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Peanut (Arachis hypogaea L.) is a significant oil and protein crop. Its yields greatly depend on the availability of phosphorus (P). Root morphology and P absorption efficiency are important factors affecting the P uptake capacity, but their relationships in peanuts are rarely reported. Here, we report the effect of root morphology and P absorption efficiency on the P uptake capacity in peanuts using 235 germplasms. In this work, we use the P uptake rate per plant to reflect the P uptake capacity. The P uptake capacity was significantly increased after low-P treatment and showed great differences among the germplasms. The germplasms with higher P absorption efficiency and a well-developed root system have higher P uptake capacity. Under both P conditions, the P absorption efficiency plays more important roles than root morphology in P uptake capacity, and the P uptake rate per unit root dry weight and the P uptake rate per unit root surface area contributed the most. Root morphology contributes more to the P uptake capacity under low-P treatment than under sufficient-P conditions, and root surface area contributed the most. Forty-eight germplasms with higher P uptake capacity were screened, and they had three different uptake strategies under low-P treatment. These findings indicated that low-P stress induces root growth and improves the P absorption efficiency of peanuts to ensure the plant gets enough P; provides new insights into the relationship between the P uptake capacity, P absorption efficiency, and root morphology; and furnishes important evaluation indexes for high P-efficient germplasm selection.
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INTRODUCTION
Phosphorus (P) is an essential macroelement for crop growth and development, which participates in multiple important biological processes (Lorenzo-Orts et al., 2020). Although P is abundant in soil, little available P can be directly absorbed and utilized by plants due to fixation of the soil (Li et al., 2011; Manschadi et al., 2014). Under low-P conditions, plants improve the P uptake and utilization efficiency by a series of morphological, physiological, and biochemical adaptations; however, these functions were significantly different among crops or genotypes (Yuan et al., 2017; Kale et al., 2020; Soumya et al., 2021). Previous research found that P uptake is more important than P utilization when P supply is limited, while P utilization has a greater impact on P efficiency for a sufficient P supply (Manske et al., 2001; Wang et al., 2010a). In coffee, the contribution of P uptake efficiency to yield formation increased significantly under low-P (LP) conditions (Neto et al., 2016). Therefore, studying the P-efficient absorption characteristics is of great significance to enhance the adaptability of crops in the LP environment.
Plants have evolved a variety of beneficial root traits and physiological traits to obtain more amounts of P under the LP environment (López-Arredondo et al., 2014; Nestler et al., 2016; Liu, 2021; Zhang et al., 2021). On the one hand, the increase in the P absorption area is conducive to higher P uptake capacity. Under P deficiency, the plants distribute more photosynthetic products to the root to improve their development and growth. Excellent root morphology and root configuration were promoted to upgrade the P absorption area (Wang et al., 2010b; Falk et al., 2020; Bello, 2021). On the other hand, when available P diffuses to the root surface, a higher P absorption efficiency per unit area is important for P acquisition. The root acquires P mainly in the form of inorganic phosphate (Pi, orthophosphate) by Pi transporters in plasma membranes, and the plasma membrane-localized Pi transporter activity affects P acquisition and allocation (Liao et al., 2019). Under LP conditions, cells express predominantly high-affinity Pi transporters, which could enhance P uptake ability by promoting the Pi transport from the root surface to the cytoplasm (Lapis-Gaza et al., 2014; Sudhakar et al., 2018; Wang et al., 2018).
Plant P acquisition is generally driven by cooperations of morphological and physiological responses (Lynch and Ho, 2005; Honvault et al., 2020). Because these traits require carbon costs, plants tend to rely primarily on a few of these favorable traits (Pearse et al., 2006; Raven et al., 2018; Wen et al., 2019). In maize and wheat, the root morphology plays more important roles than the physiological responses under LP conditions (Lyu et al., 2016; Wen et al., 2017), whereas root exudates increased more significantly in chickpeas (Lyu et al., 2016). Trade-offs and coordination between morphological and physiological traits resulted in multiple P uptake strategies, resulting in similar total P uptake levels (Lyu et al., 2016; Honvault et al., 2020). Due to the diversity and complexity of the P uptake strategies among germplasms, it is unilateral to evaluate P uptake efficiency by a few germplasms. Therefore, it is necessary to evaluate and identify P uptake efficiency, as well as its influencing factors, in a wide range of populations.
