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Abstract

:

Global phosphate mineral resources are nonrenewable and are inevitably depleting. Exploiting elite varieties has become imperative for the efficient use of phosphorus (P) for sustainable crop production. Three potato varieties were hydroponically evaluated for P mobilization, uptake, and utilization efficiencies at different P levels and sources during 28 d seedling growth. ‘Harley Blackwell’, ‘La Chipper’, and ‘Red LaSoda’ were selected from a previous study and grown in modified Hoagland solution, with different P concentrations of soluble high P as NaH2PO4 (10 mg L−1 P), soluble low P (1 mg L−1 P), and 286 mg L−1 sparingly soluble P as tri-calcium phosphate [TCP, Ca3(PO4)2] with 2286 mg L−1 CaSO4. ‘Harley Blackwell’ and ‘La Chipper’ had significantly greater biomass than ‘Red LaSoda’ in the low P or TCP treatments. In low-P stress, P utilization efficiency was significantly greater for ‘Harley Blackwell’ than that of the other two varieties. ‘Red LaSoda’ was more efficient in P mobilization from TCP as compared to the other two cultivars. The holistic score analysis indicated that ‘Harley Blackwell’ was the most P-efficient while ‘Red LaSoda’ was the least P-efficient. The results of this study show that the TCP solution was successful for screening P-efficient potato varieties.
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1. Introduction


Along with nitrogen (N) and potassium (K), phosphorus (P) is one of the three main nutrients essential for plant growth and development. Due to the necessity of increasing crop production to meet the food needs of the growing world population, it is predicted that P consumption will increase by 3 to 4% annually in the next few decades [1]. Agricultural demand of P for crop production is expected to increase from 51% to 86% by the year 2050. Global fertilizer P inputs for crop production will increase from 14.5 Tg P yr−1 in 2005 to 22~27 Tg yr−1 P in 2050 [2]. There is a concern that the world P rock resources could be quickly depleted in decades [3] and the world could face a potential P crisis [4]. Recent estimates show that world P rock may not run out soon [5]. However, phosphate resources are limited and nonrenewable and are gradually depleted due to increased use. Therefore, alternate strategies to enhance P-use efficiency by major crop plants, including potato (Solanum tuberosum L.), are of critical necessity to continue to increase food production. Exploring cultivars for increased P-use efficiency is an effective breeding strategy. P-use efficiency of potato is defined as tuber yield increase per unit of P fertilizer applied and is most related to cultivar, P source, P application time, P replacement, the quantity of P application, soil, rainfall/irrigation, crop management, etc. [6]. P uptake efficiency refers to the portion of the P taken up by the crop per unit of P added. The uptake efficiency of applied P fertilizer is usually less than 20% for the season following P application [7]. There is, obviously, much room to improve the crop’s uptake efficiency. After long-term cultivation, a substantial portion of the P applied is accumulated in the soil, usually fixed by aluminum and iron in acidic soils and calcium and magnesium in alkaline soils. Our recent study conducted across 32 commercial potato farms in northeast Florida showed that the mean Mehlich 3 extractable P was 351 (range: 81–599) mg kg−1 in root zone soil [8]. This P level is almost 7-fold greater than the recommended adequate P level (45 mg kg−1) for potato production [9].



The main reason for applying P fertilizers on P-rich soil is that potato is a high nutrient demanding crop as compared to other major crops [10,11,12,13] for several reasons: (1) because potato has low root density, a shallow root system [14], which is limited to the top 30 cm soil [10]; (2) soil temperatures are generally low at the beginning of the potato growing season in Florida, hence soil P bioavailability may be limited; (3) optimal temperature for potato root growth and development is 20 °C [15]. This optimal temperature is reached only in February and early March; (4) Phosphate is easily immobilized due to high aluminum (Al) content and Florida soils are typically sandy with inherently high Al content [8], with soil pH ranging from 5.0 to 6.0 in the growing seasons in NE Florida; (5) Florida soils are fumigated every year which kills beneficial microbes that are required for P transformation from sparsely soluble phosphates into bioavailable P.



