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Abstract: In this review, the significance of ratoon rice was introduced, and the research status
and development trends of ratoon rice were also summarized. It is pointed out that mechanically
harvested ratoon rice is the developing direction of future ratoon rice. On this basis, we analyzed the
relationship between the yield of ratoon rice and many factors, such as variety characteristics, sowing
date, water control, fertilizer, and many others. It is important to construct a comprehensive and
practical evaluation system for rice regeneration that can provide a basis for high-yield cultivation of
machine-harvested ratoon rice. At the same time, it is suggested that combining high-yield cultivation
with the green ecological efficiency of rice can achieve better production and improve the quality
of rice. Finally, some problems with ratoon rice development were put forward. An in-depth study
on the rhizosphere biology and regulation techniques of ratoon rice and the effective ecological
compensation mechanism increased the capacity and quality of ratoon rice. Further, the functioning
of such research can enhance the planting area for ratoon rice and improve food security.

Keywords: ratoon rice; varietal characteristic; harvest; mechanization; eco-compensation

1. Introduction

Rice is an important food crop that provides for the food needs of nearly 60% of the
world’s population. It has been estimated that global rice production will need to increase
by 116 million tons (26%) by 2035 (from the 2010 production level) to meet the rising
demand for rice [1]. Stabilizing and improving the total yield of rice has always been a hot
issue. Previously, there were three main ways to increase the total crop yield: increasing the
multiple cropping index, expanding arable land, and improving the yield per unit area [2].
However, climate change, water shortages, land shortages, arable land shortages, and
labor shortages are also adverse factors that restrict the high yield of rice [3,4]. Therefore,
increasing the multiple cropping index has become an important method to increase the
total yield of rice [2]. Since the 21st century, rice production has shifted from simply
pursuing yield to the multi-goal coordinated development of “high yield, high quality,
high efficiency, ecology, and safety.” The change in production goals inevitably leads to a
change in the crop production process. Ratoon rice is a resource-saving planting model
that adopts particular cultivation and management measures to make the dormant buds
on rice germinate into panicles after harvesting the main season of rice [5,6]. It has the
characteristics of “seven decreases and two increases” (decrease of seed, labor, time, water,
fertilizer, medicine, and rice field management, as well as an increase in rice quality and
price) (Figure 1) [7,8]. Rice ratooning promotes agricultural supply-side structural reform,
thereby implementing the national plan to reduce the area planted with double-cropping
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rice in the Yangtze River Basin, and helps to ensure China’s absolute grain security and
optimize the production structure of grain [9]. Therefore, the research on the formation
mechanism of yield and regulation technology of ratoon rice has crucial significance and
reference value for promoting the sustainable development of ratoon rice, which is a
significant demand to exert the rice cropping system to stabilize grain, increase income,
and improve the contribution rate to regional food security.
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Figure 1. The comparison between the ratoon rice system and the double-season rice system. (A) The
advantage of the ratoon rice system compared with the double-season rice system; (B) The limiting
factor of the ratoon rice system.

It is essential to enhance the theoretical basis of the ratoon rice production system to
address the key challenges that are now limiting output and facilitate achieving the green and
sustainable growth of the system. From the point of view of system theory, the ratoon rice
production process is regarded as a system, namely the ratoon rice production system, and
the synergistic relationship among various elements of the ratoon rice production system is
studied deeply to tap the productive potential fully and effectively. This review compares
the advantages and limitations of mechanical and manual harvesting of main-season rice
and clarifies the importance of mechanical harvesting. On this basis, the factors of yield
formation in mechanical harvest and three research cores of mechanical harvest ratoon rice
were analyzed. The present review summarizes the latest research progress on integrated
agronomic technologies to improve the productivity and sustainability of the ratoon rice
system, and the problems and prospects in ratoon rice systems are also reviewed.

2. Mechanical Harvesting of the Main Season Is the Key to the Development of
Ratoon Rice

Countries such as Japan, Pakistan, the Philippines, Thailand, and the United States
have all begun to develop ratoon rice cultivation techniques [10,11]. Ratoon rice has a
history dating back 1800 years in China and was used as a disaster relief measure in the
past. The development of ratoon rice has been repeated several times, and a new round
of development began in 2011, stemming from the requirements of rice quality safety and
farmers’ income increases. Low and unstable yields limit the development of ratoon rice
technology [12]. However, with the continuous breakthrough of rice breeding and the
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continuous innovation of cultivation technology, the proportion of ratoon rice planting
mode in the production system of traditional rice is increasing. Currently, there are two
commonly used methods of ratoon rice harvesting: manual harvesting and mechanical
harvesting [9]. In the early stage of ratoon rice cultivation, the harvesting method by
artificial means with high segmental regeneration was mainly used to increase the adequate
panicle number of ratoon rice by obtaining more axillary buds [13]. However, this planning
mode of rice has been restricted due to its high production costs, such as labor intensity,
and the fact that the area of artificial reaping has been sharply reduced. There is an urgent
need to change and innovate the planting pattern of ratoon rice, one that is simple, high-
yielding, and high-benefit. The rice planting model of machine-harvested ratoon rice has
been increasingly welcomed by farmers and has made a contribution to the large-scale
promotion of ratoon rice [9].

Compared with manual harvesting, mechanical harvesting in the main season of regen-
erated rice has some limitations and advantages (Table 1). The mechanized harvesting and
production of ratoon rice significantly improve production efficiency, reduce labor costs, improve
operation quality and production costs, and effectively compensate for its shortcomings.

Table 1. The advantages and limitations in mechanical harvesting and manual harvesting.

Mechanical Harvesting Manual Harvesting

Advantages

1. Mechanical harvesting efficiency
is high and can quickly harvest a
large area of harvesting work,
saving human resources.

