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Effects of a phosphorus-dissolving agent on the phosphorus absorption of
rape and inorganic phosphorus fractions in reclaimed soil supplemented
with phosphorus fertilizers
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Abstract The availability of phosphorus is one of the main limiting factors in improving reclaimed soil fertility.
Phosphate-dissolving bacteria can activate recalcitrant phosphorus and enhance the available phosphorus
supply in soil. Investigation into the effects of phosphate-dissolving bacteria on inorganic phosphorus fractions
and bioavailability in reclaimed soil could provide a scientific basis for soil maturation and fertility improvement
of reclaimed soil in mining areas. A pot experiment was conducted to study the effects of phosphate-dissolving
bacteria on available phosphorus content, phosphatase activity, inorganic phosphorus fractions, and its
transformation in reclaimed soil, as well as the phosphorus absorption of potted rape. Phosphate rock powder
and tricalcium phosphate were used as exogenous phosphorus and added at the rate of 0.23 g P kg™ soil,
with the phosphorus-dissolving agent applied at a rate of 1.0 g kg™ soil. The results showed that inoculation
with phosphate-dissolving bacteria significantly increased the available phosphorus content, enzyme activity,
and phosphorus uptake by rape (P < 0.05). Inoculation with a phosphorus-solubilizing agent resulted in an
increase in available phosphorus content, phosphatase activity, rape fresh weight, and phosphorus uptake
in the combined treatments by 61.44%-65.77%, 95.49%-104.75%, 28.07%-33.89%, and 25.53%-33.33%,
respectively. Under the same phosphorus application amount, Ca,,-P was the main inorganic phosphorus
soil fraction in all treatments. Inoculating reclaimed soil supplemented with phosphate rock powder with a
phosphate-dissolving agent significantly reduced the amount and conversion rate of Ca,,-P, while increasing
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that of Cagz-P (P < 0.05). This indicates that phosphate-solubilizing agents promote the transformation of
Ca,-P to Cag-P. The combination of phosphate-solubilizing agent and tricalcium phosphate may promote the
transformation of Ca,,-P to Cag-P and Ca,-P, as well as O-P to Al-P. Available soil phosphorus, phosphatase
activity, and phosphorus absorption of rape were negatively correlated with Ca,,-P, and positively correlated
with Ca,-P, Cas-P, Fe-P, and Al-P (P < 0.05). This indicates that the increase of available phosphorus and
phosphatase in the soil, as well as the phosphorus absorption in rape is related to the decrease of Ca,,-P
and the increase of Ca,-P, Cag-P, Al-P, and Fe-P. Our results suggest that phosphorus-dissolving bacteria
could promote the transformation of inorganic phosphorus from Ca,,-P to Ca,-P and Cag-P, as well as O-P to
Al-P in reclaimed soil. This would therefore increase the content of available phosphorus in soil and improve
bioavailability of phosphorus for rape. In addition, phosphorus-dissolving bacteria had a greater effect on
rape growth and dissolving phosphorus in soil supplemented with tricalcium phosphate, compared to soil
supplemented with phosphate rock powder.

Keywords phosphorus solubilizing agent; reclaimed soil; inorganic phosphorus form; available phosphorus;

phosphorus absorption
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Table 1 Effects of phosphorus solubilizing bacteria on the contents of SOM, TP, Olsen-P and MBP in reclaimed soil (N = 3)

4 Treatment A HLITi SOM (wig kg™) 4= Total P (w/g kg™) A X Olsen-P (wmg kg™)  #W/EW & MBP (w/mg kg™)
CK 7.40 £ 0.59b 0.626 + 0.036b 10.61 £ 1.15¢ 5.32+1.21c
PR 7.20 £ 0.75b 0.821 £ 0.194a 13.33 £ 3.74c 6.76 £ 1.58¢c
PT 716 £ 0.86b 0.834 £ 0.192a 23.52 £ 6.81b 11.87 £ 3.21b
PR + PB 10.17 £ 0.93a 0.868 £ 0.123a 21.52 +5.23b 10.62 £ 3.12b
PT + PB 10.36 + 0.78a 0.867 + 0.076a 38.99 + 6.45a 20.34 +5.22a