The peanut (Arachis hypogaea L.) is an important oil and protein crop. P deficiency is one of the factors limiting its production (Singh et al., 2015; Naga Madhuri et al., 2018). The P uptake capacity reflects the adaptability to certain P conditions. The P uptake rate per plant is defined as the P absorption per plant per unit time and can be used to reflect the P uptake capacity. At present, few studies are available regarding P uptake capacity in peanuts, and related studies were only based on recombinant inbred line (RIL) populations or dozens of germplasms to evaluate the changes of few root morphology traits (Krishna, 1997; Jadhav and Gowda, 2012; Kumar et al., 2015). For example, Jadhav and Gowda (2012) studied the root morphology in a recombinant inbred line (RIL) population and found significant differences in root traits between germplasms under different P treatments. Krishna (1997) and Kumar et al. (2015) found that increased root biomass, root length, and P accumulation per unit root length are beneficial to P absorption, but different varieties rely on different uptake strategies. The P uptake capacity under P deficiency was affected by the expression of root traits associated with soil foraging and P transporter activity associated with P absorption efficiency. But limited information is available on the contribution of the root morphology and P absorption efficiency. Moreover, the selection and evaluation of P-efficient uptake peanut cultivars and germplasms were rarely reported, which restricted the extension of P-efficient cultivars and the development and use of P-efficient germplasms. In our research, the total root length, root surface area, root volume, average root diameter, root tip number, specific root length, and root dry weight per plant were measured to reflect the root morphology; the P uptake rate per unit root dry weight/root length/root surface area/root volume was calculated to represent the P absorption efficiency. A diverse panel including 235 peanut germplasms with extensive phenotypic variations in P efficiency was grown in LP and sufficient-P (SP) conditions. The objectives of this study were to (i) evaluate the effects of LP stress on the P uptake capacity, P absorption efficiency, and root morphology; (ii) evaluate the contribution of the P absorption efficiency and root morphology to P uptake capacity under LP and SP conditions; and (iii) screen P-efficient germplasms and explore P-efficient uptake strategies. These analyses clarify the key factors affecting the P uptake capacity and the P uptake strategies of different P-efficient germplasms, providing the experimental method and theoretical basis for the investigation of the P efficiency in peanuts.
MATERIALS AND METHODS
Plant Materials
A diverse panel consisting of 235 peanut germplasms was used in this study (Supplementary Table S1). These lines covered 87 (37.02%) lines of ssp. fastigiate (62 var. vulgaris, 22 var. fastigiata, and 3 var. aequatoriana), 85 (36.17%) lines of ssp. hypogaea (65 var. hypogaea and 20 var. hirsuta), and 63 (26.81%) lines of irregular types (Zhang et al., 2017). These germplasms included main cultivars, native varieties, a peanut core collection, important breeding parents, and advanced breeding lines. The lines also showed a broad geographic distribution: 169 (71.91%) lines were from different areas of China, 55 (23.40%) were from 17 countries, and 11 (4.68%) were unknown (Supplementary Table S1). There was a significant phenotypic variation within the population, and key agronomic traits showed normal distributions (Zhang et al., 2017). All the germplasms were stored by our group.
Experiments Design
Hydroponic experiments were carried out in a greenhouse. Intact plump seeds with similar sizes were surface-sterilized with 0.1% H2O2 for 6 h and thoroughly rinsed by sterilizing deionized water. The seeds were then placed on wet degreasing cotton in germination disks and grown in the dark for about 5 days at 26°C. The seeds should stay moist during germination. After unfolding, 10 seedlings similar in size were transplanted to a hydroponic box with deionized water for 3 days and then cultured in 1/5 Hoagland’s nutrient solution (1.4 L) with sufficient (0.6 mmol/L) and low (0.01 mmol/L) KH2PO4. Sixteen days after P treatment, plants were cultured in deionized water for 24 h, and then transferred to 1/5 Hoagland’s nutrient (1.4 L) with 0.2 mmol/L KH2PO4 for 8 h after LP treatment (then transferred to deionized water for 16 h) and 24 h after the SP condition (Supplementary Figure S1). Three biological repeats were performed for each treatment, and 10 seedlings were tested in each replication. The composition of Hoagland’s solution was as follows: 1 mmol/L KNO3, 1 mmol/L Ca (NO3)2·4H2O, 0.4 mmol/L MgSO4·7H2O, 1 mmol/L KH2PO4, 0.01 mmol/L EDTA·Fe, 0.1 × 10−3 μmol/L H3BO3, 0.15 × 10−3 μmol/L MnSO4, 0.03 × 10−3 μmol/L, ZnSO4·7H2O, 1.0 × 10−6 μmol/L Na2MoO4·2H2O, 0.16 × 10−6 μmol/L CuSO4·5H2O, and 0.21 × 10−6 μmol/L CoCl2·6H2O (Hoagland and Arnon, 1950). The nutrient solution was changed every 4 days, and pH was maintained at 6.0 using HCl or NaOH. The LP nutrient solution was supplemented with KCl to ensure that the K concentration was consistent with that of the SP nutrient solution. The seedlings were grown in a greenhouse under 16-h light/8-h dark photoperiod (11.4K LuX light intensity) at 24°C.
