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Lodging resistance of rice plants 
studied from the perspective 
of culm mechanical properties, 
carbon framework, free volume, 
and chemical composition
Qing Liu 1, Chongshan Yin 2*, Xi Li 2, Chunqing He 3, Zhi Ding 2 & Xuan Du 2

In this study, four varieties of rice were cultivated on the same farmland under same conditions and 
for same duration. However, their lodging resistance was found to be obviously different from each 
other. Herein, three key factors that highly influenced the lodging resistance were identified. First, in 
terms of morphological trait, in contrast to the generally believed theory that the overall thickness of 
the fresh culm wall governs the strength, the thickness of the depressed region of the dried basal culm 
wall largely determined the mechanical properties by acting as the weak link. This depressed region 
represents the vulnerable part with high syneresis rate. Second, the culm and its carbon framework 
exhibited sufficient strength and rigidity for both support and stability of the rice stem. The constraint 
of high lodging resistance of rice plants is attributed to the culm flexibility. Furthermore, the results 
of the positron annihilation lifetime spectroscopy corroborate that the most amorphous part and the 
highest-fraction free volume in the culm carbon framework were found for samples that exhibited high 
lodging resistance. This result confirmed the significant influence of the culm flexibility on lodging 
resistance. Third, a higher level of nitrogen element content in the basal culm can benefit its growth 
and development, which may contribute to an increase in lodging resistance of rice plants.

Rice is a staple food for more than half of the world’s population. One of the most concerning problems faced 
by farmers is the lodging of rice plants near the crop harvest stage, which leads to the decrease in both crop 
production (about 5–80%) and crop quality, as well as reduction in the mechanical harvesting  efficiency1–3. Lodg-
ing indicates the permanent displacement of vertical plants, which is a result of stem breaking, stem bending, 
or root  lodging4–6. Stem lodging occurs when the plant is damaged or the entire plant becomes Euler unstable; 
however, the root lodging is always caused by the anchorage  failure7. Many factors determine the lodging resist-
ance of stem, such as plant mechanical performance, unstable external environment, silicon content, soil density, 
diseases, illumination intensity, external stimuli, natural disasters, and overplant  population8–11. Owing to the 
complexity of the lodging phenomenon, there are still many questions that remain to be answered, and how to 
improve the lodging resistance is a research hotspot in the field of rice breeding over the  years12,13.

The basal stem of the rice plants consists of culm and leaf sheath. The culm, which is composed of vascular 
bundles and mechanical tissue layer, plays a dominant role in the lodging resistance of the overall plant. Rice stem 
contributes around 65.8–95% of the overall bending stiffness of stem  segment14, and the remaining is attributed 
to the leaf  sheath15. The relationship between morphological characteristics and mechanical properties of the 
basal culm has been extensively studied till  date16–19. In terms of the mechanical properties of plant, the primary 
influencing factors are stem diameter, culm wall thickness, leaf sheath, plumpness, dry density, vascular bun-
dles, internode length, plant height, height of the center of gravity, rigidity of the lower portion, weight of the 
upper portion,  etc4,16–18. Normally, greater culm diameter and wall thickness are largely favorable for the lodging 
resistance. Moreover, the carbohydrate components (such as cellulose, soluble sugar, starch, and lignin) of basal 
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culm also contribute to its  rigidity20,21. The relationship between these traits and rice genotypes (either prone to 
lodging or displaying lodging resistance) has already been  confirmed22–28.

Further, fertilization (in particular nitrogen fertilization) is used as one of the major measures for improving 
grain yield in rice. Previously, extensive research efforts have been devoted to investigate the effects of nitrogen 
content on rice. Results indicate that excessive nitrogen increased the rice tiller numbers, plant height, and weight 
of the upper portion, and then it finally led to lodging and yield  loss1,16,17. Thus, optimized nitrogen manage-
ment is important for rice cultivation. However, most previous studies mainly focused on the relevance between 
the total amount of nitrogen fertilizer and morphological and physiological characteristics of rice  plants29,30. 
Considering the absorption and utilization of nitrogen fertilizer within rice plants, the distribution of nitrogen 
in culm significantly impacts the growth and development of the rice plants, which can be very meaningful to 
better comprehend the lodging resistance.

Rice stem can be regarded as an outer shell consisting of almost fully dense materials supported by a low-
density hollow foam core. The outer shell consists of a mechanical tissue layer composed of thick skin fiber 
cells, and the foam core is made up of a parenchymal tissue reinforced with the vascular  bundles31,32. It has been 
extensively studied that the biomechanical factors of outer shell and vascular bundles dominate the stiffness 
of the stem. These factors include diameter and wall thickness of outer shell, number of vascular bundles, and 
microfibril angle and thickness of the sublayer of cell  wall29–34. However, comprehensive understanding of the 
effect of lodging resistance at the level of micro-scale or ultra-scale structures is still  unclear33,34. In particular, it is 
considered that the physical properties of culm influenced by its carbon framework are significantly important in 
correlating with its mechanical properties. Carbon atoms create the backbone of living matter, which is denoted 
as the carbon framework. Free volumes are abundant in the carbon framework, which refer to the microscopic 
area of a substance that is not occupied by atoms and  electrons35–38. The size, distribution, and density of free 
volumes are closely related to the macroscopic properties of matters, such as mechanical properties, glass transi-
tion, thermal expansion and contraction, and relaxation  phenomenon39–42. Thus, based on perspective of free 
volumes, intensive studies regarding the mechanism behind the mechanical properties of the rice culm can be 
interesting and of utmost importance. On the other hand, it is extremely difficult to observe the free volumes in 
the solid matters by using conventional techniques, such as transmission electron microscopy or atomic force 
microscopy. For several decades, positron annihilation technique has been widely used for the characterization 
of open volumes, vacancy type defects, and pores in various  materials39–43. Thus, in this study, positron anni-
hilation lifetime spectroscopy (PALS) was employed to characterize the free volume holes within the carbon 
framework of the rice culm in order to better comprehend the effect of free volumes on the mechanical strength 
and lodging resistance of rice plants. Herein, four varieties of rice were cultivated on the same farmland under 
same conditions and for same duration; however, their lodging resistance was obviously different. The reasons 
behind this phenomenon were investigated in detail in terms of the culm mechanical properties, morphology, 
carbon framework, free volumes, and chemical composition.

