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Abstract

:

Alfalfa (Medicago sativa L.) grown in acidic soils is often affected by phosphorus (P) deficiency, which results in reduced mineral nutrient content and forage quality. In this context, the effects of phosphorus (P) fertiliser remain unclear. In this study, we analysed the effects of P application on mineral nutrient content and forage quality in aluminium (Al)-sensitive (Longzhong) and Al-tolerant (Trifecta) alfalfa cultivars cultivated in two acidic soil environments. Mineral nutrient content and quality were affected by genotype, soil type, and P treatment concentration (p < 0.001). In limestone soil, for Longzhong and Trifecta, the optimal potassium (K), calcium (Ca), and magnesium (Mg) contents as well as crude protein content (CP) and ether extract (EE) values were observed at 20 mg P kg−1, that of the P content was observed at 40 mg P kg−1, and the minimum neutral detergent fibre (NDF) acid detergent lignin (ADL) values were observed at 40 mg P kg−1. In yellow soil, the maximum K, Ca, Mg, and P contents in Longzhong and Trifecta were observed at 40 mg P kg−1, whereas the maximum CP, EE, and ADL values were observed at 20 mg P kg−1. Our study provides an empirically based framework for optimising alfalfa fertilisation programmes in acidic soils.
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1. Introduction


Alfalfa (Medicago sativa L.) is the most extensively cultivated leguminous forage crop globally due to its high nutritional value and palatability [1]. The total global area under alfalfa cultivation is ~32 million hectares, with China’s cultivation area surpassing 4.72 million hectares in 2015. Despite the area increasing annually, it still cannot meet the demands for global animal husbandry [2]. From 2012 to 2020, China’s imports of alfalfa hay increased from 0.44 million tonnes to 1.36 million tonnes, while the average self-sufficiency rate of high-quality alfalfa was only 64% [3]. One important explanation is that most alfalfa in China can only be planted on marginal lands, which typically have poor soil fertility [4].



Crop yield and quality are of great concern in alfalfa production [5]. The optimal growth pH of alfalfa is 6.7–7.5, and it grows well in alkaline soils; however, its yield diminishes with decreasing soil pH [1,6]. This is because, at low pH levels, aluminium (Al) in the soil exists in the form of [Al(H2O)6]3⁺ or Al3⁺, which inhibits root growth and leads to severe aluminium toxicity in plants [6]. Meanwhile, in acidic soils, phosphorus (P) tends to bind with Al3⁺ to form stable, insoluble complexes that cannot be absorbed by plant roots [1]. As a result, P deficiency and Al toxicity are considered the main factors limiting crop yields in acidic soils, seriously hindering the cultivation and expansion of alfalfa in China [7]. Notably, ~50% of potentially arable soil worldwide is acidic, which underscores the substantial production potential of tolerant alfalfa cultivars in these areas [8].



Increased soil P concentrations may ameliorate plant Al toxicity in acidic soils, possibly through improved root development and nutrient uptake [9]. Moreover, as the P content in plant roots increased, the toxic effects of Al ions gradually weakened. Therefore, fertilisation is a direct and effective management strategy for improving the yield and quality of alfalfa, especially in low-fertility acidic soils [4].



Phosphorus, an essential nutrient for plant growth and development, improves alfalfa photosynthesis and increases dry matter yield [10]. Phosphorus application can significantly increase the shoot phosphorus concentration, phosphorus uptake, and forage yield of young and old alfalfa while also increasing the crude protein (CP) content and regulating the acid detergent fibre (ADF) and neutral detergent fibre (NDF) contents, ultimately affecting plant nutritional quality [10,11]. Phosphorus application also affects the uptake and utilisation of other mineral nutrients. Nitrogen (N), P, potassium (K), calcium (Ca), and magnesium (Mg) are essential macronutrients in plant growth and production [12]. Under high phosphorus concentrations, plants absorb more phosphorus and simultaneously increase their uptake of some cations such as K, Ca, Mg, and manganese (Mn) [13]. Soil phosphorus concentration and hay quality (CP and ADF) are closely related to plant growth and quality [14]. However, in reality, phosphorus is usually applied once to the soil as a base fertiliser, resulting in a large amount of available phosphorus being adsorbed by metal ions in the soil or converted into an insoluble form, thereby reducing the absorption of phosphorus by plants and promoting phosphorus pollution [10,14]. The rational application of phosphate fertiliser not only improves alfalfa hay yield and nutritional quality but also promotes the absorption and transformation of nitrogen and other mineral nutrients [13].