2. Mechanical harvesting can
improve the quality of crops and
reduce loss and waste.

3. Mechanical harvesting can
complete the harvesting work
quickly, which is conducive to
timely crop treatment and
reduces the impact of weather
and other factors on crops.

4. Mechanical harvesting can realize
the modernization and
automation of agriculture and
improve the efficiency and
competitiveness of agricultural
production.

1. Manual harvesting has high
flexibility, can operate in complex
farmland environments, and has
strong adaptability.

2. Manual harvesting is less
damaging to the field and
protects the integrity of the soil
and crops.

3. Artificial harvesting can provide
employment opportunities,
promote the rural economy, and
increase farmers’ incomes.

4. Manual harvesting can maintain
the farmland’s landscape and
ecological environment, which is
conducive to the sustainable
development of farmland.

Limitations

1. Investing higher funds to
purchase and maintain
agricultural machinery and
equipment is necessary, which
puts greater economic pressure
on farmers.

2. Machinery may encounter
various problems in different
farmland environments, such as
mudponds, paddy fields,
mountains, and other terrain
constraints.

3. Mechanical harvesting can cause
damage to fields, especially in
wetland conditions, which tend to
leave deep ruts.

4. Skilled operation techniques and
maintenance knowledge are
required to ensure the normal
operation of machinery.

1. Manual harvesting needs a lot of
manpower input, labor intensity,
and high demand for labor
resources.

2. The speed of artificial harvesting
is relatively slow and cannot
adapt to the rapid harvesting
needs of large farmland areas.

3. Manual harvesting is prone to
accidental crop injury and loss,
making it challenging to control
crop quality.

4. Manual harvesting will be limited
by the personnel’s technical level
and physical condition and is
unsuitable for long-term
continuous work.
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3. Factors Limiting the Yield of Machine-Harvested Ratoon Rice

The yield of mechanized ratoon rice is affected by many factors, such as variety char-
acteristics [14], sowing date [15], pile height [16], water [17], and fertilizer control [18]. The
shortage of heat and light resources, lack of strong regenerative varieties, considerable loss
of the main-season rice harvester rolling, and high-yielding and high-quality technology
resulted in low annual productivity and poor rice quality, which seriously restricted the
development of ratoon rice industrialization (Figure 2).
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Figure 2. Research status and development goal of ratoon rice. (A) Technology roadmap; (B–D) A
pictorial illustration of ratoon rice; (B) The ratoon crop at 5 days after the harvesting of the main
crop; (C) The ratoon crop at 15 days after harvesting of the main crop; (D) The ratoon crop at the
heading stage.

3.1. Strong Regenerative Varieties Are Lacking

The selection of excellent varieties is the basis of ratoon rice [19]. On the other hand,
the viability of rice varieties is critical for judging the quality of rice varieties, and this is
determined by the ability of buds to germinate into panicles. The fertility of rice is mainly
affected by the genetic characteristics of rice varieties and the growing environment in
the planting process, among which the genetic features of rice varieties play a dominant
role [20]. There is still a lack of more ideal rice varieties with strong reproducibility that
are suitable for mechanized harvesting. It is urgent to solve this problem by effectively
screening superior rice varieties [9]. Nowadays, the standard method is to screen a large
number of high-yielding varieties with strong fertility among the existing main-season rice
varieties. According to statistics from 1979 to 2018, a total of 9563 rice varieties (6492 indica
rice, 3024 japonica rice, and 47 indica rice) were approved at or above the provincial level in
China, among which 4159 varieties were widely used in production [21]. It is too much work
to screen out the adaptable regenerative varieties from such a large number of varieties,
and it is difficult for the same varieties to achieve stable and high yields in many regions
due to the different ecological environments in the different areas. It can be seen that this
method lacks subjective initiative and foresight. In addition, axillary bud germination is the
key to a high and stable rice yield in the ratooning season [22]. However, the mechanism
of axillary bud germination is still unclear. It is therefore necessary to further study the
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cultivation technology and mechanism of tiller promotion in perennial root crops [9]. Given
this, on the premise of ensuring the safety of ratooning season rice, it is necessary to adjust
measures to local conditions by studying the head quarter season or regeneration of some
agronomic traits such as chlorophyll content, photosynthetic capacity, and strength of the
stem and root, as these are closely related to the generativity indicators [23]. To build
a forecast for the appraisal standard of generativity to push the ratooning rice varieties
screening work quickly and efficiently, it is beneficial to the popularization and application
of ratoon rice varieties.

3.2. Limited Temperature and Light Resources Makes It Difficult for Ratoon Rice to Mature Safely
in the Ratooning Season

The sowing time of the main season of ratoon rice directly determines the harvesting
time of the main season. It indirectly affects the germination of axillary buds into panicles
in the ratoon season [24]. Previous studies found that the earlier the main season rice was
sown, the higher the climatic productivity index was [24], and the longer the main season
vegetative growth period was, the more effective the panicle number was and the higher
the yield was. The later the sowing time of the main season of rice, the lower the yield,
and even the yield of the ratoon season could not be obtained [25]. At the same time, if
sowing too late, the safe full-heading stage of the ratooning season will be affected by low
temperatures [23]. In actual production, producers have adopted various means to achieve
seedling raising in advance, such as plastic film seedling raising [26], greenhouse seedling
raising, and factory seedling raising [27]. In conclusion, according to the conditions of
temperature and light resources in the planting area, the selection of ratoon rice varieties
with a moderate growth period and sowing as early as possible is conducive to the growth
of the reproducing season and increases yield (Figure 3).
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The first harvest time of ratoon rice affects the first harvest yield of ratoon rice and
axillary bud germination, adequate panicle number, safe panicle, and yield [28]. Thus, the
harvesting time of the main season determines the viability of rice varieties. Delaying har-
vesting shortens the ratooning season’s growth period, reducing rice yield in the ratooning
season [29]. Furthermore, observation in the field has indicated that the best time to harvest
main-season rice is when 80% of the ratoon buds protrude from the leaf sheath, resulting in
the best rice yield in two seasons. Premature harvesting reduces output in the main season,
while late harvesting leads to abnormal heading in the ratoon season.
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Under the existing planting patterns, high temperatures and heavy rainfall were the
key meteorological factors affecting the high and stable yield in the main season. However,
insufficient temperature and light resources in the growth period and low temperatures
in the later period limited the yield potential in the ratooning season. Therefore, it is
imperative to reasonably align the sowing date and harvesting date and use temperature
and light resources to increase the yield of ratoon rice.

