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Abstract: To reduce the application of phosphorus fertilizer and improve phosphorus efficiency in
peanut (Arachis hypogaea L.) production, six peanut varieties with different phosphorus activation
efficiencies were selected, and the root morphology, physiological indexes, and types and content of
organic acids secreted were measured via a hydroponic experiment for 20 days. We analyzed the dif-
ference in calcium phosphate activation between peanut seedlings cultivated under low-phosphorus
(LP, 0.01 mmol/L KH2PO4) and normal phosphorus (NP, 0.6 mmol/L KH2PO4) conditions and
explored the physiological mechanisms of different peanut varieties on the activation efficiency of
insoluble inorganic phosphorus. The results showed that under LP conditions, the root length, root
surface area, root volume, root tip number, and root activity of the efficient P activation varieties
were 18.31%, 17.50%, 15.23%, 20.00%, and 50.90% higher than those of the inefficient P activation
varieties respectively. The reduction range of the nutrient solution pH of the high-efficiency varieties
was 74.48% higher than that of the low-efficiency varieties under LP conditions. The total amount of
organic acid secreted by the efficient P activation varieties increased by 236.07% on average under
LP conditions compared with that under NP conditions. In comparison, the average increase in
inefficient P activation varieties was only 16.36%. Under low P stress, the peanut varieties with
high-efficiency P activation could increase the activation of insoluble inorganic P in the environment
mainly by changing the root architecture and increasing the root-shoot ratio, root activity, and root
proton and organic acid secretion.

Keywords: peanut; phosphorus activation; dry matter accumulation; root morphology; root activity;
organic acid

1. Introduction

Phosphorus is an indispensable nutrient in crop growth, participating in various
physiological and biochemical processes in plants in various forms [1,2]. As one of the three
major oil crops in China, peanut (Arachis hypogaea L.) is renowned for its high nutritional
value and abundant oil and protein content. It plays an important role in our agricultural
economy and daily lives. Peanuts are a phosphorus-loving crop [3], and phosphorus plays
a crucial role in the growth and physiological processes of peanuts [4]. There are many P
fixation mechanisms in soil, including chemical precipitation, surface reaction, adsorption,
and biological absorption. Therefore, various fast-acting phosphorus compounds are easily
converted into slow-acting or ineffective compounds in soil [5], making it difficult for plant
roots to directly absorb and utilize phosphorus in soil [6–8]. Soil P deficiency is not a lack
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of total P, but a lack of available P available to crops. The lack of available P in soil has
become one of the most significant factors restricting crop production [9].

In most soils, inorganic P accounts for about 50–90% of the total amount of soil P.
Inorganic P in soil can be subdivided into calcium phosphate (Ca-P), aluminum phosphate
(Al-P), and iron phosphate (Fe-P), all of which are not easy for plants to use [10]. However,
crops can activate insoluble phosphorus in the soil that is difficult to directly absorb. The
rate of phosphorus activation reflects the ability of crops to activate insoluble phosphorus.
Increasing the P activation rate is the key to improving the P availability of crops [11].
Improving the activation efficiency of inactive phosphorus in the environment can mitigate
the problems caused by the excessive application of phosphorus fertilizer, such as water
eutrophication [12].

The findings of previous studies have unequivocally demonstrated that a low-phosphorus
environment contributes to the growth of roots, increases the APase activity secreted by
roots, and promotes the efflux of flavonoids and organic acids exerted by roots, thereby pro-
moting the recycling of insoluble phosphorus and organic phosphorus in soil [13]. Another
study showed that maize lines from Embrapa can significantly alter root morphology under
low-phosphorus conditions to enhance plant adaptability to low-phosphorus soils, while
maize lines from DTMA reduce root length and surface area under phosphorus-deficient
conditions [14], but the mechanism for this difference in peanuts has been scarcely studied.
So, in this study, we examined the differences in biomass, the quantity of organic acids and
protons secreted by roots exudate, and root morphology of peanut varieties with different
P activation efficiencies under low P stress using the hydroponic method to explore the
morphological and physiological mechanisms underlying the differences in the P activation
efficiency of different peanut varieties. The objective was to identify advantageous physio-
logical indicators of peanut varieties with high P activation efficiency. This research is of
great significance for breeding new peanut varieties with enhanced phosphorus efficiency
and optimizing the phosphorus fertilizer application technology applied to peanuts.

