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Introduction

Improvement of root architecture is crucial to increasing nutrient acquisition.





Methods

Two pot experiments were conducted to investigate the effects of different concentrations of urea ammonium nitrate solution (UAN) and ammonium polyphosphate (APP) on lettuce root architecture and the relationship between roots and nitrogen (N) and phosphorus (P) absorption.





Results

The results showed that lettuce yield, quality, and root architecture were superior in the APP4 treatment compared to other P fertilizer treatments. The N480 treatment (480 mg N kg-1 UAN) significantly outperformed other N treatments in terms of root length, root surface area, and root volume. There were significant quantitative relationships between root architecture indices and crop uptake of N and P. The relationships between P uptake and root length and root surface area followed power functions. Crop N uptake was significantly linearly related to the length of fine roots with a diameter of <0.5 mm.





Conclusion and discussion

The length of fine roots played a more prominent role in promoting N absorption, while overall root size was more important for P absorption. APP has a threshold of 9.3 mg P kg-1 for stimulating the root system. Above this threshold, a rapid increase in root absorption of P. UAN can promote extensive growth of fine roots with a diameter less than 0.5 mm. Applying appropriate rates of APP and limiting UAN application to less than 400 mg N kg-1 can improve root architecture to enhance N and P absorption by lettuce. These results highlight a new possibility to improve nutrients use efficiency while maintaining high yields.
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1 Introduction

Lettuce is widely consumed as fresh-cut vegetables or side dishes in fast food, making it quite popular worldwide (FAOSTAT, 2020; Thapa et al., 2022). In recent years, lettuce cultivation in China has experienced rapid development, with an area approaching 10% of the national vegetable area (Jia et al., 2022). Especially with the widespread application of fertigation (drip irrigation and fertilization) management systems, lettuce cultivation in cold and arid regions of Northern China has enlarged rapidly and gradually formed large-scale production, contributing significantly to increased productivity and income for farmers in impoverished areas (Toonsiri et al., 2016; Tei et al., 2020; Shaik et al., 2022).

However, in lettuce cultivation, field management based on experience often lacks scientific and rational technical guidance, leading to excessive use of N and P fertilizers, low efficiency, and environmental pollution issues (Ying and Zhang, 2021). This not only disrupts the balance of soil microorganisms but also results in decreased vegetable yield and quality. Moreover, the expansion of cultivation areas and the high water consumption for irrigation pose significant challenges to local water resource security and increase the risk of ecological degradation, thereby affecting the sustainable development of the vegetable industry (Yuan et al., 2019; Yan et al., 2020; Ju et al., 2023). Therefore, it is urgent to improve the utilization efficiency of N and P fertilizers and to reduce the high consumption of irrigation water in lettuce cultivation, promoting the healthy development of soil and the industry.

Currently, conventional solid compound fertilizers are mainly used for fertigation in large-scale lettuce cultivation. However, conventional solid fertilizers dissolve slowly during the early cold spring, leading to uneven nutrient distribution and blockage of water pipeline, resulting in inconsistent growth of individual plants, reduced marketability, and decreased profitability for farmers (Rathore et al., 2021). High-quality water-soluble fertilizers are expensive, and most farmers tend to apply large amounts of low-cost fertilizers to achieve high yields. In China, the efficiency of N fertilizers is around 40% to 50%, with a loss rate of 50% to 60%, while the efficiency of P fertilizers is around 10% to 20%, with a loss rate of 80% to 90%, resulting in significant waste of N and P (Li et al., 2017; Jiang et al., 2021; Shen et al., 2022). Fertigation, which can significantly improve water and fertilizer utilization efficiency, has been most popular in vegetable cultivation (Kuscu et al., 2014). However, the dissolution and dispersion of solid fertilizers in drip irrigation systems are slowed down in cold and high-altitude regions where large-scale open-field vegetables are planted, resulting in blockage and lower efficiency of fertigation. Liquid fertilizers, containing one or more essential nutrients, have better flowability than solids at low temperatures. They disperse immediately when contacting with water. The use of liquid fertilizers can avoid the difficulties of solid fertilizer dissolution and the risk of clogging drip irrigation equipment. Moreover, they can be rapidly and uniformly injected into the drip irrigation system, thereby improving fertilization efficiency. Liquid APP is a solution of N and P elements, mainly composed of pyrophosphoric acid, with the addition of orthophosphoric acid and low-polymerized polyphosphates. APP can chelate trace elements in the soil and is a high-P concentration, low-pollution, and environmentally friendly liquid fertilizer (Mcbeath et al., 2006). Studies by Kuo et al. (2005) have shown that the polymeric P in polyphosphate ammonium weakens the fixation of P in the soil, thereby increasing the content of available P. Gao et al. (2019) found that the application of APP significantly improved the availability of P in the soil and mobilizes trace nutrients. UAN is a new type of liquid N fertilizer composed of urea, ammonium nitrate solution, and water, processed into a liquid fertilizer without a solid process. Maddux et al. (1991) conducted studies on N uptake and yield using N15 labeling techniques and found that applying UAN in banded application increased maize yield by 8.4% and N uptake by 13.3% while reducing soil residual nitrate-N by 26.6%. Grant (2014) observed the effects of different methods (UAN, urea, and urease inhibitor) on the grain yield of spring wheat through three-year field trials. They found that in the second and third years, the application of UAN without adding urease inhibitors resulted in higher spring wheat yields compared to urea broadcasting. Therefore, the use of new liquid fertilizers is an important way to reduce fertilizer input and increase nutrient use efficiency.

Reducing fertilizer inputs and promoting root absorption, regulating root architecture and nutrient supply to the root zone can provide technical support for mitigating excessive fertilizer use and losses of N and P through leaching (Lecompte et al., 2008; Shen et al., 2013; Wen et al., 2017). Bai et al. (2021) found that intercropping increased root volume and root surface area of wheat and faba bean under low P stress, thereby promoting P uptake. Li et al. (2022) demonstrated that tomato yield and N uptake in integrated management were significantly higher than those in a traditional practice by 32.1% and 39.7%, respectively, with an increase in the proportion of fine roots in the integrated management mode. Therefore, changes in root architecture are particularly important for improving crop yield and nutrient uptake. However, current researches on UAN solution and liquid APP primarily focus on their application, and there is limited information on their combined application and their effects on leafy vegetable growth, root morphology, and nutrient uptake efficiency. We hypothesized that appropriate concentrations of UAN and APP can optimize lettuce root architecture to promote the absorption of N and P. Here, two pot experiments were carried out. Our specific objectives were: (1) to investigate the effects of different concentrations of UAN solution, liquid APP, and their combination on lettuce root architecture, nutrient uptake, yield, and quality. (2) to evaluate the quantitative response of the root system and the potential for fertilizer reduction and efficiency improvement. Investigating these issues will provide information for improving N and P use efficiency together, and to find new possibilities of how to maintain yield when reducing the amount of fertilizers.