3.3. The Main Season of Mechanical Rolling Caused a Serious Reduction in Production

There are still some problems with mechanical rolling weight and a significant loss rate
in ratoon season, which seriously restrict the large-scale development of ratoon rice [23].
The effect of rolling in the main season can be effectively reduced by combining agricultural
machinery and agronomic practices [30,31]. Lin et al. found that, compared with equal row
spacing planting, wide and narrow row planting effectively increased the yield of main
season rice, and this, combined with narrow-range crawler harvesting, could effectively
reduce the rolling area of the crawler to the retained rice pile and reduce the influence
of machine harvesting and rolling on the yield of the ratoon season [32]. The yield loss
in the ratooning season caused by mechanical rolling during the first harvest can also be
reduced through reasonable agronomic practices [33]. At present, the primary research
focuses on the modes of “strong reproducible resistance to rolling cultivars” + “appropriate
drought (soil moisture content 30%) harvesting” + “low node harvesting” + “mechanical
travel path,” which effectively reduces the effect of mechanical rolling on the germination
of ratoon buds and promotes the germination of ratoon buds into panicles.

3.4. The Yield Was Unstable in the Main Season and Low in the Ratooning Season

As an essential organ for growth and development, the root system absorbs water and
nutrients from the ground. It indirectly determines the performance of many agronomic
traits of rice, such as yield, quality, stress resistance, and adaptability [26]. The root system
of ratoon rice mainly consists of two parts: the old root surviving on the mother stem in
the main season and the new root produced in the ratoon season, as well as a new root
produced from a dormant bud root primordium on the mother stem of a main season rice
post [34]. The premise of the high yield of ratoon rice is the effective combination of a strong
main-season root system and a certain number of new roots. Moreover, rational regulation
of water and fertilizer is an essential cultivation technique for ratoon rice production. Many
studies have focused on the molecular responses of water and fertilizer regulation to the
yield formation of ratoon rice and its physiological and ecological characteristics. Improper
water and fertilizer management in main-season rice will lead to premature senescence
of the plants or infection of rice stubs by diseases and insects, which will seriously affect
the quality of rice stubs, thus affecting the survival and germination of axillary buds [23].
The researchers in southeast China promoted their low-pile ratooning rice cultivation
technique. They emphasized nitrogen backwards and two times before baking in high-
yield cultivation techniques: the purpose is through the control measures to make the
water head of late-season rice roots remain of high vigor, leaves have no premature aging,
and in harvest, rice piles of good quality and axillary buds have a high survival rate, a
good regeneration rate, increase the effective panicles, and achieve a high yield and good
quality [7]. Negalur et al. suggested that the rehydration time after the first harvest should
be considered comprehensively with the height of the remaining pile to avoid the risk of
regrowth bud necrosis caused by premature flooding and weed competition caused by
late flooding in the ratooning season [35]. It is worth noting that the late harvest period of
the first season of rice reduces the harvester’s mechanical crushing and does not cause the
death of the ratoon buds [34]. Water management is vital to the cultivation of ratoon rice.
After years of research, researchers in China came up with a formula for irrigating ratoon
rice: (Main season) transplanting in shallow water, promoting tiller with little water, timely
field drying, rehydration jointing, full water at booting, dry and wet grain, suitable for dry
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harvest. (Ratoon season): timely re-watering after cutting, shallow water regeneration, dry
and wet grain, full dry harvest.

There are two timings of N application for improving the grain yield of ratoon rice [34].
One is the N application for promoting bud development (Nbud), which is applied during
the period between the heading and harvest of the main crop. Another is the N application
for promoting the development of ratoon tiller (Ntiller), which is applied immediately after
harvesting of the main crop [19,36]. The effects of these two fertilizers were, firstly, to
increase the accumulation of dry matter in the early stages of the rice pile and promote
its transport to ratoon tillers after harvest. Secondly, to expand the leaf area of ratoon
tillers, increase the net photosynthetic capacity, and increase the dry matter accumulation
of ratoon tillers In the process of rice grain filling, light contract compounds are basically
supplied to the grain, and very few light contract compounds are allocated to the growth
and development of ratoon buds, resulting in the loss of vigor of many ratoon buds due to
nutrient deficiency. Therefore, the use of Nbud and Ntiller can effectively solve this problem.
However, there are different opinions on the time and amount of application. Huang
et al. applied Nbud and Ntiller in a 1:1 ratio (total N 180 kg·ha−1). The Nbud was applied
20 days after the early-season main rice heading, while the Ntiller was applied on the 3D
after the main rice harvesting [7]. The reason may be related to climatic conditions and
various characteristics in different regions. Therefore, applying bud-promoting fertilizer
and seedling-raising fertilizer is essential to cultivating and managing ratoon rice. The
application rate of fertilizer is related to the nitrogen application rate in the first season,
hence the height of the remaining pile and the characteristics of rice varieties. Finally, once
the local conditions are ideal, scientific fertilizer management has been observed to save
money, improve efficiency, and reduce pollution [37].

