.62+02a 333 £0.67a
WR 7210+ 0.26b 64.03 + 049 a 4439+0.15a 0.77+£031a 4.00+£1.00a
Nanjingxiangzhan
CK 7541 +£023a 66.29 £0.19 a 50.10 £ 0.41 a 0.72+0.33a 2.00 £0.58 a
WR 74.03+0.23b 65.59 +021a 50.28 +0.16 a 05+0.17a 3.33+033a

Note: WR means the winter planting of rapeseed and CK means winter fallow.

3.8. Effects of Winter Planting of Rapeseed on Grain 2-AP Content

Winter planting of rapeseed substantially affected grain 2-AP content of fragrant rice
(Figure 6). In the early cropping season, WR treatment significantly increased grain 2-AP
content by 18.49% and 32.23% for 19xiang and Nanjingxiangzhan, respectively (Figure 6A).
In the late cropping season, for 19xiang and Nanjingxiangzhan, compared with CK, WR
treatment significantly increased grain 2-AP content by 20.41% and 11.51% for 19xiang and
Nanjingxiangzhan (Figure 6B).
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Figure 6. Effects of winter planting of rapeseed on the grain 2-AP content of fragrant rice; 19X
for 19xiang, NJXZ for Nanjingxiangzhan. (A) For the early cropping season. (B) For the late

cropping season.

3.9. Effects of Winter Planting of Rapeseed on 2-AP Biosynthesis

Winter planting of rapeseed substantially affected 2-AP biosynthesis in fragrant rice
(Figure 7). MG content showed a more upward trend in WR treatment than in CK for both
cultivars and in both cropping seasons. In the early season, WR treatment significantly
increased the MG content by 235.29% and 73.05% for 19xiang and Nanjingxiangzhan,
respectively. In the late cropping season, compared with CK, WR significantly increased
the MG content by 88.34% and 85.07% for 19xiang and Nanjingxiangzhan, respectively.
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Figure 7. Effects of winter planting of rapeseed on the content of MG, P5C, 1-pyrroline, and activity

of ProDH of fragrant rice.
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For P5C content, in the early cropping season, WR treatment significantly increased
the P5C content by 5.18% and 28.75% for 19xiang and Nanjingxiangzhan, respectively. In
the late cropping season, compared with CK, WR treatment significantly increased the P5C
content by 27.01% and 69.89% for 19xiang and Nanjingxiangzhan, respectively.

For 19xiang, WR treatment increased 1-pyrroline content by 28.22% and 48.34% com-
pared with CK in the early and late cropping seasons, respectively. For Nanjingxiangzhan,
WR treatment increased 1-pyrroline content by 88.96% and 44.91% in the early and late
cropping seasons, respectively.

For ProDH activity, in the early cropping season, compared with CK, WR treatment
significantly enhanced the ProDH activity by 3.06% and 8.14% for 19xiang and Nanjingx-
iangzhan, respectively. In the late cropping season, WR treatment resulted in a small
increase in ProDH activity compared with CK for both cultivars although the difference
did not reach a significant level.

4. Discussion
4.1. Effects of Winter Planting of Rapeseed on Growth and Yield Formation of Fragrant Rice

The present study revealed the effects of winter planting of rapeseed on fragrant rice
performances. The current study showed that winter planting of rapeseed enhanced yield
formation and 2-AP biosynthesis in fragrant rice, which were similar results to the studies of
Fang et al. [25] and Chen et al. [9]. The increment of yield was attributed to the improvement
in effective panicle number per plant, which indicated that winter planting of rapeseed
might enhanced the tillering capacity or/and percentage of productive tiller. Furthermore,
the present study results showed that winter planting of rapeseed substantially improved
fragrant rice growth in terms of net photosynthetic rate, chlorophyll content, LAI, and dry
matter accumulation, which indicated that fragrant rice performances exhibited a better
photosynthesis, i.e., the utilization capacity of light. The yield formation of rice depends on
many factors, including environmental factors such as light, temperature, precipitation, soil
fertility, etc., and among these, light is one of the most important factors affecting the growth
and development of rice [26,27]. The previous study shows that the light-use ability of rice
is significantly affected by different tillage patterns [28]. According to Yang et al. [29], the
use of a mechanical transplanting method to plant rapeseed could significantly increase the
chlorophyll content, LAI, and net photosynthetic rate of rice at all growth stages. In general,
within a certain range, an increase in LAl means that the plant is able to absorb more light
energy, thereby increasing the net photosynthetic rate. Chlorophyll is also an important
pigment for photosynthesis in plants, and having a higher chlorophyll content means a
plant can usually absorb more light energy for photosynthesis [30], while the increase in
photosynthesis can speed up the synthesis of organic matter in plants [31]. In this study,
WR treatment significantly increased the chlorophyll content, LAL net photosynthetic rate,
and dry matter accumulation of fragrant rice plants and, thus, resulted in an increment in