P Concentration and Root Morphology Measurement
The P uptake rate was measured by using the depletion method after 16 days of P treatment (Claassen and Barber, 1974; Bhadoria et al., 2004). To maximize the P uptake rate, plants were cultured in deionized water for 24 h and then transferred to 1/5 Hoagland’s nutrient (1.4 L) with 0.2 mmol/L KH2PO4. To minimize P consumption in the solution under the condition of different P uptake rates after high- and low-P treatments, the plants were treated for 8 h after LP treatment (then transferred to deionized water for 16 h) and 24 h after the SP condition. Then the nutrient solution was replenished to 1.4 L, and 3 ml nutrient solution was taken from each hydroponic box after 8-h LP treatment and 24-h SP condition. The P concentration in nutrient solution was determined by using the vanadium molybdate blue colorimetric method (Murphy and Riley, 1962). The P uptake rate per plant (PUR, μmol h−1 plant−1) is the P absorption per plant per unit time and reflects the P uptake capacity of the peanut. Considering the diversity of root morphology of different germplasms, the P uptake rate per unit root dry weight (PUR_RDW), P uptake rate per unit root length (PUR_RL), P uptake rate per unit root surface area (PUR_RSA), and P uptake rate per unit root volume (PUR_RV) were calculated to reflect the P absorption efficiency.
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where C1 is the P concentration of nutrient solution before absorption, V1 is the volume of nutrient solution before absorption, C2 is the P concentration of nutrient solution after absorption, V2 is the volume of nutrient solution after absorption, h is the absorption time, and N is the number of plants in each box.
At harvest (18 days after P treatment), the roots from 6 plants per treatment were harvested and rinsed with deionized water. The total root length (TRL), root surface area (RSA), root volume (RV), average root diameter (ARD), and root tip number (RTN) were measured using the WinRHIZO LA-S image analysis system (WinRHizo LA-S, Re´gent Instr. Inc., Quebec, Canada). Then the root samples were dried in an oven at 80°C until the dry weight was constant, and then root dry weight (RDW) was measured. The specific root length (SRL) (m g−1) was determined by dividing the RDW by TRL (Table 1). These seven indices were used to reflect the root morphology. We also measured the shoot dry weight (SDW) and calculated the total dry weight (TDW) and root/shoot ratio (RSR). Three biological repeats were carried out for each treatment.
TABLE 1 | Summary of traits and their calculation methods in hydroponic culture.
[image: Table 1]To better understand the responses of LP treatment, the relative values of all traits were calculated by dividing the values of LP treatment by the values of the SP condition (Yuan et al., 2017).
Data Analysis
Descriptive statistics, analyses of variance (ANOVA), and correlation were performed using SPSS 21.0 (SPSS Inc., Chicago, IL, United States), and then we calculated the broad-sense heritability (hB2) by hB2 = σg2/(σg2+σe2), where σg2 means genetic variance and σe2 means environmental variance (Knapp et al., 1985). Clustering based on Ward’s method was executed using a squared Euclidean distance matrix of the PUR after LP treatment, germplasms were divided into low P uptake capacity, medium P uptake capacity, and high P uptake capacity. Principal component analysis (PCA) was carried out using the “FactomineR” package in R version 4.1.0 (R Foundation for Statistical Computing, Vienna, 2005). Hierarchical classification on principal components (HCPC) was then performed using the first two principal components (80% of the total variability) to define groups with similar patterns of P absorption efficiency and root morphology. To underline the relative ability of the P absorption efficiency and root morphology for P uptake capacity, partial square path modeling (PLS PM) was performed using the “pls pm” package in R version 3.6.0 (Sanchez, 2013). Two clusters of variables, or “latent variables,” were defined, respectively: the “root morphology” variables encompassing TRL, RSA, RV, ARD, RTN, SRL, and RDW, and the “P absorption efficiency” variables encompassing PUR_RDW, PUR_RL, PUR_RSA, and PUR_RV. Overall model quality was evaluated with the goodness of fit (GoF) index, and significance was determined with 95% confidence. Graphs were plotted using the “ggplot2” package in R version 4.1.0.