4. Three Central Cores in the Research of Ratoon Rice
4.1. Compared with Main Season Rice and Late Heading Rice, Material Transport Was Higher in
the Ratooning Season

The nutrients in the main-season rice plants came from photosynthesis in leaves,
while the nutrients in the early growth stage of ratoon rice mainly came from the residual
photosynthates in the mother stem [38]. The carbohydrate accumulation in the main-season
rice post is the most important material guaranteed for the germination and early growth
of ratoon seedlings [39]. Rice grain yield formation mainly depends on plant material
production, accumulation, and grain distribution after heading [40]. However, in addition
to the photosynthetic material produced in the ratoon season, the material for ratoon
season rice is also obtained from the residue of the rice stump after the initial harvest. Xie’s
researchers reported that head quarter in the new differentiation stage has the highest
amount of dry matter accumulation, and the regeneration from a season to harvest season
full panicle stage and ratooning season to mature accumulation were similar. The amount
of dry matter accumulation and ratooning season were very significantly and positively
correlated with yield, with the head of the high yield field season harvest index generally
in 0.50–0.53. And the ratooning season can be as high as 0.67–0.70 [41]. Ratoon rice might
have higher carbohydrate and nitrogen transportation efficiency than single rice crops.
Ratoon rice is a typical flow-enhanced rice model. The NSC transport rate in the leaves and
stem sheath of reproducing season rice is significantly higher than that of the main season
late rice heading at the same time, and the NSC transport contributes as much as 10–18% to
the yield. This characteristic of flow enhancement is the main physiological reason that
the harvest index of ratoon season rice is higher than that of the same genotype late rice
heading at the same time [7].

In conclusion, the activity of “source” (mainly rice stubs and old roots) and “sink”
(mainly axillary buds and new roots) after harvesting of main-season rice and their sub-
stance transport determined the germination and growth of ratoon axillary buds [42].
However, the second material transport of the new “source” organs (ratoon roots, ratoon
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stems, and ratoon leaves) to the grain (“sink”) after the development of ratoon axillary
buds is the fundamental factor that determines the yield formation of ratoon rice.

4.2. Compared with Main Season Rice and Late Heading Rice, the Rice Quality in the Ratoon
Season Was Better

In recent years, with the rapid development of the social economy, people’s living
standards have greatly improved, and the requirements for good-quality rice are naturally
becoming higher and higher [7]. The expensive rice on the market requires good appear-
ance, taste, and aroma [43]. Improving rice quality has become a key problem limiting the
development of the rice industry [9,23]. Compared with the traditional planting methods
of single and double cropping rice, ratoon rice often has the advantages of good taste and
quality [43], which could be a determinant factor in economic returns for farmers [44]. A
recent study demonstrated that ratoon rice significantly improved the physicochemical
properties and textural characteristics of cooked rice as compared to the single-cropping
main crop, showing an increase in mean amylose content from 14.85% to 19.92% and a
decrease in mean protein content from 8.11% to 5.6% [45]. The protein content of more than
8% in rice significantly reduced the taste of rice [46,47]. In addition, the appearance quality
of ratoon rice was also significantly better than that of main-season rice, especially since
the chalkiness rate was significantly reduced [48]. Many studies have demonstrated critical
roles for amylose and protein in improving the grain quality of ratoon rice, including
cooking, eating, nutritional, and textural properties. The quality of rice depends largely
on the influence of environmental temperature. The ambient temperature change directly
affects rice quality formation by affecting the accumulation of amylose and protein [49].
Interestingly, the average daily temperature during grain filling differed between main-
season rice and ratooning rice. The better grain quality of ratoon rice may be due to the
lower accumulated temperature during the growth period than that of main crop or double
crop rice [50]. The low temperature in the ratooning season prolonged rice’s ripening
period, promoting rice’s grain-filling process and quality [48]. In addition, the harvester’s
rolling damage and the main season’s rice disease may lead to poor grain quality in the
regenerating season. The ratoon rice was planted on the basis of the main-season rice, and
the environmental factors are relatively stable. In contrast, main-season rice planting was
often affected by climate change (drought and heavy rainfall), and these environmental
factors might have a certain impact on the quality of rice.

In conclusion, the investigation into the quality of ratoon rice holds profound signifi-
cance in enhancing its palatability, nutritional efficacy, and market viability. Furthermore, it
serves as an instrumental measure in securing our food supply and fostering the sustainable
progression of agricultural practices.

4.3. Compared with Main Season Rice and Late Heading Rice, Ratoon Rice Had Lower Greenhouse
Gas Emission

It is reported that rice fields are important sources of greenhouse gas emissions [51],
and different rice varieties, water and fertilizer regulations, and rice cropping patterns
all have impacts on greenhouse gas (GHG) emissions [52]. The N2O emission per unit
yield of ratoon rice (2.06 kg·t−1) was also significantly lower than that of single-cropping
rice (3.02 kg·t−1). The global warming potential (GWP), a comprehensive CH4 and N2O
emissions index, was calculated, and it was found that the N2O emission of ratoon rice
was 43.0% lower than that of single-cropping rice [53]. Song’s research found that the CH4
and N2O emissions from the ratoon rice seasons accounted for 23–24% and 10–27% of total
emissions from the main rice crop and ratoon rice seasons, respectively, due to the low
temperature, short growth period, and low aboveground biomass during the ratoon rice
season [54]. Previous studies found that ratoon rice under plastic film can improve the net
ecosystem economic budget and reduce greenhouse gas intensity, potentially leading to a
win-win situation for the environment and growers in water-stressed regions [53,55].

Therefore, the development of ratoon rice cultivation has great potential to reduce
greenhouse gas emissions in the process of food production [56]. However, there are few
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reports on the total direct and indirect greenhouse gas emissions (i.e., carbon footprint)
during the production of ratoon rice and double-rice or the ratooning season of ratoon
rice and the same heading, late rice [55], and the influencing factors for the difference in
emissions are also worth further investigation [54]. The importance of research on reducing
greenhouse emissions from ratoon rice is reflected in reducing greenhouse gas emissions,
protecting the environment, and improving agricultural sustainability. Further study and
promotion of ratoon rice cultivation methods can contribute to climate change mitigation
and sustainable agricultural development.

