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Abstract

:

Minimum tillage in rice production is increasing in southern Brazil, reaching 60% of the total planted area. Compared to conventional tillage, in this system there is an increase in the occurrence of perennial weeds, such as Luziola peruviana and Leersia hexandra, which are amphibious plants, as they can occur in both flooded environments and aerobic conditions. These weeds are controlled in burn-down before rice planting by glyphosate applications, the efficacy of which depends on the soil moisture. This study aimed to evaluate the effect of different soil moisture regimes in L. hexandra and L. peruviana growth and photoassimilate partitioning. Both species were assessed under soil moisture regimes of flooded, saturated, 7 kPa, 15 kPa, 40 kPa, and 100 kPa (experiment 1) and flooded, saturated, and 7 kPa (experiment 2). Plants were sampled immediately after drainage (3 months after transplant) and 1 and 2 weeks after drainage. The results showed that as soil moisture levels decreased, growth and development parameters were negatively affected in both species. Photoassimilate partitioning was affected by water regime and differences were observed between species. The total soluble sugars and starch content decreased in the leaves, and sucrose concentration increased in the roots following drainage. Soil drainage affects the growth and alters carbohydrate partitioning of these weeds, increasing the sugar storage in roots. The agronomic impact of these findings is that this behavior may affect herbicide transport in phloem and may affect herbicide efficacy.
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1. Introduction


Weed infestation in paddy fields is one of the main limiting factors of rice (Oryza sativa L.) production, especially when weeds are adapted to flooded soils [1]. In these areas, the most important weeds in Brazil are Oryza sativa L. (weedy rice) [2,3] and Echinochloa spp. [4,5]. The use of herbicides is the most used method due to its advantages, including its being easy to use, convenient, and efficient [6].



The Clearfield system was introduced in Brazil in the early 2000s and was an alternative for weedy rice control. However, the continuous use of the system resulted in the selection of weedy rice-resistant populations to the imidazolinone herbicides [7]. With the increase in the use of the minimum-tillage rice production as an alternative to control these species, the area of which reached 61% in last year’s growing season in Brazil [8], there was an increase in the presence of perennial grasses like Luziola peruviana Juss. (Peruvian water grass) [9,10] and Leersia hexandra Sw. (rice cut-grass) [9,10,11]. These species occur in southern Brazil, inhabiting lowland areas and canals of irrigation and drainage [9]. Their presence in the irrigation and drainage canals reduces water flow due to the high amount of biomass they produce [10]. Weed control in irrigation canals is a difficult task, and many times in the presence of perennial grasses species [12], heavy machinery is needed to clean the ditches, which makes the process costly and slow. Thus, glyphosate (5-enolpyruvylshikimate-3-phosphate synthase inhibitor) becomes an alternative for cleaning canals, as it is a relatively cheap and accessible herbicide. As a broad-spectrum product, it also controls other unwanted plants in the area, in addition to not having residual activity [13].



Controlling L. peruviana and L. hexandra in the rice field is challenging, because it is essential to sow rice with this weed entirely controlled by the burn-down application. Recent studies, however, indicate that the high soil moisture and the low air temperature decrease herbicide efficacy in these weeds [10]. It is well known that plants subjected to severe water deficit have physiological responses (such as reduced stomatal conductance and high rates of temperature inside plant cells) that cause morphological changes, such as an increase in cuticle thickness and a decrease in leaf area, to avoid more significant losses due to transpiration, in addition to possible reductions in plant weight [14]. Hence, a severe water deficit leads to a distinct reduction in the leaf relative water content and values of the total plant biomass and photosynthetic rate with diminished water-use efficiency [15] As there is variation in water consumption according to the species studied, the severe water stress for one species can become moderate for others that have better water-use efficiency [16]. If it is moderate, the water deficit should still cause a metabolic change, reducing the stomatal aperture to avoid more significant losses due to transpiration, which results in less conductance and thus less carbon dioxide assimilation [17].