RESULTS
Effects of LP Stress on the P Uptake Capacity, P Absorption Efficiency, and Root Morphology
P deficiency enhanced root production and induced root morphological remodeling in peanuts. Some germplasms produced more and longer lateral roots and increased the root volume and root surface area for P exploration (Jadhav and Gowda, 2012; Kumar et al., 2015). To investigate the root morphology differences among peanut germplasms under LP treatment, we performed scanning and analysis of roots using 235 germplasms. Scanning of root systems revealed variable changes among germplasms when exposed to LP (Figure 1). After quantifying the TRL, RSA, RV, ARD, and RTN of all germplasms, we found that these indexes display normal distribution through the population (Figure 2).
[image: Figure 1]FIGURE 1 | Root morphological of 12 germplasms under low-P (LP) and sufficient-P (SP) conditions.
[image: Figure 2]FIGURE 2 | Phenotypic distribution of 12 traits under low-P (LP) and sufficient-P (SP) conditions.
To clarify the effects of LP treatment on the P uptake capacity and root morphology, we performed comprehensive analysis of 12 traits (Table 2). Significant (p < 0.001) differences were detected among the populations under SP and LP conditions (Table 2; Figure 2). Compared to the SP condition, a significant increase (335%) was noted in PUR after LP treatment in all germplasms (Table 2). However, the range of relative value showed that the root morphology varied differently among germplasms after LP treatment. For example, fenghua6, Sichuanhongbaili, PI274193, and Toalson significantly increased (Figure 1, Supplementary Figure S3); Baisha1016, 03F032, and 07H226 decreased; and 98D080-2, Silicai (1), and Ji0608-228 significantly decreased (Supplementary Figure S2). Similar results were also found in the P uptake capacities among germplasms (Table 2). The mean value of RDW, TRL, RV, RSA, RTN, and SRL of the population all increased after LP treatment in comparison to SP condition, their relative values ranged from 1.17 to 1.46, and the increasing range was 28.57, 41.30, 27.44, 36.39, 21.88, and 13.19%, respectively. The ARD showed a relatively small change and decreased by 1.45%. The PUR_RDW, PUR_RL, PUR_RSA, and PUR_RV of the populations all increased under LP treatment. Their relative values were all greater than 3.4, and they increased significantly by 243, 201, 206, and 221%, respectively. The coefficients of variation (CVs) of all traits, except ARD, were close to or above 20% (Table 2). The hB2 of all traits ranged from 57.42 to 78.14%.
TABLE 2 | Phenotypic variation and analysis of variance (ANOVA) of investigated traits among peanut germplasms under low-P (LP) and sufficient-P (SP) conditions.
[image: Table 2]These findings indicated that LP stress induces the root growth and improves the P absorption efficiency of peanuts to ensure the plant gets enough P for the shoot growth (Figure 2). This regular pattern is universally valid throughout the peanut population.
Comparison of P Uptake Capacity Among Germplasms
Based on the average PUR of 235 germplasms after LP treatment, these germplasms were divided into three clusters: high P uptake capacity, medium P uptake capacity, and low P uptake capacity (Supplementary Figure S4, Figure 3A), which make up 20.4% (48), 46.4% (109), and 33.2% (78) of the population, respectively. Under SP conditions, the P uptake capacity of the high, medium, and low clusters was 0.63, 0.57, and 0.44 μmol h−1 plant −1, while under LP treatment, it was 3.42, 2.43, and 1.58 μmol h−1 plant −1, respectively.
[image: Figure 3]FIGURE 3 | Box and whisker plot showing differences in 12 traits among different P uptake capacity of peanut germplasms under low-P (LP) and sufficient-P (SP) treatments. (A) P uptake rate per plant (PUR), (B) root dry weight per plant (RDW), (C) total toot length (TRL), (D) root surface area (RSA), (E) root volume (RV), (F) root tip number (RTN), (G) average root diameter (ARD), (H) specific root length (SRL), (I) P uptake rate per unit root dry weight (PUR_RDW), (J) P uptake rate per unit root length (PUR_RL), (K) P uptake rate per unit root surface area (PUR_RSA), and (L) P uptake rate per unit root volume (PUR_RV). High, moderate, and low represent high, moderate, and low P uptake rates per plant, respectively. Horizontal lines inside boxes, median; white dot, mean; box hinges, first and third quartiles; whiskers, full range of the data; black dots represent outliers. *, **, and *** indicate significance at p < 0.05, p < 0.01, and p < 0.001, respectively.