Materials and methods
Materials. Field experiments were conducted in Changsha, Hunan province, China (113.16 E, 28.16 N) dur-
ing the rice-growing season. Four different varieties of cultivated rice plants (Xianghancan45, Jusui, Lixiang-
zhan, and Aipei) were grown on the same farmland with the same planting density, seeded, and harvested from 
the end of March to mid-August, or mid-April to end-August, 2021. All rice plants were loosely planted (15-16 
plants per square meter) to reduce the effect of additive disturbances. There are no significant climate differences 
during the rice growth period, and the duration of the growth period is basically the same (4.5 months). For 
each variety of rice, 10-20 main stems from rice plants were randomly collected from the farmland. Before the 
measurement, dirt on all plants has been carefully washed off.

Preparation of the rice culm and carbonized rice culm. First, the root, leaf, and spike of all rice plants 
were cut off (as shown in Fig. S1). Then the fresh spike was weighted. Second, the culm was taken out from the 
basal stems (consist of culm and leaf sheath) and weighted. The culm was cut into three parts, namely, top, mid-
dle, and bottom (or basal). The top part refers to the culm beyond the topmost node and the bottom part refers 
to the culm between the lowermost node and the root, and the middle part means all the rest of the top and 
bottom part. The photograph of the 3 parts is shown in Fig. 1. Third, the resulting culms were dried at 45 ◦ C for 
72 h, and weighted again. After the drying treatment, the culm wall with uniform thickness becomes uneven. 
Fourth, some culms were cut into small pieces and then processed into powder with a grinder. Subsequently, all 
of the resulting culm powder was screened with a filter sieve. Finally, some of the culm powder was placed on a 
porcelain boat and transferred to a horizontal tubular furnace. Under N 2 atmosphere, the samples were heated 
to 400 ◦ C and kept warm for 1 h for the carbonization process. The culm powder and carbonized culm powder 
were then stored in a drying cabinet.

Characterization. For measuring the lodging degree, rice plants were grown separately by variety, and 
arranged into elongated rectangles (about 200 rows and 10 columns). The lodging degree refers to the number 
ratio of plants lodging at angle greater than 45◦ against the overall plants. For each rice variety, the resulting 
lodging degree was based on the analysis of a total of 100 samples randomly collected from the field, at the 
maturing stage and before the harvest. Very small number of artificially damaged and diseased rice plants was 
not included.

The morphologies of the carbonized culm were measured by a Scanning Electron Microscope (SEM) (Sigma 
HD, Carl Zeiss Jena, Germany). The mechanical properties (maximum bending moment) of the basal culm were 
measured on a tensile machine (HDV, Yueqing Handpi Instruments, Co., Ltd., China). The crystallinity of the 
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samples was characterized by X-ray diffraction (XRD) and X-ray powder diffraction (XRPD) measurements, per-
formed on a D8 ADVANCE type diffractometer (Bruker, Germany), with the scan rate of 4 ◦ min−1 . The chemical 
elements of the rice culm samples were measured by an elemental analyzer (Vario EL CUBE, ELEMENTAR, 
Germany). The porosity (surface area) of the samples was characterized by BET method (Brunauer-Emmett-
Teller) via N 2 adsorption-desorption process (JW-BK 122W, JWGB, China) at 77 K. The surface morphologies 
of the fresh rice culm were measured by a metallographic microscope (NJL-120A, Beijing Novel Optics Co., 
Ltd., China ). The X-ray photoelectron spectroscopy (XPS) measurement was conducted for all rice culms in 
powder form (K-Alpha, Thermo Scientific, USA ). The Fourier Transform Infrared Spectroscopy (FTIR) was 
carried out at room temperature at a resolution of 2 cm−1 by a Nicolet 170 SXIR spectrometer (Thermo Scientific, 
USA) in the range of 4000 cm−1 to 500 cm−1 . Free volume holes within the carbonized rice culm were studied 
by a positron annihilation lifetime spectroscopy (PALS) technology and a mechanical property measurement. 
The measurement was conducted by using a fast-fast coincidence PALS with a time resolution function of 0.230 
ns for the full width at half maximum (FWHM), and 1 million counts were collected for each spectrum. Details 
about the PALS measurement can be found in the Supporting Information.

In this study, the statistical data of sample is presented as an average value (AV) and a standard deviation 
(SD) as “AV ± SD”. Then, based on the Welch’s t-test, the P-value along with related data is used to represent the 
significant difference in data when needed. For each rice variety, the lodging degree was obtained based on 100 
plants, the maximum bending moment measurement was conducted three times, the traits value of plants pre-
sented in Table 2 was measured at least 10 times, and the traits value of plants presented in Table 3 was measured 
at least 50 times. The results are presented as the average values.

Author statement for the use of plants. In this study, collection and use of plant material comply with 
relevant institutional, national, and international guidelines and legislation.
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Figure 1.  Pictures of the culm of (a) R1, (b) R2, (c) R3, and (d) R4. The culm was cut into 3 parts: top, middle, 
and bottom (or basal).
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Results and discussion
Mechanical property and morphology of fresh culm. The four different rice cultivars, namely, Xiang-
hancan 45, Lixiangzhan, Jusui, and Aipei (labeled as R1, R2, R3, and R4, respectively), were grown on the same 
farmland under the same growing conditions. However, their lodging resistance was obviously different from 
each other. Both R1 and R2 rice plants exhibited good lodging resistance. More importantly, most of the R1 
plants basically remained in a perpendicular position (> 80%). However, R3 and R4 varieties showed a relatively 
high degree of lodging. In particular, many of the R4 plants exhibited the lodging larger than 80◦ from the 
perpendicular position (> 30%). In this study, lodging of the rice plants occurred dominantly near the bottom, 
which was mainly caused by the breaking or bending of the basal stem.