The water deficit also causes changes in the transport of assimilates in plants, resulting in sugar concentration partitioning [18]. Photoassimilate partitioning is an alternative the plant uses to overcome the lower assimilation of carbon dioxide in drought situations. Plants under these conditions tend to modify the solute potential of different organs, increasing water absorption [19]. Through the partitioning of sugars, aiming to alter the water potential of poorly hydrated cells, plants can translocate phloem-mobile herbicides and increase weed-control efficiency. This information is known for other plants, and it is essential to know if this happens in this weed and can explain its behavior in the field.



Studies on the water regime’s influence on perennial plants’ control with glyphosate have been carried out [16]. Previous studies with these perennial grasses, however, just evaluated the glyphosate efficiency of control in different doses and the variation in water content in the soil. Results indicated that field capacity best helped to control the plants [10,11]. It is not well understood why these weeds are better controlled under drained soil than in flooded conditions. Thus, we hypothesize that water deficit negatively affects growth and increases photoassimilate translocation to roots in Leersia hexandra and Luziola peruviana, and this behavior might explain why glyphosate is more efficient in these conditions. To test this, we conducted two experiments to evaluate the effect of water regimes on growth and photoassimilate partitioning of L. hexandra and L. peruviana.




2. Material and Methods


2.1. Experiments 1 and 2—Effect of Soil Water Content on Weed Growth


For each species (species were not compared), one experiment was carried out in a greenhouse in the Estação Experimental Terras Baixas—Embrapa Clima Temperado (31°48′ S, 52°24′ W) in the 2017/18 growing season and repeated in the 2018/19 growing season with some modification. The experimental design was organized in a randomized block design with four replications. The treatment consisted of six soil moisture levels (flooded, saturated, 7 kPa, 15 kPa, 40 kPa, and 100 kPa) [20].



The experimental units were 2.8 L pots filled with sieved soil. The soil was an albaqualf from a lowland area, collecting the top layer (10 cm depth). Soil moisture was stabilized to the desired levels twice a day before the transplant. A ruler maintained the water depth flood up to 2 cm. The condition of saturated soil was obtained by filling the soil pores with water. The other moisture levels were configured to be recorded hourly (including during the night) in a monitor data logger. The soil moisture values were determined based on the resistance of the sensors to the water passage from the tension values. As the tension changes with water content, the resistance changes as well. Soil water is an electrical conductor, thereby providing a relative indication of the soil moisture status. The electrical resistance was measured using a sensor (Watermark, Irrometer Company, Riverside, CA, USA). The sensor consists of a pair of electrodes embedded with a granular matrix. A current is applied to the sensor to obtain a resistance value. These values were measured hourly, thus providing the force (suction) necessary to extract water from the soil. With these measurements, it is possible to estimate the water content in the soil, and therefore this method indirectly determines the soil moisture.



Weed plants were transplanted by transferring stolons collected from Embrapa Clima Temperado during January and September 2018. Twelve stakes of equal height (2.5 cm) were transplanted with nodes buried in the soil. Half the initial density of plants was left in the middle of the experiment evaluations. Sixteen plants were measured per treatment, 4 per replicate, and the same plants were always evaluated, being considered just green leaves and tillers. Evaluations of plant length, number of leaves, and tiller number were performed on 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, and 32 days after node transplant (DAT). All length evaluations were performed using a ruler. The length of leaves was measured to the end of the longest branch. At the end of the experiment (June 2018 and January 2019), all the plants were collected (shoot and root) and dried in a forced-air oven (60 °C) until a constant mass was obtained. Then, the total dry weight of plants was determined, and this value was divided by the number of plants to obtain the total dry weight per plant. Evaluation at 32 DAT was used for statistical analysis, and the other sampling timing is included in this manuscript as supplemental material.