grain yield.

4.2. The Possible Relationship between Soil Biochemical Properties and Yield Formation of Fragrant
Rice after the Winter Planting of Rapeseed

The enhanced growth of fragrant rice plants after the winter planting of rapeseed
might be explained by the increased content of nitrogen and potassium in the soil. In this
study, winter planting of rapeseed significantly increased alkali-hydrolyzable nitrogen in
the soil, which was more easily absorbed and utilized by roots, and had a more direct impact
on the growth and development of crops [9,14]. Moreover, after planting rapeseed in winter,
the content of available potassium in the soil increased, and a previous study pointed out
that potassium is essential for the growth and development of plants, and potassium ions
can regulate stress resistance, photosynthesis, etc. [32]. The study of Maschmann et al. [33]
also demonstrates that potassium increases crop yields by promoting the development of
plant organs. In addition, an early study shows that the coordinated application of nitrogen
and potassium fertilizers can improve the yield and quality of crops [34,35]. Therefore, the
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appropriate increase in available potassium content in soil is of great significance to ensure
the normal growth, high yield, and high quality of rice.

4.3. Effects of Winter Planting of Rapeseed on 2-AP Biosynthesis of Fragrant Rice

It is known that 2-AP is a key flavor component in fragrant rice aroma. This study
showed that winter planting of rapeseed substantially enhanced 2-AP biosynthesis and
led to the increment in 2-AP content in fragrant rice. The improved 2-AP biosynthesis
was explained by increased contents of precursors including P5C, MG, and 1-pyrroline. In
this study, winter planting of rapeseed significantly increased the grain 2-AP content. The
present study observed that WR treatment significantly increased the contents of P5C, MG,
and 1-pyrroline, suggesting that winter planting of rapeseed could increase the content of
precursors to enhance the biosynthesis of 2-AP. A previous study shows that 1-pyrroline,
and P5C are important precursors for the 2-AP formation in fragrant rice [36]. MG is also
considered as a precursor for 2-AP biosynthesis, where it may react directly with P5C
to produce 2-AP [37]. Furthermore, ProDH was identified as the key enzyme in 2-AP
biosynthesis and the winter planting of rapeseed significantly enhanced ProDH activity in
our study. As per a previous study, ProDH catalyzes the P5C biosynthesis and the activity
of ProDH is directly related to the biosynthesis of rice 2-AP [6]. Therefore, the increase in
ProDH activity is also conducive to 2-AP formation. In addition, other studies also show
that medium-term nitrogen fertilization can also increase the content of 2-AP in fragrant
rice grains [38,39], which indicates the increment in soil nitrogen content contributes to
increased 2-AP content.

5. Conclusions

The current study results showed that winter planting of rapeseed significantly in-
creased the content of alkali-hydrolyzable nitrogen and available potassium in soil and
improved fragrant rice growth in terms of net photosynthetic rate, chlorophyll content, LAI,
and dry matter accumulation. Higher effective panicle number per plant and grain yield of
fragrant rice was observed after the winter planting of rapeseed. The content of 2-AP and
its biosynthetic precursors including P5C, MG, and 1-pyrroline, and the activity of ProDH
of fragrant rice also improved after the winter planting of rapeseed. In the future, studies
should be focused at a molecular characterization to reveal the regulation mechanism in
2-AP biosynthesis of fragrant rice under conditions of winter planting of rapeseed.