2 Materials and methods



2.1 Experimental site

Two experiments were conducted from March to July 2021 in a multi-span greenhouse at the Beijing Academy of Agricultural and Forestry Sciences (N39°56’36.6”, E116°17’9.6”). The greenhouse had glass walls on all sides, a translucent plastic roof, and was equipped with heating and cooling systems. Pot cultivation with peat substrate was adopted. The main properties of the substrate were: organic matter content of 45.0 g kg-1, pH of 6.0, total N content of 14.1 g kg-1, total P content of 1.80 g kg-1, total potassium content of 21.2 g kg-1, electrical conductivity of 240 μs cm-1, total porosity of 57.3%, and bulk density of 0.22 g cm-3. Experiments were carried out consecutively. The first experiment from March to April was about P; the second from May to July was about N. An automatic recorder was used to record the temperature and humidity in the experimental area. The average temperature and humidity during the P experiment were 19.76°C and 68.2%, and 22.8°C and 67.4% during the N experiment. The daily temperature and humidity are shown in Figure 1.




Figure 1 | Temperature and humidity during the experiments of P (A) and N (B).






2.2 Experimental materials

Loose-leaf lettuce (cultivar: ‘Grand Rapids’) with a growth period of approximately 45 days was planted. The diameter of the pots is 25 cm, height is 18 cm, with 3.0 kg of substrate filled per pot. The substrate was primarily composed of peat, supplemented with vermiculite and perlite. The applied fertilizers included UAN (total N content 32%, containing 8% ammonium N, 8% nitrate N, and 16% urea N, produced by Luxi Chemical, China), APP (N 13%, P2O5 37%, pale yellow liquid, produced by Wengfu Group, China), urea (N 46%, commercially available), and mono ammonium phosphate (MAP, N 10%, P2O5 64%, industrial grade, white crystals, commercially available).




2.3 Experimental design

This study adopted single factor test. Two pot experiments focused on N and P respectively. In the P experiment, five treatments were established, including four different concentrations of APP (0, 6.2, 9.3, 12.4 mg P kg-1) and one MAP treatment (15.5 mg P kg-1). For the N experiment, six treatments were: four different concentrations of UAN (0, 320, 400, 480 mg N kg-1), one UAN+APP combination treatment (400 mg N kg-1, 133 mg P kg-1), and one conventional urea treatment (480 mg N kg-1). The rates of APP and UAN for each treatment are shown in Table 1. Healthy seedlings were selected and one plant was planted per pot. A randomized block design with four replications for each treatment was adopted, totally 20 pots for the P experiment, and 24 pots for the N experiment (Figure 2). No basal fertilizer was applied in the P experiment, and all treatments received only top-dressing fertilization. The control group (CK) received an equal amount of water. Fifty percent of the total fertilizer amount was applied 10 days after transplantation, and the remaining 50% was applied on the 20th day, with the fertilizer dissolved in water. In the N experiment, both basal fertilizer and three additional top dressings were applied, accounting for 20%, 30%, 30%, and 20% of the total fertilizer amount, respectively. The top dressings were applied at 10, 20, and 30 days after transplantation. In the UAN+APP treatment, all the APP fertilizer was applied as basal fertilizer, while the UAN was applied following the same schedule as the other treatments. Except for APP and UAN, no other fertilizer was applied. Lettuce seedlings were transplanted when they reached the 3rd to 4th true leaf stage. The lettuce pots were rearranged weekly to ensure uniform growth conditions. Other managements such as plant protection, temperature, and humidity control were carried out according to the glass greenhouse practices.


Table 1 | The amount of fertilizers applied for each treatment in P and N experiments.






Figure 2 | Pot experiments with APP and UAN in a multi-span glass greenhouse. (Left: P experiment, Right: N experiment).






2.4 Sample collection and measurement

Characteristics of the substrate: before the experiment, organic matter content (potassium dichromate-external heating method), total N (Kjeldahl method), total P (Molybdenum antimony anti-colorimetric method), total K (Flame photometry), pH (pH meter), total porosity (Drying method), and bulk density of the substrate used in the experiment (Ring knife method) were measured respectively. After the harvest, the residual available P (Molybdenum antimony anti-colorimetric method) and nitrate N content (Ultraviolet spectrophotometry) of substrates were tested (Bao, 2000).

Plant sampling and measurements: 45 days after the transplantation, lettuce plants were harvested by cutting at the base of the stem. The aboveground parts were collected, and the fresh weight of each plant was recorded. Then some samples were used to measure the content of vitamin C (2,6-dichloroindophenol method), soluble sugar content (Anthrone colorimetric method), and nitrate content (Ultraviolet spectrophotometry). The remaining samples were dried, and weighed to calculate the biomass, and then used to determine the total N content (Kjeldahl method) and total P content (Vanadium-molybdenum yellow colorimetric method) (Bao, 2000). The uptakes of N and P were calculated as the following formulas:

N uptake (g plant-1) = Total N content of the plant (%) × biomass (g plant-1)

P uptake (g plant-1) = Total P content of the plant (%) × biomass (g plant-1)

Root measurement: After harvesting the above-ground parts, the substrate was separated from the roots. The roots were soaked and washed with water to remove any substrate, and then carefully arranged into a scanning disk without overlapping. The roots were scanned to get an image. The WinRHIZO software (Regent, Canada) was used to analyze each image and obtain the root length, root diameter, root surface area, root volume, and root diameter distribution data (Figure 3).




Figure 3 | Root scanning image.






2.5 Data analysis

Statistical analysis was performed by one-way ANOVA processes of SPSS 22 software (v22.0, Chicago, IL, USA). The means of each treatment were compared using the least significant difference (LSD) at a 0.05 level of significance for yield, N and P uptakes, and root architecture items. A Pearson correlation was used to calculate the correlation coefficients of root length, root surface area, root volume, and 0<D ≤ 0.5 with N uptake and P uptake. When a significant positive correlation between root items and P or N uptakes occurred, these indexes were fitted by regressive analysis. Power, linear, and polynomial function models were chosen to show the relationship between these data, in addition to a visual inspection of each type of response curve. The R2 values were used for model selection for each pair of data.