The root morphology of germplasms belonging to each cluster was analyzed, respectively, to explore their relationship with P uptake capacity. As shown in Figure 3, under SP conditions, none of the 12 indexes showed significant differences among the three clusters. Under LP treatment, RDW, TRL, RSA, PUR_RDW, PUR_RL, PUR_RSA, and PUR_RV represented the extremely significant difference between the three clusters (Figures 3B–D,I–L), while the difference was not detected in RV and RTN of moderate and low clusters (Figures 3E,F). The ARD and SRL showed little variation between the three clusters (Figures 3G,H). These findings indicated that germplasms whose RDW, TRL, and RSA respond strongly to LP stress usually showed higher P uptake capacity.
Contributions of P Absorption Efficiency and Root Morphology to the P Uptake Capacity
To investigate the relationships between the root morphology and P uptake capacity, correlation analysis was conducted. As shown in Table 3, the PUR was significantly and positively correlated with the PUR_RDW, PUR_RL, PUR_RSA, and PUR_RV, with correlation coefficients greater than 0.600 under two P conditions. Significantly positive correlations were also found between the PUR and the RDW, TRL, RV, RSA, and RTN with correlation coefficients between 0.143 and 0.430 after LP treatment. In comparison with LP treatment, the PUR showed a weaker positive correlation with RDW, TRL, RV, and RSA, with correlation coefficients between 0.163 and 0.240 under SP conditions. These results show that the P absorption efficiency and root morphology were significantly correlated with P uptake capacity, and the correlation of P absorption efficiency was greater than that of root morphology. The PCA also underlined the importance of P absorption efficiency and root morphology under LP treatment, and the contribution of P absorption efficiency on the P uptake capacity was larger than that of root morphology (Figure 4).
TABLE 3 | Relationships between PUR and root morphology/P absorption efficiency traits under low-P (LP) and sufficient-P (SP) conditions.
[image: Table 3][image: Figure 4]FIGURE 4 | Principal component analysis (PCA) of genotype and genotype × trait interaction. SP_high, high P uptake rate per plant under sufficient-P treatment; SP_low, low P uptake rate per plant under sufficient-P treatment; SP_moderate, moderate P uptake rate per plant under sufficient-P treatment; LP_high, high P uptake rate per plant under low-P treatment; LP_low, low P uptake rate per plant under low-P treatment; LP_moderate, moderate P uptake rate per plant under low-P treatment. RDW, root dry weight per plant; TRL, total toot length; RSA, root surface area; RV, root volume; ARD, average root diameter; RTN, root tip number; SRL, specific root length; PUR_RDW, P uptake rate per unit root dry weight; PUR_RL, P uptake rate per unit root length; PUR_RSA, P uptake rate per unit root surface area; PUR_RV, P uptake rate per unit root volume.
To further explore the effects of P absorption efficiency and root morphology on the P uptake capacity, the PLS PM was also used. As shown in Figure 5, PLS PM (R2 = 0.960 under LP treatment, R2 = 0.875 under SP condition) showed that the effects of P absorption efficiency (coef = 0.868 under LP treatment, coef = 0.911 under SP condition) on P uptake capacity were larger than that on root morphology (coef = 0.520 under LP treatment and coef = 0.385 under SP condition) under the two P conditions. The effects of root morphology on P uptake capacity after LP treatment were larger than that under the SP condition, while the opposite result occurred in P absorption efficiency. The most impactful contributor to the root morphology was RSA > TRL > RDW under LP treatment and RDW > RSA under the SP condition. Under the LP treatment, PUR_RDW and PUR_RSA were the better single predictor in the P absorption efficiency component, followed by PUR_RL and PUR_RV. Under SP conditions, PUR_RDW and PUR_RL were both the best single predictor in the P absorption efficiency component, followed by PUR_RSA. These findings indicate that the P absorption efficiency, especially PUR_RDW and PUR_RSA, has a larger contribution to the P uptake capacity than root morphology under two P conditions; and the contribution of root morphology (mainly RSA) to P uptake capacity increased under LP treatment compared to the SP condition.
[image: Figure 5]FIGURE 5 | Partial least square-path models predicting PUR. (A) Low-P (LP) condition and (B) sufficient-P (SP) condition. Coef is the path coefficient. GoF, goodness of fit of the model; R2, coefficients of determination of the endogenous latent variables; RDW, root dry weight per plant; TRL, total toot length; RSA, root surface area; RV, root volume; ARD, average root diameter; RTN, root tip number; SRL, specific root length; PUR, P uptake rate per plant; PUR_RDW, P uptake rate per unit root dry weight; PUR_RL, P uptake rate per unit root length; PUR_RSA, P uptake rate per unit root surface area; PUR_RV, P uptake rate per unit root volume. Coef are significant at 95% confidence intervals (p value < 0.05).