2.2. Experiments 3 and 4—Effect of Soil Water Content on Carbohydrate Partitioning


For each species (species were not compared), an experiment was conducted in the same greenhouse in a randomized block design in a factorial arrangement with four replicates in the 2017/18 growing season and repeated in the 2018/19 growing season. The treatments included in factor A consisted of three soil moisture levels the plants were submitted to from transplanting to 90 days after transplanting [flooded, saturated, and drained soil at 7 kPa (considered water deficit)]. After the 90th day, all treatments were drained to 10 kPa corresponding to field capacity (Figure 1). Factor B consisted of sampling time (first—90 days after transplanting; second—97 days after transplanting; and third—104 days after transplanting).



The soil used in the experiment was collected as described previously. Subsequently, 5 L-capacity pots were filled with the soil for all treatments. Soil moisture was stabilized to the desired levels, and pots were irrigated twice a day. A water depth flood and the saturated soil were performed as in experiments 1 and 2. The other moisture levels were recorded hourly in a monitor data logger (Watermark) using electric sensors.



Leaf samples were collected from the upper third of the plants. Root samples (excluding dark roots, with advanced oxidation) were washed with distilled water before being weighed, and after weighing, all the material was stored at −80 °C until analysis.




2.3. Carbohydrate Extraction


Metabolite quantification was performed according to previous methodology [21]. Leaves and roots (0.5 g) were macerated in nitrogen and 8 mL of MCW solution (methanol:chloroform:ultrapure water 12:5:3). The samples were left for 24–48 h in darkness. After this period, the samples were transferred to falcon tubes and 2 mL of MCW was added, then centrifuged at 600× g for 30 min. The supernatant was collected and transferred to a new falcon tube, then 3 mL of ultrapure water and 2 mL of chloroform were added for each 8 mL collected. The resulting solution was shaken vigorously and again centrifuged at the same rotation previously described. The superior portion of the solution was collected and incubated at 40 °C. With the volume of the bottles reduced by half, the solutions were frozen at −80 °C for subsequent analysis.




2.4. Total Soluble Sugar Quantification


The total soluble sugars were quantified based on methodology previously described [21]. A sample of leaves and roots from metabolic extraction was kept in tubes in an ice bath and diluted in distilled water until 500 µL was completed, separately. Then, 1.5 mL of a 0.15% (v/v) anthrone solution was added, prepared in concentrated sulfuric acid (H2SO4). After 15 min, the solutions were stirred vigorously and incubated in a water bath at 90 °C for 15 min. Subsequently, the samples were left in the dark without cover until they reached room temperature. Finally, the absorbance was determined at 620 nm. The results were obtained based on an established glucose standard curve.




2.5. Starch Quantification


Starch quantification was carried out as per previous methodology [21]. The precipitate obtained from metabolite extraction was resuspended and homogenized in 10 mL of 10% trichloroacetic acid. After 24 h, the homogenate was centrifuged at 600× g for 30 min. The precipitate was resuspended in 10 mL of 30% (v/v) perchloric acid (PCA) and subjected to continuous agitation in an orbital shaker for 30 min to digest the starch, and was then centrifuged at 600× g for 30 min. Finally, the supernatant was collected, and the starch content was quantified for total soluble sugar quantification.




2.6. Sucrose Quantification


Aliquots of the leaves and roots samples were diluted to 200 µL as per the methodology in [22]. Afterward, 200 µL of 15% potassium hydroxide (KOH) was added. The tubes were covered and incubated in a water bath at 100 °C for 10 min. Then, the tubes were removed from the water bath, uncovered, and expected to reach room temperature. After that, 3 mL of anthrone (0.15% in 70% H2SO4) was added. The tubes were covered, shaken, and incubated in a water bath at 40 °C for 15 min. The absorbance of the samples was measured at 620 nm. The results were obtained based on an established sucrose standard curve.




2.7. Data Analysis


The analysis of growth data was performed using the R statistical software [23] and ggplot2 package [24]. Data normality was tested by the Lilliefors test. A one-way ANOVA was performed to check the significance level of the soil moisture content on the 32nd day after the transplant. Tukey’s test was performed for result comparison. Bar graphs were plotted with 95% confidence intervals for data visualization.