The lodging degree was found to be 0, 9, 55, and 80%, for R1, R2, R3, and R4, respectively, as presented in 
Table 1. Therefore, the lodging resistances of the four varieties of rice plants are in the order of R1> R2> R3 > 
R4. Basically, the maximum bending moment (Mmax ) reflects the rigidity of the  culm44. Table 1 summarizes 
that the M max of R1 is slightly higher than that of the others, and no linear relationship was observed between 
the lodging resistance and the M max . This is attributed to the fact that the lodging of rice plants is an extremely 
complex process and it is influenced by several  factors31,32. Furthermore, by considering the significant difference 
in lodging resistance of the R1, R2, R3, and R4 rice plants, surprisingly, it was found that the M max values of the 
samples were fairly similar to each other. Thus, the rigidity of the culm is only one of the factors among many 
that is associated with plants lodging, and probably not the major one. Therefore, undeniably, more experimental 
studies are still required to obtain a more comprehensive understanding of this problem of lodging.

Plants lodging normally involves morphological features, anatomical traits, and chemical composition of 
the fresh  culm9–13. To find reasons for the difference in the lodging resistance of the samples, related traits of the 
plants were obtained and summarized in Table 2. The wall thickness values of the fresh basal culm (T) of samples 
are close to each other (232–251 µm), and show no obvious regularity as a function of lodging resistance. Culm 
lengths for R1, R2, and R3 are basically similar (65–68 cm), while that for R4 is shorter (59 cm). The length den-
sity of all culms is almost the same (1.68–1.73 and 0.34–0.36 10−1 g cm−1 for fresh and dry culm, respectively), 
and the number of culm nodes is 3-4 for all samples. The spike of R1 (5.16 g) and R2 (5.03 g) is heavier than that 
of R3 (4.80 g) and R4 (3.63 g). Moreover, no significant difference was noticed in the H CG for R1, R2, and R3 
(42.9 - 43.9 cm), and that of R4 was even lower (34.7 cm). Consequently, in this study, plant height, spike weight, 
fresh culm wall thickness, culm length density, and height of the center of gravity of plant are not the primary 
factors that determine the plant lodging resistance. In this case, it is predicted that the mechanical properties of 
the basal culm likely play a dominant role in the lodging resistance of the  samples2,31.

In order to reveal how the mechanical properties of the culm determine the lodging resistance, the diameter of 
fresh culm, which has been widely recognized to correlate with the lodging resistance of  crops33,45, was obtained 
and the corresponding results are summarized in Table 3. However, in this study, no significant difference in 
D Bottom was found among samples (ranging from 5.6 to 5.8 mm). To further analyze the structure of the culm, 
the metallographic surface and cross-sectional morphologies of the dried culm wall were obtained, as shown 
in Figs. 2 and 3, respectively. Apparently, wrinkles along the culm could be found in all samples (Fig. 2), which 
resulted from the uneven thickness of dry culm walls (Fig. 3). Basically, the closer the wrinkles are to the bottom, 
the larger they are in size and greater in separation distance, because of the increase in culm radius. This uneven 
thickness of dry culm walls is caused by the different syneresis rates of vascular bundles and mechanical tissue 
layer within the  culm31. The depressed region represents the part of culm structure that is vulnerable and with 
high syneresis rate. Furthermore, the wall thickness of dried culm was measured, and the results are presented 
in Table 3 . The thickness of the bulge region (TB ) for basal culm (203–222 µ m) shows no obvious regularity 
as a function of lodging resistance of samples. The thickness of the depressed region (TD ) for basal culm of R1 
and R2 (93 and 118 µ m, respectively) is evidently higher than that of R3 and R4 (70 and 61 µ m, respectively). 
This significant difference was confirmed by the Welch’s t-test (P-value < 0.01). Furthermore, the specific value 
of T B/TD ratio for basal culm of R1 and R2 (2.25 and 1.88, respectively) is also higher than that of R3 and R4 
(3.01 and 3.33, respectively). Thus, in contrast to the generally believed theory that the overall thickness of the 
fresh culm wall governs the  strength34, it is likely that the depressed region of the dried basal culm wall largely 
determined the mechanical properties of the culm. This depressed region probably acts as the handicapped area 
for the mechanical properties of the overall culm.

Components and crystallinity of fresh culm. In terms of composition, the mechanical properties of the 
culm primarily depend on its carbohydrate components, such as cellulose, starch, soluble sugars, and  lignin17. 
For rice, the cellulose content mainly determines the physical strength of the stem by serving as a link and 
 support20,21. To confirm this phenomenon, physical and chemical characterizations were conducted, by using 

Table 1.  Maximum bending moment M max of fresh culms; Lodging resistance and lodging degree of rice 
plants. The symbol ± in table refers to the distribution range of data.

Label Variety Mmax (N mm) Lodging resistance Lodging degree (%)

R1 Xianghancan 53± 10 Best 0

R2 Lixiangzhan 49± 8 Good 9

R3 Jusui 50± 13 Normal 55

R4 Aipei 48± 8 Worst 80
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XRD, and FTIR, respectively. Figures 4 and S2 show the XRD patterns and FTIR spectra of the powdered basal 
culm of the samples, respectively. Both the XRD and FTIR results suggest a typical cellulose I  structure46,47. In 
Fig. 4, three major diffraction peaks have been noticed for all samples, and they were assigned as the crystalline 
planes in the crystal structure of cellulose I. Thus, there is no difference in the type of cellulose among the sam-
ples. In detail, the peak at 2 θ = 16.5◦ represents a composite peak of the crystalline planes with Miller indices of 
-110 and 110. On the other hand, peaks at 2 θ = 21.8◦ and 35.0◦ indicate the crystalline planes with Miller indices 
of 200 and 004, respectively. According to these peaks, the crystallinity of the cellulose has been obtained and it 
is different among the samples.

a1)                                              b1)                                             c1)                          d1) 

a2)                                              b2)                                             c2)                         d2) 

a3)                                              b3)                                             c3)                         d3) 