5. Conclusions and Prospects

Rice researchers in different regions of China have accumulated rich experience and
formed many regulations and techniques suitable for local cultivation after long-term
research and exploration (Table 2). Machine-harvested ratoon rice has become the latest
development of future ratoon rice. It is necessary to build a comprehensive and practical
evaluation system for rice regenerative capacity to provide a basis for high-yield cultivation
of machine-harvested ratoon rice. On this basis, it was suggested that the lack of strong
regenerative varieties, shortage of temperature and light resources, mechanical rolling, and
unstable yield were the important factors limiting the yield formation of the mechanical
harvesting of ratoon rice. At the same time, ratoon rice’s three core points (material
transport, rice quality, and greenhouse gas emissions) were introduced.

Table 2. General principles of ratoon rice development.

General Principles Describe

Stabilizing food is a top priority

On the premise of ensuring the safety of reproduction rice in
two seasons, according to the variation characteristics of
regional temperature and light resources, the optimization
model of the growth process of machine-harvested
reproduction rice was proposed, which was premature
beating, early planting, and early harvest in the main season.

Choose good varieties

Scientific selection of high-quality varieties with strong
regenerative power and high yield is suitable for
mechanization promotion and optimization of nitrogen
fertilizer management, coupled with wet irrigation, to
enhance the material accumulation in the stem sheath in the
middle and late growth periods, strengthen stem aging,
promote grain filling, improve the activity of axillary buds at
the base, and promote the germination of regenerative buds
after the first harvest.

Reduce rolling

The main season of rice harvesting significantly reduced the
budding rate during the ratooning season. Reducing the effect
of mechanical rolling on the growth of regenerated buds is the
key to increasing rice yield in the regenerated season.

Green security

To develop green, circular, and low carbon clean and green
ecological cultivation modes of machine-harvested
reproducing rice, solve the problem of increasing yield
without increasing income, and realize
sustainable development.

The state puts food security first, while farmers pay attention to the improvement
of economic benefits. Thus, coordinated efforts are required in order to strike a balance
between increasing grain production and increasing farmers’ income. Therefore, policy
support is needed to explore the ratoon rice industry’s cultural connotation and quality
value and improve industrial benefits through brand building. In view of this, it is necessary
to study the rhizosphere biology and regulation technology of regrowing rice, promote the
scientific and standard planting of regrowing rice, and effectively carry out this study of
the ecological compensation mechanism and function of regrowing rice. All these efforts
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can stabilize and develop the planting area for regrowing rice and ultimately attain food
security not only in China but across the globe.

Author Contributions: Z.L. and W.W.: conceptualization; Z.L., W.W., and D.T.: investigation; Z.L.,
M.X., Y.X., Z.Z., and Y.Z.: formal analysis; Z.L. and W.W.: writing. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the Anhui Provincial Natural Science Foundation (2108085QC109)
and the National Key Research and Development Program of China (2022YFD2301000).

Data Availability Statement: All data generated during this study is included in this published
article, and the raw data used or analyzed during the current study is available from the corresponding
author on reasonable request.

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

References
1. Seck, P.A.; Diagne, A.; Mohanty, S. Crops That Feed the World 7: Rice; Springer: Berlin/Heidelberg, Germany, 2012.
2. Ray, D.K.; A Foley, J. Increasing global crop harvest frequency: Recent trends and future directions. Environ. Res. Lett. 2013,

8, 044041. [CrossRef]
3. Deng, N.; Grassini, P.; Yang, H.; Huang, J.; Cassman, K.G.; Peng, S. Closing yield gaps for rice self-sufficiency in China. Nat.

Commun. 2019, 10, 1725. [CrossRef] [PubMed]
4. Peng, S.; Huang, J.; Sheehy, J.E.; Laza, R.C.; Visperas, R.M.; Zhong, X.; Centeno, G.S.; Khush, G.S.; Cassman, K.G. Rice yields

decline with higher night temperature from global warming. Proc. Natl. Acad. Sci. USA 2004, 101, 9971–9975. [CrossRef]
[PubMed]

5. Fei, W.; Huang, J.; Shaobing, P. Research and development of mechanized rice ratooning technology in China. China Rice 2021,
27, 1.

6. Mengel, D.B.; Wilson, F.E. Water Management and Nitrogen Fertilization of Ratoon Crop Rice 1. Agron. J. 1981, 73, 1008–1010.
[CrossRef]

7. Huang, J.; Pan, Y.; Chen, H.; Zhang, Z.; Fang, C.; Shao, C.; Amjad, H.; Lin, W.; Lin, W. Physiochemical mechanisms involved in
the improvement of grain-filling, rice quality mediated by related enzyme activities in the ratoon cultivation system. Field Crop.
Res. 2020, 258, 107962. [CrossRef]

8. Yuan, S.; Cassman, K.G.; Huang, J.; Peng, S.; Grassini, P. Can ratoon cropping improve resource use efficiencies and profitability
of rice in central China? Field Crops Res. 2019, 234, 66–72. [CrossRef]

9. Lin, W.-X. Developmental status and problems of rice ratooning. J. Integr. Agric. 2019, 18, 246–247. [CrossRef]
10. Krishanamurthy, K. Rice ratooning as an alternative to double cropping in tropical Asia. In Rice Ratooning; IRRI: Bangalore

India, 1989.
11. Xu, X.B.; Zhang, J.-G.; Jiang, X.-X. Ratooning in China. In Rice Ratooning; International Rice Research Institute: Los Baños,