2. Materials and Methods
2.1. Location of Experiment

This research was conducted in September 2023 at the State Key Laboratory of Crop
Biology, Shandong Agricultural University. (36◦11′45′′ N, 117◦6′45′′ E).

2.2. Material

In order to study the difference in the inorganic phosphorus activation ability of peanut
varieties with different phosphorus activation efficiencies, six peanut varieties, including
three high-efficiency phosphorus activation varieties (Fenghua 6, Luhua 12, and Shanhua
8) and three inefficient phosphorus activation varieties (Fenghua 2, 04H671, and Zhonghua
12), were used as plant materials. The P activation rates of the different peanut varieties
were determined using an assay previously established in our laboratory [15]. Our group
stored all the germplasms.

2.3. Experimental Design and Implementation

Initially, full and uniform-size peanut seeds were selected and then submerged in
0.1% hydrogen peroxide solution for 6 h. Subsequently, the peanut seeds were rinsed with
deionized water four times and transferred to a germinating tray lined with absorbent
cotton. Then, the tray was covered with plastic wrap after adding approximately 1 L of
deionized water. After germination at 22–25 ◦C for 3 d in the dark, the peanut seeds were
cultured with light applied until the cotyledon had fully unfolded. After the cotyledons had
unfolded, the peanut seedlings were transferred to a 12-well hydroponic box containing
1.4 L of deionized water to balance for 3 d. Then, the peanut seedlings were cultured in
Hoagland nutrient solution with low phosphorus (LP, 0.01 mmol/L KH2PO4) and normal
phosphorus (NP, 0.6 mmol/L KH2PO4) for 16 d, respectively. During this 16 d period, the
nutrient solution was changed every 4 d, the temperature was maintained at 24 ± 1 ◦C,
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and the light intensity was 20.9 Klux during the 16 h light cycle, followed by an 8-h
darkness cycle.

After a 16-day treatment with LP and NP concentrations, the plants were transferred
to a nutrient solution with a concentration of 2.86 mmol/L of calcium phosphate and
a volume of 1.4 L. The pH of the nutrient solution was monitored daily. The calcium
phosphate residual concentration in the nutrient solution, root morphology, phosphorus
activation rate, root exudates, and other related parameters were determined after 4 d
of treatment.

2.4. Determination Items and Methods
2.4.1. Peanut Root Morphological Index

The peanut plants were carefully removed from the hydroponic box, rinsed with
deionized water, and then divided into ground and root parts. The root length, surface area,
volume, average diameter, and number of root tips were analyzed using a WANSHEN
root scanner.

2.4.2. Peanut Phosphorus Activation Rate

The P activation rate per plant (PAR, mg d−1 plant−1) [16] signifies the quantity of
P activated per peanut plant in unit time. The specific approach is as follows: Firstly, the
insoluble calcium phosphate adsorbed on the plant roots was washed off with deionized
water. Secondly, the flushing solution was mixed with the nutrient solution, 10 mL of
dilute hydrochloric acid was added to completely dissolve the insoluble calcium phosphate,
the volume was fixed to 1.4 L, the mixture was stirred evenly using a glass rod, and
then a 10 mL centrifugal tube was used for sampling. Lastly, the content of calcium
phosphate in the nutrient solution was determined using the molybdenum antimony
anti-colorimetric method.

PAR =
Q− C V

h× N
, (1)

Here, Q is the amount of insoluble phosphorus incorporated into the stock solution,
C is the P concentration of the nutrient solution after activation, V is the volume of the
nutrient solution after activation, h is the activation time, and N is the number of plants in
each box.

Subsequently, the P activation rate per unit of root dry weight (PAR_RDW), the P activity
rate per unit root length (PAR_RL), the P activation rate per unit root surface area (PAR_RSA),
and the P activation rate per unit root volume (PAR_RV) were calculated further.