CK. PR, PT. PR + PBLLKPT + PB/ /Xt IR MR8y, BERRES . B0 F)
SVHR 5 AR F)/NG PR R R AR FE ) 25 7 2% (P < 0.05) .

o+ I T TR 71 LA L B T 5+ 0 Tl T R AR B e M R P I (L e bt 22, HLIF)

CK, PR, PT, PR + PB and PT + PB indicate control, phosphate rock powder addition, tricalcium phosphate addition, phosphate rock powder +
phosphorus solubilizing agent and tricalcium phosphate + phosphorus solubilizing agent, respectively. Data in the table are mean * SD, and
numbers followed by different small letters in the same column mean significant difference among the treatments (P < 0.05).

F2 AREAINERTMERSTNBES FEMHE (Wmg kg™, N=3)

Table 2 Effects of phosphorus solubilizing bacteria on the concentrations

of inorganic phosphorus fractions in reclaimed soil (w/mg kg™, N = 3)

Tre%l\tri‘%ent Ca,-P Cag-P Fe-P Al-P O-P Ca,-P Total P
CK 9.03 £ 1.10d 1414 + 1.46¢C 29.77 £5.21b 32.96 + 4.58d 33.63 £ 2.75d 183.74 £ 8.51d 302.27 £ 17.4b
PR 12.86 £ 2.21cd 18.62 £ 4.27¢c 34.61 + 3.25b 31.88 £ 3.19d 40.84 + 3.33¢c 656.86 + 83.30a 795.67 £90.19a
PT 20.22 +2.89b 45.53 + 8.56b 49.27 + 8.32a 46.65 +6.61b 62.19 + 1.85a 517.81 £ 27.22b  741.67 +60.18a
PR+ PB 14.68 + 2.56¢ 39.90 + 4.24b 3715 £ 5.34b 39.02+4.24bc  42.63+7.59c 556.48 £39.39b 729.86 +40.17a
PT + PB 41.77 £ 4.16a 78.62 £ 12.11a 55.6 £ 8.27a 55.42 + 10.36a 53.3+6.63b 468.07 + 38.26c 752.78 + 34.12a

CK. PR. PT. PR + PBLL I PT + PB4y il 7mxt MR W6 . BERRAS . W0 )
B G AR RN S R R R ) 2 B (P<0.05) .

-+ V75 B 0 R DA R I B+ VA R R AR B R T B T I bR 2, ELIR)

CK, PR, PT, PR + PB and PT + PB indicate control, phosphate rock powder addition, tricalcium phosphate addition, phosphate rock powder +
phosphorus solubilizing agent and tricalcium phosphate + phosphorus solubilizing agent, respectively. Data in the table are mean + SD, and
numbers followed by different small letters in the same column mean significant difference among the treatments (P < 0.05).
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Fig. 1. Proportions of soil inorganic phosphorus fractions to total
inorganic phosphorus in different treatments (N = 3). CK, PR, PT,
PR + PB and PT + PB indicate control, phosphate rock powder addition,
tricalcium phosphate addition, phosphate rock powder + phosphorus
solubilizing agent and tricalcium phosphate + phosphorus solubilizing
agent, respectively. Different small letters above the bars indicate significant
difference among the treatments (P < 0.05).
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Table 3 Conversion rate of inorganic phosphorus in reclaimed soil with different treatments (P/%, N = 3)

A3 Treatment Ca,-P Cag-P Fe-P Al-P O-P Cay,-P
PR 0.78b 0.91c 0.98b -0.22¢ 1.66¢ 95.89a

PT 2.55b 7.14b 4.44a 3.12b 6.73a 76.03c

PR + PB 1.32b 6.02b 1.73b 1.42¢ 2.34c 87.17b
PT + PB 7.27a 14.31a 5.73a 4.99a 4.59b 63.11d

K. PR. PT. PR + PBULJPT + PBJ il & /m WGk B ES . WA -+ 38 B8 241 70 LR TR 405+ 0 WA BT I AR B [0 97 s J AR [ /N5 7 BRSO AR R ) 22 S5

B (P<0.05.