Elite cultivars are those that mobilize sparsely soluble phosphates into bioavailable P. The mobilization of sparsely soluble phosphates allows cultivars to utilize P resources in the soil and have the potential to reduce dependence on P fertilization. Given low-P bioavailability, P-efficient varieties can acclimate to these sub-optimal conditions by increasing their root–shoot ratio, i.e., producing more roots, [16,17] which enables these plants to extract P from larger soil volumes, as reported in other crops such as rape (Brassica napus subsp. napus L.), wheat (Triticum aestivum L.), barley (Hordeum vulgare L.), and rice (Oryza sativa L.) [3,16,17]. A mechanism of acclimation to low-P soils with insoluble tri-calcium phosphate [TCP, Ca3(PO4)2] is to increase Ca uptake, which results in enhancing phosphate solubility [18,19,20,21]. However, the literature shows that knowledge is limited about the acclimation capability in potato or P-use efficiency of the potato cultivars grown in Florida [22,23,24].



Tri-calcium phosphate is a sparsely soluble P source. There is a chemical equilibrium in the solution after this sparsely soluble P source is put into water. There are two types of mutual accompanying ions released from the P source: cations, Ca2+ ions and anions, PO43− ions. The product of the molar concentrations of the two types of ions is the solubility product, i.e., Ksp of TCP. Based on the Ksp of TCP, when Ca2+ ions are removed from the system, e.g., absorbed by plants, more TCP is dissolved and, hence, plants are provided with more bioavailable P. Tri-calcium phosphate has a small Ksp of 2.07 × 10−33 [25] and was used for simulating the low soil P bioavailability in the growth medium of this study. Bioavailability of P released from TCP varies with Ca levels. For example, after adding CaSO4 to a TCP solution, the Ca ions from the added CaSO4 precipitate most of the P released from TCP. This precipitation limits the bioavailable P concentration to only 35 µg L−1 because of the dynamic equilibrium between TCP and CaSO4. This low-P concentration was buffered because TCP continued releasing bioavailable P as it was depleted due to plant uptake. If TCP is used with no supplemental Ca, a cultivar with high Ca uptake promotes increased P release, and is considered as P-efficient. As companion cations in TCP, Ca ions are absorbed by plants, stoichiometrically, at a rate equivalent to P release. The greater the Ca uptake, the more P-efficient the cultivar is. Therefore, if a cultivar increases Ca uptake when grown in a solution with TCP, this results in increasing P bioavailability leading to enhanced P-use efficiency by the cultivar. TCP is often used as an insoluble P source in nutrient solutions to simulate low but buffered P bioavailability in the soil solution, and to evaluate P mobilization ability of crop germplasm [26,27].



Identifying P-efficient potato varieties can facilitate selection of those elite cultivars that tolerate low-P stress and produce a commercially viable harvest. Since biomass production, P mobilization, P uptake, and P utilization efficiency are the main factors that impart tolerance to low-P stress in potato [28]; it may be useful to use a score that combines the quantitative measurements of these traits in selection efforts. A new concept of a holistic score (HS), which integrates P uptake rate, P utilization efficiency, and biomass, was used to evaluate hybrid rice varieties for K use efficiency [29]. This concept may also be useful for identifying P-efficient potato varieties. The mathematical definition is given in the section of materials and methods below.



The objectives of this study were to: (1) compare variability in P uptake, mobilization, and utilization of TCP with the typical P-efficient and P-inefficient varieties selected from a previous study [30] and (2) test a HS method that combines different traits into one index evaluating potato varieties for P-use efficiency.




2. Materials and Methods


2.1. Potato Seeds


Certified potato seed pieces (20–25 g/piece) of ‘Harley Blackwell’, ‘La Chipper’, and ‘Red LaSoda’ were obtained from the US Department of Agriculture—Agricultural Research Service, Beltsville, MD, USA.