2.4.3. Root–Shoot Ratio

The above-ground and root portions of the plant were dried at 105 ◦C for half an hour
and then at 80 ◦C for 48 h (until reaching a constant weight) separately, and the dry weight
was determined to calculate the root–shoot ratio.

2.4.4. Root Activity

After 4 d of treatment with insoluble calcium phosphate, the aboveground and under-
ground parts of the peanut seedlings were separated using scissors, and three complete
roots were taken from each repeated treatment. Furthermore, 0.5 g of fresh peanut root tip
samples with basically the same thickness and length were used to measure root activity
via the staining method involving 2,3,5-triphenyl tetrazolium chloride (TTC) [17].

2.4.5. Root Secretion Capacity of H+

While being treated for 16 to 20 d, the nutrient solution pH values of each treatment
were determined daily using a pH meter. Each treatment had three replicates, and each
replicate was measured three times.
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2.4.6. Collection and Determination of Organic Acids Secreted by Roots

The seedlings were carefully removed from the culture box, avoid inflicting root
injuries. After washing the roots with deionized water, the roots were completely immersed
in a triangle bottle containing 60 mL of distilled water (1 plant/bottle). Microbial inhibitors
(thymol) were quickly added to the distilled water to suppress the decomposition of root
secretions by microorganisms while keeping the root in darkness and exposing the aerial
parts to light. After 2 h of reaction, the peanut seedlings were removed, and the collection
solution was collected into a 15 mL centrifuge tube. The collection solution was blow-dried
with nitrogen, and 1 mL of mobile phase was added; then, organic acid concentrations were
determined using ultra-high performance liquid chromatography after filtration using a
0.22 µm filter membrane. In the ultra-high-performance liquid chromatography process,
the flow rate was set to 1.0 mL min−1, the column temperature was set to room temperature,
the sample size employed was 10 µL, and full-wavelength scanning was performed using
a photo-diode array and octadecylsilyl. To ensure effective sample separation, detection
was performed at 205 nm.

2.5. Statistical Analysis

Microsoft Excel 2016 and Origin 2022 were used for data analysis and chart generation.
SPSS 26.0 statistical software was employed for descriptive statistical analysis, variance
analysis, multiple comparisons (using the LSD method), and correlation analysis of the
experimental data.

3. Results
3.1. Phosphorus Activation Rate of Different Peanut Varieties

There were significant differences in PAR, PAR_RDW, PAR_RL, PAR_RSA, and PAR_RV
among the six peanut varieties under NP conditions (Table 1). The P activation rate per
plant for the three high-P activation efficiency varieties were notably elevated compared
to those of the three low-P activation efficiency varieties. Remarkably, Fenghua 6 had
the highest P activation rate per plant, being 162.18% higher than that of 04H671, which
had the lowest P activation rate per plant. Similarly, the P activation rate per unit root
dry weight of the six peanut varieties also exhibited considerable variation, with the rate
for the high-activation varieties being significantly lower than those of the low-activation
varieties. The P activation rate per unit root length of the high-activation varieties were
distinctly higher than those of the low-activation varieties, with the average rate for the
three high-activation varieties being 162.90% higher than that of the low-activation varieties.
Furthermore, there were significant differences in the P activation rate per unit root surface
area among the six peanut varieties. Luhua 12, with the highest P activation rate per unit
root surface area, had a value that was 313.00% higher than that of 04H671, which had the
lowest. Lastly, the P activation rate per unit root volume of the high-activation varieties
was significantly higher than those of the low-activation varieties. The average P activation
rate per unit root volume of the three efficient P activation varieties was 239.60% higher
than that of the inefficient P activation varieties.