200 µm 200 µm 200 µm 200 µm

200 µm 200 µm 200 µm 200 µm

200 µm 200 µm 200 µm 200 µm

Figure 2.  The surface morphologies of culm wall of (a) R1, (b) R2, (c) R3, and (d) R4. The numbers 1, 2, 
and 3 in figure indicate that the morphologies were taken from the top, middle and bottom of the stem wall, 
respectively.

a1)                                          b1)                                         c1)                                  d1) 

a2)                                         b2)                                          c2)                                 d2) 

a3)                                         b3)                                         c3)                                  d3) 

200 µm 200 µm 200 µm 200 µm

200 µm 200 µm 200 µm 200 µm

200 µm 200 µm 200 µm 200 µm

TB TB
TB

TBTD TD
TD

TD

Figure 3.  The cross section morphologies of culm wall for (a) R1, (b) R2, (c) R3, and (d) R4. The numbers 1, 2, 
and 3 indicate that the morphologies were taken from the top, middle and bottom of the culm wall, respectively. 
Examples for the bulge region and the depressed region have been marked with arrows and lines.
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Normally, higher crystallinity of cellulose indicates that the nano-cellulose fibrils approach each other closely 
and form tight aggregates, which results in a more rigid structure and better mechanical  strength46. Therefore, 
it is generally believed that higher crystallinity of cellulose is beneficial to the lodging resistance of rice. How-
ever, in this study, although not demonstrating a simple linear relation (as shown in Fig. 4), it is found that the 
lower crystallinity of cellulose basically guarantees a better lodging resistance of the rice plants. A similar result 
has been reported by Li et al. in  201548. In that work, Li et al. performed systems biology analyses of a total of 
36 distinct cell wall mutants of rice, and results suggest that the cellulose crystallinity was the key factor that 
negatively determines the lodging resistance in rice plants. The hemicellulosic arabinose was detected to be the 
major factor that negatively affects cellulose crystallinity probably through its interlinking with β-1, 4-glucans. 
In this case, a lower cellulose crystallinity benefits the mechanical properties of rice culm against lodging. It is 

Table 2.  The number of samples (N), average length (LCulm ), weight (WCulm ), length density (LDCulm ) for a 
single culm. The wall thickness (T) of the fresh basal culm. The fresh spike weight (WSpike ), height of center of 
gravity (HCG ), culm node of rice plants. The symbol ± in table refers to the distribution range of data.

Label N LCulm  (cm)
WCulm  (g)
fresh/dry

LDCulm ( 10−1g/cm)
fresh/dry

T  (µ m)
fresh

WSpike  (g)
fresh HCG  (cm) Culm node

R1 20 65±6 10.94/2.28 1.68/0.35 232±35 5.16 42.9 3-4

R2 10 66±4 11.13/2.25 1.69/0.34 251±39 5.03 43.3 3-4

R3 10 68±5 11.76/2.43 1.73/0.36 237±30 4.80 43.9 3-4

R4 20 59±8 9.92/2.08 1.68/0.35 234±27 3.63 37.4 3-4

Table 3.  Diameter of the top (DTop ), middle (DMiddle ) and bottom (DBottom ) of the fresh culm. The thickness 
of the bulge region (TB ) and thickness of the depressed region (TD ) of the dried culm wall measured by a 
metallographic microscope. The symbol ± in table refers to the distribution range of data.

Label R1 R2 R3 R4

DTop (mm) Range/average 2.2-2.8 / 2.4 2.1-2.6 / 2.3 2.3-2.6 / 2.5 2.1-2.7 / 2.4

DMiddle (mm) Range/average 4.2-4.7 / 4.5 4.2-4.7 / 4.4 4.4-4.7 / 4.6 4.3-4.6 / 4.4

DBottom (mm) Range/average 4.9-6.0 / 5.7 5.1-5.9 / 5.6 5.2-6.2 / 5.8 4.7-6.0 / 5.6

TB (µ m) Top 154±7 151±10 143±11 174±13

Middle 157±19 166±23 165±21 173±20

Bottom 209±34 222±60 211±29 203±43

TD (µ m) Top 105±14 86±6 84±14 133±12

Middle 84±12 97±5 86±9 79±4

Bottom 93±5 118±12 70±4 61±12

TB / TD Top 1.47 1.76 1.70 1.31

Middle 1.87 1.71 1.92 2.19

Bottom 2.25 1.88 3.01 3.33

Figure 4.  XRD patterns of the basal rice culms, which have been reduced into a fine powder before 
measurement.
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likely that, rather than the rigidity properties, the flexibility of the culm is more important for determining the 
lodging resistance of plants, because higher crystallinity leads to a lower elongation as well as poorer flexibility 
of the plant  stem49. This conclusion is consistent with the above-mentioned results that show the M max values 
of the samples are fairly close to each other (see Table 1), while their lodging resistance is obviously different 
from each other. The influences of stem flexibility on plants lodging resistance were further studied from the 
perspective of the porous structure and free volumes of the culm carbon framework, which are discussed in the 
subsequent sections.

The crystallinity indices of the powdered rice culm were obtained directly from the height ratio between 
the intensity of the crystalline peak (I200–IAmorphous ) and total intensity (I200)49. In particular, it should be noted 
that the resulting crystallinity of the cellulose is a relative one, because the three diffraction peaks in Fig. 2 are 
composite  peaks46. For each peak, the assigned crystalline plane contributes the major portion, and several other 
crystalline planes overlap slightly. According to the reported literatures, the real value of the cellulose crystallinity 
is not significantly affected by this  situation46. Thus, the resulting crystallinity is reliable for comparison purposes.