2.2. Growth Conditions


This experiment was conducted in a glasshouse at UF/IFAS Plant Science Research and Education Unit, in Citra, FL, USA. A completely randomized design was used with six replications (one pot per replication). Fifty potato seed pieces were individually placed in 5-cm Mesh Net Cups and covered with Hydroton Original Clay Pebbles. The seed pieces were grown in aeroponics in a modified Hoagland solution with the following composition (mg L−1): NO3-N, 160; NH4+-N, 12; K, 239; Ca, 152; Mg, 38.2; S, 40; Fe, 1.68; Cu, 0.24; Mo, 0.128; Mn, 1.25; Zn, 0.6; B, 0.8; Si, 10, pH 6.5 [31]. The seed pieces were carefully removed from the seedlings to avoid the nutrition differences when the seedlings had 4–6 leaves including unfolded ones. Because seedlings, even from the same potato tuber, were variable in growth, the seedlings were classified into six groups, serving as the six replications according to seedling size for error control. Thirty-six healthy seedlings were chosen from aeroponics. Two seedlings were transplanted and grown as 2 seedlings per plastic container of 1750 mL filled with the above nutrient solution. Oxygen was supplied by adding 100 µL of 3% H2O2 twice a week. The treatments included: (i) 10 mg L−1 P as sodium dihydrogen phosphate (NaH2PO4, Control), (ii) 1 mg L−1 P as NaH2PO4 (Low P), (iii) 286 mg L−1 laboratory grade TCP + 2286 mg L−1 laboratory grade CaSO4, i.e., with an initial P concentration of 35 µg L−1. After 28 days, the seedlings were harvested, washed, and oven dried at 70 °C to a constant weight (72 h). Shoots and roots were weighed separately.




2.3. Analyses of P Content in Biomass


The oven-dried plant biomass was milled to pass a 40-mesh stainless steel sieve, weighed (300 ± 50 mg) into porcelain crucibles, and placed in a Thermolyne Muffle Furnace (Model, FA1730, Dubuque, IA, USA). The temperature was increased at 10 °C per min until 250 °C was reached, maintained for 30 min, and then increased to 550 °C for 6 h. The ash was cooled to room temperature and 2.25 mL 6 N HCl was added; the mixture sat for 15 min, then, filtered through No. 41 filter paper, and diluted to 50 mL with de-ionized water [31,32]. Phosphorus concentration was analyzed using automated colorimetry performed by a Discrete Analyzer (AQ2 SEAL Analytical, Hanau, Germany), based on US EPA Method 365.1 [33].




2.4. Holistic Score


Calculating a quantitative holistic score was formulated for the combined contributions of the three main components of a given potato variety’s tolerance to low-P stress as follows [29].


  HS =  (     A i     A m    +    E i     E m    +    B i     B m     )   (   1 3   )  × 100  



(1)




where HS is the holistic score of a potato variety, and Ai, Ei, and Bi are the P uptake, the P utilization efficiency, and the amount of biomass produced by variety i, respectively. Am, Em, and Bm are the mean values of the corresponding P uptake, P utilization efficiency, and biomass of variety i, respectively, and 3 is the number of the traits included in the evaluation.



After this study was completed, we continued an on-going field study in the main commercial potato production area from 2018 through 2021. ‘Red LaSoda’ was used for the large-scale field study, and in spring 2019, a field survey on symptoms of P deficiency was completed.




2.5. Statistical Analyses


The data were analyzed by two-way ANOVA with the variables of potato variety and P bioavailability in hydroponic solution. The interaction between potato variety and P bioavailability was tested by using Statistical Analysis software JMP version 10 (SAS Institute, Cary, NC, USA). The critical ranges (LSD0.05, 2) of Duncan’s Multiple Range Test were used for identifying significant differences between the means [34]. The results were considered significant at p < 0.05.





3. Results and Discussion


3.1. Biomass and Root/Shoot Ratio


Table 1 shows that root biomass was not influenced by either cultivar or P treatments. However, shoot biomass and total plant biomass were influenced by both the variables and their interaction. ‘Red LaSoda’ shoot biomass was 32 and 54% greater than that of ‘Harley Blackwell’ and ‘La Chipper’, respectively, in the control with adequate (10 mg L−1) P treatments. However, with the 1 mg L−1 P supply, the shoot biomass of ‘Red LaSoda’ was 49 and 33% smaller than that of ‘Harley Blackwell’ and ‘La Chipper’, respectively. In the TCP treatment, the shoot biomass of ‘Red LaSoda’ was 67 and 20% smaller than that of ‘Harley Blackwell’ and ‘La Chipper’, respectively (Figure 1). As compared to the control, the reduction in the whole-plant (shoot + root) biomass in the 1 mg L−1 P and TCP treatments was 27 and 33% for ‘Harley Blackwell’, 18 and 32% for ‘La Chipper’, and 74% and 73% for ‘Red LaSoda’, respectively. Reduction in whole-plant biomass is a common response to P deficiency, such as in rice [35]. The genotypic responses to varying P bioavailability levels were an effective indication of genotypic differences in P-use efficiency (Figure 1).