There were significant differences in PAR, PAR_RDW, PAR_RL, PAR_RSA, and PAR_RV
among the six peanut varieties under LP conditions (Table 2). The P activation rate per plant
of the efficient P activation varieties were significantly higher than those of the inefficient
P activation varieties. Shanhua 8 had the highest P activation rate, being 207.61% higher
than that of Fenghua 2, which had the lowest P activation rate per plant. Furthermore, the
varieties with high activation showed a significantly lower phosphorus activation rate per
unit root dry weight compared to those with low activation. The three varieties with high
P activation efficiency showed significant advantages in P activation rate per root surface
area and per root length. The average P activation rate per root surface area of the efficient
P activation varieties was 137.61% higher than that of the inefficient P activation varieties.
In terms of P activation rate per unit root volume, the efficient P activation varieties were
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significantly better than the inefficient P activation varieties, with an average increase
of 141.03%.

Table 1. The phosphorus activation rate of six peanut varieties under NP conditions.

Varieties
PAR PAR_RDW PAR_RL PAR_RSA PAR_RV

mg d−1 Plant−1 mg d−1 g−1 µg d−1 cm−1 µg d−1 cm−2 mg d−1 cm−3

Fenghua 6 8.18 ± 0.75 a 12.88 ± 0.39 d 14.70 ± 0.27 b 99.43 ± 1.11 b 5.56 ± 0.23 a
Luhua 12 8.15 ± 0.01 a 13.07 ± 0.51 d 15.71 ± 0.26 a 101.64 ± 1.00 a 5.75 ± 0.13 a
Shanhua 8 6.08 ± 0.39 b 24.58 ± 0.99 c 15.44 ± 0.27 a 97.68 ± 0.46 c 5.67 ± 0.12 a
Fenghua 2 4.72 ± 0.34 c 24.59 ± 0.39 c 5.58 ± 0.43 d 38.23 ± 0.99 e 2.30 ± 0.01 b

04H671 3.12 ± 0.16 d 39.34 ± 0.83 a 4.50 ± 0.49 e 24.61 ± 0.63 f 0.97 ± 0.08 d
Zhonghua 12 4.41 ± 0.26 c 27.83 ± 0.57 b 7.36 ± 0.26 c 44.07 ± 0.46 d 1.73 ± 0.01 c

Note: The different lowercase letter in each column indicates that the difference has reached a significant level
(p < 0.05).

Table 2. The phosphorus activation rate of six peanut varieties under LP conditions.

Varieties
PAR PAR_RDW PAR_RL PAR_RSA PAR_RV

mg d−1 Plant−1 mg d−1 g−1 µg d−1 cm−1 µg d−1 cm−2 mg d−1 cm−3

Fenghua 6 9.89 ± 0.25 b 14.26 ± 0.56 e 10.03 ± 0.33 c 57.59 ± 0.53 a 2.88 ± 0.10 a
Luhua 12 10.72 ± 0.35 a 14.75 ± 0.74 e 10.97 ± 0.30 b 57.75 ± 0.36 a 2.41 ± 0.05 b
Shanhua 8 10.92 ± 0.40 a 16.75 ± 0.77 d 11.97 ± 0.59 a 55.54 ± 0.68 b 2.23 ± 0.02 c
Fenghua 2 3.55 ± 0.12 e 46.67 ± 0.54 a 3.28 ± 0.27 f 19.08 ± 0.49 e 0.93 ± 0.10 e

04H671 4.71 ± 0.31 d 34.64 ± 0.52 b 4.81 ± 0.30 e 23.64 ± 0.04 d 1.01 ± 0.05 e
Zhonghua 12 6.26 ± 0.26 c 31.33 ± 0.20 c 5.51 ± 0.39 d 29.20 ± 0.49 c 1.18 ± 0.07 d

Note: The different lowercase letter in each column indicates that the difference has reached a significant level
(p < 0.05).