Element analyze of fresh culm. The result of elemental analysis of the culm is presented in Table 4. There 
is no evident difference in the content of C, O, and H among the samples. On one hand, for R1 and R2, the mid-
dle and bottom regions of the culm show a higher level of N content, while on the other hand, the higher level of 
N content for R3 and R4 is found in the top region. For the bottom region, N content for R1 and R2 is 27 - 38% 
higher than that for R3 and R4. For the middle region, N content for R1 and R2 is 30–42% higher than that for 
R3 and R4. Normally, N content plays an important role in rice  production29,30. Both insufficient and excessive 
nitrogen application can have an unfavorable impact on rice production, leading to the reduction of rice yield 
and quality, and may bring lodging  risk1. For example, it is well known that nitrogen performs obvious function 
in the photosynthesis and metabolism of plant. Nonetheless, excessive nitrogen may decrease the culm diameter 
and wall thickness, plumpness and bending strength, and degree of lignification and mechanical tissue thick-
ness of rice  plants1,16,17. In this study, it was found that a relatively higher nitrogen element content benefits the 
growth and development of rice culm. Notably, the lodging of the rice plants occurs primarily near the bottom; 
therefore, a higher level of N element content in the basal culm may contribute to an increase in lodging resist-
ance of rice plants.

Porous structure of the carbon framework of rice culm. The morphologies of the carbonized basal 
culm are shown in Fig. 5. The carbon framework of all samples exhibits a porous structure, and the diameter 
of those macro-pores is mainly ranging from 1-10 µ m. Because of the complexity and non-uniformity of the 
microstructure of the culm obtained from natural rice plants, it is not adequate to analyze the porosity of the 
culm carbon structure only for a small area (as in a ∼100 × 100 µm2 area, as shown in Fig. 5). Thus, the statistical 
surface area of the carbonized rice culms (of 0.2 g each) was measured by BET method, and the N 2 adsorption-
desorption isotherms at 77 K are displayed in Fig. 6. As calculated from the isotherms, the surface area of R1, R2, 
R3, and R4 is 69.86, 71.01, 62.83, and 57.28 m 2 g −1 , respectively. The lodging resistance of the samples is in the 
order of R1> R2> R3 > R4, and the BET results indicate that the larger surface area of the carbon framework of 
the culm is in favor of the lodging resistance. A larger surface area indicates a less tight structure (a more porous 
structure) of the carbon framework, which contributes to the flexibility of the rice  culm50. Therefore, the results 
strongly suggest that, even with a relatively loose arrangement, the carbon framework has sufficient strength and 
rigidity for both support and stability of the rice culm. It is also important to note that the flexibility of the carbon 
framework plays an important role in the lodging resistance of the rice culm.

Free volumes and flexibility of the carbon framework of rice culm. PALS characterization has 
been employed in this research to analyze the microstructure within the carbon framework. The raw positron 
lifetime spectra of the samples obtained from PALS are displayed in Fig. 7a as the characterization of free volume 
holes inside the samples. In this study, we focus on the ortho-positronium, which is of particular importance for 
the studies on free volumes because it is related to the average free volume hole size. Details about the principle 
of the PALS measurement can be found in the Supporting Information. As shown in Fig. 7, the τ o−Ps (lifetime 
of ortho-positronium) and the free volume size (VFV ) of the samples are almost similar, while the values of I o−Ps 
(relative intensity of ortho-positronium) and the fractional free volume (FFV) of R1 and R2 (Io−Ps = ∼0.75% 
and FFV = ∼0.11%) are higher than those of R3 and R4 (Io−Ps = ∼0.45% and FFV = 0.07%). It is important to 
note that the o-Ps is almost impossible to be formed in defect-free carbon-based materials, such as graphite 
crystal and graphene  crystal51. The resulted τ o−Ps , I o−Ps and V FV mainly characterized the free volumes within 

Table 4.  Elemental analysis [carbon (C), oxygen (O), nitrogen (N), and hydrogen (H)] of the culms.

Label

C (wt.%) O (wt.%) N (wt.%) H (wt.%)

Bottom Bottom Top/Middle/Bottom Bottom

R1 37.80 40.69 1.37/1.70/1.66 6.02

R2 37.37 41.00 1.31/1.62/1.57 5.93

R3 37.88 40.30 1.79/1.25/1.20 5.80

R4 37.16 38.54 1.89/1.20/1.24 5.78
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the amorphous part of the carbon framework, which contains numerous defects. Thus, the similar τ o−Ps and 
V FV results indicate the similarity in both microstructure and mechanical property of the amorphous part of the 
carbon framework among the samples. The decrement in I o−Ps from ∼0.75% (R1 and R2) to ∼0.45% (R3 and 
R4) suggests a reduction of the area of the amorphous part (or a decline in the number of the defects) within the 
carbon framework. Accordingly, a certain amount of amorphous phase is beneficial to the mechanical properties 
of the carbon framework. In detail, the amorphous phase contributes to the mechanical properties of the carbon 
framework by improving its flexibility, because the FFV of R1 and R2 ( ∼0.11%) is significantly higher than that 

a1) a2)

b1) b2)

c1) c2)

d1) d2)

Figure 5.  SEM images of the carbonized basal culms of (a) R1, (b) R2, (c) R3, and (d) R4. The (a2), (b2), (c2), 
and (d2) are the 2 times magnified images of (a1), (b1), (c1), and (d1), respectively. The scale has been shown at 
the lower part of each image.
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of R3 and R4 ( ∼0.07%), as shown in Fig. 7e. Higher FFV underlines the higher mobility of the carbon molecular 
chain in the carbon  framework52,53. On the macro level, it provides better flexibility to the carbon framework. As 
a result, from several aspects, data in this study strongly suggest that the culm and its carbon framework exhibit 
sufficient strength and rigidity for both support and stability of the rice stem. The constraint of high lodging 
resistance of rice plants comes from the flexibility.

In addition, it is noticed that the value of FFV is low for all samples, which is caused by the fact that the o-Ps 
can hardly be formed in defect-free carbon  material51, as previously mentioned. Thus, the actual value of FFV in 
the samples can be higher to a certain extent. Moreover, the resulted FFV value is an apparent one and can only 
be used for the comparison among the samples studied in this research. The FFV was calculated according to τ 
o−Ps and I o−Ps by following the steps below. Firstly, obtain the average radius of free-volume holes (R) by using 
the Tao-Eldrup model  as36,37,

where R0=R+�R, and �R=0.166 nm is the thickness of the o-Ps wave function overlapping with the homogene-
ous electron layer. Then, the V FV can be obtained by,

Finally, the FFV turns out to be the product of the V FV , the I 3 , and a constant C,

where the value of C is 0.0018 
◦

A −354,55.