Our results demonstrate that the three varieties evaluated in this study differed with respect to their response to different P availability treatments. The interactions in P accumulation and in P-use efficiency between genotype and P bioavailability were also significant at p < 0.01 (Table 1). The interactions can be explained by the genotypic differences in P uptake or accumulation (Figure 2) and P utilization (Figure 3). P-efficient varieties are effective in mobilization of insoluble phosphates and efficient in P uptake and P utilization, particularly in low-P stress.



The root–shoot ratio was greater in the low P and TCP treatments than in the control, across all three cultivars (Figure 4). In the 1 mg L−1 P treatment, the root–shoot ratios of ‘Harley Blackwell’, ‘La Chipper’, and ‘Red LaSoda’ were greater by 86, 48, and 464%, respectively, as compared to those of the control. The corresponding values for the TCP treatment were 129, 69, and 161%. A plant with a larger root system can access greater quantities of bioavailable P in the growth medium as compared to plants with a smaller root system [36]. The increase in root–shoot ratio is an important adaptive mechanism to low-P stress.




3.2. Phosphorus Uptake


In the control, the P supplied was a soluble P source, NaH2PO4, which was 100% bioavailable. Phosphorus uptake across the three varieties ranged from 13.5 to 23.8 mg per plant during the 28 days duration of this study. P uptake in ‘Red LaSoda’ was greater (p < 0.05) than the other two cultivars. In the 1 mg L−1 P treatment, the P supplied was available but was too limited. Upon uptake of the limited amount of P, no additional P was available for the plants in the solution. Therefore, there were no differences between the tested cultivars. Relative P uptake as compared to the control was 42, 50, and 26% for ‘Harley Blackwell’, ‘La Chipper’, and ‘Red LaSoda’, respectively. ‘Red LaSoda’ was the lowest in relative P uptake. In the TCP treatment, P uptake was 6.5, 3.8, and 7.7 mg plant−1 for the three respective varieties and was greater in ‘Red LaSoda’ than that in ‘La Chipper’. Phosphorus mobilization from TCP by ‘Red LaSoda’ was also greater than that by ‘La Chipper’ (Figure 3). This result indicates that ‘Red LaSoda’ was more efficient at mobilizing P from the sparsely soluble phosphate as compared to that of the rest of the cultivars. However, ‘Red LaSoda’ probably had a high threshold level of P for biochemical reactions in the plants. In addition, the interaction between genotype and P concentration was significant at p < 0.05 (Table 1). This interaction also proved that there is diversity in P uptake between potato genotypes based on their performances.



Phosphorus uptake from soil solution is the first step for plants to utilize an essential nutrient element. The uptake efficiency of P is highly associated with the surface area of the root system that is actively absorbing nutrients [37]. Root hairs are fine in diameter and have high uptake surface area. Hence, root hairs can contribute 90% of P uptake in other crops such as in rye (Secale cereale L.) and wheat (Triticum aestivum L.), etc. but not in potato because of their shallow root systems and low root hair density [37]. Yamaguchi reported that potato root hairs comprised only 21% of the total root mass while root hairs in winter wheat comprised 60% [38]. In agricultural soils, beneficial fungi such as AMF (Arbuscular Mycorrhizal Fungi) can significantly increase uptake surface area and improve P uptake [39]. AMF may improve P-use efficiency of potato. However, Florida’s growers need to fumigate their soil every growing season due to the favorable climate to nematodes [40]. The yearly fumigation kills all beneficial microbes including AMF. Fortunately, there is wide variation in P uptake rates among potato germplasm, thus making breeding for increased P-efficiency possible.



In early May 2019, we conducted a field survey of large-scale (1.2–1.6 acres per plot) field trials including a P-inefficient variety, ‘Red LaSoda’, on commercial potato farms in NE Florida with another potato P-efficient variety not included in this present hydroponic study. In the large-scale field study, ‘Red LaSoda’ developed a typical P-deficiency symptom consisting of purple leaves. The symptom was visible for 90% of the ‘Red LaSoda’ leaves when grown on soil with 250 mg kg−1 Mehlich-3 extractable P without P application, and 20% on the same soil with P application of 168 kg ha−1 P2O5. The P fertilizer was applied approximately one month before planting. During the month, the fertilizer applied was possibly fixed by the abundant aluminum content in the soil, thus making it difficult for the P-inefficient genotype, ‘Red LaSoda’, to access sufficient P. These deficiency symptoms were not present in the P-efficient variety, even in the zero P application treatment. The apparent inability of ‘Red LaSoda’ to access sufficient P could have been due to: (1) the soil contained high aluminum and soil pH was around 5 in the growing season; (2) the traditional P fertilizer program was to apply P fertilizer approximately one month before planting, and hence, the P applied was fixed by aluminum; (3) ‘Red LaSoda’ was inefficient at mobilizing phosphates from soil rich in aluminum because Ksp of aluminum phosphate (AlPO4) is 9.84 × 10−21 [7]. The solubility of AlPO4 is only 1/10,000 of that of Ca3(PO4)2. This field survey confirmed the results from this hydroponic study.