3 Results



3.1 Yield and nutrient uptakes

The application of UAN, APP, and the mixture of UAN and APP promoted the uptakes of N and P in lettuce, resulting in increased yield, with significant differences observed among the treatments (Table 2). The dry and fresh weight of lettuce increased with the increasing rate of APP, and the fresh weight of the APP4 treatment was significantly higher than those of other treatments. Compared to the MAP treatment, the fresh weight increased by 14.9% in the APP4 treatment, which reduced P input by 20%. The application of medium to high levels of UAN (N400 and N480) significantly increased the fresh weight of lettuce (Table 2). Compared to the urea treatment, the N480 treatment with an equal N rate showed a 17% increase in yield, while the N400 treatment with a 16.7% reduction in N input resulted in no significant yield reduction. When the N rate was reduced by 16.7% with APP added, the UAN+APP treatment showed a significant increase in yield. Overall, the yield of all treatments in the N experiment was lower than that in the P experiment, mainly due to the fact that lettuce is a cool-loving crop, and the increased temperature and humidity during the N experiment (Figure 1B) were unfavorable for lettuce growth and tending to infection by disease.


Table 2 | Lettuce yield, N and P uptakes, and residual N and P content of substrate.



The significant differences showed in N and P uptakes by lettuce (Table 2). In the P experiment, the APP4 treatment had the highest N and P uptake, significantly higher than the other treatments except for the MAP treatment. At the same time, the residual P content of APP4 (9.0 mg kg-1) was the lowest among all APP treatments at harvest time. In the N experiment, the N480 and UAN+APP treatments had significantly higher N uptakes than the other treatments. The UAN+APP treatment had a 16.7% reduction of N rate compared to the N480 and urea treatments while maintaining a high N uptake and low residual nitrate N content, which results in a significant improvement of N use efficiency. These results showed that reducing the dosage of APP or using it in combination with UAN solution can significantly promote lettuce’s yield and improve N and P uptake efficiency.




3.2 Lettuce’s leaf quality

Fertilization had a significant impact on the nitrate content, vitamin C (VC), and sugar content of lettuce (Table 3). In the P experiment, treatments with moderate to low rates of APP resulted in higher nitrate content in the leaves, whereas the lowest nitrate content occurred in the APP4 treatment, which decreased by 13.3% and 7.3% compared to the CK and MAP treatments, respectively. The application of APP significantly increased the vitamin C content, but there was no significant difference among the APP2, APP3, and APP4 treatments. The application of MAP did not promote an increase in VC content. Fertilizer application reduced the sugar content in lettuce, with no significant difference between the APP and MAP treatments.


Table 3 | Effects of different concentrations of new liquid fertilizer on lettuce quality.



In the N experiment, the nitrate content of leaves increased with increasing N rate. Under the equal N rate, the nitrate content in the N480 treatment was lower than that of the urea treatment. Among the fertilizer treatments, the UAN+APP treatment had the lowest nitrate content. Furthermore, the VC content and soluble sugar content in the UAN+APP treatment were significantly higher than in the other treatments, indicating a significant improvement in lettuce quality.




3.3 Root architecture

Except for the average root diameter in the N experiment, the application of UAN, APP, and their combination had a significant effect on the root length, surface area, root diameter, and root volume of lettuce (Table 4). In the P experiment, the root length and surface area increased with increasing P concentration in the three APP treatments, while the root diameter decreased with increasing P concentration, and the root volume remained unchanged. The APP4 treatment had the longest root length and the largest root surface area, and its surface area was significantly higher than the other treatments, increasing by 13.4% compared to the CK treatment. The APP2 and APP3 treatments had a significantly larger root diameter but lower root length compared to the other treatments. In the N experiment, the root length and surface area increased with increasing N rate in the three UAN treatments, and the N480 treatment showed significant increases in root length, surface area, and root volume compared with CK (Table 4). The root length, surface area, and root volume in the Urea and UAN+APP treatments were lower than in the N480 treatment, but there was no significant difference compared to the N400 treatment. It can be observed that the largest values of root length and surface area do not necessarily correlate with higher productivity and efficiency in the N experiment. Maintaining a balanced root system configuration, with an efficient match between root length and root diameter, is beneficial for nutrient uptake. The application of UAN in combination with APP (UAN+APP treatment) can form a root system configuration suitable for crop growth and nutrient absorption, resulting in higher yields while reducing N application by 17.6%.


Table 4 | Effects of different concentrations of new liquid phosphate fertilizer on root architecture of lettuce.



The root system of each lettuce plant was divided into four sections based on diameter, from small to large (0<D ≤ 4.5 mm), and the root length was measured for each section (Figure 4). In the P experiment, the root system was mainly concentrated in the 0<D ≤ 0.5 mm and 0.5<D ≤ 1.0 mm diameter categories (Figure 4A). The CK and MAP treatments had the longest root length, which was significantly higher than that of the APP2, APP3, and APP3 treatments, with an increase of 7.43% to 111% (0<D ≤ 0.5 mm) and 10.7% to 88.2% (0.5<D ≤ 1.0 mm). For the three APP treatments, the APP4 treatment had a significantly higher root length than the APP2 and APP3 treatments. The same trend was observed in the 1<D ≤ 1.5 mm diameter category, and the differences between treatments gradually decreased as the root diameter exceeded 1.5 mm. In the N experiment, the root system was mainly distributed in the fine root section of 0<D ≤ 0.5 mm, accounting for 73.6% of the total root length. Except for the N480 treatment, which had a significantly higher proportion (97.5%) of roots smaller than 0.5 mm, there was no significant difference in the section of 0<D ≤ 0.5 mm between the N400, Urea, and UAN+APP treatments (Figure 4B).




Figure 4 | Effect of different concentrations of APP (A) and UAN (B) on root diameter classification (D-root diameter; Different lowercase letters above the columns indicate significant difference under p<0.05 level.).






3.4 Correlation analysis with root architecture

The correlation analysis between N and P uptakes and root characteristics in lettuce revealed significant relationships (Figure 5). Root length and root surface area exhibited a significant positive correlation with P uptake, indicating that an increase in root length and surface area was associated with higher P uptake. Similarly, root length, root surface area, root volume, and roots with a diameter of 0<D ≤ 0.5 mm showed a significant positive correlation with N uptake, suggesting that these root characteristics were positively associated with N uptake. Total root length and fine roots with a diameter ≤1.0 mm showed close correlations with other indicators, indicating their strong influence on root architecture and promotion of N and P uptake. Overall, N showed a more pronounced correlation with root characteristics compared to P, with increased correlation coefficients and significance, particularly for fine roots (0<D ≤ 0.5 mm) and N uptake.