Philippines, 1988; pp. 79–85.
12. Xu, L.; Zhan, X.; Yu, T.; Nie, L.; Huang, J.; Cui, K.; Wang, F.; Li, Y.; Peng, S. Yield performance of direct-seeded, double-season rice

using varieties with short growth durations in central China. Field Crop. Res. 2018, 227, 49–55. [CrossRef]
13. Guilong, X.; Jianping, O.; Kailou, L.; Yazhen, L.; Lijun, Z.; Paolan, Y.; Huiwen, H. Effects of Bud Fertilizer and Stubble Types on

Grain Yield and Regeneration Capacity of Ratoon Rice in Northeast of Jiangxi Province. Chinese Rice 2016, 22, 27–30.
14. Zhang, Q.; Liu, X.; Yu, G.; Wang, H.; Feng, D.; Zhao, H.; Liu, L. Agronomic and physiological characteristics of high-yielding

ratoon rice varieties. Agron. J. 2021, 113, 5063–5075. [CrossRef]
15. Liu, X.; Feng, D.; Yu, G.; Zhao, H.; Qiao, L.; Li, Y.; Fan, X.; Liu, M.; Zhang, Q. Effect of Different Sowing Dates in South Henan ‘s

Rice-growing Areas on the Growth and Yield of Ratoon Rice. Agric. Res. Asia 2016, 8, 43–47.
16. Yang, D.; Peng, S.; Zheng, C.; Xiong, Z.; Yang, G.; Deng, S.; Wang, F. Stubble height affects the grain yield of ratoon rice under

rainfed conditions. Agric. Water Manag. 2022, 272, 107815. [CrossRef]
17. Torres, R.O.; Natividad, M.A.; Quintana, M.R.; Henry, A. Ratooning as a management strategy for lodged or drought-damaged

rice crops. Crop. Sci. 2020, 60, 367–380. [CrossRef] [PubMed]
18. Wang, Y.-C.; Li, X.-F.; Lee, T.; Peng, S.-B.; Dou, F.-G. Effects of nitrogen management on the ratoon crop yield and head rice yield

in South USA. J. Integr. Agric. 2021, 20, 1457–1464. [CrossRef]
19. Chen, Q.; He, A.; Wang, W.; Peng, S.; Huang, J.; Cui, K.; Nie, L. Comparisons of regeneration rate and yields performance between

inbred and hybrid rice cultivars in a direct seeding rice-ratoon rice system in central China. Field Crop. Res. 2018, 223, 164–170.
[CrossRef]

20. Huang, X.; Yang, S.; Gong, J.; Zhao, Y.; Feng, Q.; Gong, H.; Li, W.; Zhan, Q.; Cheng, B.; Xia, J.; et al. Genomic analysis of hybrid
rice varieties reveals numerous superior alleles that contribute to heterosis. Nat. Commun. 2015, 6, 6258. [CrossRef]

21. E, Z.; Cheng, B.; Sun, H.; Wang, Y.; Zhu, L.; Lin, H.; Wang, L.; Tong, H.; Chen, H. Analysis on Chinese improved rice varieties in
recent four decades. Chin. J. Rice Sci. 2019, 33, 9.

https://doi.org/10.1088/1748-9326/8/4/044041
https://doi.org/10.1038/s41467-019-09447-9
https://www.ncbi.nlm.nih.gov/pubmed/30979872
https://doi.org/10.1073/pnas.0403720101
https://www.ncbi.nlm.nih.gov/pubmed/15226500
https://doi.org/10.2134/agronj1981.00021962007300060024x
https://doi.org/10.1016/j.fcr.2020.107962
https://doi.org/10.1016/j.fcr.2019.02.004
https://doi.org/10.1016/S2095-3119(19)62568-2
https://doi.org/10.1016/j.fcr.2018.08.002
https://doi.org/10.1002/agj2.20871
https://doi.org/10.1016/j.agwat.2022.107815
https://doi.org/10.1002/csc2.20007
https://www.ncbi.nlm.nih.gov/pubmed/32536700
https://doi.org/10.1016/S2095-3119(20)63452-9
https://doi.org/10.1016/j.fcr.2018.04.010
https://doi.org/10.1038/ncomms7258


Plants 2023, 12, 3446 11 of 12

22. Guilian, Z.; Naimei, T.; Shuntang, Z. A Comparative of Ratooning Characteristics of Different Hybrid Rice Combinations. J. Hunan
Agric. Univ. 2002, 28, 364–368.

23. Xu, F.; Zhang, L.; Zhou, X.; Guo, X.; Zhu, Y.; Liu, M.; Xiong, H.; Jiang, P. The ratoon rice system with high yield and high efficiency
in China: Progress, trend of theory and technology. Field Crop. Res. 2021, 272, 108282. [CrossRef]

24. Dou, F.; Tarpley, L.; Chen, K.; Wright, A.L.; Mohammed, A.R. Planting Date and Variety Effects on Rice Main and Ratoon Crop
Production in South Texas. Commun. Soil Sci. Plant Anal. 2016, 47, 2414–2420. [CrossRef]

25. Vergara, B.; Lopez, F.; Chauhan, J. Morphology and Physiology of Ratoon Rice. In Rice Ratooning; International Rice research
Institute: Los Baños, Filipinas, 1988; pp. 31–40.