3.3. Phosphorus Utilization Efficiency


Given sufficient P supply, there was no difference among the cultivars with respect to P utilization efficiency (Figure 3). P utilization efficiency increased by 28 to 76 and 20 to 80% in the 1 mg L−1 P and TCP treatments, respectively, across all cultivars. This finding means that the P utilization efficiency of each variety was stable within a given P level. ‘Red LaSoda’ was the lowest in P utilization efficiency, whereas ‘Harley Blackwell’ was the highest (Figure 3). This result corroborates the observations that ‘Red LaSoda’ is not a P-efficient variety even though its mobilization from TCP is excellent (Figure 3).



As potato plants have shallow and inefficient root systems for P uptake [41,42], P utilization efficiency is even more important in potato than other crops. In this study, ‘Harley Blackwell’ was greater in P utilization than ‘La Chipper’, which was greater than ‘Red LaSoda’, when the insoluble P as TCP was the only P source applied (Figure 3). P-efficient varieties can produce more biomass or yield per unit of P utilized. For example, with TCP, ‘Harley Blackwell’ produced 780 g biomass by using 1 g of P. However, the corresponding value for ‘Red LaSoda’ was only 461 g. ‘Harley Blackwell’ had 69% more biomass than ‘Red LaSoda’. The biodiversity of P utilization efficiency of potato provides an opportunity for potato breeders to breed P utilization efficient varieties by using elite genotypes such as ‘Harley Blackwell’.




3.4. Holistic Evaluation of Potato Varieties for P-Use Efficiency


Based on the data shown in Figure 1, Figure 2 and Figure 3, it is hard to differentiate the tested varieties for P-use efficiency. For example, in low-P stress, ‘Harley Blackwell’ had the greatest biomass and P utilization efficiency but lower P uptake than ‘Red LaSoda’. ‘Red LaSoda’ had the greatest P uptake from TCP but was the smallest in both biomass and P utilization efficiency. Based on the data from Figure 1, Figure 2 and Figure 3, the holistic scores were calculated and (Figure 5) can be classified, by using the control as 100%, to two categories [29] as follows: (1) HS > 100, elite varieties with a high degree of tolerance to low-P stress, (2) HS < 100, varieties with a low degree of tolerance to low-P stress. Accordingly, ‘Harley Blackwell’ and ‘La Chipper’ were tolerant to low-P stress, but ‘Red LaSoda’ was intolerant because its P utilization efficiency was the smallest. Elite varieties may be used for potato production or P-efficient potato breeding programs. In the 1 mg L−1 P system, the tested variety’s P uptake and P utilization efficiency can be evaluated objectively. In the TCP system, the variety’s capacity for mobilizing P from sparsely soluble phosphates can be assessed using the traits evaluated in the system with limited water-soluble P. With the traits for P-use efficiency of potato varieties with sparsely soluble phosphates, P utilization efficiency of the tested varieties outweighs P uptake efficiency and P mobilization efficiency. Thus, the TCP system may give a more comprehensive evaluation of the tested potato varieties and become an effective tool to identify P-efficient varieties from potato germplasm banks.



Due to the unique physical chemistry of P, plants can only utilize a small (less than 30%) portion of P fertilizer applied in the growing season with P application [43]. Potato vines have very shallow root systems with much fewer root hairs than other crops. Potato’s P-use efficiency is even lower than most crops [37,38]. This low use efficiency of P results in superfluous P fertilization for potato production and overfertilization of P risks the environment. Therefore, exploring and using elite genotypes from potato germplasm banks to breed P-efficient varieties is important. Exceptional genotypes would likely have both high uptake rate and efficient use of P. The holistic score concept may be helpful for potato breeders to identify P-efficient genotypes to be used as parent materials.