Figure 5 | Correlation analysis between root architecture and P (A) and N (B) absorption of lettuce (The size of the circle represents the degree of correlation, the color from deep to shallow represents positive correlation to negative correlation, the asterisk in a circle represents significance between items.).



Based on the significant positive correlations between P uptake and root length/surface area, as well as N uptake and root length, root surface area, root volume, and roots with a diameter of 0<D ≤ 0.5 mm, regression analysis was performed to determine the relationship between root characteristics and N/P uptake (Figure 6). The results showed that root length and root surface area exhibited a power function relationship with P uptake (y=2033.4x0.4036, R2=0.8483*; y=316.67x0.4347, R2=0.7935*). Root surface area and root length of roots with a diameter of 0<D ≤ 0.5 mm showed a linear relationship with N uptake (y=46.789x+601.89, R2=0.8711**; y=382.43x+581.81, R2=0.8774**). Root length demonstrated a quadratic function relationship with N uptake (y=48.628x2-1195.9x+15200, R2=0.8069), while root volume showed a power function relationship with N uptake (y=5.3623x0.3862, R2=0.8448). It can be observed that fine roots (0<D ≤ 0.5 mm) had the closest relationship with N uptake, exhibiting the highest determination coefficients and significance levels. On the other hand, total root length showed the closest relationship with P uptake, displaying the highest determination coefficient.




Figure 6 | Relationship of root architecture and elemental absorption of lettuce (A) the relationship between root length and P uptake; (B) the relationship between root surface area and P uptake; (C) the relationship between root length and N uptake; (D) the relationship between root surface area and N uptake; (E) the relationship between root volume and N uptake; (F) the relationship between root at 0<D ≤ 0.5 and N uptake. (* indicates significance at the level of 0.05, ** indicates significance at the level of 0.01.).







4 Discussion



4.1 Effects of APP and UAN on lettuce yield and quality

Fertigation has become an important technical measure in Chinese vegetable cultivation (Wang et al., 2021; Zheng et al., 2023), providing favorable conditions for the development of water-soluble fertilizers, especially liquid fertilizers. APP is composed of orthophosphates, pyrophosphates, and a portion of triphosphates and tetraphosphates, which have shown significant yield-increasing effects on crops (Chen, 2018). The results of this study showed that the dry and fresh weight of lettuce increased with increasing APP application, and the APP4 treatment exhibited significantly higher fresh weight compared to other treatments. In comparison to the MAP treatment, the APP4 treatment with 20% less P showed a 14.9% increase in fresh weight while reducing leaf nitrate content by 7.3% (Tables 2, 3), which is consistent with the findings of Holloway et al. (2001). This can be attributed to the hydrolysis of APP into orthophosphates, which can be readily absorbed and utilized by plants. APP can provide a sustained nutrient supply for crop growth, prolonging the fertilization effect. Additionally, APP can easily combine with ions such as iron, aluminum, calcium, and magnesium in the soil, reducing the fixation of P and enhancing its mobility, thereby facilitating the movement of phosphate ions to the plant roots and improving P uptake (Torres-Dorante et al., 2005; Gao et al., 2019; Wang et al., 2019).

UAN is a liquid fertilizer that combines nitrate, ammonium, and amide forms of N. It releases N at a rate that combines the advantages of quick-acting and slow-release fertilizers, thereby improving crop yield and nutrient use efficiency. The results of this study showed that, compared to the Urea treatment, the N480 treatment (equivalent N level) and UAN+APP treatment (reduced N by 16.7% and additional APP) significantly increased lettuce yield by 17.4% and 35.0%, respectively. The UAN+APP treatment exhibited the lowest nitrate content in the leaves, and higher vitamin C (VC) and soluble sugar content compared to other treatments, which is consistent with the findings of Wang et al. (2018). Previous studies by Li et al. (2020) have shown that compared to the single application of N or P fertilizers, the combined application of N and P fertilizers resulted in the highest photosynthetic efficiency and improved yield. Cui et al. (2018) also found that the combined application of N and P fertilizers effectively increased nutrient uptake efficiency and crop yield. In conclusion, the application of liquid APP, UAN, and the mixture of UAN and APP at a reduced application rate can significantly promote lettuce yield and quality. Among them, the UAN+APP treatment demonstrated the best one, enhancing N and P uptake efficiency and achieving increased yield and improved quality.




4.2 Response of lettuce root architecture to APP and UAN and its implications for N and P uptake

A well-developed root architecture facilitates the absorption and utilization of water and nutrients by crops (Catherine and Bledsoe, 1999; Li et al., 2006; Liu et al., 2014; Jungers et al., 2019). Previous studies have indicated that root morphology is correlated with two forms of N, ammonium-N, and nitrate-N. Ammonium-N can be directly utilized by plant roots, stimulating the proliferation of fine roots (Gruber et al., 2013) and promoting root growth hormone accumulation (Meier et al., 2020). Nitrate-N, on the other hand, converting into ammonium within cells before being utilized by plants. It can also effectively promote the elongation growth of plant roots and stimulate the growth of fine roots (Yi et al., 2019). The results of this study showed that the root length and root surface area of the three UAN treatments increased with increasing N concentration. The N480 treatment exhibited significant increases in root length, root surface area, and root volume, with fine roots (less than 0.5 mm in diameter) accounting for 97.5% of the total root length, significantly higher than the Urea treatment at an equivalent N level, also significant yield and N absorption increase, and lower leaf nitrate content. This suggests that an appropriate concentration and ratio of ammonium and nitrate N can significantly increase the proportion of fine roots while improving production. Though the proportion of fine roots in the UAN+APP treatment was lower than that in the N480 treatment (Figure 4B), it had the highest yield and best quality. The residual nitrate N content of the substrate treated with UAN+APP at harvest time was significantly lower than that of other treatments, indicating that its aboveground absorption capacity was enhanced (Table 2). Hu et al. (2019) found that applying P fertilizer in combination with high N levels promoted rice growth and significantly increased biomass, which is consistent with the findings of this study. An appropriate N-P supply ratio can enhance the allocation of resources to the above-ground part, resulting in less resource allocation to the roots and an asynchronous growth relationship between the above-ground and below-ground parts (Luo et al., 2016). In the P experiment of this study, the root length and root surface area of the three APP treatments increased with increasing P concentration, with the APP4 treatment exhibiting the highest values, particularly in root surface area, which is consistent with the findings of Liang (2017). Under low P concentrations (APP2 and APP3 treatment), root growth was inhibited, and leaf nitrate content increased (Figure 4A and Table 3). Previous studies have shown that low P stress can inhibit the transport and assimilation of NO3− in plants, thus affecting growth and biomass accumulation (Qi et al., 2010; Paredes et al., 2011). The results of this study show that there is a concentration threshold for the stimulatory effect of APP on root growth, that is root absorption increased rapidly when the supply concentration exceeded the threshold, 9.3 mg P kg-1 from the APP3 treatment. The possible reason for this phenomenon is that increased P concentration (APP4 treatment), more roots at 0<D ≤ 0.5 mm and 0.5<D ≤ 1.0 mm were generated (Figure 4A), leading to a significant increase in N and P uptake (Table 2). It was reported that intercropping has been shown to increase root volume and surface area, resulting in increased P uptake under low P supply during the seedling stage (Bai et al., 2021; Ren et al., 2021). Here the application of APP can also be magnified root absorption at a lower concentration above the threshold. The present study revealed significant quantitative correlations between root architecture indicators and N, and P uptake. With increasing root length and root surface area, P uptake followed a power function relationship (Figures 6A, B), while N uptake exhibited a significant linear relationship with fine roots (0<D ≤ 0.5 mm) (Figure 6F). Fine roots played a critical role in promoting N uptake, while overall root size was more crucial for P uptake. The application of appropriate concentrations of APP and reduced UAN dosage can improve root architecture and enhance N and P uptake efficiency.