Author Contributions: Conceptualization, X.T. and D.L.; methodology, X.T.; formal analysis, X.T.,
M.Z.,ZS. and Z.C.; investigation, W.Y.,, Q.G., S.D., YW. and Y.Y.; writing—original draft preparation,
W.Y. and H.L.; writing—review and editing, W.Y. and H.L.; funding acquisition, D.L., X.T., M.Z., Z.S.,
J.Q. and Z.C. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China (31971843),
the Special Rural Revitalization Funds of Guangdong Province (2021K]382), Guangzhou Science and
Technology Project (202103000075), and the Guangdong Basic and Applied Basic Research Foundation
(2023A1515010738 and 2024A1515012709).

Data Availability Statement: The data sets supporting the results of this article are included within
the article.

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

1. Buttery, R.G,; Ling, L.C,; Juliano, B.O.; Turnbaugh, J.G. Cooked rice aroma and 2-acetyl-1-pyrroline. . Agric. Food. Chem. 1983, 31,

823-826. [CrossRef]

2. Sakthivel, K.; Sundaram, R.M.; Rani, N.S.; Balachandran, S.M.; Neeraja, C.N. Genetic and molecular basis of fragrance in rice.
Biotechnol. Adv. 2009, 27, 468-473. [CrossRef] [PubMed]

3. Wakte, K.V,; Kad, T.D.; Zanan, R.L.; Nadaf, A.B. Mechanism of 2-acetyl-1-pyrroline biosynthesis in Bassia latifolin Roxb. Flowers.
Physiol. Mol. Biol. Plants 2011, 17, 231-237. [CrossRef] [PubMed]


https://doi.org/10.1021/jf00118a036
https://doi.org/10.1016/j.biotechadv.2009.04.001
https://www.ncbi.nlm.nih.gov/pubmed/19371779
https://doi.org/10.1007/s12298-011-0075-5
https://www.ncbi.nlm.nih.gov/pubmed/23573014

Agronomy 2024, 14, 1760 11 of 12

10.
11.

12.

13.

14.

15.
16.
17.
18.
19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

Kaikavoosi, K.; Kad, T.D.; Zanan, R.L.; Nadaf, A.B. 2-Acetyl-1-Pyrroline Augmentation in Scented indica Rice (Oryza sativa L.) Vari-
eties through A1-Pyrroline-5-Carboxylate Synthetase (P5CS) Gene Transformation. Appl. Biochem. Biotechnol. 2015, 177, 1466-1479.
[CrossRef] [PubMed]

Luo, H.; Imran, M.; Yao, X.; Zhang, S.; Yi, W.; Xing, P.; Tang, X. Foliar application of glutamate and phenylalanine induced
regulation in yield, protein components, aroma, and metabolites in fragrant rice. Eur. J. Agron. 2023, 149, 126899. [CrossRef]
Luo, H.; Zhang, Q.; Lai, R.; Zhang, S.; Yi, W.; Tang, X. Regulation of 2-Acetyl-1-pyrroline Content in Fragrant Rice under Different
Temperatures at the Grain-Filling Stage. J. Agric. Food. Chem. 2024, 72, 10521-10530. [CrossRef] [PubMed]

Wang, W,; Jiang, S.; Xing, D.; Du, B. Effect of Planting Density and Irrigation Management on the Growth, Yield, and 2-acetyl-A1l-
pyrroline Content of Fragrant Rice. J. Soil Sci. Plant Nutr. 2022, 22, 1000-1008. [CrossRef]

Mo, Z.; Huang, ].; Xiao, D.; Ashraf, U.; Duan, M.; Pan, S.; Tian, H.; Xiao, L.; Zhong, K.; Tang, X. Supplementation of 2-Ap, Zn and
La Improves 2-Acetyl-1 -Pyrroline Concentrations in Detached Aromatic Rice Panicles in Vitro. PLoS ONE 2016, 11, e0149523.
[CrossRef]

Chen, S.; Liu, S.; Zheng, X.; Yin, M.; Chu, G.; Xu, C; Yan, J.; Chen, L.; Wang, D.; Zhang, X. Effect of various crop rotations on rice
yield and nitrogen use efficiency in paddy-upland systems in southeastern China. Crop J. 2018, 6, 576-588. [CrossRef]
Zegada-Lizarazu, W.; Monti, A. Energy crops in rotation. A review. Biomass Bioenergy 2011, 35, 12-25. [CrossRef]