4. Conclusions


This study showed that each of the tested varieties of potato germplasm is different in P-use efficiency. The hydroponic technique used in this study was useful for rapidly identifying potato genotypic differences in P uptake, P utilization efficiency, and biomass production during the seedling stage (28 d). The three potato varieties examined had distinct phenotypic responses to low-P stress. Based on these individual phenotypic responses to biomass, P uptake/accumulation, and P utilization efficiency of the genotypes, it was difficult to conclusively differentiate the varieties. Therefore, a new concept of a holistic score calculated from the individual phenotypic responses was introduced for comprehensive evaluation of potato varieties for P-use efficiency. The holistic score enabled classifying the potato germplasm into elite and ordinary cultivars for low-P growth systems. ‘Harley Blackwell’ was considered elite and can be directly used for low-input systems for potato production, while ‘La Chipper’ was semi-elite. These elite and semi-elite genotypes can be directly used as parent materials for P-efficient breeding programs. ‘Red LaSoda’ had an excellent mobilization capability from the sparsely soluble phosphate, TCP, and was responsive to P application. This mobilization trait of ‘Red LaSoda’ can be useful for breeding P-efficient potato cultivars. The use of TCP in hydroponic solution provides a convenient tool for variety evaluation to identify those genotypes that efficiently utilize bioavailable P mobilized from sparsely soluble phosphate, which is an adaptive mechanism of some cultivars to tolerate low-P growth conditions.
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Figure 1. Total biomass of potato seedlings grown in modified Hoagland solution with different P bioavailabilities for 28 days. Histograms with different letters in the same treatment are different at p < 0.05. Control: 10 mg L−1 P water soluble P as NaH2PO4; Low P: 1 mg L−1 P water soluble P as NaH2PO4; and 286 mg L−1 sparsely soluble P as TCP, tri-calcium phosphate, Ca3(PO4)2 with 2286 mg L−1 laboratory grade. HB: ‘Harley Blackwell’; LC: ‘La Chipper’; RL: ‘Red LaSoda’. The bars are the values of LSD0.05, 2 for the plant biomass of the control, low P and TCP, respectively. 






Figure 1. Total biomass of potato seedlings grown in modified Hoagland solution with different P bioavailabilities for 28 days. Histograms with different letters in the same treatment are different at p < 0.05. Control: 10 mg L−1 P water soluble P as NaH2PO4; Low P: 1 mg L−1 P water soluble P as NaH2PO4; and 286 mg L−1 sparsely soluble P as TCP, tri-calcium phosphate, Ca3(PO4)2 with 2286 mg L−1 laboratory grade. HB: ‘Harley Blackwell’; LC: ‘La Chipper’; RL: ‘Red LaSoda’. The bars are the values of LSD0.05, 2 for the plant biomass of the control, low P and TCP, respectively.



[image: Agriculture 11 00668 g001]







[image: Agriculture 11 00668 g002 550] 





Figure 2. Phosphorus uptake in 28-days old potato seedlings grown in modified Hoagland solution with different P bioavailabilities. Histograms with different letters in the same treatment are different at p < 0.05. Control: 10 mg L−1 P as water soluble P, NaH2PO4; Low P: 1 mg L−1 P as water soluble P, NaH2PO4; and 286 mg L−1 TCP, tri-calcium phosphate, Ca3(PO4)2 as sparsely soluble P with 2286 mg L−1 laboratory grade Ca3(PO4)2. HB: ‘Harley Blackwell’; LC: ‘La Chipper’; RL: ‘Red LaSoda’. The bars are the values of LSD0.05, 2 for the plant biomass of the control, low P and TCP, respectively. 
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Figure 3. Phosphorus utilization efficiency of 28-days old potato seedlings grown in modified Hoagland solution with different P bioavailabilities. Histograms with different letters in the same treatment are different at p < 0.05. Control: 10 mg L−1 P as water soluble P, NaH2PO4; Low P: 1 mg L−1 P as water soluble P, NaH2PO4; and 286 mg L−1 TCP, tri-calcium phosphate, Ca3(PO4)2 as sparsely soluble P with 2286 mg L−1 laboratory grade Ca3(PO4)2. HB: ‘Harley Blackwell’; LC: ‘La Chipper’; RL: ‘Red LaSoda’. The bars are the values of LSD0.05,2 for the plant biomass of the control, low P and TCP, respectively. 
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Figure 4. Root–shoot ratio of potato seedlings grown in modified Hoagland solution with different P bioavailabilities for 28 days. Histograms with different letters in the same treatment are different at p < 0.05. Control: 10 mg L−1 P as water soluble P, NaH2PO4; Low P: 1 mg L−1 P as water soluble P, NaH2PO4; and 286 mg L−1 TCP, tri-calcium phosphate, Ca3(PO4)2 as sparsely soluble P and 2286 mg L−1 laboratory grade Ca3(PO4)2. HB: ‘Harley Blackwell’; LC: ‘La Chipper’; RL: ‘Red LaSoda’. The bars are the values of LSD0.05, 2 for the plant biomass of the control, low P and TCP, respectively. 