In short, lettuce roots responded positively according to different forms, types, and concentrations of N and P fertilizers. The values of root length and root surface area are not simply the larger the better for achieving high yield and efficiency. Maintaining an appropriate root architecture that is well-matched to the environmental conditions, along with an efficient balance between root length and root diameter, is beneficial for nutrient absorption and continuously improving nutrient acquisition capacity, ultimately leading to higher crop yields (Li et al., 2022).





5 Conclusion

Optimizing root architecture are particularly important for improving crop yield and nutrient uptake. The length of fine roots played a more prominent role in promoting N absorption, while overall root size was more important for P absorption. APP has a threshold of 9.3 mg P kg-1 for stimulating the root system. Above this threshold, a rapid root absorption of P occurred. UAN can promote extensive growth of fine roots with a diameter less than 0.5 mm. Applying appropriate rates of APP and limiting UAN application to less than 400 mg N kg-1 can improve root architecture to enhance N and P absorption by lettuce. Therefore, forming a good root architecture through reasonable nutrient supply can expand the nutrient absorption of vegetables and ultimately improve the yield and quality. It would be a new possibility to improve nutrients use efficiency while maintaining high yields and quality with reduced rate of liquid UAN and APP fertilizers.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.





Author contributions

CL: Data curation, Formal analysis, Investigation, Methodology, Software, Validation, Visualization, Writing – original draft. YL: Data curation, Formal analysis, Investigation, Methodology, Software, Validation, Visualization, Writing – original draft. JY: Funding acquisition, Project administration, Resources, Supervision, Writing – review & editing. BL: Investigation, Software, Writing – original draft. JW: Writing – review & editing. GZ: Conceptualization, Supervision, Visualization, Writing – review & editing.





Funding

The authors declare financial support was received for the research, authorship, and publication of this article. This work was supported by the National Key Research and Development Projects (2021YFE0199500), and Project of Beijing Academy of Agriculture and Forestry Sciences (QNJJ202134, 2022209).





Conflict of interest

Author YL was employed by company Beijing Cuihu Agricultural Technology Co., Ltd..

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 Bai, W. L., Zhang, M. Y., Liu, Z. Y., Zheng, Y., Tang, L., and Xiao, J. X. (2021). Quantitative analysis of root morphology and phosphorus absorption in wheat and faba bean intercropping system. J. Appl. Ecology. 32, 1317–1326. doi: 10.13287/j.1001-9332.202104.027

 Bao, S. D. (2000). Soil agro-chemistrical analysis (Beijing, China: China Agriculture Press).

 Catherine, S. M., and Bledsoe, C. S. (1999). Biomass and distribution of fine and coarse roots from blue oak (Quercus douglasii) trees in the northern Sierra Nevada foothills of California. Plant Soil. 214, 27–38. doi: 10.1023/A:1004653932675

 Chen, X. J. (2018). Effect of ammonium polyphosphates (APP) with different degree of polymerization on the growth of maize seedling (Guangdong, China: South China Agricultural University).

 Cui, Z. Y., Li, X. H., Pei, Y. T., Gao, G. Q., Zhang, F. Y., Sun, M. Z., et al. (2018). Effects of nitrogen-phosphorus-combined application on characteristics of dry matter accumulation, distribution and yield of winter wheat. Acta Agriculturae Boreali-occidentalis Sinica. 27, 339–346. doi: 10.7606/j.issn.1004-1389.2018.03.006

 FAOSTAT (2020). Statistics of the food and agriculture organization of the United Nations. Database - Resources. Available online at: http://www.fao.org/faostat/en/#data.

 Gao, Y., Wang, X., Shah, J. A., and Chu, G. X. (2019). Polyphosphate fertilizers increased maize (Zea mays L.) P, Fe, Zn, and Mn uptake by decreasing P fixation and mobilizing microelements in calcareous soil. J. Soils Sediments. 20, 1–11. doi: 10.1007/s11368-019-02375-7

 Grant, C. A. (2014). Use of NBPT and ammonium thiosulphate as urease inhibitors with varying surface placement of urea and urea ammonium nitrate in production of hard red spring wheat under reduced tillage management. Can. J. Plant Science. 94, 329–335. doi: 10.4141/cjps2013-289

 Gruber, B., Giehl, R., Friedel, S., and Wiren, N. (2013). Plasticity of the Arabidopsis root system under nutrient deficiencies. Plant Physiol. 163, 161–179. doi: 10.1104/pp.113.218453

 Holloway, R. E., Bertrand, I., Frischke, A. J., Brace, D. M., McLaughlin, M. J., and Shepperd, W. (2001). Improving fertilizer efficiency on calcareous and alkaline soils with fluid sources of P, N and Zn. Plant Soil. 236, 209–219. doi: 10.1023/A:1012720909293

 Hu, B., Jiang, Z. M., Wang, W., Qiu, Y. H., Zhang, Z. H., Liu, Y. Q., et al. (2019). Nitrate-NRT1.1B-SPX4 cascade integrates nitrogen and phosphorus signalling networks in plants. Nat. Plants. 5, 401–413. doi: 10.1038/s41477-019-0384-1

