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Recently, rice-aquatic animal integrated farming (RAAIF) has grown rapidly in China due to its favorable benefits and the lower application of pesticides and fertilizers. However, rice lodging occurs frequently under RAAIF, which restricts rice yield. We assumed that semi-deep water irrigation may cause weaker rice-lodging resistance since it is the most significant environmental factor for RAAIF that distinguishes it from rice monoculture. To investigate the response of rice stem lodging resistance to semi-deep water irrigation and its mechanism, three irrigation management modes, namely the typical high-yield irrigation model that is mainly based on swallow and wetting (CK), semi-deep water irrigation from the late tillering stage to the jointing stage (SDI1), and semi-deep water irrigation from the jointing stage to the middle grain-filling stage (SDI2), were conducted using three hybrid indica rice varieties: Shenliangyou136 (SLY136), Huiliangyousimiao (HLYSM), and Wanxiangyou982 (WXY982). Mechanics analysis indicated that the bending moment by the whole plant (WP) and the breaking strength (M) were both decreased by semi-deep water irrigation when compared with CK, while M presented a larger decreasing amplitude than WP, which induced the increased lodging index (LI) of rice, for all the tested varieties. SLY136 and HLYSM were affected more strongly by SDI1, whereas WXY982 was affected more strongly by SDI2. Significant weaker breaking force under two semi-deep water irrigation modes contributed to the decreased M relative to CK. Morphology results showed that semi-deep water irrigation reduced the thickness of mechanical tissues, sclerenchyma cells, and parenchyma cells; reduced the number of vascular bundles; and caused a looser arrangement, inducing the lower fullness of the rice basal internode. Decreased accumulation of lignin and cellulose was also linked to the weaker breaking force of the basal internode under semi-deep water irrigation, which was verified by correlation analysis. WXY982 had obvious lower structural carbohydrates content under semi-deep water irrigation than the other two varieties and thus showed worse breaking force and LI. In conclusion, the worse mechanical strength of the rice basal internode under semi-deep water irrigation was closely associated with weaker vascular bundle development and suppressed structural carbohydrate accumulation, and the decreasing degree of lodging resistance varied between rice varieties and semi-deep water irrigation periods.
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1 Introduction

Rice-aquatic animal integrated farming (RAAIF) is an integrated system with rice cultivation and aquatic animal culture in the same paddy field based on its wetland resource, thereby acquiring products of both rice and aquatic animals with favorable economic and ecological benefits (Frei and Becker, 2005; Xie et al., 2011; Hou et al., 2021). In recent years, some RAAIF modes have expanded rapidly in China, especially in the south, with abundant freshwater resources such as rice–crayfish, rice–carp, and rice–soft shell turtle. By 2020, China’s RAAIF area had increased to 2.23 million, accounting for 7.8% of the total rice planting area (National Fisheries Technology Extension Center, 2021).

Semi-deep water irrigation is the most significant environmental factor for RAAIF that distinguishes it from rice monoculture. To satisfy the activity and growth of aquatic animals, farmers would carry out semi-deep water irrigation proactively during the given rice growth period in paddy fields, which usually reach 20- to 50-cm water depth (Liu J. et al., 2018). The irrigation scheme of RAAIF not only differs from high-yielding rice irrigation that is mainly based on swallow and wetting (Yao et al., 2012; Ye et al., 2013) but also fails to reach the water depth of deep-water rice, which is usually cultivated with more than 50-cm water depth (Kende et al., 1998); thus, we defined it as semi-deep water irrigation in the present study. In practice, when to conduct semi-deep water irrigation mainly depends on the local climate condition and requirement from specific aquatic animal culture.

Our research team found that rice lodging occurred more frequently in RAAIF than rice monoculture according to a previous survey, which had turned into a key limiting factor for realizing high rice yield. We speculated that higher lodging risk may be primarily associated with long-term semi-deep water irrigation. Rice lodging was divided into root lodging and stem lodging according to the lodging position, and the former was almost observed under a direct seeding and throwing seedling pattern, which is rarely found under the transplanting pattern. In RAAIF production, farmers mostly use the transplanting pattern to plant rice and prefer manually transplanting with long-age seedling, with the aim of releasing animal germchit and control weed by enough water depth after transplanting. Evidently, the lodging types under RAAIF were almost all stem lodging in accordance with our survey. Rice stem lodging resistance compactly correlated with the plant type, internode configuration, and the mechanical strength of basal internodes (Shah et al., 2019). Previous studies had indicated that an optimal balance between rice high yield and lodging resistance can be synchronously realized by properly shortening basal internodes, increasing the internode length below the panicle, and improving the plumpness (Zhang et al., 2014; Zheng et al., 2017; Liu Q. et al., 2018). The rice mechanical strength of basal internodes had positive relationship with mechanical tissue thickness and vascular bundle area and density, as claimed by many previous studies (Ookawa et al., 2014; Wu et al., 2017; Gui et al., 2018). It had been widely certified that the improved accumulation and proportion of structural carbohydrate including lignin and cellulose were conducive to enhancing the mechanical strength of the rice basal internode and lowering its lodging risk (Ookawa et al., 2014; Zhang et al., 2016; Mulsanti et al., 2018).