26. Li, Z.; Feng, S.; Zhan, W.; Xu, L.; Fang, C.; Zhang, Z.; Lin, W. Lsi1 plays an active role in enhancing the chilling tolerance of rice
roots. Plant Growth Regul. 2020, 90, 529–543. [CrossRef]

27. Niu, G.; Wang, G.; Li, B.; Song, C.; Xiao, W.; Zhou, H. Design of Rice Factory Three-dimensional Carpet Raising Seedlings System
Engineering. IERI Procedia 2014, 8, 93–100. [CrossRef]

28. Nakano, H.; Morita, S. Effects of time of first harvest, total amount of nitrogen, and nitrogen application method on total dry
matter yield in twice harvesting of rice. Field Crop. Res. 2008, 105, 40–47. [CrossRef]

29. Santos, A.; Fageria, N.; Prabhu, A. Rice Ratooning Management Practices for Higher Yields. Commun. Soil Sci. Plant Anal. 2003,
34, 881–918. [CrossRef]

30. Wang, W.; He, A.; Jiang, G.; Sun, H.; Jiang, M.; Man, J.; Ling, X.; Cui, K.; Huang, J.; Peng, S.; et al. Ratoon rice technology: A green
and resource-efficient way for rice production. Adv. Agron. 2019, 159, 135–167. [CrossRef]

31. Fu, J.; Ji, C.; Liu, H.; Wang, W.; Zhang, G.; Gao, Y.; Zhou, Y.; Abdeen, M.A. Research Progress and Prospect of Mechanized
Harvesting Technology in the First Season of Ratoon Rice. Agriculture 2022, 12, 620. [CrossRef]

32. Lin, X.; Lei, Z.; Wu, X.; Huang, S.; Shao, C.; Yang, S.; Li, M.; Liu, J.; Gan, J.; Wen, N. The damage reduction effect of narrowing
harvester track and wide-narrow row planting in the mechanized harvesting of ratoon rice. Chin. Agric. Sci. Bull. 2022, 38,
150–155. (Chinese Journal in English)

33. Chen, X.; Li, H.; Liu, M.; Yu, J.; Zhang, X.; Liu, Z.; Peng, Y. Stubble Righting Increases the Grain Yield of Ratooning Rice After the
Mechanical Harvest of Primary Rice. J. Plant Growth Regul. 2021, 41, 1747–1757. [CrossRef]

34. Lin, W.; Chen, H.; Zhang, Z.; Xu, Q.; Tu, N.; Fang, C.; Ren, W. Research and prospect on physio-ecological properties of ratoon
rice yield formation and its key cultivation technology. Chin. J. Eco-Agric. 2015, 4, 392–401. (Chinese Journal in English)

35. Negalur, R.; Yadahalli, G.; Chittapur, B.; Guruprasad, G.; Narappa, G. Ratoon Rice: A Climate and Resource Smart Technology.
Int. J. Curr. Microbiol. Appl. Sci. 2017, 6, 1638–1653. [CrossRef]

36. Wang, H.; Xu, J.; Liu, X.; Zhang, D.; Li, L.; Li, W.; Sheng, L. Effects of long-term application of organic fertilizer on improving
organic matter content and retarding acidity in red soil from China. Soil Tillage Res. 2019, 195, 104382. [CrossRef]

37. Xi, M.; Xu, Y.; Li, Z.; Hu, R.; Cheng, T.; Zhou, Y.; Tu, D.; Ji, Y.; Xu, X.; Sun, X.; et al. Progress and challenges of rice ratooning
technology in Anhui Province, China. Crop. Environ. 2023, 2, 81–86. [CrossRef]

38. Dong, H.; Chen, Q.; Wang, W.; Peng, S.; Huang, J.; Cui, K.; Nie, L. The growth and yield of a wet-seeded rice-ratoon rice system
in central China. Field Crop. Res. 2017, 208, 55–59. [CrossRef]

39. Yang, D.; Peng, S.; Zheng, C.; Xiang, H.; Huang, J.; Cui, K.; Wang, F. Effects of nitrogen fertilization for bud initiation and tiller
growth on yield and quality of rice ratoon crop in central China. Field Crop. Res. 2021, 272, 108286. [CrossRef]

40. Li, Z.; Li, Z.; Muhammad, W.; Lin, M.; Azeem, S.; Zhao, H.; Lin, S.; Chen, T.; Fang, C.; Letuma, P.; et al. Proteomic analysis of
positive influence of alternate wetting and moderate soil drying on the process of rice grain filling. Plant Growth Regul. 2018, 84,
533–548. [CrossRef]

41. Xie, H. Study on high-yielding cultivation characteristics of super hybrid rice grown as ratoon rice. Hybrid Rice 2010, 25, 17–26,
(Chinese Journal in English).

42. He, A.; Wang, W.; Jiang, G.; Sun, H.; Jiang, M.; Man, J.; Cui, K.; Huang, J.; Peng, S.; Nie, L. Source-sink regulation and its effects
on the regeneration ability of ratoon rice. Field Crop. Res. 2019, 236, 155–164. [CrossRef]

43. Lin, F.; Rensing, C.; Pang, Z.; Zou, J.; Lin, S.; Letuma, P.; Zhang, Z.; Lin, W. Metabolomic analysis reveals differential metabolites
and pathways involved in grain chalkiness improvement under rice ratooning. Field Crop. Res. 2022, 283, 108521. [CrossRef]

44. Yazdpour, H.; Shahri, M.M.; Soleymani, A.; Shahrajabian, M.H. Effects of harvesting time and harvesting height on grain yield
and agronomical characters in rice ratoon (Oryza sativa L.). J. Food Agric. Environ. 2012, 10, 438–440.

45. Deng, F.; Yang, F.; Li, Q.; Zeng, Y.; Li, B.; Zhong, X.; Lu, H.; Wang, L.; Chen, H.; Chen, Y.; et al. Differences in starch structural and
physicochemical properties and texture characteristics of cooked rice between the main crop and ratoon rice. Food Hydrocoll. 2021,
116, 106643. [CrossRef]

46. Balindong, J.L.; Ward, R.M.; Liu, L.; Rose, T.J.; Pallas, L.A.; Ovenden, B.W.; Snell, P.J.; Waters, D.L. Rice grain protein composition
influences instrumental measures of rice cooking and eating quality. J. Cereal Sci. 2018, 79, 35–42. [CrossRef]

47. Qian, C.-R.; Feng, Y.-J.; Yang, J.; Liu, H.-Y.; Jin, Z.-X. Effects of protein content selection on cooking and eating properties of rice in
early-generation of crosses. Chin. J. Rice Sci. 2007, 21, 323.