3.2. Root Morphology of Peanut Varieties with Different P Activation Efficiencies

The root length of the six peanut varieties had extremely significantly increased under
LP conditions compared with those under NP conditions (Figure 1, Table 3). There were
significant differences in root length among the different peanut varieties under the same
phosphorus level (p < 0.001). Under LP conditions, the root length of the high-efficiency
varieties were significantly longer than those of the low-efficiency varieties. The root length
of the three high-efficiency varieties was 18.31% higher than that of the three low-efficiency
varieties. There were extremely significant differences in root surface area among the
treatments and varieties. Compared with that under NP conditions, the root surface area of
the efficient variety Fenghua 6 under LP conditions increased by 19.54%, while that of the
inefficient variety Fenghua 2 decreased by 2.06%. There were significant differences in root
volume, average root diameter, and root tip number among the different peanut varieties
under conditions with the same phosphorus level. However, there were no significant
differences in root volume, mean root diameter, and number of root tips between LP
and NP for the same varieties. Comparing the same peanut variety under LP and NP
conditions (Table 3), the root length and root surface area of the six peanut varieties under
LP conditions were significantly higher than those under NP conditions, but their root
volume, mean diameter, and root tips were not significantly higher than those under
NP conditions.
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Figure 1. Root morphology of six peanut varieties under NP and LP conditions.

Table 3. Root morphological indexes of six peanut varieties under NP and LP conditions.

Varieties
Root Length (cm) Root Surface

Area (cm2) Root Volume (cm3) Mean Diameter
(mm) Root Tips

LP NP LP NP LP NP LP NP LP NP

Fenghua 6 1444.25 a 1333.86 a 297.25 a 248.67 b 7.53 c 6.03 c 0.75 c 0.68 f 860.67 a 919.67 a
Luhua 12 1397.57 a 1090.54 cd 299.21 a 264.99 a 9.77 a 9.49 a 0.81 a 0.86 a 857.67 a 738.83 c
Shanhua 8 1432.66 a 1135.7 c 263.48 b 223.39 c 6.83 e 6.7 b 0.67 e 0.71 e 766 b 690.5 d
Fenghua 2 1232.38 b 1240.31 b 246.61 c 251.79 b 8.65 b 6.74 b 0.8 b 0.73 d 739 c 739.2 c

04H671 1131.12 c 1031.01 e 224.21 d 213.77 c 5.15 f 5.79 d 0.74 cd 0.74 c 615.75 e 763.75 b
Zhonghua 12 1249.38 b 1073.64 de 261.06 b 224.67 c 7.14 d 6.66 b 0.74 d 0.76 b 715.5 d 672.17 e

V *** *** *** *** ***
T *** *** ns ns ns

V × T * * * * ***

Note: LP-low-phosphorus conditions; NP-normal phosphorus conditions; V—Varieties; T—Treatment. * and
*** after the same column data indicate that there are significant differences at the p < 0.05 and p < 0.001 levels,
respectively, and ns indicates that the difference is not significant. The different lowercase letter in each column
indicates that the difference has reached a significant level (p < 0.05).

3.3. Root–Shoot Ratio of Peanut Varieties with Different P Activation Efficiencies

The root–shoot ratio is the ratio of the dry weight of a plant’s root to the dry weight of
its aboveground part. Figure 2 shows that the root–shoot ratio of the three varieties with a
high efficiency of phosphorus activation under LP conditions were significantly higher than
those under NP conditions, with an average increase of 29.54%, among which Fenghua 6
had the highest increase of 32.09%. The increases in the root–shoot ratio of Luhua 12 and
Shanhua 8 were 27.83% and 28.71%, respectively. The root–shoot ratio of the three varieties
with low P activation efficiency did not significantly improve under LP conditions.
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3.4. Root Activity of Peanut Varieties with Different P Activation Efficiencies

As shown in Figure 3, the root activity of the other five peanut varieties increased
under LP conditions, except for that of Fenghua 2. Under NP conditions, Shanhua 8,
Fenghua 2, and 04H671 had significantly higher root activity than the other varieties.
Under LP conditions, the root activity of Luhua 12 and Shanhua 8 was significantly
higher than that of the other varieties. The root activity of the high phosphorus activation
varieties Fenghua 6, Luhua 12, and Shanhua 8 increased by 49.69%, 66.37%, and 40.91%,
respectively, under LP conditions as compared with NP conditions. Compared with NP
conditions, the root activity of 04H671 and Zhonghua 12 with low P activation efficiency
increased by 1.59% and 14.22% under LP conditions, respectively, while that of Fenghua 2
with low P activation efficiency decreased by 13.85%. The increase in the root activity of
the efficient P activation varieties was significantly higher than that of the inefficient P
activation varieties.
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3.5. H+ Secretion Ability Peanut Varieties with Different P Activation Efficiency