We previously analysed genotypic variation in various agronomic traits and the relationship between the yield components of forty-four alfalfa varieties in two acidic soil environments [1]. We also analysed the differences in phosphorus uptake strategies between Al stress-sensitive and AI-tolerant cultivars. The tolerant cultivars exhibited significantly higher shoot biomass, root morphology, and organic acid secretion from the roots compared to the sensitive cultivars. However, the relationships between alfalfa yield, nutritional quality, and mineral nutrient uptake at different phosphorus levels in acidic soils remain unclear. Therefore, this study aimed to characterise the effects of phosphorus fertiliser in acidic soil on the nutritional quality and absorption of other mineral nutrients in different genotypes of alfalfa (Al-sensitive and Al-tolerant) and determine the relationship between the associated drivers.




2. Materials and Methods


2.1. Plant Material and Growth Conditions


Two previously evaluated and screened alfalfa cultivars, Trifecta (Al-tolerant) and Longzhong (Al-sensitive), were used in this study [1]. We used limestone (26°50′02″ N, 105°15′47″ E) and yellow soil (26°25′39.62″ N, 106°40′5.81″ E), the two typical soil types in the karst area of Guizhou, as the substrate for pot experiments. Both soils were collected from the top 15 cm layers of undisturbed sites, air-dried, and sieved through a 2 mm sieve. The physicochemical properties of the soils are presented in Table 1. This study was conducted in a greenhouse at the College of Animal Science, Guizhou University, China, from August to December 2021. The experimental groups were set up with five P concentrations [Ca(H2PO4)2 × H2O (Fang Ke, Xi’an, China) at 10, 20, 40, 80, and 120 mg P kg−1] or no added P as the control (0 mg P kg−1), with three replications. Plastic pots (upper diameter: 19 cm; lower diameter: 15 cm; depth: 17 cm; Huan Qiu, Yangzhou, China) were used for potting, each holding 2 kg of soil.



Alfalfa seeds were sterilised in a 30% (v/v) hydrogen peroxide (H2O2; Huan Tai, Hang zhou, China) solution for 5 min and rinsed five times with sterile water. Germination was conducted for 3 d in an incubator at 20 °C (day, 16 h)/15 °C (night, 8 h). We sowed 20 seeds in each pot, and after 14 days, the seedlings were thinned to nine plants per pot. During plant growth, weeding was performed regularly, both soil types were watered daily to 60% of their field capacity, and pots were randomly moved every 5 d. A total of 72 pots (two cultivars × two soil types × six levels of P application × three replicates) were used.




2.2. Measurement of Mineral Nutrient Contents in Plants


The dried shoots and roots were finely ground. For each sample, ~0.1 g was weighed and digested with aqua regia and H2O2. The concentrations of K, Ca, Mg, and P were measured using an inductively coupled plasma mass spectrometer (Nexion 300D ICP-MS, PerkinElmer, Waltham, MA, USA) [13].




2.3. Forage Quality Analysis


The dried buds were finely ground, and NDF, acid detergent lignin (ADL), crude protein (CP), and ether extract (EE) levels were measured using a near-infrared reflectance spectrometer (SupNIR-2700, JiTian Instruments, Beijing, China) [15].




2.4. Statistical Analysis


The experiment used a three-factor randomised complete block design (variety, phosphorus application, and soil type). All variables were analysed by three-way ANOVA, t-test, and multiple comparisons using GenStat 21.0 software (VSN International, Rothamsted, Harpenden, UK). No data transformations were required to satisfy the assumptions of ANOVA. Pearson correlation analysis was used to analyse the correlation between the traits.