For biochemical data, a two-way ANOVA was used to check the significance level of individual and interactive effects, and then a multiple-comparison procedure was used to compare harvest treatments and soil moisture content from the Holm–Sidak method (p ≤ 0.05).



Data repeated in each experiment in two growing seasons were subjected to analysis for comparison of growing seasons. The growing seasons were tested for data normality and compared by a two-way ANOVA, and if no significant differences were observed, the growing seasons were combined.





3. Results and Discussion


3.1. Effect of Soil Water Content on Plant Growth


For plant length, there was interaction of growing season and soil moisture. At the end of the experiment (32 DAT), the longest plants for both species in both growing seasons were observed in the flooded treatment and the shorter plants were observed at 40 and 100 kPa treatments (Figure 2). A reduction in leaf biomass of plants 21 days after inducing water stress was observed [25]. The decline in growth and development seemed to be the initial and most likely effect of water deficit in the plants, due to reducing cell turgor [26]. Water stress results in a decrease in the rate of relative expansion and cell proliferation, and even moderate water stress can affect cell growth [27]. Plants use morphoanatomical adjustments to increase leaf resistance against dehydration, leading to reduction in photosynthesis rates with consequent adverse effects on growth parameters [28,29]. The plants subjected to 100 kPa treatment were the shortest, presumably due to higher water restrictions. Severe water stress promotes negative regulation of the metabolic process in many species, which reduces the content of ribulose 1.5-bisphosphate, inhibiting photosynthesis and carbon assimilation [28]. Water deficit applied for an extended period induces a decrease in stomatal conductance followed by a decline in carbon assimilation and leads to a decrease in the activity of the RuBisCo [29].



Regarding the total number of leaves, there was interaction between growing season and soil moisture (Figure 3). Under the flooded treatment, plants presented more leaves compared to the other treatments. The treatments of 40 kPa had fewer leaves followed by the 7 kPa and 15 kPa treatments. In general, these results showed a similar trend on what was observed for plant height, as normally taller plants have more leaves than shorter ones. Other important aspects that may have affected the total number of leaves on plants under moderate water deficit is an increase in the leaf senescence rate observed for 15 days (Supplemental Materials) compared to plants of the same age in well-hydrated pots [30]. A moderate water deficit does not directly limit photosynthesis by the pairing activity of rubisco and ribulose activase [31]. An increase and posterior decrease in the number of leaves with the 40 kPa treatment was observed (Supplemental Materials). This effect is observed in plants as a response to water stress through hydraulic signals due to the decline in water absorption by the most water potential, turgidity, and increase in the number of leaves [32]. Hence, a severe water deficit leads to a distinct reduction in the relative water content of the leaves and the values of total plant biomass and photosynthetic rate with a diminished water-use efficiency [33].



Regarding the number of tillers (Figure 4), there was interaction between growing season and soil moisture content. Plants under flooded conditions presented more tillers compared to the other treatments. The 7 kPa, 15 kPa, 40 kPa, and 100 kPa treatments led to the lowest number of tillers. The highest (20 tillers) number of tillers in L. peruviana in the 2018/19 growing season was observed in the saturated treatment (Figure 4D). A significant difference was detected between the flooded and saturated treatments at the end of the evaluation period (32 DAT). The saturated, 7 kPa, and 15 kPa treatments did not differ statistically. On the other hand, the 15 kPa and 40 kPa treatments were statistically different. The 40 kPa and 100 kPa treatments resulted in the lowest tillers, most likely due to extreme water deficits. Very high tensions resulted in a reduction in the values of production components, such as the number of tillers [34]. Finally, under water stress, the plants had dead tillers and underdeveloped reproductive tissue [35].



The dry weight per plant (Figure 5) was affected by growing season and soil moisture content. In this analysis, in general, the highest values were detected in the saturated and flooded treatments. The 7 kPa and 15 kPa treatments did not differ statistically. Finally, the dry weight per plant analysis in the 2017/18 and 2018/19 growing seasons of L. hexandra and L. peruviana showed the lowest dry weight per plant in the 40 and 100 kPa. A reduction in the dry weight of plants in tensions of 40 kPa (a water deficit tension) is expected, considering that water is related to the process of cell turgor, which promotes cell growth [36]. Indeed, a decrease in the shoot dry weight of plants due to the lower water availability is a typical response [37]. Physiologically, a severe water deficit leads to a decline in photosynthesis, causing in general a dysfunction of metabolism in many plants [38].