Weiser, C.; Fufs, R.; Kage, H.; Flessa, H. Do farmers in Germany exploit the potential yield and nitrogen benefits from preceding
oilseed rape in winter wheat cultivation? Arch. Acker-Pflanzenba Bodenkd. 2018, 64, 25-37. [CrossRef]

Zhao, J.; Yang, Y.; Zhang, K ; Jeong, J.; Zeng, Z.; Zang, H. Does crop rotation yield more in China? A meta-analysis. Field Crops
Res. 2020, 245, 107659. [CrossRef]

Lu, S,; Lepo, J.E.; Song, H.; Guan, C.; Zhang, Z. Increased rice yield in long-term crop rotation regimes through improved soil
structure, rhizosphere microbial communities, and nutrient bioavailability in paddy soil. Biol. Fertil. Soils 2018, 54, 909-923.
[CrossRef]

Mcewen, J.; Darby, R.J.; Hewitt, M.V.; Yeoman, D.P. Effects of field beans, fallow, lupins, oats, oilseed rape, peas, ryegrass,
sunflowers and wheat on nitrogen residues in the soil and on the growth of a subsequent wheat crop. J. Agric. Sci. 1990,
115, 209-219. [CrossRef]

Zhang, G. Soil Survey Laboratory Methods. Sci. Press 2012, 38, 47-49.

Peverill, K.I. Soil Analysis: An Interpretation Manual; Reprinted Edition; CSIRO Publishing: Melbourne, Australia, 2005.

Yang, T.; Xiong, R.; Tan, X.; Huang, S.; Pan, X.; Guo, L.; Zhang, ].; Zeng, Y. The impacts of post-anthesis warming on grain yield
and quality of double-cropping high-quality indica rice in Jiangxi Rrovince, China. Eur. J. Agron. 2022, 139, 126551. [CrossRef]
Mo, Z.; Li, W,; Pan, S,; Fitzgerald, T.L.; Xiao, F,; Tang, Y.; Wang, Y.; Duan, M,; Tian, H.; Tang, X. Shading during the grain filling
period increases 2-acetyl-1-pyrroline content in fragrant rice. Rice 2015, 8, 9. [CrossRef]

Wu, M.L.; Chou, K.L.; Wu, C.R,; Chen, ].K.; Huang, T.C. Characterization and the Possible Formation Mechanism of 2-Acetyl-1-
Pyrroline in Aromatic Vegetable Soybean (Glycine max L.). ]. Food Sci. 2009, 74, 5192-5197. [CrossRef]

Yadav, S.K.; Singla-Pareek, S.L.; Ray, M.; Reddy, M.K.; Sopory, S.K. Methylglyoxal levels in plants under salinity stress are
dependent on glyoxalase I and glutathione. Biochem. Biophys. Res. Commun. 2005, 337, 61-67. [CrossRef]

Banu, M.N.A; Hoque, M. A.; Watanabe-Sugimoto, M.; Islam, M.M.; Uraji, M.; Matsuoka, K.; Nakamura, Y.; Murata, Y. Proline and
Glycinebetaine Ameliorated NaCl Stressvia Scavenging of Hydrogen Peroxide and Methylglyoxal but Not Superoxide or Nitric
Oxide in Tobacco Cultured Cells. Biosci. Biotechnol. Biochem. 2010, 74, 2043-2049. [CrossRef]

Hill, ] M. The inactivation of pea-seedling diamine oxidase by peroxidase and 1,5-diaminopentane. Biochem. . 1967,
104, 1048-1055. [CrossRef]

Tateishi, Y.; Nakagawa, T.; Esaka, M. Osmotolerance and growth stimulation of transgenic tobacco cells accumulating free
proline by silencing proline dehydrogenase expression with double-stranded RNA interference technique. Physiol. Plant. 2005,
125,224-234. [CrossRef]

Ncube, B.; Finnie, ].F.,; Van Staden, J. Dissecting the stress metabolic alterations in in vitro Cyrtanthus regenerants. Plant Physiol.
Biochem. 2013, 65, 102-110. [CrossRef] [PubMed]

Fang, Y.; Ren, T.; Zhang, S.; Liu, Y.; Liao, S.; Li, X.; Cong, R.; Lu, J. Rotation with oilseed rape as the winter crop enhances rice
yield and improves soil indigenous nutrient supply. Soil Tillage Res. 2021, 212, 105065. [CrossRef]