3. Results


3.1. Effects of P Application on Mineral Nutrient Contents in Alfalfa


Our experiment demonstrated that P application strongly influenced the plant concentrations of K, Ca, Mg, P, and shoot dry mass, with P, genotype, soil type, and their interactions playing significant roles (Table 2). For alfalfa in limestone soil, mineral nutrient contents differed between the P treatments (p < 0.05, Figure 1). Under each treatment, the K, Ca, Mg, and P contents in Trifecta were higher than those in Longzhong (p < 0.05), with the highest K, Ca, and Mg contents observed at 20 mg P kg−1. The maximum K, Ca, and Mg contents in Trifecta were 5.62 mg g−1, 8.00 mg g−1, and 0.90 mg g−1, respectively, and those in Longzhong were 3.80 mg g−1, 5.02 mg g−1, and 0.66 mg g−1, respectively. The maximum P content in Trifecta was 0.77 mg g⁻1 under the 40 mg P kg−1 treatment, which was significantly higher (p < 0.05) than that in the other treatments. For Longzhong, the maximum P content was 0.40 mg g−1 under the 80 mg P kg−1 treatment, which was significantly higher (p < 0.05) than that in all treatments except the 40 mg P kg−1 treatment. For the shoot dry mass, both Trifecta and Longzhong showed significantly higher values under the 20 mg P kg−1 and 40 mg P kg−1 treatments compared to the other treatments (Table 3).



In yellow soil, except for the Mg content in the CK treatment and P content in the 0 and 10 mg P kg−1 treatments, the K, Ca, Mg, and P contents were higher in Trifecta than those in Longzhong (p < 0.05, Figure 2). Under the treatments of 40 mg P kg−1 and 20 mg P kg−1, the K content of Trifecta was significantly higher than the other treatments, while the Ca content under the 40 mg P kg−1 treatment was significantly higher than the other treatments. For Longzhong, the K content under the 20 mg P kg−1 treatment was significantly higher than the other treatments, and the Ca contents under both the 20 mg P kg−1 and 40 mg P kg−1 treatments were significantly higher than the other treatments. The maximum K and Ca contents in Trifecta were 4.67 mg g−1 and 5.75 mg g−1, respectively, while those in Longzhong were 3.95 mg g−1 and 4.45 mg g−1, respectively. The maximum Mg contents were observed at 40 mg P kg−1 in both Trifecta (0.67 mg) and Longzhong (0.54 mg g−1). The maximum P content in Trifecta (0.69 mg g−1) was observed at 40 mg P kg−1 and that in Longzhong (0.46 mg g−1) was observed at 80 mg P kg−1. For Longzhong, the shoot dry mass under the 20 mg P kg−1 treatment was significantly higher than the other treatments, while for Trifecta, the shoot dry mass was significantly higher under the 40 mg P kg−1 treatment compared to the other treatments (Table 3).



In Trifecta cultivated in limestone soil, K, Ca, Mg, and P contents were positively correlated with each other (p < 0.05, Figure 3). However, in Longzhong, there were no correlations between K, Ca, Mg, and P contents, while the shoot dry mass was significantly correlated with Ca and P contents (p > 0.05, Figure 4). In yellow soil, except for a non-significant correlation between Longzhong’s K and P contents, the K, Ca, Mg, and P contents showed positive correlations with each other in the two cultivars (p < 0.05, Figure 5 and Figure 6). The shoot dry mass was significantly correlated with the K, Ca, Mg, and P contents in both cultivars (p < 0.01, Figure 5 and Figure 6).