By far, many studies have examined the role of irrigation management in regulating rice growth and development, while most focused on rice yield and physical performance under short-term flooding and even submergence (Chu et al., 2017; Zhu et al., 2019), or the regulation effect of water-saving irrigation methods on rice leaf photosynthesis, grain filling, water use efficiency, and greenhouse gas emission (Belder et al., 2005; Ohe et al., 2010; Wang et al., 2020). Up to now, the influence of semi-deep water irrigation on rice development had been rarely reported, particularly the response of lodging resistance and related mechanism.

Compared with rice monoculture, RAAIF not only alters the depth of irrigation water during the specific rice growth phase but also brings several possible variable factors into the rice growth environment, such as the behavior of cocultured animals, fodder application, and waterweed returning. However, expounding the effects induced by semi-deep water irrigation was no doubt the foundation of further understanding of the multiple effects of an integrated farming system on rice growth. The purpose of this study was to clarify the influence of semi-deep water irrigation on indica rice lodging resistance and its related mechanics, morphology, and physiology mechanism; the response difference between genotypes was also analyzed. The results can help in elucidating the response of rice lodging resistance to semi-deep water irrigation and provide reference for rice cultivation with favorable lodging resistance under RAAIF.



2 Materials and methods


2.1 Site description

This experiment was carried out at the RAAIF experimental station of Yangzhou University in 2020. The site is located in Yongfeng County, Tianchang City, Anhui Province (32°72’94’’ N, 118°99’73’’ E), which is a typical RAAIF production district in China. The meteorological data are presented in Supplementary Figure 1.  The properties of soil are as follows: alluvial loam, pH 6.0, total N 1.83 g kg-1, available phosphorus 17.8 mg kg-1, and rapidly available potassium 122.7 mg kg-1.



2.2 Experiment design

Three hybrid indica rice varieties—Shenliangyou 136 (SLY136), Huiliangyousimiao (HLYSM), and Wanxiangyou982 (WXY982)—were selected as the research models. The two former varieties were widely planted in local rice production, while WXY982 presented high-yielding potential and excellent quality with ordinary lodging resistance; the three tested varieties had similar growth period. The experiment was arranged in a split plot design, with the irrigation method as the main plot and the variety as the split plot, and it was undertaken with three replicates. Rice was planted in the experimental plots surrounded by concrete ridge with 50-cm height from the soil surface, guaranteeing that the designed water layer could be achieved. The length and width of each plot were 10 and 5 m, respectively, forming a 50-m2 planting area; the scale of the height was marked on the inner wall of each plot in order to regulate the water depth accurately. Three irrigation modes were designed: (1) the typical high-yield irrigation scheme that is mainly based on swallow and setting (CK); (2) semi-deep water irrigation from the late tillering stage to the jointing stage (SDI1); and (3) semi-deep water irrigation from the jointing stage to the middle grain-filling stage (SDI2); meanwhile, the two semi-deep water irrigation modes are popular in the current RAAIF production, especially in rice–crayfish and rice–carp mutualistic modes. The detailed irrigation schemes of the three treatments are displayed in Table 1.


Table 1 | Irrigation scheme of different rice growth periods under different irrigation treatments.



Certified seeds were sown on 21 May, and two seedlings per hill were manually transplanted on 20 June, with a hill and row spacing of 16 cm×30 cm. For each treatment of all varieties, fertilizer N (240 kg·ha-1) was applied at three phases: 40% (96 kg·ha-1) as basal, 30% (72 kg·ha-1) at tillering, and 30% (72 kg·ha-1) at panicle initiation using urea, while 120 kg·ha-1P2O5 and 192 kg·ha-1 K2O were applied as the basal fertilizer using calcium superphosphate and potassium chloride, respectively. They were according to the local standard of the high-yielding procedure.



2.3 Plant sampling and measurement methods


2.3.1 Dry matter of panicle

Ten main stems were sampled from every plot to determine the dry weight per panicle at heading and maturity, and the accumulation weight between the two stages was also calculated.



2.3.2 Apparent lodging rate

The lodging area of each plot was investigated at the maturity stage. If the angle between the plant and the ground was less than 45°, it was deemed as lodging, and the lodging area as a percentage of the total area of the plot was the apparent lodging rate (ALR, %).