48. Kaneko, K.; Sasaki, M.; Kuribayashi, N.; Suzuki, H.; Sasuga, Y.; Shiraya, T.; Inomata, T.; Itoh, K.; Baslam, M.; Mitsui, T. Proteomic
and Glycomic Characterization of Rice Chalky Grains Produced Under Moderate and High-temperature Conditions in Field
System. Rice 2016, 9, 26. [CrossRef]

https://doi.org/10.1016/j.fcr.2021.108282
https://doi.org/10.1080/00103624.2016.1243705
https://doi.org/10.1007/s10725-020-00577-5
https://doi.org/10.1016/j.ieri.2014.09.016
https://doi.org/10.1016/j.fcr.2007.07.002
https://doi.org/10.1081/CSS-120018981
https://doi.org/10.1016/bs.agron.2019.07.006
https://doi.org/10.3390/agriculture12050620
https://doi.org/10.1007/s00344-021-10416-0
https://doi.org/10.20546/ijcmas.2017.605.179
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.crope.2023.04.003
https://doi.org/10.1016/j.fcr.2017.04.003
https://doi.org/10.1016/j.fcr.2021.108286
https://doi.org/10.1007/s10725-017-0359-z
https://doi.org/10.1016/j.fcr.2019.04.001
https://doi.org/10.1016/j.fcr.2022.108521
https://doi.org/10.1016/j.foodhyd.2021.106643
https://doi.org/10.1016/j.jcs.2017.09.008
https://doi.org/10.1186/s12284-016-0100-y


Plants 2023, 12, 3446 12 of 12

49. Nevame, A.Y.M.; Emon, R.M.; Malek, M.A.; Hasan, M.M.; Alam, A.; Muharam, F.M.; Aslani, F.; Rafii, M.Y.; Ismail, M.R.
Relationship between High Temperature and Formation of Chalkiness and Their Effects on Quality of Rice. BioMed Res. Int. 2018,
2018, 1653721. [CrossRef]

50. Funaba, M.; Ishibashi, Y.; Molla, A.H.; Iwanami, K.; Iwaya-Inoue, M. Influence of Low/High Temperature on Water Status in
Developing and Maturing Rice Grains. Plant Prod. Sci. 2006, 9, 347–354. [CrossRef]

51. Wu, X.; Wang, W.; Xie, X.; Yin, C.; Hou, H.; Yan, W.; Wang, G. Net global warming potential and greenhouse gas intensity as
affected by different water management strategies in Chinese double rice-cropping systems. Sci. Rep. 2018, 8, 779. [CrossRef]

52. Cheng, W.; Kimani, S.M.; Kanno, T.; Tang, S.; Oo, A.Z.; Tawaraya, K.; Sudo, S.; Sasaki, Y.; Yoshida, N. Forage rice varieties
Fukuhibiki and Tachisuzuka emit larger CH4 than edible rice Haenuki. Soil Sci. Plant Nutr. 2018, 64, 77–83. [CrossRef]

53. Firouzi, S.; Nikkhah, A.; Aminpanah, H. Rice single cropping or ratooning agro-system: Which one is more environment-friendly?
Environ. Sci. Pollut. Res. 2018, 25, 32246–32256. [CrossRef]

54. Song, K.; Zhang, G.; Ma, J.; Peng, S.; Lv, S.; Xu, H. Greenhouse gas emissions from ratoon rice fields among different varieties.
Field Crop. Res. 2022, 277, 108423. [CrossRef]

55. Song, K.; Zhang, G.; Yu, H.; Huang, Q.; Zhu, X.; Wang, T.; Xu, H.; Lv, S.; Ma, J. Evaluation of methane and nitrous oxide emissions
in a three-year case study on single rice and ratoon rice paddy fields. J. Clean. Prod. 2021, 297, 126650. [CrossRef]

56. Zhou, Y.; Ji, Y.; Zhang, M.; Xu, Y.; Li, Z.; Tu, D.; Wu, W. Exploring a sustainable rice-cropping system to balance grain yield,
environmental footprint and economic benefits in the middle and lower reaches of the Yangtze River in China. J. Clean. Prod.
2023, 404, 136988. [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/10.1155/2018/1653721
https://doi.org/10.1626/pps.9.347
https://doi.org/10.1038/s41598-017-19110-2
https://doi.org/10.1080/00380768.2017.1378569
https://doi.org/10.1007/s11356-018-3076-x
https://doi.org/10.1016/j.fcr.2021.108423
https://doi.org/10.1016/j.jclepro.2021.126650
https://doi.org/10.1016/j.jclepro.2023.136988

	Introduction 
	Mechanical Harvesting of the Main Season Is the Key to the Development of Ratoon Rice 
	Factors Limiting the Yield of Machine-Harvested Ratoon Rice 
	Strong Regenerative Varieties Are Lacking 
	Limited Temperature and Light Resources Makes It Difficult for Ratoon Rice to Mature Safely in the Ratooning Season 
	The Main Season of Mechanical Rolling Caused a Serious Reduction in Production 
	The Yield Was Unstable in the Main Season and Low in the Ratooning Season 

	Three Central Cores in the Research of Ratoon Rice 
	Compared with Main Season Rice and Late Heading Rice, Material Transport Was Higher in the Ratooning Season 
	Compared with Main Season Rice and Late Heading Rice, the Rice Quality in the Ratoon Season Was Better 
	Compared with Main Season Rice and Late Heading Rice, Ratoon Rice Had Lower Greenhouse Gas Emission 

	Conclusions and Prospects 
	References