Chemical property of the carbon framework of rice culm. Commonly, the basic mechanical proper-
ties of the carbon framework are greatly decided by both the molecular chain arrangement and some radicals 
(such as oxygen) connected to the molecular  chain56. XPS measurement has been conducted to characterize the 
electrostatic bonding for carbon atoms within the carbon framework. Figure S3 shows the wide energy survey 
spectra of all samples. In all four scans, the peaks observed at 284 eV and 530 eV are attributed to C1s and O1s, 
respectively. In the case of R1, the intensity of the oxygen peak is weaker than that of the others, indicating a 
lower level of carbon framework oxidation. Figure 8 shows the high resolution C1s spectra obtained from the 
four samples. All four C1s peaks can be deconvoluted into three components that correspond to carbon atoms in 

(1)τo−Ps = 0.5

[

1−
R

R0

+
1

2π
sin

(

2πR

R0

)]

−1

(ns)

(2)VFV =
4

3
πR3

.

(3)FFV = C VFV I3,

Figure 6.  N2 adsorption—desorption isotherms of the carbonized basal culm (in powdery) of (a) R1, (b) R2, 
(c) R3, and (d) R4.
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different functional groups, namely: the C in C=C bonds, the C in C-O bonds, and the C in C=O bonds located 
at 284.7, 285.4, and 288.4 eV, respectively.

These functional groups in C1s spectra (in Fig. 8) of the carbon framework were also confirmed by FTIR 
measurement, as shown in Fig. S4. Peaks located at 1760, 1605, 1385, and 1108 cm−1 were found, which corre-
spond to the C=O, C=C, C-OH, and C-O functional groups, respectively. The only notable difference in the XPS 
spectra of C1s was found for the peak located at 288.4 eV (C in C=O moieties). Its intensity shows an order of 

Figure 7.  (a) Raw positron lifetime spectra of samples; The variations in (b) o-Ps lifetime ( τ o−Ps ), (c) the 
intensity (Io−Ps ), (d) the sizes of free volumes (VFV ) obtained by using the Tao-Eldrup model, and (e) the 
fractional free volume (FFV) of the rice basal culm. Arrows and dotted lines are guides to the eyes.
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R1< R2< R3< R4, which indicates that the concentration of the C=O functional group is inversely proportional 
to the basic mechanical properties of the carbon framework of the rice culm. In addition, the relatively weak 
oxygen peak of R1 also confirmed this conclusion (see Fig. S3). The reverse effect of oxidation on the mechani-
cal properties of the carbon framework is very common in physical chemistry because the oxidation groups can 
break the tough carbon chains, leading to the weakened mechanical strength of the related samples.

A graphical abstract of this study is presented in the Supporting Information, see Fig. S5.

Conclusions
Four different rice cultivars were grown on the same farmland under same condition and for same duration. 
However, their lodging resistance was obviously different from each other. The results reveal that the mechanism 
behind this difference is a synergistic effect. First, with good agreement with previous studies, the mechanical 
properties of the culm are largely determined by the thickness of the culm wall. In particular, rather than the 
generally believed theory of the overall thickness of the fresh culm wall, the results in this study indicate that 
it is the depressed region of the dried basal culm wall that acts as the weak point, constraining the mechanical 
properties of the culm. Second, results indicate that the flexibility of the culm is more important than its rigid-
ity for a better lodging resistance of the rice plants. The culm and its carbon framework always offer sufficient 
strength and rigidity for both support and stability of the rice stem. The constraint of the high lodging resistance 
of rice plants comes from the culm flexibility. Furthermore, based on the PALS measurement, the flexibility of 
the carbon framework is improved by (1) a more amorphous part, and (2) higher fractional free volume, because 
both of them govern higher mobility of the carbon molecular chain in the carbon framework. Third, in terms 
of chemical composition, relatively high nitrogen element content can benefit the growth and development of 
the rice culm. The relatively high degree of oxidation, in particular that of the C=O bond, is unfavorable for the 
fundamental mechanical properties of the carbon framework. Finally, as a conclusion, in the view of the guid-
ance for management of the lodging stress, the possible methods recommended in this study to reduce the risk 
of lodging threat in rice can be obtained based on the following aspects: (1) the thickness of the depressed region 
of the culm wall should be increased, (2) the flexibility of culm and its carbon framework should be enhanced 
(by decreasing the crystallinity of the fresh culm and increasing the porous structure of its carbon framework), 
and (3) the N element content in the culm during the rice growth period should be adjusted. To the best of our 
knowledge, the conventional breeding is a possible approach to achieve the objectives mentioned as aspects (1) 
and (2).

Figure 8.  XPS spectra of the carbon framework of rice culm (a) R1, (b) R2, (c) R3, and (d) R4. The area ratios 
of the peak for C=O bonds have been calculated and shown in the figure.
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All data generated or analysed during this study are included in this published article [and its supplementary 
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Received: 14 May 2022; Accepted: 18 November 2022

References
 1. Shah, A. N. et al. Lodging stress in cereal-effects andmanagement: An over-view. Environ. Sci. Pollut. Res. 24, 5222–5237 (2017).
 2. Olagunju, S. O. Culm morphological traits contributing to lodging resistance in first generation nerica cultivars under foliar 

application of orthosilicic acid fertilizer. Silicon. 13, 3059–3073 (2021).
 3. Ma, J. et al. A silicon transporter in rice. Nature 440, 688–691 (2006).
 4. Liu, F. et al. The genetic and molecular basis of crop height based on a rice model. Planta 247, 1–26 (2018).
 5. Shah, L. et al. Improving lodging resistance: Using wheat and rice as classical examples. Int. J. Mol. Sci. 20, 4211 (2019).
 6. Ding, C. et al. Compact plant type rice has higher lodging and N resistance under machine transplanting. J. Integr. Agr. 20, 65–77 

(2021).
 7. Moldenhauer, P. M. & Moldenhauer, K. A. K. A method to evaluate lodging potential in rice cultivars based on elastic stability 

theory. Aust. J. Exp. Agr. 34, 953–957 (1994).
 8. Omid, Z. et al. Thigmostimulation alters anatomical and biomechanical properties of bioenergy sorghum stems. J. Mech. Behav. 