2.3.3 Morphological traits of whole plant and basal internode

At 30 days after heading, 10 main stems were sampled from each plot to determine the fresh weight, the gravity height, and the length of each internode. The morphological characteristics of the basal culm (e.g., culm wall thickness and culm diameter) were measured at the second elongated internode from the ground. a1 and a2 represent the outer and inner diameter of the minor axis in an oval cross-section, respectively, while b1 and b2 represent those of the major axis in an oval cross-section, respectively. The culm diameter and wall thickness were calculated as follows:

	

	



2.3.4 Mechanics

The bending load at breaking of the basal second elongated internode was measured at a distance of 4 cm between two supporting points by using the Ookawa and Ishihara (1992) method with a pull–push dynamometer (Aikon RZ-5, Japan). Physical parameter calculations were performed according to Zhang et al. (2014) as follows:

(1) The bending moment at basal internodes by the whole plant (WP, g cm-1), WP=SL×FW, where SL is the length from the breaking basal internode to the top (cm), and FW is the fresh weight from the breaking basal internode to the top (g); (2) the breaking strength (M, g cm-1), M=F×L/4, where F is the force applied to break the base segment measured (kg), and L is the distance between two points (cm); (3) the cross-section modulus of the base oval hollow internode (Z, mm3), Z= π/32×(a13b1-a23b2)/a1, where a1 and a2 represent the outer and inner diameter of the minor axis in an oval cross-section, respectively, while b1 and b2 represent those of the major axis in an oval cross-section, respectively; (4) the bending stress of the material strength of culm (BS, g mm-2), BS=M/Z; and (5) lodging index LI%=WP/M.



2.3.5 Carbohydrate content

Eight rice main stems were sampled from each plot at 30 days after heading; the NSC, lignin, and cellulose content in the culm and sheath from the basal second internode were generally determined, which was in reference to the method of Zhang et al. (2016).



2.3.6 Anatomical observation of basal internode

To determine the culm anatomical structure, eight rice main stems were sampled from each plot at 30 days after heading, and the middle part of the basal second internode was excised using a razor and immediately placed in a fixing solution (70% ethanol: 5% acetic acid: 3.7% formaldehyde) for 24 h. Then, the paraffin sections were processed in accordance with the method of Du et al. (2013).




2.4 Statistical analysis

Microsoft Excel 2016 and Origin 10.0 (OriginLab Corp., Northampton, MA, USA) were used to produce tables and figures, respectively. Statistical analysis was conducted using SPSS 25.0. The means of treatments were compared using the least significant difference (LSD) test. The significance of irrigation management, genotype, and their interaction was measured by using Duncan’s new multiple-range test. Pearson correlation analysis was applied to investigate the relationship between lodging-resistance-related parameters.




3 Results


3.1 Dry matter accumulation of rice panicle

Variance analysis indicated that irrigation management, genotype, and their interaction all presented significant effects on the dry weight per panicle (DWPP) at heading and maturity, whereas dry weight accumulation from heading to maturity was not significantly affected by G and the interaction between G and IM (Table 2).


Table 2 | Effects of semi-deep water irrigation during different periods on dry weight per panicle at heading and maturity stage.



For SLY136, HLYSM, and WXY982 at the heading stage, the DWPP values were 7.4%, 10.8%, and 26.9% lower under SDI1 than those of CK, respectively, whereas SDI2 induced a loss of 25.9%, 24.5%, and 17.8% of DWPP, respectively, showing a stronger effect than SDI1. For SLY136, HLYSM, and WXY982 at the maturity stage, DWPP values were 21.9%, 18.0%, and 21.8% lower under SDI1 than those of CK, respectively, whereas SDI2 induced a loss of 17.4%, 18.2%, and 27.3% of DWPP, respectively, indicating that semi-deep water irrigation generally induced a larger falling range in DWPP at the heading stage than at the maturity stage. Dry weight accumulation from heading to maturity per panicle was markedly reduced by semi-deep water irrigation; SDI2 presented a stronger influence on SLY136 and WXY982 than SDI1, while SDI1 exhibited a larger effect on HLYSM than SDI2.



3.2 Apparent lodging rate and plant mechanics parameters

Genotype, irrigation management, and their interaction all exhibited significant effects on plant mechanics parameters.