H+ secretion by peanut roots could keep the nutrient solution in a weakly acidic state,
which was beneficial to the activation of insoluble calcium phosphate and its subsequent
transformation into available phosphorus that could be directly utilized. The pH of the
nutrient solution decreased under NP and LP conditions for all six peanut varieties, but the
magnitudes of the decrease were different (Figures 4 and 5). The varieties with efficient
phosphorus activation (Fenghua 6, Luhua 12, and Shanhua 8) showed an average decrease
in nutrient solution pH of 4.56% under NP conditions, and an average decrease in nutrient
solution pH of 8.71% under LP conditions. The varieties with low-efficiency phosphorus
activation (Fenghua 2, 04H671, and Zhonghua 12) showed an average decrease in nutrient
solution pH of 4.12% under NP conditions and an average decrease in nutrient solution pH
of 4.99% under LP conditions. Among them, the efficient variety Shanhua 8 exhibited a
384.30% higher decrease in the pH of nutrient solution under LP conditions than that under
NP conditions, and the inefficient variety 04H671 exhibited a 0.81% higher decrease in the
pH of the nutrient solution under LP conditions than that under NP conditions. These
findings indicate that highly activated varieties exhibit superior H+ secretion ability under
LP conditions, thereby facilitating the activation process of insoluble calcium phosphate.
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3.6. Organic Acids Secreted by Roots of Peanut Varieties with Different P Activation Efficiencies

Oxalic acid, tartaric acid, formic acid, and acetic acid were secreted by the six peanut
varieties under both NP and LP conditions (Table 4). There were significant differences in
the quantity of organic acids secreted by the roots of the different peanut varieties both
under NP and LP conditions. The ratio of oxalic acid content to total organic acid secretion
was the largest among the four detected organic acids. Under NP and LP conditions, the
average oxalic acid secretion levels of the six peanut varieties accounted for 91.04% and
93.24% of the total amount of organic acid secretion, respectively. The levels of organic
acids secreted by the three varieties with a high efficiency of phosphorus activation under
LP conditions were 236.07% higher than those under NP conditions, while the levels of
organic acids secreted by the three varieties with a low efficiency of phosphorus activation
under LP conditions were 16.36% higher than those under NP conditions. Fenghua 6
was the peanut variety with the highest total amount of organic acid secretion in roots
under both NP and LP conditions. Compared with that of roots under NP conditions,
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the total amount of organic acid secreted by the roots of the efficient variety Luhua 12
was strikingly increased by 649.82% under LP conditions, constituting the highest amount
among all the varieties. The results showed that the P-activated efficient varieties could
secrete more organic acids under LP conditions for the purpose of activating insoluble
inorganic phosphorus in the low-phosphorus environment.

Table 4. The types and concentrations of organic acids secreted by different peanut varieties under
NP and LP conditions (mg/g).

Varieties
Oxalic Tartaric Formic Acetic Total Amount

NP LP NP LP NP LP NP LP NP LP

Fenghua 6 0.3281 a 0.6642 a 0.0225 a 0.0374 a 0.0012 b 0.0030 a 0.0010 b 0.0070 a 0.3528 a 0.7115 a
Luhua 12 0.0720 e 0.6041 a 0.0084 d 0.0157 cd 0.0017 a 0.0024 b 0.0013 a 0.0023 b 0.0833 f 0.6246 b
Shanhua 8 0.1321 d 0.6101 a 0.0147 c 0.0168 c 0.0009 c 0.0017 d 0.0013 a 0.0014 c 0.1489 e 0.6299 b
Fenghua 2 0.1797 c 0.1428 d 0.0161 bc 0.0252 b 0.0010 c 0.0019 c 0.0010 b 0.0012 cd 0.1976 d 0.1711 e

04H671 0.2123 b 0.2648 c 0.0145 c 0.0161 cd 0.0012 b 0.0020 c 0.0009 b 0.0014 c 0.2288 c 0.2842 d
Zhonghua 12 0.3146 a 0.4111 b 0.0173 b 0.0151 d 0.0010 c 0.0017 d 0.0007 c 0.0009 d 0.3334 b 0.4288 c

Note: the different lowercase letter in each column indicates that the difference has reached a significant level
(p < 0.05).