Biomed. 127, 105090 (2022).
 9. Gong, D., Zhang, X., Yao, J. P., Dai, G. & Zheng, W. Synergistic effects of bast fiber seedling film and nano-silicon fertilizer to 

increase the lodging resistance and yield of rice. Sci. Rep. 11, 12788 (2021).
 10. Meharg, C. & Meharg, A. A. Silicon, the silver bullet for mitigating biotic and abiotic stress, and improving grain quality in rice. 

Environ. Exp. Bot. 120, 8–17 (2015).
 11. Nomura, T. et al. Potential of rice landraces with strong culms as genetic resources for improving lodging resistance against super 

typhoons. Sci. Rep. 11, 15780 (2021).
 12. Shrestha, S., Laza, M., Mendez, K. V., Bhosale, S. & Dingkuhn, M. The blaster: A methodology to induce rice lodging at plot scale 

to study lodging resistance. Field Crop. Res. 245, 107663 (2020).
 13. Zhang, M., Mo, Z., Liao, J., Pan, S. & Wang, Z. Lodging resistance related to root traits for mechanized wet-seeding of two super 

rice cultivars. Rice Sci. 28, 200–208 (2021).
 14. Ookawa, T. & Ishihara, K. Varietal difference of physical characteristics of the culm related to lodging resistance in paddy rice. 

Jpn. J. Crop Sci. 61, 419–425 (2008).
 15. Niklas, K. J. The mechanical roles of clasping leafs heaths: Evidence from Arun-dinaria tecta (Poaceae) shoots subjected to bending 

and twisting forces. Ann. Bot. 81, 23–34 (1998).
 16. Islam, M. S. et al. Lodging-related morphological traits of hybrid rice in a tropical irrigated ecosystem. Field Crop. Res. 101, 240–248 

(2007).
 17. Zhang, J. et al. Lodging resistance characteristics of high-yielding rice populations. Field Crop. Res. 161, 64–74 (2014).
 18. Zhao, D. D., Son, J. H., Farooq, M. & Kim, K. M. Identification of candidate gene for internode length in rice to enhance resistance 

to lodging using QTL analysis. Plants 10, 1369 (2021).
 19. Liu, Q., Ma, J., Zhao, Q. & Zhou, X. Physical traits related to rice lodging resistance under different simplified-cultivation methods. 

Agron. J. 110, 127–132 (2018).
 20. Kokubo, A., Kuraishi, S. & Sakurai, N. Culm strength of barley correlation among maximum bending stress, cell wall dimensions, 

and cellulose content. Plant Physiol. 91, 876–882 (1989).
 21. Ookawa, T. & Ishihara, K. Varietal difference of the cell-wall components affecting the bending stress of the culm in relation to 

the lodging resistance in paddy rice. Jpn. J. Crop Sci. 62, 378–384 (1993).
 22. Pinera-Chavez, F. J., Berry, P. M., Foulkes, M. J., Molero, G. & Reynolds, M. P. Avoiding lodging in irrigated spring wheat. II. 

Genetic variation of stem and root structural properties. Field Crop. Res. 196, 64–74 (2016).
 23. Kashiwagi, T. & Ishimaru, K. Identification and functional analysis of a locus for improvement of lodging resistance in rice. Plant 

Physiol. 134, 676–683 (2004).
 24. Ookawa, T. et al. New approach for rice improvement using a pleiotropic QTL gene for lodging resistance and yield. Nat. Commun. 

1, 1–11 (2010).
 25. Meng, B., Wang, T., Luo, Y., Xu, D. & Zheng, X. Genome-wide association study identified novel candidate loci/genes affecting 

lodging resistance in rice. Genes 12, 718 (2021).
 26. Jiao, Y. et al. Regulation of OSSPL14 by osmir156 defines ideal plant architecture in rice. Nat. Genet. 42, 541–544 (2010).
 27. Ookawa, T. et al. Precise estimation of genomic regions controlling lodging resistance using a set of reciprocal chromosome seg-

ment substitution lines in rice. Sci. Rep. 6, 30572 (2016).
 28. Chigira, K. et al. Landraces of temperate japonica rice have superior alleles for improving culm strength associated with lodging 

resistance. Sci. Rep. 10, 19855 (2020).
 29. Peng, S. et al. Improving nitrogen fertilization in rice by site-specific N management: A review. Agron. Sustain. Dev. 30, 649–656 

(2010).
 30. Pan, J. et al. Optimized nitrogen management enhances lodging resistance of rice and its morpho-anatomical, mechanical, and 

molecular mechanisms. Sci. Rep. 9, 20274 (2019).
 31. Huang, J., Liu, W., Zhou, F. & Peng, Y. Effect of multiscale structural parameters on the mechanical properties of rice stems. J. 

Mech. Behav. Biomed. 82, 239–247 (2018).
 32. Oleksandr, Z., Michael, R. B., Andrea, C., Hossein, Z. B. & Angela, B. A new perspective on mechanical characterisation of Arabi-

dopsis stems through vibration tests. J. Mech. Behav. Biomed. 112, 104041 (2020).
 33. Kong, E. et al. Anatomical and chemical characteristics associated with lodging resistance in wheat. Crop J. 1, 43–49 (2013).
 34. Chuanren, D., Bochu, W., Pingqing, W., Daohong, W. & Shaoxi, C. Relationship between the minute structure and the lodging 

resistance of rice stems. Colloid. Surf. B 35, 155–158 (2004).
 35. Fan, J. et al. Structure dependence of water vapor permeation in polymer nanocomposite membranes investigated by positron 

annihilation lifetime spectroscopy. J. Memb. Sci. 549, 581–587 (2018).
 36. Eldrup, M., Lightbody, D. & Sherwood, J. N. The temperature dependence of positron lifetimes in solid pivalic acid. Chem. Phys. 

63, 51–58 (1981).
 37. Tao, S. J. Positronium annihilation in molecular substances. J. Chem. Phys. 56, 5499–5510 (1972).
 38. Jean, Y. C. Positron annihilation spectroscopy for chemical analysis: A novel probe for microstructural analysis of polymers. 