3.2. Effect of P Application on Alfalfa Quality


P, genotype, soil type, and their interactions greatly affected CP, EE, NDF, and ADL levels, except for the interaction between genotype and soil type on CP (Table 2). In limestone soil, CP and EE showed similar trends in both alfalfa cultivars. Under each P treatment, Trifecta had higher values than Longzhong, and the CP of Trifecta under the 20 mg P kg−1 treatment was significantly higher than the other treatments, and the EE under both the 20 mg P kg−1 and 40 mg P kg−1 treatments was significantly higher than the other treatments (p < 0.05, Figure 1). The maximum CP values were 15.71% (Trifecta) and 13.68% (Longzhong), and the maximum EE values were 3.27% (Trifecta) and 2.11% (Longzhong, Figure 1E,F). The NDF value in Longzhong was higher than that in Trifecta at 0 mg P kg−1, 20 mg P kg−1, and 120 mg P kg−1 (p < 0.05), with the minimum values observed at 20 mg P kg−1 (27.43%, Trifecta; 37.15%, Longzhong; Figure 1G). The ADL value was higher in Longzhong than in Trifecta under each P treatment (p < 0.01), with the minimum values observed at 20 mg P kg−1 (3.58%, Longzhong) and 40 mg P kg−1 (3.06%, Trifecta) (Figure 1H). In Trifecta, CP had a positive correlation with K, Ca, Mg, and P contents (p < 0.05); EE only had a positive correlation with P content (p < 0.05); NDF had a negative correlation with K, Ca, and Mg contents (p < 0.05); and ADL had a positive correlation with K, Mg, and P contents (p < 0.05, Figure 3). The shoot dry mass was significantly correlated with CP, EE, NDF, and ADL (p < 0.01, Figure 3). In Longzhong, CP and EE were positively correlated with Ca content (p < 0.01), with which NDF and ADL were negatively correlated (p < 0.05). CP was positively correlated and ADL was negatively correlated with P content (both p < 0.05, Figure 4). The shoot dry mass was significantly correlated with CP, EE, NDF, and ADL (p < 0.05, Figure 4).



In yellow loam soil, the CP and EE values were higher (p < 0.05) in Trifecta than in Longzhong for all P treatments. The CP of Trifecta under the 20 mg P kg−1 and 40 mg P kg−1 treatments was significantly higher than the other treatments (p < 0.05, Figure 2E). The maximum EE values in Trifecta were observed at 40 mg P kg−1 (2.77%, Figure 2F), while those in Longzhong were observed at 20 mg P kg−1 (8.10% and 1.90%, respectively). The NDF and ADL values in Longzhong were higher than those in Trifecta for all P treatments (p < 0.05, Figure 2G,H). The minimum NDF values in Longzhong were observed at 20 mg P kg−1 (28.67%), while those in Trifecta were observed at 40 mg P kg−1 (15.87%). For ADL, both Trifecta and Longzhong had significantly lower values under the 20 mg P kg−1 and 40 mg P kg−1 treatments compared to the other treatments (p < 0.05, Figure 2H). In Trifecta, CP and EE were positively correlated with K, Ca, Mg, and P contents (p < 0.001), with which NDF and ADL were negatively correlated (p < 0.001, Figure 5). The shoot dry mass was significantly correlated with CP, NDF, and ADL (p < 0.05, Figure 5). In Longzhong, CP and EE were positively correlated with Ca, Mg, and P contents (p < 0.01); NDF was negatively correlated with K, Ca, and Mg contents (p < 0.01); and ADL was negatively correlated with K, Ca, Mg, and P contents (p < 0.05, Figure 6). The shoot dry mass was significantly correlated with CP, EE, NDF, and ADL (p < 0.05, Figure 6).





4. Discussion


P deficiencies are a widespread issue in agricultural production globally, with more than 30% of arable soils having P levels below those required for optimal crop productivity [16]. P is a limiting nutrient in both natural and agricultural ecosystems because of its strong adsorption by, particularly, Fe and Al in acidic soils, which readily form stable complexes with P, thereby restricting its absorption and utilisation by plants [17,18]. The application of phosphate fertiliser is a direct and effective strategy to alleviate Al toxicity in acidic soil and improve alfalfa yield and quality [4].