Screening and Evaluation of Germplasms With High P Uptake Capacity
To compare the P uptake differences among germplasms, PCA and HCPC were performed on the P absorption efficiency and root morphology of 48 germplasms with high P uptake capacity after LP treatment. As shown in Figure 6A, the first two PCA components represented 74.4% of the total variability. Based on the PCA scores, the germplasms with high P uptake capacity were divided into four groups via HCPC (Figures 6B, 7). Group 1 (G1), encompassing 11 germplasms (such as EC7746 and Yangfanhuasheng), showed the higher PUR_RDW, PUR_RL, PUR_RSA, and PUR_RV after LP treatment but poor root morphology compared with other high P uptake capacity germplasms; group 2 (G2), encompassing 18 germplasms (such as Putiangoubi and Miandianhuasheng), showed medium to strong P absorption efficiency and well-developed root system after LP treatment; group 3 (G3), encompassing 7 germplasms (such as Huayu22 and Haiyangdalidun), presented the greatest PUR_RL, RV, ARD, and RDW, while the rest showed average behavior; and group 4 (G4), encompassing 12 germplasms (such as Fenghua4 and Sichuanhongbaili), showed higher RDW, TRL, RV, RSA, RTN, and SRL after LP treatment, but P absorption efficiency was lower than that in other high P uptake capacity germplasms. Under SP conditions, similar behaviors were found in the root morphology between four groups with LP treatment, but there was no significant difference in P absorption efficiency. These results suggest that the trade-off and coordination between P absorption efficiency and root morphology could result in similar levels of total P uptake under LP stress.
[image: Figure 6]FIGURE 6 | Principal component analysis (PCA) of P absorption efficiency traits and root traits under low-P (LP) treatment. (A) Variable covariance along with the first two components and (B) clusters formed with hierarchical classification on principal components (HCPC). RDW, root dry weight per plant; TRL, total toot length; RSA, root surface area; RV, root volume; ARD, average root diameter; RTN, root tip number; SRL, specific root length; PUR_RDW, P uptake rate per unit root dry weight; PUR_RL, P uptake rate per unit root length; PUR_RSA, P uptake rate per unit root surface area; PUR_RV, P uptake rate per unit root volume.
[image: Figure 7]FIGURE 7 | Box and whisker plot showing differences in 11 traits among high-P uptake capacity peanut germplasms under low-P (LP) and sufficient-P (SP) treatments. (A) Root dry weight per plant (RDW), (B) total toot length (TRL), (C) root surface area (RSA), (D) root volume (RV), (E) root tip number (RTN), (F) average root diameter (ARD), (G) specific root length (SRL), (H) P uptake rate per unit root dry weight (PUR_RDW), (I) P uptake rate per unit root length (PUR_RL), (J) P uptake rate per unit root surface area (PUR_RSA), and (K) P uptake rate per unit root volume (PUR_RV). High, moderate, and low represent high, moderate, and low P uptake rates per plant, respectively. Horizontal lines inside boxes, median; white dot, mean; box hinges, first and third quartiles; whiskers, full range of the data; black dots represent outliers.
DISCUSSION
P Uptake Strategies of Peanut Germplasm Under LP Stress
With the decrease in available P in soil, it is more and more important to select varieties with high P uptake efficiency and P utilization efficiency. Identification and evaluation of the P-efficient germplasms have been studied in many crops, including wheat (Soumya et al., 2021), rice (Kale et al., 2020), and soybean (Wang et al., 2010b). P-efficient germplasms are suitable for growth under LP conditions, which is conducive to decreasing the P fertilizer utilization and protecting the environment. In our study, 48 germplasms with higher P uptake capacity, possessing the stronger P absorption efficiency and well-developed root system under LP stress (Figure 3), were selected. These excellent varieties include both main cultivars (Zhonghua4 and Fenghua5), which are dominant in certain areas of cultivation, and some selected germplasms (02P175, etc.). This provides a basis for the selection and utilization of P-efficient germplasms in peanuts.