Khaki, S.; Wang, L.; Archontoulis, S.V. A CNN-RNN Framework for Crop Yield Prediction. Front. Plant Sci. 2020, 10, 1750.
[CrossRef] [PubMed]

Zhou, N.; Zhang, J.; Fang, S.; Wei, H.; Zhang, H. Effects of temperature and solar radiation on yield of good eating-quality rice in
the lower reaches of the Huai River Basin, China. J. Integr. Agric. 2021, 20, 1762-1774. [CrossRef]

Jin, C.Q. Effects of Different Planting Methods on the Growth and Development of Rice and Its Subsequent Wheat. Master’s
Thesis, Huazhong Agriculture University, Wuhan, China, China 2020.

Yang, H.; Chen, G.; Li, Z,; Li, W.; Zhang, Y,; Li, C.; Hu, M.; He, X; Zhang, Q.; Zhu, C.; et al. Responses of Yield and Photosynthetic
Characteristics of Rice to Climate Resources under Different Crop Rotation Patterns and Planting Methods. Plants 2024, 13, 526.
[CrossRef] [PubMed]

Emerson, R. Chlorophyll content and rate of photosynthesis. Proc. Natl. Acad. Sci. USA 1929, 15, 281-284. [CrossRef]

Shi, Y.; Guo, E.; Cheng, X.; Wang, L.; Jiang, S.; Yang, X.; Ma, H.; Zhang, T.; Li, T.; Yang, X. Effects of chilling at different growth
stages on rice photosynthesis, plant growth, and yield. Environ. Exp. Bot. 2022, 203, 105045. [CrossRef]


https://doi.org/10.1007/s12010-015-1827-4
https://www.ncbi.nlm.nih.gov/pubmed/26340891
https://doi.org/10.1016/j.eja.2023.126899
https://doi.org/10.1021/acs.jafc.3c08637
https://www.ncbi.nlm.nih.gov/pubmed/38656141
https://doi.org/10.1007/s42729-021-00708-5
https://doi.org/10.1371/journal.pone.0149523
https://doi.org/10.1016/j.cj.2018.07.007
https://doi.org/10.1016/j.biombioe.2010.08.001
https://doi.org/10.1080/03650340.2017.1326031
https://doi.org/10.1016/j.fcr.2019.107659
https://doi.org/10.1007/s00374-018-1315-4
https://doi.org/10.1017/S0021859600075146
https://doi.org/10.1016/j.eja.2022.126551
https://doi.org/10.1186/s12284-015-0040-y
https://doi.org/10.1111/j.1750-3841.2009.01166.x
https://doi.org/10.1016/j.bbrc.2005.08.263
https://doi.org/10.1271/bbb.100334
https://doi.org/10.1042/bj1041048
https://doi.org/10.1111/j.1399-3054.2005.00553.x
https://doi.org/10.1016/j.plaphy.2013.01.001
https://www.ncbi.nlm.nih.gov/pubmed/23434927
https://doi.org/10.1016/j.still.2021.105065
https://doi.org/10.3389/fpls.2019.01750
https://www.ncbi.nlm.nih.gov/pubmed/32038699
https://doi.org/10.1016/S2095-3119(20)63561-4
https://doi.org/10.3390/plants13040526
https://www.ncbi.nlm.nih.gov/pubmed/38498524
https://doi.org/10.1073/pnas.15.3.281
https://doi.org/10.1016/j.envexpbot.2022.105045

Agronomy 2024, 14, 1760 12 of 12

32.

33.

34.

35.

36.

37.

38.

39.