Under a high P supply, the accumulation of P usually affects the uptake of other elements, which seems to be an intrinsic mechanism for balancing P levels in plants [13]. When the P anion is absorbed in large amounts, there is a corresponding increase in the uptake of cations, such as K, Ca, and Mg, to maintain charge balance [16]. In the present study, the K, Ca, Mg, and P contents of alfalfa were strongly affected by genotype, soil type, and P treatment. In limestone soil, Trifecta’s P content was positively correlated with K, Ca, and Mg contents, whereas that of Longzhong was not. In yellow soil, Trifecta’s P content showed a similar correlation with the contents of other mineral elements as in limestone soil, whereas Longzhong’s P content showed a highly positive correlation with Ca and Mg contents. In acidic soils, the acquisition of P, S, Mg, Ca, and K by chickpea (Cicer arietinum) was enhanced by different P sources, especially when using phosphate rock compared to KH2PO4 [19]. In aeolian sandy and loessial soils, previous studies have shown that the total plant mineral nutrient content in alfalfa was strongly affected by soil P supply; however, there was no correlation with soil available P but a strong positive correlation with the total P content of plants [13]. Consistent with the findings of their results, we showed that when more P is absorbed, the uptake of other mineral nutrients increases. Moreover, except for the non-significant correlation between the shoot dry mass and P contents in the tolerant alfalfa genotype grown in limestone soil, the shoot dry mass of alfalfa under all other treatments was significantly correlated with P contents. In addition, the extent of P utilisation by plants depends on many factors, such as soil texture, plant species, P concentration, and P fertiliser type [20]. This explains why Trifecta and Longzhong performed differently in different soils.



The CP, EE, NDF, and ADL levels in alfalfa directly reflect its nutritional quality [10]. Excellent nutritional value is an ideal goal in alfalfa production because it directly affects the profitability of feed and livestock producers [21]. In this study, fertiliser application strongly affected the CP, EE, NDF, and ADL levels in alfalfa, regardless of the soil P supply level. In both limestone and yellow soil, CP and EE in both cultivars were positively correlated with K, Ca, Mg, and P contents, whereas NDF and ADL were negatively correlated. The CP and EE levels of the two cultivars first increased and then decreased with increasing phosphorus application, consistent with the results of Wan et al. [4]. This may be associated with the increase in root growth, nitrogen utilisation, and metabolic rates with increasing phosphorus input, which enhance nitrogen fixation, photosynthesis, and leaf area [10]. However, the respiration rates of alfalfa are exacerbated above a certain threshold for P uptake, which negatively affects growth and development [4]. Excess P reduces the transpiration and photosynthesis rates of alfalfa leaves, inhibiting their absorption and utilisation of nitrogen, thereby increasing the fibre content and reducing the CP content [10]. The changing trends in NDF and ADL contents in this study reflect this phenomenon. In the present study, increasing P content in the plants was associated with increasing K content. Notably, high K levels increase plant lignification, leading to a decrease in plant CP content [22]. Ca is essential for plant growth and development [23]. Although Ca deficiency in nature is rare, it is more common in acidic soils [24]. An increase in Ca2+ can improve the adaptability of plants to abiotic and biotic stresses and restore growth, dry matter production, and leaf photosynthetic capacity [25]. In the present study, as the amount of P applied increased, the Ca content of the plants first increased and then decreased. These changes in Ca content may affect the nutritional quality of alfalfa by altering photosynthesis rates. Mg plays an important role in plant chlorophyll and protein biosynthesis, and Mg deficiency leads to leaf interveinal chlorosis and impaired primary (energy) metabolism, which negatively affect crop yield and quality parameters [26]. In this study, the changing trends in Mg and Ca contents were consistent, and nutritional quality traits were positively correlated with Mg content. The important roles of Mg in plant protein formation and amino acid transport underlie its positive effects on plant protein yield. Vrataric et al. showed that the application of a 5% MgSO4·7H2O solution during vegetative growth increased soybean seed yield along with protein and oil concentrations [27]. Collectively, our findings indicated that P application strongly affected the absorption of mineral elements in alfalfa and regulated nutritional quality.