Although both P absorption efficiency and root morphology are essential for P acquisition, their costs and benefits in a specific context resulted in multiple coordination and trade-offs among traits (Lynch and Ho, 2005; Raven et al., 2018). Different P-uptake strategies were formed among germplasms (Lyu et al., 2016; Wen et al., 2019; Honvault et al., 2020). In this study, three P uptake strategies were identified among germplasms with high P uptake capacity according to their P absorption efficiency and root morphology (Figure 7). The first strategy presented a well-developed root system (with the largest TRL and RSA) but lower P absorption efficiency, encompassing Sichuanhongbaili, 51015-2, etc. This strategy was probably oriented toward available P uptake area, a well-developed root system could increase soil foraging, and lager TRL and RSA denote an important exploration of a given soil volume (Liu, 2021). The other strategy presented stronger P absorption efficiency, possessing the highest PUR_RDW, PUR_RSA, and PUR_RV, but poor root morphology compared with other high-P uptake capacity germplasms, encompassing Funongbaipi and Yinyou5. The high P absorption efficiency of these germplasms is probably due to the higher activity of P transporters in the root (Sun et al., 2012; Liu C. et al., 2018). The third strategy focused on the interaction of the root morphology and P absorption efficiency, including two situations: one is that all traits showed good performance; for example, Zhonghua4 had both stronger P absorption efficiency and a well-developed root system; the other presented high expressions of partly traits; for example, Huayu22 showed outstanding performance in PUR_RL, RV, and ARD, with other traits showing poor performance. This phenomenon also indicates that the regulation and interaction between traits are very complex (McCormack et al., 2015; Honvault et al., 2020). In practical application, the selection of germplasms with optimal P uptake strategies according to the change of environment not only improves the application value of germplasms but also the environmental P utilization efficiency.
The Variation of Root Morphology and P Absorption Efficiency After LP Treatment and Their Effects on P Uptake Capacity
The P uptake efficiency varied widely among genotypes and environments (Wissuwa and Ae, 2001; Patricio, 2016). The improvement of P uptake capacity is the key to coping with P-deficiency stress. Our results also demonstrated this view (Table 2, Figure 1). The higher P uptake efficiency is generally achieved by modifying root growth, such as superficial root architecture, exudation of organic acid anions (Wang et al., 2015; Falk et al., 2020; Bello, 2021; Liu, 2021), or enhancing the ability to transport P from the root surface into the plant body (such as the expression of high-affinity Pi transporters) (Sun et al., 2012; Lapis-Gaza et al., 2014). In this study, the P absorption efficiency and root morphology were significantly correlated with the P uptake capacity after LP treatment (Table 3), which showed that a higher P uptake capacity may be related to a stronger P absorption efficiency and well-developed root system.
The influx of P in soil is mainly by diffusion, but poor diffusion rates and mobility result in insufficient effectiveness of soil rhizosphere P, so modifying root growth plays an important role in P uptake (Havlin, 1999; Liu, 2021). It has been reported in rice (Vejchasarn et al., 2016), wheat (Deng et al., 2018), maize (Liu Z. et al., 2018), and cotton (Mai et al., 2018) that root trait response to P nutrition is complex and shows different variations among genotypes. For peanuts, the study of the changes in the root morphology under LP conditions is limited; only root length, root dry weight, secondary root number, and root volume have been studied (Krishna, 1997; Jadhav and Gowda, 2012; Kumar et al., 2015); and only dozens of peanut varieties were used in some studies (Krishna, 1997; Jadhav and Gowda, 2012). In this study, we evaluated 7 root morphology traits of 235 peanut germplasms with a broad geographic distribution and significant phenotypic variation in P efficiency. Extensive and significant differences in roots were found among germplasms after LP treatment (Table 2; Figure 1). For example, PI274193 significantly increased root dry matter accumulation, Baisha2-3 and Sichuanhongbaili display longer main roots and more lateral roots, Meiyinxuan41165 and Lainong10 exhibit longer lateral roots, Grif 12545 and Toalson showed more and longer lateral roots (Figure 1, Supplementary Figure S3), while Silicai (1), Ji0608-228, and 98D080-2 showed shorter root length and less lateral roots, and Baisha1016 and 03F032 were less affected (Supplementary Figure S2). This comprehensively reflected the diversity of root changes among peanut germplasms under LP conditions. Previous studies have found that the differences in root morphology traits such as root configuration and root length resulted in the change in P uptake efficiency among crops and varieties (Bello, 2021; Liu, 2021). In this study, significantly positive correlations were found between the PUR and the RDW, TRL RV, RSA, and RT after LP treatment (Table 3). Similar results were also found in maize (Gu et al., 2016) and wheat (Soumya et al., 2021). On this basis, we further underlined the RSA was the most impactful contributor to the P uptake capacity, followed by the TRL and RDW under LP treatment through PLS PM (Figure 5). This is mainly because lager RSA and TRL lead to a lager P uptake area, which is conducive to higher P uptake capacity (Liu, 2021). The aforementioned results were rarely reported in peanuts. These findings revealed the changes of root morphology traits among peanut germplasms under LP stress and proposed that root traits mainly influence P uptake capacity.