3.7. Correlation Analysis of Root Morphology and Root Exudates in Peanut Varieties with
Different P Activation Efficiencies

According to Figure 6, the P activation amount per plant was significantly positively
correlated with the P activation rate per root length (0.61 *), root tip number (0.67 *), and
root activity (0.65 *). It was very significantly positively correlated with root length (0.74 **),
root surface area (0.76 **), the pH reduction value of the nutrient solution (0.82 **), and the
organic acid amount secreted by roots (0.86 **) but very significant negatively correlated
with P activation rate per root dry weight (−0.82 *). Additionally, the reduction in nutrient
solution pH was very significant positively correlated with root length (0.77 **), root surface
area (0.78 **), the amount of organic acids secreted by roots (0.82 **), and the number of
root tips (0.62 **).
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4. Discussion
4.1. Determination of the Amount of Activated Phosphorus

The difference between the two calcium phosphates over a four-day period lay in the
amount of calcium phosphate activated in the peanut roots. This was calculated while
operating on the assumption that the activated calcium phosphate was completely absorbed,
but in the actual process, there is still activated but not absorbed available phosphorus left
in the nutrient solution, which will lead to a relatively low activation amount of peanut
measured, thus reducing the calculated activation rate of the peanut plants. Although this
method still needs to be further optimized, it can accurately reflect the activation efficiency
of peanut varieties with different phosphorus activation efficiencies and has little effect on
the analysis of the physiological mechanism of their activation efficiency.

4.2. Root Morphology of Peanut Varieties under Different P Concentrations

Wu [18] found that plants have higher root plasticity under low P conditions so that
they can better absorb phosphorus in the environment. Fan [19] pointed out that crops
will expand their root system and increase their exploration of soil so as to obtain more
phosphorus from phosphate-deficient soil. Meng [20] found that P deficiency significantly
reduced the dry weight of leaves and stems of grapefruit (Citrus paradisi Mcfad.) seedlings,
but the dry weight of roots remained unchanged, which ensured the ability of the roots
to activate P. In this study, the root morphology of the six peanut varieties changed under
the two different conditions tested, i.e., NP and LP, and the root lengths of the three high-
efficiency phosphorus activation varieties under LP conditions were significantly higher
than those of the three low-efficiency phosphorus activation varieties. The root lengths of
the six peanut varieties under LP treatment were significantly longer than those under NP
treatment, and this finding is consistent with the findings reported in a study by Ao [21].
Under LP conditions, there were significant differences in root surface area among the six
peanut varieties. The root surface areas of the peanut varieties with efficient phosphorus
activation were significantly higher than those of the peanut varieties with inefficient
phosphorus activation. The increase in root surface area was conducive to increasing
the contact area between peanut roots and the external environment and expanding the
scope of rhizosphere soil. According to Nguyen [22], the higher root P concentration
in wheat (Triticum aestivum L.) may be due to increased root length and decreased root
diameter, which increase the surface area for P uptake. Maize (Zea mays L.) and soybean
(Glycine max (L.) Merr.) had higher root biomass and root length and enhanced P spatial
availability by expanding their root surface area. There was no significant difference in the
root volume of the peanuts under different P concentrations, but there was a significant
difference among the different peanut varieties, indicating that the root volume was mainly
related to the tested variety. It is worth noting that Luhua 12 has the highest root volume
and mean diameter under LP conditions among the six varieties. The high-efficiency
phosphorus activation varieties exhibited superior root morphology compared to the low-
efficiency phosphorus activation varieties. Specifically, the root length, root surface area,
and root tip number of the high-efficiency phosphorus activation varieties were significantly
higher than those of the low-efficiency phosphorus activation varieties. Greater root length
and surface area aid peanut roots in coming into contact with more phosphorus in the
environment, while a larger number of root tips facilitates phosphorus absorption by
peanuts. Specifically, under LP conditions, both root length and root tips of Fenghua 6 are
the highest among the six varieties, but Luhua 12 has the highest root surface area.