5. Conclusions


P application strongly increased K, Ca, Mg, and P contents and CP and EE levels in alfalfa, while reducing NDF and ADL levels. However, P supplied at >40 mg P kg−1 had no greater or lesser effects. Compared with Longzhong, Trifecta exhibited higher K, Ca, Mg, P, CP, and EE levels. Moreover, limestone soil was associated with more optimal traits in both cultivars than yellow soil. This study provides a useful reference for optimising P fertiliser management for alfalfa production in acidic soils.
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Figure 1. Plant potassium (A), calcium (B), magnesium (C), phosphorus content (D), crude protein (E), ether extract (F), neutral detergent fibre (G), and acid detergent lignin level (H) in two alfalfa cultivars (Trifecta and Longzhong) grown in limestone soil under six P treatment levels. Data are presented as the mean + standard error of the mean (SE, n = 3). Different lowercase and capital letters represent significant differences among the six P treatment levels for Trifecta and Longzhong at p < 0.05. ns: non-significant, * p < 0.05, ** p < 0.01, and *** p < 0.001. 






Figure 1. Plant potassium (A), calcium (B), magnesium (C), phosphorus content (D), crude protein (E), ether extract (F), neutral detergent fibre (G), and acid detergent lignin level (H) in two alfalfa cultivars (Trifecta and Longzhong) grown in limestone soil under six P treatment levels. Data are presented as the mean + standard error of the mean (SE, n = 3). Different lowercase and capital letters represent significant differences among the six P treatment levels for Trifecta and Longzhong at p < 0.05. ns: non-significant, * p < 0.05, ** p < 0.01, and *** p < 0.001.
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Figure 2. Plant potassium (A), calcium (B), magnesium (C), phosphorus content (D), crude protein (E), ether extract (F), neutral detergent fibre (G), and acid detergent lignin level (H) in Trifecta and Longzhong grown in yellow soil under six P treatment levels. Data are presented as the mean + SE (n = 3). Different lowercase and capital letters represent significant differences among the six P treatment levels for Trifecta and Longzhong at p < 0.05. ns: non-significant, * p < 0.05, ** p < 0.01, and *** p < 0.001. 






Figure 2. Plant potassium (A), calcium (B), magnesium (C), phosphorus content (D), crude protein (E), ether extract (F), neutral detergent fibre (G), and acid detergent lignin level (H) in Trifecta and Longzhong grown in yellow soil under six P treatment levels. Data are presented as the mean + SE (n = 3). Different lowercase and capital letters represent significant differences among the six P treatment levels for Trifecta and Longzhong at p < 0.05. ns: non-significant, * p < 0.05, ** p < 0.01, and *** p < 0.001.
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Figure 3. Pearson correlation analysis between individual traits of Trifecta grown in limestone soil supplied with different P levels. Grey colour indicates lack of significance, whereas blue and red colours indicate significant negative and positive correlations at p < 0.05, respectively. 
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Figure 4. Pearson correlation analysis between individual traits of Longzhong grown in limestone soil supplied with different P levels. Grey colour indicates lack of significance, whereas blue and red colours indicate significant negative and positive correlations at p < 0.05, respectively. 






Figure 4. Pearson correlation analysis between individual traits of Longzhong grown in limestone soil supplied with different P levels. Grey colour indicates lack of significance, whereas blue and red colours indicate significant negative and positive correlations at p < 0.05, respectively.



[image: Agronomy 14 02271 g004]







[image: Agronomy 14 02271 g005] 





Figure 5. Pearson correlation analysis between individual traits of Trifecta grown in yellow soil supplied with different P levels. Grey colour indicates lack of significance, whereas blue and red colours indicate significant negative and positive correlations at p < 0.05, respectively. 
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Figure 6. Pearson correlation analysis between individual traits of Longzhong grown in yellow soil supplied with different P levels. Grey colour indicates lack of significance, whereas blue and red colours indicate significant negative and positive correlations at p < 0.05, respectively. 
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Table 1. Physicochemical properties of the limestone and yellow soils.






Table 1. Physicochemical properties of the limestone and yellow soils.





	Parameter
	Limestone Soil
	Yellow Soil





	pH (H2O 1:5)
	6.01
	5.46



	Total N (g/kg)
	2.94
	1.99



	Total P (g/kg)
	0.56
	0.35



	Total K (g/kg)
	24.08
	7.25



	Total Mg (g/kg)
	6.82
	2.31



	Total Ca (g/kg)
	20.51
	5.28



	NH4+-N (mg/kg)
	31.57
	19.67



	NO3−-N (mg/kg)
	4.75
	1.41



	Available P (mg/kg)
	3.02
	7.99



	Available N (mg/kg)
	132.72
	33.05



	Available K (g/kg)
	0.31
	0.17



	Exchangeable Al content (mg/kg)
	397
	832







Note: Values are means of three replicates.