The plasma membrane-localized Pi transporter in the root regulates the P uptake (Sudhakar et al., 2018; Wang et al., 2018). The high-affinity transporter activity was enhanced after LP treatment, and a low concentration of extracellular P could be transported across the membrane into the cell, which was the main way to absorb P under LP conditions (Sudhakar et al., 2018; Wang et al., 2018; Liao et al., 2019). The transmembrane transfer activity can be improved by increasing the amount of transporter proteins while the unit transporter activity is unchanged. For example, the overexpression of ZmPT7 in maize (Wang et al., 2020), OsPHT1;3 and OsPht1;8 in rice (Jia et al., 2011; Chang et al., 2019), and TaPht1;4 in wheat (Liu et al., 2013) significantly enhanced the P uptake capacity, while the knockout lines represented reduced P uptake capacity. These may be the underlying mechanisms of high P absorption efficiency in some germplasms. Interestingly, we found that P absorption efficiency was positively correlated with P uptake capacity (Table 3; Figure 5). The contributor for the P absorption efficiency component was PUR_RDW > PUR_RSA > PUR_RL > PUR_RV, and the path coefficient of PUR_RDW and PUR_RSA was greater than 0.9. An increase in transporting activity of each transporter protein also increased P uptake capacity. In this study, the P absorption efficiency showed extensive variations among germplasms after LP treatment, but most germplasms significantly increased and showed different increasing ranges (Table 2; Figure 2). We hypothesized that the expression level of Pi transporter-encoding genes or transporting activity of Pi transporter was induced under LP stress in these germplasms. This will be helpful in the identification of high-affinity Pi transporters, selection, and breeding of high P-efficient cultivars.
While both higher P absorption efficiency and root morphology should benefit the P uptake, their contribution varied in different crops, varieties, and P conditions (Lyu et al., 2016; Wen et al., 2019; Honvault et al., 2020). Identification of P efficiency in the field requires heavy workload and a long working cycle and is susceptible to environmental factors. In this study, we found that P absorption efficiency was the critical factor affecting P uptake capacity for peanuts. After LP treatment, the correlation between P uptake capacity and P absorption efficiency (correlation coefficient >0.6) was larger than that between P uptake capacity and root morphology (correlation coefficient <0.5) (Table 3). PLS-PM also proved that the effect of P absorption efficiency on P uptake capacity (coef = 0.868) was greater than that of root morphology (coef = 0.520) (Figure 5). These findings provide new insights into the relationship between P uptake capacity and root morphology/P absorption efficiency and furnish important evaluation indexes for high P-efficient uptake germplasm selection. These results provide a reference for functional gene screening, mechanism studies, and further identification in the field.
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TRL 0.190" -0.038ns -0.430™ -0.351* -0.250" 0.758* 0.215* 650" 0.565* 0.644" 0.230"
RSA 0.210* -0.246 -0.329" -0.470* -0.503* 0.817* 0.770* 0.094ns 0.409" 0.163* 0.596"
RV 0.163* -0.343* -0.189" -0.444* -0.681* 0.501* 0.889* 0647 0.111ns -0.332" 0.674*
ARD -0.003ns -0.374* 0.141* -0.242 -0.472* -0.277*  0.294* 0.635" -0.391* -0.746™ 0.391*
RT 0.064ns -0.099ns -0.431* -0.341* -0.241* 0.818" 0.635" 0.360" .310" 0.327* 0.166*
SRL -0.020ns 0.302* -0.362" -0.097ns 0.104ns 0.614* 0.149% -0.211* . 716 0.632** -0.563*
ROW 0.243* -0.375* -0.014ns -0.242* -0.371* 0.328" 0.691* 0.803* 0.569" 0.211* -.0507**

RDW, root dy weight per plant; TRL, totallength; RSA, root surface area; RV, root volume; ARD, average root diameter; RTN, roots tip number; SRL, specific root length; PUR, P uptake
rate per plant; PUR_RDW, P uptake rate per unit root dry weight; PUR_RL, P uptake rate per unit root length; PUR_RSA, P uptake rate per unit root surface area; PUR_RV, P uptake rate.
per unit root volume. The upper-right diagonal and lower-left diagonal number indicated correlations obtained under LP condition and SP condition, respectively. ™" " and ‘ns" indlicate
significance at p<0.05, p<0.01, and no significant correlation, respectively.
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