 Jia, T., Tan, R., Zhao, Q., Wang, L. C., and Guo, W. Z. (2022). Current status and prospects of research on soilless production equipment of facility lettuce in China. J. Chin. Agric. Mechanization. 43, 67–74. doi: 10.13733/j.jcam.issn.2095-5553.2022.02.010

 Jiang, B. S., Shen, J. L., Sun, M. H., Hu, Y. J., Jiang, W. Q., Wang, J., et al. (2021). Soil phosphorus availability and rice phosphorus uptake in paddy fields under various agronomic practices. Pedosphere. 31, 103–115. doi: 10.1016/S1002-0160(20)60053-4

 Ju, Q. Q., Du, L. J., Liu, C. S., and Jiang, S. (2023). Water resource management for irrigated agriculture in China: Problems and prospects. Irrigation Drainage. 72, 854–863. doi: 10.1002/ird.2818

 Jungers, J. M., DeHaan, L. H., Mulla, D. J., Sheaffer, C. C., and Wyse, D. L. (2019). Reduced nitrate leaching in a perennial grain crop compared to maize in the Upper Midwest, USA. Agriculture Ecosyst. Environment. 272, 63–73. doi: 10.1016/j.agee.2018.11.007

 Kuo, S., Huang, B., and Bembenek, R. (2005). Effects of long-term phosphorus fertilization and winter cover cropping on soil phosphorus transformations in less weathered soil. Biol. Fertility Soils. 41, 116–123. doi: 10.1007/s00374-004-0807-6

 Kuscu, H., Turhan, A., Ozmen, N., Aydinol, P., and Demir, A. O. (2014). Optimizing levels of water and nitrogen applied through drip irrigation for yield, quality, and water productivity of processing tomato (Lycopersicon esculentum Mill). Horticulture Environ. Biotechnol. 55, 103–114. doi: 10.1007/s13580-014-0180-9

 Lecompte, F., Bressoud, F., Pares, L., and De Bruyne, F. (2008). Root and nitrate distribution as related to the critical plant N status of a fertigated tomato crop. J. Pomology Hortic. Science. 83, 223–231. doi: 10.1080/14620316.2008.11512373

 Li, C. Q., Li, Y. H., Cui, D. Y., Li, Y. M., Zou, G. Y., Thompson, R., et al. (2022). Integrated crop-nitrogen management improves tomato yield and root architecture and minimizes soil residual N. Agronomy. 12, 1617. doi: 10.3390/agronomy12071617

 Li, Y. F., Li, J. H., and Rao, M. J. (2006). Effects of drip fertigation strategies on root distribution and yield of tomato. Trans. Chin. Soc. Agric. Engineering. 22, 205–207. doi: 10.3321/j.issn:1002-6819.2006.07.043

 Li, P., Xie, S. J., Li, M. M., Jia, Y. T., Feng, W. J., and Xing, G. F. (2020). Effects of combined application of nitrogen and phosphorus on photosynthetic characteristics and yield of maize variety ‘Liangyu188’. J. Agriculture. 10, 14–20. doi: 10.11923/j.issn.2095-4050.cjas19020012

 Li, J., Yuan, L., Zhao, B. Q., Li, Y. T., Wen, Y. C., Li, W., et al. (2017). Effect of adding humic acid to phosphorous fertilizer on maize yield and phosphorus uptake and soil available phosphorus content. J. Plant Nutr. Fertilizer. 23, 641–648. doi: 10.11674/zwyf.16319

 Liang, M. L. (2017). Regulation of nitrogen and phosphorus application on root architecture and absorption of summer maize (Shandong, China: Shandong Agricultural University).

 Liu, S. Q., Cao, H. X., Zhang, J. Q., and Hu, X. T. (2014). Effects of different water and nitrogen supplies on root growth, yield and water and nitrogen use efficiency of small pumpkin. Scientia Agricultura Sinica. 47, 1362–1371. doi: 10.2208/jscejer.70.III_313

 Luo, X., Mazer, S. J., Guo, H., Zhang, N., Weiner, J., and Hu, S. J. (2016). Nitrogen: phosphorous supply ratio and allometry in five alpine plant species. Ecol. Environ. Conserv. 6, 8881–8892. doi: 10.1002/ece3.2587

 Maddux, L. D., Barnes, P. L., Raczkowski, C. W., and Kissel, D. E. (1991). Broadcast and subsurface-banded urea nitrogen in urea ammonium nitrate applied to corn. Soil Sci. Soc. America J. 55, 264–267. doi: 10.2136/sssaj1991.03615995005500010045x

 Mcbeath, T. M., Smernik, R. J., and Lombi, E. (2006). Hydrolysis of pyrophosphate in a highly calcareous soil: A solid-state phosphorus31 NMR study. Soil Sci. Soc. America J. 70, 856–862. doi: 10.2136/sssaj2005.0184

 Meier, M., Liu, Y., Lay-pruitt, K. S., Takahashi, H., and Wirén, N. V. (2020). Auxin-mediated root branching is determined by the form of available nitrogen. Nat. Plants. 6, 1136–1145. doi: 10.1038/s41477-020-00756-2

 Paredes, C., Menezes-Blackburn, D., Cartes, P., Gianfreda, L., and Mora, M. L. (2011). Phosphorus and nitrogen fertilization effect on phosphorus uptake and phosphatase activity in ryegrass and tall fescue grown in a Chilean andisol. Soil Science. 176, 245. doi: 10.1097/SS.0b013e3182147fd3

 Qi, B. L., Cao, C. L., Wang, F., Lei, Z. P., Zhao, Q. R., and Li, J. (2010). Influence of low phosphorus on nitrate reductive activity and NO3–N content in cowpea seedling. Agric. Res. Arid Areas. 28, 147–151.