As presented in Table 3, the apparent lodging rates of WXY982 were 0, 20.1%, and 95.0%, respectively, showing a significant difference between any two of the three treatments, whereas no lodging phenomenon was observed in SLY136 and HLYSM. The lodging index was a popular evaluation method for rice stem lodging resistance, and rice with a higher LI had a better lodging resistance than that with a lower LI. The three tested varieties all showed higher LIs under the two semi-deep water irrigation treatments relative to CK, reflecting that their lodging resistance was adversely influenced by semi-deep water irrigation. For SLY136, HLYSM, and WXY982, 29.2%, 26.3%, and 48.0% higher LIs were found in SDI relative to CK, while 15.4%, 10.3%, and 72.1% higher LIs were observed in SDI2 relative to CK, respectively. Breaking force values of the basal internode (F) were 29.4%, 26.1%, and 41.9% lower under SDI1 than CK for SLY136, HLYSM, and WXY982, respectively, while 22.5%, 19.4%, and 52.9% lower F values were found under SDI2 than CK for SLY136, HLYSM, and WXY982, respectively. No significant difference was observed in F between SDI1 and SDI2 for HLYSM, whereas a significant difference was detected between the two SDI treatments for SLY136 and WXY982. For all the varieties, FW showed decreasing tendency under two semi-deep water irrigation treatments when compared with CK, ranging from 9.3% to 23.3%, and the decreasing effect of SDI2 was obviously larger than that of SDI1. Meanwhile, rice grown under a semi-deep water irrigation regime showed higher SL than CK, as SDI1 increased SL by 8.1%, 3.5%, and 2.3%, respectively, while SDI2 increased SL by 16.7%, 9.8%, and 4.6%, respectively, presenting stronger impact on SL than SDI1. WP, the product of FW and SL, was decreased by both SDI1 and SDI2 for all the tested varieties, since the descending amplitude of FW was larger than the increasing amplitude of SL.


Table 3 | Effects of semi-deep water irrigation on rice apparent lodging rate and mechanics parameters of the basal second internode.





3.3 Culm morphology parameters

According to variance analysis, genotype, irrigation management, and their interaction all exhibited significant influence on culm morphology parameters, besides irrigation management’ s effect on the inner diameter of the minor axis (Table 4).


Table 4 | Effects of semi-deep water irrigation during different periods on rice morphology parameters of the basal second internode.



As shown in Figure 1, the plant height of SLY136 and HLYSM was increased by the two semi-deep water irrigation treatments compared with CK, which was mainly due to the elongation of the two basal internodes; the plant height of WXY982 varied not distinctly among different irrigation treatments, but its basal third internode showed a significantly higher length under SDI1 than CK, while no obvious difference in the length of other internodes was detected across different treatments.




Figure 1 | Effects of semi-deep water irrigation on configuration of rice internodes. N1, the first internode; N2, the second internode; N3, the third internode; N4, the fourth internode; N5, the fifth internode; N6, the sixth internode. Different letters represent significant difference at the 0.05 level.



Morphology parameters of the basal second internode varied a lot between CK and two semi-deep water irrigation treatments (Table 4). When compared with CK, the Z (cross-section modulus) values of SLY136, HLYSM, and WXY982 were increased by 9.6%, 15.5%, and 24.7% under SDI1, respectively, while the Z values of SLY136, HLYSM, and WXY982 were increased by 33.2%, 39.3%, and 25.0% under SDI1, respectively. Two semi-deep water irrigation treatments induced a clear decline of BS relative to CK. The descending amplitudes caused by SDI1 were 2.6%, 36.3%, and 53.5% for SLY136, HLYSM, and WXY982, respectively, while 42.0%, 44.2%, and 62.1% descending amplitudes caused by SDI2 were detected for SLY136, HLYSM, and WXY982, respectively, showing stronger effects than SDI1. The culm diameters ordered from highest to lowest were WXY982, HLSM, and SLY136 under the same irrigation management, and they were increased by the two semi-deep water irrigation treatments relative to CK for all three varieties. Semi-deep water irrigation tended to lower the culm wall thickness, and a significant difference was detected among the three irrigation treatments for SLY136 and HLSM.



3.4 Contents of carbohydrates in the culm and sheath of basal internode

In accordance with variance analysis, the contents of NSC and two structural carbohydrates of the culm and sheath in the basal internode were all significantly affected by genotype, irrigation management, and their interaction, except that NSC in sheath was not significantly affected by genotype (Table 5).


Table 5 | Effects of semi-deep water irrigation during different periods on structural carbohydrate content of rice basal second internode.



Two semi-deep water irrigation treatments obviously lowered the NSC content besides WXY982 under SDI1 compared with CK. For SLY136, HLYSM, and WXY982, the descending amplitudes of the lignin content in culm under SDI1 were 6.6%, 5.8%, and 3.3%, respectively, while larger descending amplitudes were found in the effect of SDI2, which were 16.9%, 8.3%, and 17.8%, respectively. Similar with culm, the sheath lignin content was reduced more clearly by SDI2 than SDI1. Generally, the cellulose content of culm and sheath was reduced by both SDI1 and SDI2 compared with CK, and we found a larger falling percentage in culm than in sheath. Under the same irrigation management, WXY982 had lower lignin and cellulose content in culm and sheath than the other two varieties, showing worse structural carbohydrate accumulation ability.