Figure 4. Root–shoot ratio of potato seedlings grown in modified Hoagland solution with different P bioavailabilities for 28 days. Histograms with different letters in the same treatment are different at p < 0.05. Control: 10 mg L−1 P as water soluble P, NaH2PO4; Low P: 1 mg L−1 P as water soluble P, NaH2PO4; and 286 mg L−1 TCP, tri-calcium phosphate, Ca3(PO4)2 as sparsely soluble P and 2286 mg L−1 laboratory grade Ca3(PO4)2. HB: ‘Harley Blackwell’; LC: ‘La Chipper’; RL: ‘Red LaSoda’. The bars are the values of LSD0.05, 2 for the plant biomass of the control, low P and TCP, respectively.



[image: Agriculture 11 00668 g004]







[image: Agriculture 11 00668 g005 550] 





Figure 5. Holistic scores for the low-P tolerance of the potato varieties based on the measurements of P uptake, P utilization efficiency, and biomass produced by the individual varieties grown in hydroponics for 28 days. Low P: 1 mg L−1 P as water soluble P, NaH2PO4; and 286 mg L−1 TCP, tri-calcium phosphate, Ca3(PO4)2 as sparsely soluble P with 2286 mg L−1 laboratory grade Ca3(PO4)2. HB: ‘Harley Blackwell’; LC: ‘La Chipper’; RL: ‘Red LaSoda’. The bars are the values of LSD0.05, 2 for the plant biomass of the control, low P and TCP, respectively. 
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Table 1. Analysis of variance for three potato genotypes grown at three P levels including water soluble phosphate: 10 and 1 mg L−1 P as sodium dihydrogen phosphate, NaH2PO4 and water phosphate, 286 mg L−1 TCP, tri-calcium phosphate, [Ca3(PO4)2] and 2286 mg L−1 laboratory grade Ca3(PO4)2 in hydroponics for 28 days. Note: * significant at p < 0.05 and ** significant at p < 0.01.
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Sum of Squares for Plant Dry Matter

	

	

	
Sum of Squares for Phosphorus

	




	
Variable

	
DF

	
Shoot (S)

	
F-Value

	
Pr > F

	
Root (R)

	
F-Value

	
Pr > F

	
S + R

	
F-Value

	
Pr > F

	
R:S Ratio

	
F-Value

	
Pr > F

	
Accumulation (mg/Plant)

	
F-Value

	
Pr > F

	
Utilization Efficiency (g/g)

	
F-Value

	
Pr > F






	
Genotype (G)

	
2

	
25.7 *

	
3.62

	
<0.05

	
0.426

	
1.21

	
0.31

	
29.8 *

	
3.3

	
<0.05

	
0.0794

	
1.08

	
0.35

	
191.7 **

	
6.19

	
<0.01

	
397,299 **

	
16.44

	
<0.01




	
Phosphorus (P) level

	
2

	
164.6 **

	
23.16

	
<0.05

	
0.0202

	
0.11

	
0.95

	
160.8 **

	
80.4

	
<0.01

	
0.3403 *

	
4.62

	
<0.05

	
1533.9 **

	
49.48

	
<0.01

	
587,126 **

	
25.3

	
<0.01




	
G X P

	
4

	
81.0 **

	
5.7

	
<0.01

	
0.8809

	
1.25

	
0.3

	
89.6 **

	
4.97

	
<0.05

	
0.2228

	
1.51

	
0.21

	
105.4 *

	
3.22

	
<0.05

	
241,462 **

	
4.99

	
<0.01




	
Total

	
55

	
462.8

	

	

	
9.6916

	

	

	
517.9

	

	

	
2.5145

	

	

	
2712

	

	

	
1,758,437
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