Gautam, P; Lal, B.; Tripathi, R.; Shahid, M.; Baig, M.].; Maharana, S.; Puree, C.; Nayak, A K. Beneficial effects of potassium
application in improving submergence tolerance of rice (Oryza sativa L.). Environ. Exp. Bot. 2016, 128, 18-30. [CrossRef]
Maschmann, E.T.; Slaton, N.A.; Cartwright, R.D.; Norman, R.J. Rate and Timing of Potassium Fertilization and Fungicide
Influence Rice Yield and Stem Rot. Agron. J. 2010, 102, 163-170. [CrossRef]

Lian, W.; Geng, A.; Wang, Y.; Liu, M.; Zhang, Y.; Wang, X.; Chen, G. The Molecular Mechanism of Potassium Absorption,
Transport, and Utilization in Rice. Int. J. Mol. Sci. 2023, 24, 16682. [CrossRef] [PubMed]

Wang, M.; Zheng, Q.; Shen, Q.; Guo, S. The Critical Role of Potassium in Plant Stress Response. Int. ]. Mol. Sci. 2013, 14, 7370-7390.
[CrossRef] [PubMed]

Luo, H.; Duan, M.; Xing, P.; Xie, H.; Tang, X. Foliar application of procyanidins enhanced the biosynthesis of 2-acetyl-1-pyrroline
in aromatic rice (Oryza sativa L.). BMC Plant Biol. 2022, 22, 376. [CrossRef] [PubMed]

Huang, T.; Huang, Y.; Hung, H.; Ho, C.; Wu, M. A1l -Pyrroline-5-carboxylic Acid Formed by Proline Dehydrogenase from
the Bacillus subtilis ssp. Natto Expressed in Escherichia coli as a Precursor for 2-Acetyl-1-pyrroline. J. Agric. Food. Chem. 2007,
55,5097-5102. [CrossRef]

Hu, Q. Liu, Q.; Jiang, W.; Qiu, S.; Wei, H.; Zhang, H.; Liu, G.; Xing, Z.; Hu, Y.; Guo, B.; et al. Effects of mid-stage nitrogen
application timing on the morphological structure and physicochemical properties of japonica rice starch. J. Sci. Food. Agric. 2021,
101, 2463-2471. [CrossRef]

Yang, S.; Zhu, Y.; Zhang, R.; Liu, G.; Wei, H.; Zhang, H.; Zhang, H. Mid-stage nitrogen application timing regulates yield
formation, quality traits and 2-acetyl-1-pyrroline biosynthesis of fragrant rice. Field Crops Res. 2022, 287, 108667. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.envexpbot.2016.04.005
https://doi.org/10.2134/agronj2009.0245
https://doi.org/10.3390/ijms242316682
https://www.ncbi.nlm.nih.gov/pubmed/38069005
https://doi.org/10.3390/ijms14047370
https://www.ncbi.nlm.nih.gov/pubmed/23549270
https://doi.org/10.1186/s12870-022-03775-7
https://www.ncbi.nlm.nih.gov/pubmed/35906561
https://doi.org/10.1021/jf0700576
https://doi.org/10.1002/jsfa.10872
https://doi.org/10.1016/j.fcr.2022.108667

	Introduction 
	Materials and Methods 
	Plant Materials and Experimental Details 
	Determination of Soil Chemical Properties 
	Determination of Grain Yield and Yield-Related Traits 
	Measurement of Grain Quality Parameters 
	Measurement of Net Photosynthetic Rate, Leaf Area Index, and Dry Matter Accumulation 
	Determination of Grain 2-AP Content 
	Determination of Contents of P5C, MG, 1-Pyrroline, and Activity of ProDH 
	Statistical Analysis 

	Results 
	Effects of Winter Planting of Rapeseed on Soil Chemical Properties 
	Effects of Winter Planting of Rapeseed on Net Photosynthetic Rate 
	Effects of Winter Planting of Rapeseed on Chlorophyll Content 
	Effects of Winter Planting of Rapeseed on LAI 
	Effects of Winter Planting of Rapeseed on Dry Matter Accumulation 
	Effects of Winter Planting of Rapeseed on Grain Yield and Yield-Related Traits 
	Effects of Winter Planting of Rapeseed on Grain Quality Parameters 
	Effects of Winter Planting of Rapeseed on Grain 2-AP Content 
	Effects of Winter Planting of Rapeseed on 2-AP Biosynthesis 

	Discussion 
	Effects of Winter Planting of Rapeseed on Growth and Yield Formation of Fragrant Rice 
	The Possible Relationship between Soil Biochemical Properties and Yield Formation of Fragrant Rice after the Winter Planting of Rapeseed 
	Effects of Winter Planting of Rapeseed on 2-AP Biosynthesis of Fragrant Rice 

	Conclusions 
	References