3.5 Anatomy structure of basal internode

Figure 2 shows the representative cross-section imagination of the basal internode for HLYSM and WXY982 under three irrigation treatments, and Table 6 presents the detailed related data. Aside from the fact that genotype had no significant effects on the number of small vascular bundles, genotype, irrigation management, and their interaction all exhibited significant influence on each parameter. Compared with CK, two semi-deep water irrigation treatments significantly enlarged the stomata area for both rice varieties, and the number of stomata was significantly reduced by SDI1 and SDI2 for HLYSM and WXY982, respectively. Parenchymal cells tended to have a larger area and were arranged more loosely under two semi-deep water irrigation treatments than CK. Compared with CK, the number and area of both large and small vascular bundles generally showed a decreasing tendency under SDI1 and SDI2. Moreover, the basal internode grown under the two semi-deep water irrigation regimes presented a lower degree of densification and a less filled substance than CK. We also compared the difference of the anatomy characteristics between the two tested varieties and found that HLYSM had more compact sclerenchyma and its parenchymal cells were arranged more closely than WXY982; moreover, a larger area of large and small vascular bundles in HLYSM than in WXY982 was detected.




Figure 2 | The cross-section of the basal second internode of HLYSM and WXY982 under different irrigation treatments. The figure showed the hundred-fold imagination of the basal internode cross-section under microscope. (A–C) represent CK, SDI1, and SDI2 of HLYSM, respectively; (D–F) represent CK, SDI1, and SDI2 of WXY982, respectively. PC, parenchymal cell; SC, sclerenchyma cell; VBS, vascular bundle sheath; AC, air cavity; MC, medullary cavity.




Table 6 | Effects of semi-deep water irrigation during different periods on vascular bundle characteristics and air cavity of rice basal second internode.





3.6 Correlation analysis

Correlation analysis showed that the LI had a significant negative relationship with M for the three varieties, and the correlation coefficient exceeded 0.9 (Table 7). A significant positive relationship was detected between M and BS. For all varieties, M was generally found to correlate significantly positively with the plant height, gravity height, culm diameter, and Z. There was a significant positive relationship between M and culm wall thickness, basal internode lignin, and cellulose content, while the lignin content of the basal internode culm and the cellulose content of the basal internode sheath presented no significant relationship with M for HLYSM.


Table 7 | Correlation analysis of lodging-resistant parameters with lodging index and breaking strength of basal second internode.






4 Discussion


4.1 Influence of semi-deep water irrigation during different growth periods on rice lodging resistance and genotype difference

The scale of rice-aquatic animal integration increased rapidly, which gained a favorable and friendly relationship with the environment and had developed to a major rice cropping pattern in China; semi-deep water irrigation was carried out to meet the requirement of aquatic animal culture for a given rice growth period under RAAIF. Rice cultivated under RAAIF showed higher lodging frequency than rice monoculture, and nearly all belonged to stem lodging based on our survey. Therefore, we compared the rice stem lodging resistance performance between three irrigation managements: the treatment of CK based on swallow, which represents a high-yielding irrigation scheme, and two representative semi-deep water irrigation modes—one occurs from the rice tillering stage to the booting stage, and another occurs from the jointing stage to the middle grain-filling stage.

The lodging index is an evaluation methodology that correlates the mechanics and morphology of the rice stem, which was widely used in the analysis of rice stem lodging resistance. The lodging index is a specific value of WP to M, and WP is the product of SL and FW. Compared with traditional irrigation based on swallow and wetting, semi-deep water irrigation during different growth periods reduced WP and M and increased LI, resulting in weaker lodging resistance. Results suggested that semi-deep water irrigation inhibited the translocation from the vegetative organ to the panicle, thereby causing yield loss (Supplementary Table 1). In this experiment, leaves located at the lower part of the rice plant were submerged under semi-deep water irrigation, and we observed higher-position tillers occurring frequently. The higher-position tillers would consume more nutrients while forming panicles with little spikelets and would fail to reach maturity, actually causing a negative effect on dry matter accumulation and the grain filling of mother culms. Meanwhile, semi-deep water irrigation prolonged the length of the basal internode so as to increase SL, which was consistent with the studies that also involved the response of the rice internode length to deep-water irrigation scenarios (Anandan et al., 2012; Zhu et al, 2019). Previous studies have certified that rice internode elongation was related with its higher gibberellin content that was mediated by more ethylene release, which was induced by oxygen deficit under waterlogging (Sauter and Kende, 1992; Hattori et al., 2009; Singh et al., 2009). In this research, the declining amplitude of FW exceeded the increasing amplitude of SL under semi-deep water irrigation relative to CK, inducing a decreased WP. M was actually determined through the breaking force of the basal internode (F). In this study, F was decreased by semi-deep water irrigation, and its declining amplitude exceeded WP markedly, leading to the increased LI. Among the three tested varieties, the F value of WXY982 declined more drastically under semi-deep water irrigation, resulting in a higher descending amplitude in M and an increasing amplitude in LI compared with HLYSM and SLY136. Although the culm of the three varieties exhibited a similar mechanics response to semi-deep water irrigation, SLY136 and HLYSM were affected more deeply by SDI1, while WXY showed a more sensitive response to SDI2, which was mainly linked to the variance between the breaking force of the basal internode.