4.3. Organic Acid Secretion in Roots of Peanut Varieties under Different P Conditions

Previous studies have shown that crop roots are induced and secrete organic acids to
reduce the pH of the rhizosphere when sensing low-P stress. Such an acidic environment
is conducive to dissolving insoluble phosphate, converting it into soluble available P, and
promoting plant P absorption [23–26]. The secretion of organic acids is part of a plant’s
survival strategy for coping with nutrient deficiencies in the environment [27]. In this



Agriculture 2023, 13, 2270 12 of 14

experiment, the total organic acid secretion of the high-efficiency phosphorus activation
varieties was significantly higher than that of low-efficiency phosphorus activation varieties,
indicating that high-efficiency phosphorus activation varieties have better adaptability
under low-phosphorus conditions than the low-efficiency phosphorus activation varieties;
this conclusion is consistent with the above research results. Leguminous plants such as
pigeon pea (Cajanus cajan L. mills sp.) [28] and narrow-leafed lupin (Lupinus albus L.) [29]
significantly increase their secretion of low-molecular-weight organic acids under low-
phosphorus conditions. Studies have demonstrated that various organic acids exhibit
differing capacities to activate insoluble phosphates, with citric acid demonstrating the
highest efficacy, followed by oxalic acid, tartaric acid, malic acid, and acetic acid [30].
Mander [31] found that oxalic acid can chelate calcium bound to phosphate or compete
with phosphate for adsorption sites through its hydroxyl and carboxyl groups. This
mechanism results in the dissolution and increased availability of mineral phosphate [32].
In this study, four kinds of organic acids were detected, among which oxalic acid accounted
for the largest proportion (83.48–96.85%), and this finding is consistent with the results of
previous studies. The study by Zhao [33] revealed that plant roots secrete a larger quantity
of organic acids under phosphorus deficiency conditions relative to those administered a
phosphorus supply treatment, thereby enhancing the activation and absorption capacity of
rice roots towards insoluble phosphorus. In this experiment, peanut roots secreted a greater
amount of organic acid under the low-phosphorus (LP) treatment compared to that under
the normal-phosphorus (NP) treatment. Specifically, the average total organic acid secretion
of the high-efficiency varieties under low-phosphorus conditions was 122.37% higher than
that of the low-efficiency varieties. The organic acid secretion ability of peanuts under LP
conditions was higher than that under NP conditions, and the organic acid secretion ability
of the varieties with a high efficiency of phosphorus activation was higher than that of
the varieties with a low efficiency of phosphorus activation. It is worth noting that the
secretion of oxalic, tartaric, formic, and acetic acid of Fenghua 6 under LP conditions was
significantly higher than that of the other five varieties, and its secretion of total organic
acids under LP and NP conditions was also significantly higher than that of the other
varieties, which may be the reason for the high phosphorus activation efficiency of Fenghua
6, and this also the physiological mechanism of the difference in activation efficiency from
the aspect of organic acid secretion in roots.

5. Conclusions

Peanut varieties with high-efficiency P activation could activate insoluble inorganic
P by changing their root architecture, improving their root–shoot ratio and root activity,
and increasing root H+ and organic acid secretion under low-phosphorus stress. The
varieties with high P activation efficiency showed better adaptability than varieties with
low P activation efficiency. The mechanisms by which different phosphorus activated
efficient varieties respond to low-phosphorus stress are different. Specifically, under LP
conditions, Fenghua 6 has a higher amount of organic acid secretion, Luhua12 has a good
root morphology, and Shanhua 8 has a high root–shoot ratio and high root vitality. The
traits identified in this study can serve as valuable screening criteria for evaluating the
phosphorus activation efficiency of different peanut varieties, and the activated varieties
with high phosphorus efficiency can be used as excellent materials for peanut breeding.
However, the means by which these experimental results can be better applied under
hydroponic conditions to production practice will be the focus of our future research.
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