3.2. Effect of Soil Drainage on Plant Photoassimilate Partitioning


The concentration of total soluble sugars in L. hexandra and L. peruviana reduced with 7 days of water deficit in roots and leaves (Figure 6A–D). From the second to the third harvest, there was no statistical difference between species and tissues (7–14 days of water deficit). In the third harvest, compared to the first harvest, there was a reduction in of total soluble sugar concentration in the treatments in the two species and tissue types. A reduction in the concentration of total soluble sugars and photosynthesis in leaves occurs due to decreased hydraulic conductivity in the xylem. Consequently, the concentration of sugars increases in the phloem, creating a concentration gradient in the culms of the plants, which causes less activity in the Calvin cycle for the formation of trioses-P [39]. Both species had the highest total soluble sugar concentration at 7 kPa treatment. At the first harvest, in the saturated and flooded soil, it was the lowest total soluble sugar concentration in L. hexandra and L. peruviana, respectively. There was no difference in soil moisture contents in the second and third harvests.



The sucrose concentration increased during the 7 days’ water deficit in the leaves of L. hexandra and L. peruviana except in the 7 kPa in L. hexandra plants (Figure 7A,C). Sucrose content in the leaves increased with the drainage in L. hexandra from the second to the third collection (7–14 days of water deficit) except in the 7 kPa in L. peruviana plants. In both species at 14 days of water deficit, the levels of total soluble sugars in the leaves were highest in the flood treatment and lowest in 7 kPa and saturated soil. In the two species, the sucrose content increased in roots from second to third harvest (7–14 days in water deficit) except for the saturated soil in L. hexandra plants (Figure 7B,D). The sucrose content increased at 7 days of water deficit in both species except for the flooded treatment in L. peruviana. The highest sucrose values were found in roots in L. hexandra at 7 days of water deficit in the saturated treatment, probably aiming to increase the turgor of the cells and thus increase water absorption by the root hairs through the osmotic potential difference by the roots [40]. In addition, the roots had the sucrose increased in water deficit (Figure 7B,D), indicating an excellent sucrose movement from the shoot to the roots. This movement could modify the solute potential, allowing water entry into the roots [41]. Plants under water deficit have an increase in the reserve tissue sugars to reduce the osmotic potential and the turgor of cells, and thus, due to the difference in water potential, improve organ hydration [42]. Considering aspects involving glyphosate efficiency, the absorption and translocation of this herbicide might increase due to photoassimilate partitioning. This could lead to significant implications for the integrated management of these plants, given that the movement of glyphosate following the photoassimilate route generates valuable information about the better condition for the product application.



Starch concentration in the shoots decreased with water deficit in L. hexandra from the first to the second and third harvests at the 7 kPa treatment (Figure 8A). There was no significant reduction in starch with soil drainage in the harvests in L. peruviana leaves (Figure 8B). The only difference between the starch content in different soil moisture content was at 14 days of water deficit in the 7kPa treatment in L. hexandra (Figure 8A). The starch content in the roots (Figure 7B) of L. hexandra reduced with the water deficit course from the first to the third harvest. In the two species, the drainage decreased the starch content over time (Figure 8B,D). In the first harvest, flooded plants of L. peruviana showed the highest starch value in the roots. The starch content in the roots of L. peruviana corroborates the hypothesis that the plant can form a more significant amount of starch in the roots under high soil moisture content to replace soluble sugars [43]. The starch granule comprises straight and branched chain glycans broken down into glucose and maltose by specific enzymes. Glucose is a soluble sugar that can be a component of sucrose (the primary transport sugar in plants). When there is no water restriction, the shoot, acting as a vital source, increases the more significant formation of sugars from starch partitioning to the roots [44].