4.2 The physical mechanism for weaker stem mechanical strength exposed to semi-deep water irrigation

Increasing the mechanical strength of the culm of the basal internodes is important to reduce rice lodging risks (Shah et al., 2019), especially for indica rice varieties with high aboveground biomass. The breaking force of the basal internode was generally used to reflect the rice mechanical strength. It is quite crucial for the mechanical strength enhancement of crop culm by increasing the thickness of the mechanical tissue, area, and compactness of vascular bundles and improving the lignification degree of vascular bundle sheaths (Wang et al., 2015; Zhang et al., 2016; Zheng et al., 2017). Based on the anatomical observation in this study, semi-deep water irrigation reduced the thickness of mechanical tissues, sclerenchyma cells, and parenchymal cells; reduced the number of vascular bundles; and caused a looser arrangement, thereby weakening the fullness of the rice basal internode. The rice plant body is principally supported by structural carbohydrate, especially lignin and cellulose, and their accumulation level is considered as a key factor in culm mechanical strength determination (Kashiwagi et al., 2008; Zhang et al., 2010 Rice science; Zhang et al., 2014). Our study indicated that semi-deep water irrigation lowered the lignin and cellulose content in the culm and sheath of the rice basal internode for all varieties, and they were positively correlated with the breaking force and negatively correlated with the lodging index, as proved by correlation analysis. Thus, we thought that the decline in the contents of the two structural carbohydrate components probably contributed to the weaker mechanical strength of culms. For future research, rice culm lignin and cellulose synthesis pathway under semi-deep water irrigation should be investigated deeply. We had also observed anatomy difference between varieties. The recognized lodging-resistant variety HLYSM presented more numbers and an area of vascular bundles, more compact cell arrangement, and filled substance of the basal internode when compared with WXY982, which facilitates better development of mechanical tissues. Generally, the anatomy performance of the basal internode varied a little between semi-deep water irrigation during different rice growth periods for a given rice variety.

The mechanical tissue in the basal internode of both HLYSM and WXY982 tended to develop more weakly under two semi-deep water irrigation treatments. Marked lodging occurred in WXY982, while no lodging occurrence was detected in HLYSM, and it may be linked to its better fundamental mechanical tissue development than WXY982. Three basal internodes prolonged approximately across 15 days after jointing; thereby both SDI1 and SDI2 covered the filling periods of two or three basal internodes in this study. Actually, the substance for rice basal internode filling derives from three adjacent leaves, namely one upper leaf, one lower leaf, and one enfolding the internode, and leaves located at the lower part of the rice plant could only receive much less illumination under semi-deep water irrigation since they were soaked in water, which would suppress glucose synthesis and vitamin B, substrates of lignin and cellulose synthesis, due to their poor light interception (Taylor, 2008). Consequently, we speculated that the declined lignin and cellulose accumulation of the basal internode under semi-deep irrigation was mainly attributed to the light deficiency of soaked basal leaves. Other studies also certified that the weak filling degree of basal internodes in crops was closely related to insufficient lignin when the lower part of the plant received less radiation (Xue et al., 2016; Wu et al., 2017; Hussain et al., 2019). Results of correlation analysis proved the negative relationship between structural carbohydrates and breaking force in the rice basal internode as well. Besides stem, root characteristics ought to be explored in the future since its anchorage also played an important role in rice lodging resistance determination, and its sensitivity to water regime had been reported in previous literature (Kato et al., 2006; Mishra and Salokhe, 2010; Nishiuchi et al., 2012). To cope with the inevitable weaker rice lodging resistance under semi-deep water irrigation, it is necessary to select the rice variety with favorable lodging resistance and deal with appropriate integrated farming phase and cultivation measures in consideration of the requirement for aquatic animal culture and ensuring of adequate rice lodging resistance under RAAIF.




5 Conclusion

Semi-deep water irrigation decreased the WP and M of the rice stem and induced the increased lodging index due to the larger amplitude of variation in M than WP under both SDI1 and SDI2. The degree of influence of semi-deep water irrigation on the lodging index during different phases depended on the specific rice variety. The worse mechanical strength of the rice basal internode under semi-deep water irrigation was closely connected with weaker vascular bundle development and suppressed structural carbohydrate accumulation.
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OEBPS/Images/table6.jpg
Variety Treatment Number of big Area of big Number of small Area of small vas- Stoma Number Number of