 





Table 2. Effects of genotype, phosphorus, and soils and their interactions on mineral content and quality of alfalfa.
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Character

	

	
Significance of Sources of Variability




	
df

	
G

	
P

	
S

	
G × P

	
G × S

	
P × S

	
G × P × S






	
Plant K content (mg)

	
1.48

	
447.8 ***

	
652.70 ***

	
895.7 ***

	
180.2 ***

	
37.8 ***

	
121.4 ***

	
121.4 ***




	
Plant Ca content (mg)

	
1.48

	
2201.5 ***

	
405.32 ***

	
645.5 ***

	
18.1 ***

	
427.1 ***

	
78.1 ***

	
78.1 ***




	
Plant Mg content (mg)

	
1.48

	
224.6 ***

	
87.2 ***

	
642.9 ***

	
6 ***

	
33.9 ***

	
15.8 ***

	
15.8 ***




	
Plant P content (mg)

	
1.48

	
1684.9 ***

	
219.2 ***

	
723.8 ***

	
24 ***

	
335.1 ***

	
33.2 ***

	
33.2 ***




	
Ether extract (%)

	
1.48

	
809.1 ***

	
296.3 ***

	
107.4 ***

	
38.3 ***

	
49.8 ***

	
103.3 ***

	
103.3 ***




	
Crude protein

	
1.48

	
432.2 ***

	
303 ***

	
822.3 ***

	
14.5 ***

	
n.s

	
60.8 ***

	
60.8 ***




	
Neutral detergent fibre

	
1.48

	
343.4 ***

	
150.3 ***

	
921 ***

	
9.1 ***

	
32.9 ***

	
10.31 ***

	
10.31 ***




	
Acid Detergent Lignin

	
1.48

	
158.2 ***

	
722.7 ***

	
115.5 ***

	
192.3 ***

	
330 ***

	
330 ***

	
210.6 ***




	
Shoot dry mass (g)

	
1.48

	
104.1 ***

	
48.1 ***

	
290.3 ***

	
18 ***

	
93.9 ***

	
29.2 ***

	
18.1 ***








Significant effects are indicated for genes (G), phosphorus application (P), soil types (S), and their interactions (n.s. not significant, *** p < 0.001). Numbers in parentheses are the least significant differences (LSD) at p = 0.05.













 





Table 3. The effect of phosphorus application on the shoot dry mass of different alfalfa genotypes.
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Soil Type

	
Cultivar

	
mg P kg−1 Soil




	
0

	
10

	
20

	
40

	
80

	
120






	
Limestone soil

	
Longzhong

	
1.09 ± 0.12 Db

	
1.64 ± 0.18 Cb

	
2.28 ± 0.13 Ab

	
2.19 ± 0.11 Ab

	
1.96 ± 0.08 Ba

	
1.78 ± 0.11 Cb




	
Trifecta

	
1.24 ± 0.16 Da

	
1.81 ± 0.17 Ca

	
2.85 ± 0.22 Aa

	
2.57 ± 0.21 Aa

	
2.27 ± 0.15 Ba

	
2.19 ± 0.13 Ca




	
yellow soil

	
Longzhong

	
0.19 ± 0.03 Db

	
0.34 ± 0.04 Cb

	
0.53 ± 0.06 Aa

	
0.48 ± 0.07 Bb

	
0.42 ± 0.02 Bb

	
0.40 ± 0.06 Bb




	
Trifecta

	
0.25 ± 0.02 Da

	
0.42 ± 0.03 Ca

	
0.60 ± 0.07 Ba

	
0.70 ± 0.04 Aa

	
0.64 ± 0.09 Ba

	
0.52 ± 0.07 Ba








Uppercase letters indicate significant differences within the same cultivar under different P applications in the same soil type (p < 0.05). Lowercase letters indicate significant differences between different cultivars under the same P application in the same soil type (p < 0.05).
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