4. Conclusions


The decrease in soil moisture levels negatively affected the growth and development of L. peruviana and L. hexandra. The highest values of length, number of leaves, and tillers were found in L. peruviana. In general, the decrease in total soluble sugars and starch in the shoots and the increase in sucrose concentration in the roots with drainage indicates a movement of this sugar by the phloem. This phenomenon can occur in the drained field where the weed becomes stressed and inverts the sucrose transport to the roots. The agronomic impact of these findings is that this behavior may affect herbicide transport in phloem and may affect herbicide efficacy.
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Figure 1. Timeline of experiments 3 and 4. 
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Figure 2. Leersia hexandra (A,C) and Luziola peruviana (B,D) plant length (cm) at 32 days after transplant as affected by different soil moisture levels in the 2017/18 (A,B) and 2018/19 (C,D) growing seasons. Bar graphs represent the average values (n = 16) and error bars represent the 95% confidence internals. Lowercase letters compare means by Tukey’s test (p ≤ 0.05). 
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Figure 3. Leersia hexandra (A,C) and Luziola peruviana (B,D) number of leaves evaluated at 32 days after transplanting as affected by different levels of soil moisture levels of the 2017/18 (A,B) and 2018/19 (C,D) growing seasons. Bar graphs represent the average values (n = 16) and the error bars represent the 95% confidence intervals. Lowercase letters compare soil moisture content by Tukey’s test (p ≤ 0.05). 
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Figure 4. Leersia hexandra (A,C) and Luziola peruviana (B,D) number of tillers evaluated at 32 days after transplanting as affected by different soil moisture levels on the 2017/18 (A,B) and 2018/19 (C,D) growing season. Bar graphs represent the average values (n = 4). Bar graphs represent the average values (n = 16) and error bars represent the 95% confidence intervals. Lowercase letters compare soil moisture content by Tukey’s test (p ≤ 0.05). 
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Figure 5. Total dry weight per plant (%) of Leersia hexandra (A,C) and Luziola peruviana (B,D) evaluated at 32 days after transplanting as affected by soil moisture levels content in 2017/18 (A,B) and 2018/19 (C,D) growing seasons. Bar graphs represent the average values (n = 4) and error bars represent the 95% confidence intervals. Lowercase letters compare soil moisture content by Tukey’s test (p ≤ 0.05). 
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Figure 6. Total soluble sugar content in leaves (A,C) and roots (B,D) of Leersia hexandra (L. h.) (A,B) and Luziola peruviana (L. p.) (C,D) during the 2019/20 growing season with 3 months of cultivation, before and after drainage to field capacity (FC). Uppercase letters compare harvest treatments, and lowercase letters compare soil moisture content by multiple-comparison procedures with the Holm–Sidak method (p ≤ 0.05). Bar graphs represent the average of treatments (n = 3) and error bars represent the 95% confidence intervals. 
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Figure 7. Sucrose content in leaves (A,C) and roots (B,D) of Leersia hexandra (L. h.) (A,B) and Luziola peruviana (L. p.) (C,D) during the 2019/20 growing season, in plants with 3 months of cultivation, before and after draining to field capacity (FC). Uppercase letters compare harvest treatments, and lowercase letters compare soil moisture content by multiple-comparison procedures with the Holm–Sidak method (p ≤ 0.05). Bar graphs represent the average of treatments (n = 3) and error bars represent the 95% confidence intervals. 
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Figure 8. Starch content in leaves (A,C) and roots (B,D) of Leersia hexandra (L. h.) (A,B) and Luziola peruviana (L. p.) (C,D) during the 2019/20 growing seasons in plants with 3 months of cultivation, before and after drainage until field capacity (FC). Uppercase letters compare harvest treatments, and lowercase letters compare soil moisture content by multiple-comparison procedures with the Holm–Sidak method (p ≤ 0.05). Bar graphs represents the average of treatments (n = 3) and error bars represent the 95% confidence intervals. 
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