vascular bundles  vascular  vascular bundles cular bundles area of stoma cell per mm*
bundles (mm?) (mm?)
(mm’)
HLYSM  CK 35.6a 0.142a 32.7a 0.08%a 0.376¢ 31.0a 162.3a
SDI1 31.3c 0.102b 29.7b 0.075¢ 0.990a 27.0b 129.4b
SDI2 33.3b 0.13% 31.0a 0.081b 0.463b 30.3a 130.5b
WXY982 CK 333a 0.107a 31.7a 0.067a 0.345¢ 30.7a 138.6a
SDI1 32.0a 0.078¢ 30.7ab 0.034b 0.511b 30.3a 86.9b
SDI2 28.3b 0.091b 29.0bc 0.063a 0.738a 28.0b 84.3¢
ANOVA
G 4444 87.46* 1.29ns 77274 57.22** 0.08ns 1013.12**
M 44.33%* 26,521 28.43** 21579 480.23** 7.00* 583.79**
G*IM 24.11* 5.39* 16.71% 48.59** 447.5 25.92% 34.89"*

Different letters represent significant difference at the 0.05 level. * and **, significant at P < 0.05 and P < 0.01, respectively. ns, no significant.
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OEBPS/Images/table2.jpg
Variety Treatment DW per panicle at HS (g) DW per panicle at MS (g) DW accumulation per panicle from HS to MS (g)

SLY136 CK 1.08a 3.55a 247a
SDI1 1.00a 3.04a 2.04ab
SDI2 0.80a 2.29b 1.50b
HLYSM CK 1.02a 3.30a 2.28a
SDI1 091a 2.70b 1.79a
SDI2 0.76a 2.77b 2.00a
WXY982 CK 0.78a 3.30a 2.5la
SDI1 0.57b 2.40b 1.84b
SDI2 0.64ab 2.32b 1.69b
ANOVA
G 44.67** 5.86% 0.02ns
M 23.94%* 55.68** 28.14**
G*IM 3.22ns 4.91* 3.54ns

Different letters represent significant difference at the 0.05 level. * and **, significant at P<0.05 and P<0.01, respectively. The same as below. ns, no significant.





OEBPS/Images/table4.jpg
Variety Treatment Culm diameter  Culm wall bl b2 al a2 BS z Relative gravity

(mm) thickness (mm) (mm) (mm) (mm) ( g'mmz) (mm’) height(%)
(mm)
SLY136 CK 6.84c 0.92a 7.65¢ 5.26b 6.02¢ 32lc 1312.2a 24.4c 43.3c
SDIL 8.00a 0.81b 877a  63%a 7242 463 621.3¢ 36.52 46.1b
SDI2 7.60b 0.72¢ 844b 538  678b  4.15b 761.6b 32.5b 48.0a
HLYSM  CK 7.08b 0.80a 789  552b  628c  3.94b 1072.9a 25.2b 412¢
SDIL 757a 0.53b 807a  6.08a  7.07b  4.96b 683.2b 29.1ab 442b
SDI2 8.00a 0.46b 846a  6.0%  7.54a 518 599.1b 35.1a 46.4a
WXY982 CK 7.75b 0.92a 868ab  632a  682b  4.50a 874.2a 31.2b 41.7¢
SDIL 7.88b 0.66b 852b  539b 723  4.04b 406.1b 38.92 44.6b
SDI2 8.18a 0.73b 8942 625 743 48% 331.2¢ 39.0a 16.26a
ANOVA
G 26,19 40.82* 2145%  4.08° 18157 2045  141.70%*  21.95* 22.66™
M 63.53* 50.90% 1867 2.32ns 7433 30.56™ 37329 42.00% 129.10%
GxIM 13.08* 3.66% 9.187 1648 89  14.14% 9.77%% 440 0.17ns

b1 and b2 represent the outer and inner diameter of the major axis in an oval cross-section, respectively; al and a2 represent the outer and inner diameter of the minor axis in an oval cross-
section, respectively.
Different letters represent significant difference at the 0.05 level. * and **, significant at P < 0.05 and P < 0.01, respectively. ns, no significant.





OEBPS/Images/table3.jpg
Variety

SLY136

HLYSM

WXY982

ANOVA

Treatment

CK
SDI1
SDI2
CK
SDI1
SDI2
CK
SDI1
SDI2

G
M
GxIM

WP (g.cm)

3575.7a
3252.4b
3202.4b
3309.7a
3102.7b
2943.5¢
2736.2a
2345.0b
2215.7¢

678.77**
142.34**
3.25%

FW (g)

33.1a
27.9b
25.4c
29.0a
26.3b
23.5¢
21.7a
18.2b
16.8¢

1493.18**
524.51**
13.65*

SL (cm)

108.0c
116.7b
126.0a
114.0c
118.0b
125.2a
126.1¢c
129.0b
131.9a

179.13**
146.35**
13.64**

M (g:cm)

3198.0a
2261.0c
2470.5b
2675.5a
1987.5b
2156.0b
2723.5a
1577.5b
1283.5¢

252.78**
456.35**
33.42%*

LI (%)