 Rathore, A. C., Mehta, H., Jayaprakash, J., and Madhu, M. (2021). Modified plant architecture integrated with liquid fertilizers improves fruit productivity and quality of tomato in North West Himalaya, India. Sci. Rep. 11, 18664–18664. doi: 10.1038/s41598-021-98209-z

 Ren, Y. Y., Ren, Y. Y., Zhang, L., Yan, M. F., Zhang, Y. J., Chen, Y. L., et al. (2021). Effect of sowing proportion on above and below-ground competition in maize-soybean intercrops. Sci. Rep. 11, 15760. doi: 10.1038/s41598-021-95242-w

 Shaik, A., Singh, H., Singh, S., Montague, T., and Sanchez, J. (2022). Liquid organic fertilizer effects on growth and biomass of lettuce grown in a soil less production system. Hortic. Science. 57, 7. doi: 10.21273/HORTSCI16334-21

 Shen, J. B., Li, C. J., Mi, G. H., Li, L., Yuan, L. X., Jiang, R. F., et al. (2013). Maximizing root/rhizosphere efficiency to improve crop productivity and nutrient use efficiency in intensive agriculture of China. J. Exp. Botany. 64, 1181–1192. doi: 10.1093/jxb/ers342

 Shen, J. L., Li, Y., Wang, Y., Li, Y. Y., Zhu, X., Jiang, W. Q., et al. (2022). Soil nitrogen cycling and environmental impacts in the subtropical hilly region of China: evidence from measurements and modeling. Front. Agric. Sci. Engineering. 9, 407–424. doi: 10.15302/J-FASE-2022448

 Tei, F., De Neve, S., De Haan, J., and Kristensen, H. L. (2020). Nitrogen management of vegetable crops. Agric. Water Manage. 240, 106316. doi: 10.1016/j.agwat.2020.106316

 Thapa, U., Nandi, S., Rai, R., and Upadhyay, A. (2022). Effect of nitrogen levels and harvest timing on growth, yield and quality of lettuce under floating hydroponic system. J. Plant Nutr. 45, 2563–2577. doi: 10.1080/01904167.2022.2064299

 Toonsiri, P., Del Grosso, S. J., Sukor, A., and Davis, J. G. (2016). Greenhouse gas emissions from solid and liquid organic fertilizers applied to lettuce. J. Environ. Quality. 45, 1812–1821. doi: 10.2134/jeq2015.12.0623

 Torres-Dorante, L. O., Claassen, N., Steingrobe, B., and Olfs, H. W. (2005). Hydrolysis rates of inorganic polyphosphates in aqueous solution as well as in soils and effects on P availability. J. Plant Nutr. Soil Science. 168, 352–358. doi: 10.1002/jpln.200420494

 Wang, J. W., Du, Y. D., Niu, W. Q., Han, J. X., Li, Y., and Yang, P. G. (2021). Drip irrigation mode affects tomato yield by regulating root-soil-microbe interactions. Agric. Water Management. 260, 107188. doi: 10.1016/j.agwat.2021.107188

 Wang, X. W., Gao, Y. J., Hu, B. W., and Chu, G. X. (2019). Comparison of the hydrolysis characteristics of three polyphosphates and their effects on soil phosphorus and micronutrient availability. Soil Use Management. 35, 664–674. doi: 10.1111/sum.12526

 Wang, Y., Xu, Z., Li, B. N., Gao, Q., Feng, G. Z., Li, C. L., et al. (2018). Effects of urea ammonium nitrate solution on grain yield and nitrogen uptake of spring maize in black soil region. Scientia Agricultura Sinica. 51, 718–727. doi: 10.3864/j.issn.0578-1752.2018.04.011

 Wen, Z. H., Li, H. G., Shen, J. B., and Rengel, Z. (2017). Maize responds to low shoot P concentration by altering root morphology rather than increasing root exudation. Plant Soil. 416, 377–389. doi: 10.1007/s11104-017-3214-0

 Yan, S., Wang, L. Q., and Li, T. N. (2020). An agricultural interval two-stage fuzzy differential water price model (ITS-DWPM) for initial water rights allocation in Hulin, China. Water. 12, 221. doi: 10.3390/w12010221

 Yi, J., Gao, J. P., Zhang, W. Z., Zhao, C., and Zhen, X. X. (2019). Differential uptake and utilization of two forms of nitrogen in Japonica rice cultivars from north-eastern China. Front. Plant Science. 10. doi: 10.3389/fpls.2019.01061

 Ying, H. Y., and Zhang, X. H. (2021). Comparison of agrochemicals allocation efficiency between greenhouse and open-field vegetables in China. Sci. Rep. 11, 1–14. doi: 10.1038/s41598-021-92316-7

 Yuan, C. F., Feng, S. Y., Huo, Z. L., and Ji, Q. Y. (2019). Effects of deficit irrigation with saline water on soil water-salt distribution and water use efficiency of maize for seed production in arid northwest China. Agric. Water Management. 212, 424–432. doi: 10.1016/j.agwat.2018.09.019

 Zheng, J., Zhou, M. H., Zhu, B., Fan, J. L., Lin, H. Y., Ren, B., et al. (2023). Drip fertigation sustains crop productivity while mitigating reactive nitrogen losses in Chinese agricultural systems: Evidence from a meta-analysis. Sci. Total Environment. 886, 163804. doi: 10.1016/j.scitotenv.2023.163804




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Li, Li, Yang, Lian, Wang and Zou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-15-1407984-g001.jpg
28

Temperature (°C)
woN e
S

=

B

14

—=— Temperature
1 1 = Humidity 90
N "
80
g
z
705
£
2
60
50
N
0 10 20 30 40 50

Days after transplanting (d)

40

35

30

25

Temperature (°C)

20

15

10

=— Temperature
= Humidity

20 30
Days after transplanting (d)

40

50

8

S





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Regulating root structure of potted lettuce to magnify absorption from APP and UAN fertilizers

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion and discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Experimental site

          



          		

            2.2 Experimental materials

          



          		

            2.3 Experimental design

          



          		

            2.4 Sample collection and measurement

          



          		

            2.5 Data analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Yield and nutrient uptakes

          



          		

            3.2 Lettuce’s leaf quality

          



          		

            3.3 Root architecture

          



          		

            3.4 Correlation analysis with root architecture

          



        



        



        		

          4 Discussion

        

          		

            4.1 Effects of APP and UAN on lettuce yield and quality

          



          		

            4.2 Response of lettuce root architecture to APP and UAN and its implications for N and P uptake

          



        



        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-15-1407984-g003.jpg
&.‘m TR
il






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Residual

Trentment Fresh weiqht Plant N uptike Plant P uptike Residua-llP NO3-N
) (mg plant™) (mg plant™) (mg kg™) e e

CK 67.59 +5.00 d§ 7.08 + 0.68 ¢ 331+61.6d 135+ 182 ¢ 62+105b -
APP2 79.80  1.79 cd 8.68 +0.52 ¢ 413+786d 102+13¢ 106 +3342 -

APP3 9313+ 1319 ¢ 1394 £246 b 628 +744 ¢ 285+ 351b 115+ 1242 -
APP4 16215 £ 10.92 a 22632312 1133+ 8392 498701 a 9.0 +1.08 ab -
MAP MLI4£952b | 201050694 89052616 | 391%668ab 622+ 0.87b -

CK 358+ 0.86 ¢ 584 + 047 ¢ 980 944 e = - 7 53+0.10d
N320 474£225¢ 7.95 +0.75 be 137 £954d - - 115 £ 0.88 be
N400 64.9 + 440 b 100 +1.00 a 166 + 12.1 ¢ - - 10.5 + 040 abc
N480 70.1 +803a 113£0.16a arzom0a | - - 111 £ 1.03 ab
Urea 59.7 £ 387 b 10.2 % 0.16 ab 179 £153 b - - 122+0.68a

UAN+APP 80.6 4142 132+096a 2061792 - - 918+ 131 ¢

$Means followed by the same letter in the same list of each experiment do not differ using the LSD test (p < 0.05), the same below. *Not measured.