PR, PT, PR + PB and PT + PB indicated phosphate rock powder addition, tricalcium phosphate addition, phosphate rock powder + phosphorus
solubilizing agent and tricalcium phosphate + phosphorus solubilizing agent, respectively. Numbers followed by different small letters in the same

column mean significant difference among the treatments (P < 0.05).

R4 FHEFINERDIREEMHHZZE (N=3)

Table 4 Effects of phosphorus solubilizing bacteria on enzyme activities of the reclaimed soil (N = 3)

A2 Treatment W2l Phosphatase (A/mg g”')

Ik Urease (A/mg g”') AL Invertase (A/mg g”')

615/

CK 20.89 + 1.78¢c
PR 20.39 + 1.78¢
PT 2317 £2.82¢
PR + PB 39.47 £2.97b
RIKARE! 47.44 + 6.54a

11.05 £ 0.69d 18.72 + 0.86a
10.3 £0.67d 15.30 = 1.14b
13.29 + 1.58¢ 17.29 + 1.19ab
19.91 £ 1.54b 16.57 £ 0.08b
24.49 + 0.67a 19.49 + 1.67a

CK. PR, PT. PR + PBULJPT + PBJ il 7m0 ik B0 o IR 5%  BAEAT Wy -+ 378 0 81 ) DL S PR 45 + V3 Wl AT R0 AR B SR B P 2 (L bl 22, HLIF)

BHHR R NS

BEFRORAb B R) 2 7 35 (P < 0.05) .

CK, PR, PT, PR + PB and PT + PB indicate control, phosphate rock powder addition, tricalcium phosphate addition, phosphate rock powder +
phosphorus solubilizing agent and tricalcium phosphate + phosphorus solubilizing agent, respectively. Data in the table are mean + SD, and
numbers followed by different small letters in the same column mean significant difference among the treatments (P < 0.05).
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Table 5 Effects of phosphorus solubilizing bacteria on the growth and nutrient absorption of rape (N = 3)
Ab A b B o AR R & BRI
Treatment Fresh weight per plant (m/g) Dry weight per plant (m/g) P content (w/%) P absorption per plant (m/g)
CK 90.04 + 1.96d 6.83 £ 0.55¢c 0.063 + 0.001b 0.43 +0.06¢c
PR 94.01 £ 4.34d 7.20 + 0.62bc 0.065 £ 0.005b 0.47 £ 0.05¢c
PT 104.55 + 2.32¢ 8.40 £ 0.8b 0.072 £ 0.012ab 0.60 + 0.09b
PR + PB 120.40 + 9.99b 8.21+1.22b 0.073 + 0.003ab 0.59 +0.07b
PT + PB 139.98 £ 6.65a 9.96 £ 0.51a 0.080 * 0.005a 0.80 + 0.02a

CK. PR\ PT. PR + PBLLKPT + PBZJ3 il 7ok W B0 Ay BEIR A B Ho+ V6 0l 081 770 LA L 98 1 5 + V3 Wl AR AL 2. R b By P Il bRl 22 (N =

3) , HIFZIHE Jm AN F/NG TR R A B 2 57 3% (P < 0.05) .

CK, PR, PT, PR + PB and PT + PB indicate control, phosphate rock powder addition, tricalcium phosphate addition, phosphate rock powder +
phosphorus solubilizing agent and tricalcium phosphate + phosphorus solubilizing agent, respectively. Data in the table are mean + SD (N = 3),
and numbers followed by different small letters in the same column mean significant difference among the treatments (P < 0.05).

*6 TR AUH, MEMES. SHIREMBREES TN BE S BEXSR

Table 6 Correlation analysis between TP, Olsen-P, MBP, phosphatase, P absorption and different inorganic phosphorus fractions

A # Treatment Ca,-P Cag-P Cay-P Fe-P Al-P O-P
4 TP -0.045 0.050 0.335 -0.146 0.130 0.212
H %k Olsen-P 0.919” 0.827" 0.651° 0.855" 0.773" 0.246
Tk & P absorption 0.845" 0.840" 0.627° 0.734" 0.813" 0.165
W2 Phosphatase 0.673 0.772" 0.623 0.385 0.550 0.003
A= E % Microbial biomass phosphorus 0.891" 0.948" 0.734" 0.668" 0.824" 0.413

“P<0.01; "P<0.05.
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