111.8¢
144.1a
129.7b
123.8¢
156.4a
136.6b
100.5¢
148.7b
173.0a

14.08**
141.36**
31.74™

Breaking force (N) ALR(%)

16.0a

11.3¢

12.4b

13.4a

9.9b

10.8b

13.6a 0c
7.9b 20.1b
6.4¢ 95.0a

252.78**
456.35**
33.42%*

SLY136, Shenliangyou136; HLYSM, Huiliangyousimiao; WX Y982, Wanxiangyou982. CK, the typical high-yield irrigation model that was mainly based on swallow and setting; SDI1, semi-
deep water irrigation from late tillering to jointing; SDI2, semi-deep water irrigation from jointing to middle grain-filling; WP, bending moment by whole plant; FW, fresh weight from
breaking basal internodes to top; SL, culm length from breaking basal internodes to top; M, breaking strength; IM, irrigation management; G, genotype.

Different letters represent significant difference at the 0.05 level. * and **, significant at P<0.05 and P < 0.01, respectively. The same as below.
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OEBPS/Images/table7.jpg
Parameters

M

LI

Breaking force of basal second internode
Breaking force of basal third internode
Plant height

Gravity height

Culm wall thickness

Culm diameter

Length of basal second internode

Length of basal third internode

z

BS

Culm cellulose of basal second internode
Culm lignin of basal second internode
Sheath cellulose of basal second internode

Sheath lignin of basal second internode

* and **, significant at P < 0.05 and P < 0.01, respectively.

LI

-0.958**
1.000
-0.958**
-0.716**
0.684*
0.639*
-0.501
0.924**
0.636*
0.669*
0.813**
-0.910%*
0.925**
0.293
0.937**
0.379

SLY136

M

1
-0.958**
1.000**
0.861**
-0.858**
-0.816**
0.673*
-0.963**
-0.590*
-0.781**
-0.884**
0.980**
-0.948**
-0.134
-0.970**
-0.447

LI

-0.908**
1.000
-0.908*
-0.687*
0.359
0.386
-0.540
0.307
0.817**
0.439
0.140
-0.637%
-0.474
-0.097
-0.681*
-0.615%

HLYSM

M

1.000
-0.908**
1.000**
0.861**
-0.664*
-0.684*
0.812**
-0.597*
-0.791%*
-0.499
-0.463
0.861**
0.726**
0.425
0.805**
0.749**

LI

-0.976**
1.000
-0.976**
-0.944%*
0.625*
0.944**
-0.607*
0.801**
-0.339
0.103
0.789**
-0.953**
-0.875**
-0.957**
-0.839**
-0.944%*

WXY982

M

1.000
-0.976**
1.000**
0.966**
-0.685*
-0.967**
0.722**
-0.762**
0.276
-0.219
-0.865**
0.993**
0.807**
0.930%*
0.792**
0.923**
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Growth period

Recovery period
Tillering period
Drying

Jointing

Heading to middle grain-filling

Middle grain-filling to maturity

WD, water depth.

CK

0~2 cm WD

2~4 cm WD

Drying to soil surface cracking

Swallow and wet alternation

Swallow and wet alternation

Wet and dry alternation

SDI1

0~2 cm WD
10~15 cm WD
25~30 cm WD

25~30 cm WD

Swallow and wet alternation

Swallow and wet alternation

Wet and dry alternation

SDI2

0~2 cm WD
2~4 cm WD

Drying to soil surface cracking

25~30 cm WD

25~30 cm WD

‘Wet and dry alternation





OEBPS/Images/table5.jpg
Variety

SLY136

HLYSM

WXY982

ANOVA

Treatment

CK
SDI1
SDI2
CK
SDI1
SDI2
CK
SDI1
SDI2

G
M
GxIM

NSC (%)

16.1a
12.9b
10.2¢
28.0a
22.0b
24.0b
20.4a
20.0a
15.7b

23.95%*
47.64*
65.27*

Culm
Cellulose (%)

33.2a
31.0ab
27.6b
27.7a
26.1a
25.4a
21.3a
20.6a
17.5b

294.34*%
187.94**
54.57**

Lignin (%)

17.9a
16.6b
15.3c
16.2a
15.6a
13.9a
8.5a
7.5b
6.3¢

12,75
183.28**
95.29**

Different letters represent significant difference at the 0.05 level. **, significant at P < 0.01. ns, no significant.

NSC (%)

11.9a
9.4b
7.1c
20.5a
14.7b
1L.1c
16.9a
7.1c
10.4b

2.36ns
82.92%
27.52**

Sheath
Cellulose (%)

35.6a
32.7b
30.0¢
35.8a
33.4b
29.7¢
23.9a
227a
18.9b

466.23*%
448.59**
174374

Lignin (%)

18.5a
17.3a
17.5a
14.8a
13.4a
13.8a
74a
6.1b
5.2¢

61.31%%
327.23**
163.28**