OEBPS/Images/table4.jpg
Root length Root length density (cm cm™) Surface area Average diameter Root volume

Treatment

(cm) (mm) (cm®)

CK 9286 £ 872 a 1.18 a 1624 + 136 b 052 +0.02 ¢ 278+497a
APP2 5174 £ 660 ¢ 065 ¢ wse79d | 0.66+005a 1522990
APP3 6880 + 1542 be 0.88 be 1123 £ 157 ¢ 0.64 + 0.07 ab 17.6 +3.67b
APP4 9809 + 1782 a 125a 1841 £ 121 a | 0.56 + 0.07 ¢ 160 +2.71b
MAP 8784 + 1633 ab 1.12 ab 1470 + 136 b 0.56 £ 0.02 ¢ 320+4.86a
K 8105 113c | 104 1112+ 150 ¢ 048+ 0042 128+ 137 ¢
N320 7999 + 1297 ¢ 102 ¢ 1194 + 203 be 048+ 0022 15.0 £ 234 be
N400 8884 + 421 be 113 be 1364 £ 177 be 047 +003 2 16.0 £ 0.87 ab
N480 12715 £ 1407 a 1622 1724+ 1212 04440032 187 £084a
Urea 10033 + 938 b 128 b | 1431 + 152 b 0.47 £ 003 a 16.4 + 1.94 ab
UAN+APP 9890 + 691 bc 1.26 be 1498 + 234 be 0.42+0.02a 16.0 + 2.06 ab






OEBPS/Images/table3.jpg
Nitrate

Vitamin C Soluble sugar

Treatment ((:r?]gtﬁgt content content
= (mg 100g™) (%)

CK 970 + 2.44 ¢ ‘ 26.7 +2.09 ¢ 248 £0.11 a
APP2 1733 £ 473 b 7 375+ 144 a 218 +£0.02 b
APP3 1782 + 6.80 a 352 + 1.44 ab 2.03 + 0.07 be
APP4 840 + 2.26 ¢ » 337 + 1.28 ab 1.93 + 0.06 be
MAP 906 +2.97 d 27.0+ 0.83¢ 2.06 + 0.14 be

CK 944 + 3.36 ¢ 273 +135d 2.36 £ 0.08 a
N320 1120 +£22.9d 29.6 +2.52 ¢ 2.11 + 0.18 ab
N400 1244 + 105 ¢ 314+179b 1.62+0.11 ¢
N480 ‘ 1412 + 86.7 b 341+215a 2.05 + 0.15 ab
Urea ‘ 1556 + 11.5 a 299 +0.84 ¢ 1.74 +0.14 be

UAN+APP ‘ 1154 +£20.9d 362+ 1.50 a 223 +004a






OEBPS/Images/fpls.2024.1407984_cover.jpg
& frontiers | Frontiers in Plant Science

Regulating root structure of potted lettuce to
magnify absorption from APP and UAN
fertilizers





OEBPS/Images/fpls-15-1407984-g005.jpg
Correlation coefficient

i Correlation coc

P uptake *p<=0.05 ** p<=0.01 ***p<=0.001 N uptake *p<=0.05 ** p<=0.01 *+% p<=0.001
08

Root Length Root Length

0.6

09 Y
04
02

. . . . Root Volume o e . Root Volume
0

e 00 0@ ~ 000
02

00000 000
04

0000000 000 ® -
-0.6

00000000 00 0O
-0.8

°c @0 000000 L @ 0 0 o KX )






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-15-1407984-g002.jpg
. Wl
Lettuce experimental area





OEBPS/Images/fpls-15-1407984-g004.jpg
A

Length (cm)

8000

7000

6000

5000

3
S
8

w
8
g
3

2000

1000

CK
APP2

[ App3

APP4

LUy

a ¢ abcab
Tl

0<D<0.5

0.5<D<1

1<D<1.5

1.5<D=<4.5

Length (cm)

12000

10000

=
8
5
3

Y
2
=3
=3

4000

2000

-

cd|

2aby

b2b

K
N320
N400
[C_InN4s0

Urea

[ UAN+APP

paaaaa

ooomm 233333

0<D=<0.5

0.5<D<1

1<D<1.5 1.5<D<4.5






OEBPS/Images/table1.jpg
APP2

APP3

APP4

MAP

62

9.3

124

155

Treatments

CK

N320

N400

N480

Urea

UAN+APP

320

400

480

480

400

133





OEBPS/Images/fpls-15-1407984-g006.jpg
11000

10000

9000

Root length (cm)
%
S
S
S
T

7000

6000 -

y = 2033.4x0403¢
R%=0.8483*

5000
0

10 20

30 40 50
P uptake (mg plant™)

60

14000

12000

10000

Root length (cm)

8000

6000

y = 48.628x” - 1195.9x + 15200

R? = 0.8069*

20

10 15 20
N uptake (mg plant™)

25

18 -

Root volume (cm®)
>
T

14 |

y = 5.3623x%3%62
R? = 0.8448*

A

12

10 15 20
N uptake (mg plant™)

25

2000

1800

'01(100

£ 1400

Surface area (cm’

1200

1000

800

2400

2000

Y
S
S

)
=3
3

Surface area (cm?)

800

40

12000

10000

8000

6000

Root length at 0<D<0.5 (mm)

4000

2000

0
0

y =316.67x"34
R?=0.7935%

o

10 20 30 40 50
P uptake (mg plant™)

60

y =46.789x + 601.89
R?=0.8711%*

5 10 15 20
N uptake (mg plant™)

25

y =382.43x + 581.81
R? = 0.8774%*

5 10 15 20
N uptake (mg plant™)