Microchem. J. 42, 72–102 (1990).
 39. Sharma, S. K. & Pujari, P. K. Role of free volume characteristics of polymer matrix in bulk physical properties of polymer nano-

composites: A review of positron annihilation lifetime studies. Prog. Polym. Sci. 75, 31–47 (2017).



13

Vol.:(0123456789)

Scientific Reports |        (2022) 12:20026  | https://doi.org/10.1038/s41598-022-24714-4

www.nature.com/scientificreports/

 40. James, J. et al. Positron annihilation spectroscopic characterization of free-volume defects and their correlations with the mechani-
cal and transport properties of sbr-pmma interpenetrating polymer networks. Phys. Chem. Chem. Phys. 22, 18169–18182 (2020).

 41. Nuruddin, M., Chowdhury, R. A., Lopez-Perez, N., Montes, F. J. & Howarter, J. A. The influence of free volume determined by 
positron annihilation lifetime spectroscopy (PALS) on gas permeability of cellulose nanocrystals films. ACS Appl. Mater. Inter. 12, 
24380–24389 (2020).

 42. Zhang, H., Sellaiyan, S., Sako, K., Uedono, A. & Hayashi, K. Effect of free-volume holes on static mechanical properties of epoxy 
resins studied by positron annihilation and PVT experiments. Polymer 190, 122225 (2020).

 43. Rosalia, R., Ricardo, D. R., Carlos, C., Carlos, G. M. & Francisca, G. C. Positron annihilation spectroscopy study of carbon-vacancy 
interaction in low-temperature bainite. Sci. Rep. 10, 487 (2020).

 44. Hirai, Y., Inoue, E. & Mori, K. Numerical analysis of the reaction force of a single rice stalk undergoing forced displacement. Biosyst. 
Eng. 86, 179–189 (2003).

 45. Michael, A. O., Ryan, A. L., Christopher, J. S. & Douglas, D. C. A parameterised model of maize stem cross-sectional morphology. 
Biosyst. Eng. 218, 110–123 (2022).

 46. Peng, Y. et al. Influence of drying method on the material properties of nanocellulose i: Thermostability and crystallinity. Cellulose 
20, 2379–2392 (2013).

 47. Xu, X. et al. Cellulose nanocrystals vs. cellulose nanofibrils: A comparative study on their microstructures and effects as polymer 
reinforcing agents. ACS Appl. Mater. Inter. 5, 2999–3009 (2013).

 48. Li, F. et al. High-level hemicellulosic arabinose predominately affects lignocellulose crystallinity for genetically enhancing both 
plant lodging resistance and biomass enzymatic digestibility in rice mutants. Plant Biotechnol. J. 13, 514–525 (2015).

 49. Segal, L., Creely, J. J., Martin, A. E. J. & Conrad, C. M. An empirical method for estimating the degree of crystallinity of native 
cellulose using the x-ray diffractometer. Text Res. J. 29, 786–794 (1959).

 50. Zhou, F., Huang, J., Liu, W., Deng, T. & Jia, Z. Multiscale simulation of elastic modulus of rice stem. Biosyst. Eng. 187, 96–113 
(2019).

 51. Checchetto, R. et al. Anomalous molecular infiltration in graphene laminates. Phys. Chem. Chem. Phys. 20, 24671–24680 (2018).
 52. Chen, Z. et al. Correlation study between free-volume holes and molecular separations of composite membranes for reverse osmosis 

processes by means of variable-energy positron annihilation techniques. J. Phys. Chem. C 115, 18055–18060 (2011).
 53. Zhao, Q., Majsztrik, P. & Benziger, J. Diffusion and interfacial transport of water in Nafion. J. Phys. Chem. B 115, 2717–2727 (2011).
 54. Yampolskii, Y. & Shantarovich, V. Positron annihilation lifetime spectroscopy and other methods for free volume evaluation in 

polymers, in Materials Science of Membranes for Gas and Vapor Separation John Wiley Sons, Ltd. (2006)
 55. Pethrick, R. A. Positron annihilation - A probe for nanoscale voids and free volume. Prog. Polym. Sci. 22, 1–47 (1997).
 56. Yang, F., Zhao, L., Gao, B., Xu, X. & Cao, X. The interfacial behavior between biochar and soil minerals and its effect on biochar 

stability. Environ. Sci. Technol. 50, 22642271 (2016).

Acknowledgements
This work is supported by the National Natural Science Foundation of China (NSFC) under Grants Nos. 
12105027 and 11875209, the Natural Science Foundation of Hunan Province under Grants Nos. 2021JJ40560 
and 2020JJ4094, the Scientific Research Funds of Hunan Provincial Education Department under Grant No. 
21B0343, and the Guangdong Basic and Applied Basic Research Foundation under Grant No. 2020A1515110817. 
The author (C. Yin) thanks Prof. J. Kansy for his kindly providing us the LT program, and thanks Mr. Xv Li for 
his kindly helping us with the PALS technology.

Author contributions
Q.L. and C.Y. conceived and designed research. Q.L., Z.D., and X.D. conducted experiments. C.H. contributed 
analytical tools. C.Y. and X.L. analyzed data. Q.L. wrote the manuscript. All authors read and approved the 
manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 24714-4.

Correspondence and requests for materials should be addressed to C.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-24714-4
https://doi.org/10.1038/s41598-022-24714-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Lodging resistance of rice plants studied from the perspective of culm mechanical properties, carbon framework, free volume, and chemical composition
	Materials and methods
	Materials. 
	Preparation of the rice culm and carbonized rice culm. 
	Characterization. 
	Author statement for the use of plants. 

	Results and discussion
	Mechanical property and morphology of fresh culm. 
	Components and crystallinity of fresh culm. 
	Element analyze of fresh culm. 
	Porous structure of the carbon framework of rice culm. 
	Free volumes and flexibility of the carbon framework of rice culm. 
	Chemical property of the carbon framework of rice culm. 

	Conclusions
	References
	Acknowledgements


