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ORIGINAL ARTICLE

Rhizosphere calcareous soil P-extraction at the expense of organic
carbon from root-exuded organic acids induced by phosphorus
deficiency in several plant species

Kuan ZHAO1 and Yanyou WU1,2

1Key Laboratory of Modern Agricultural Equipment and Technology, Chinese Ministry of Education, Jiangsu University, Zhenjiang,
212013, P.R.China and 2State Key Laboratory of Environmental Geochemistry, Institute of Geochemistry, Chinese Academy of
Sciences, Guiyang, 550002, P.R.China

Abstract

The amount of organic acids in root exudates rapidly increases under phosphorus (P) deficiency. Loss of
carbon from root-exuded organic acids, which are derived from plant net photosynthetic products, is
generally considered negligible. The present study aimed to study the characteristics of root-exuded organic
acids, extraction of phosphorus (P extraction) in calcareous soil and the expression of organic carbon from
root-exuded organic acids in two woody Moraceae plants (Broussonetia papyrifera L. Vent and Morus alba
L.) and two herbaceous cruciferous plants (Orychophragmus violaceus L. Schulz and Brassica napus L.)
under two P levels (P-normal and P-deficient). P extraction and the amount of root-exuded organic acids
simultaneously and disproportionately increased in the four plant species tested under P deficiency. The
maximum P-extracting capability of the four plant species was observed after 40 days of treatment.
Additionally, the response of root-exuded organic acids induced by P deficiency was species-specific. B.
papyrifera extracted more P in calcareous soil, and expended less organic acid for the same P-extraction than
M. alba. Similarly, O. violaceus extracted more P in calcareous soil, and consumed less organic acid for the
same level of P-extraction than B. napus. Root-exuded oxalic and malic acids accounted for most of the
increment of P extraction in woody Moraceae plants, while root-exuded citric acid accounted for most of the
increment in P extraction in herbaceous cruciferous plants. B. papyrifera and O. violaceus exhibited the
strongest P-extracting capability at lower expense of organic carbon over the treatment duration in the four
plant species. O. violaceus had the most rapid response of root-exuded organic acids to P deficiency, while B.
napus had the slowest response. Thus, rapid response with low organic carbon cost and high efficiency of
extraction on P in calcareous soil may underlie the strong adaptability of B. papyrifera and O. violaceus to a
Karst environment.

Key words: Broussonetia papyrifera, calcareous soil, adaptability to Karst environment, Orychophragmus
violaceus, root exudates.

INTRODUCTION

Root exudation is by far the biggest component of
rhizodeposition (Nguyen 2003). A great majority of
plants have been proven to release root exudates

consisting of inorganic anions/cations, organic acids,
amino acids, sugars, phenolics, enzymes, vitamins and
other substances (Jones 1998). Root-exuded organic
acids such as malic, citric and oxalic acids have been
proposed to play pivotal roles in many rhizosphere pro-
cesses (Walker et al. 2003). Numerous studies have indi-
cated that the amount of organic acids in root exudates
rapidly increases under conditions of low nutrient avail-
ability, such as phosphorus (P) and zinc (Zn) deficiency
(Shahbaz et al. 2006; Broadley et al. 2010; Carvalhais
et al. 2011). P is one of the major limiting factors

Correspondence: Y.Y. WU, State Key Laboratory of
Environmental Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences, Guiyang 550002, China. Email:
wuyanyou@vip.gyig.ac.cn
Received 29 December 2013.
Accepted for publication 10 June 2014.

Soil Science and Plant Nutrition (2014), 60, 640–650 http://dx.doi.org/10.1080/00380768.2014.934191

© 2014 Japanese Society of Soil Science and Plant Nutrition

D
ow

nl
oa

de
d 

by
 [

11
1.

85
.1

76
.1

8]
 a

t 1
9:

49
 0

2 
M

ar
ch

 2
01

6 



affecting plant growth in many soils, especially in both
acidic and calcareous soils where P retention is maximal,
given its ability to form insoluble complexes (Marschner
1995; Dakora and Phillips 2002; Li et al. 2008). Root-
exuded organic acids can form organometallic com-
plexes with insoluble phosphoric compounds in soil for
releasing available P via complexion and other processes
(Jones and Darrah 1994; Yamamura et al. 2004).
Plants can expend considerable organic carbon (C) in

the form of root-exuded organic acids, which are derived
from the transformation of carbon dioxide (CO2) into
carbohydrates during photosynthesis, and waste organic
C from plant net photosynthetic products (Jones et al.
2009). Kraffczyk et al. (1984) have shown that root-
exuded organic acids account for 30–90% of the total
C loss from maize (Zea may L.) roots under nutrient
stress. Jones (1998) concluded that organic acid exuda-
tion drains 5–25% of the net photosynthetic fixed C of a
plant, depending on the species, under P deficiency.
Thus, plants function in rhizosphere processes at great
expense of organic C in the form of root-exuded organic
acids.
The composition and amount of root-exuded organic

acids, particularly under environmental stress, can vary
across plant species. For instance, the composition and
amount of organic acids in root exudates have been
reported to differ significantly between Norway spruce
(Picea abies L. Karst) and silver birch (Betula pendula
Roth) (Sandnes et al. 2005). In seven lowland rice
(Oryza sativa L.) genotypes, the amount of root-exuded
oxalate was quantitatively the most important, but
citrate is considered more effective in mobilizing Zn.
Citrate exudation rates correlated with tolerance to low
soil levels of Zn (Hoffland et al. 2006). It has also been
reported that the amounts of malate and citrate in root
exudations are significantly different among three dico-
tyledonous plants (rape (Brassica napus L.), lupin
(Lupinus albus L.) and alfalfa (Medicago sativa L. ))
under P deficiency (Jones 1998). Gaume et al. (2001)
reported that the total amount of organic acids in root
exudations of maize (Zea may L.) seedlings varies sig-
nificantly across genotypes of maize (Zea may L.) seed-
lings, and malic, citric and trans-aconitic acids account
for more than 80% of total root-exuded organic acids in
all genotypes. Thus, the composition and amount of
root-exuded organic acid varies with plant species, culti-
vars and nutritional status.
The ability of root-exuded organic acids to extract P in

rhizosphere soil is difficult to determine directly.
Therefore, indirect methods can alternatively be used to
solve the problem. Soil P extraction increased with the
organic acid concentration (Gerke et al. 2000a, 2000b;
Ström et al. 2005). Establishing the relationship between
soil P-extraction and organic acid concentration may help

to calculate the P extraction according to the amount of
root-exuded organic acids by plants. Therefore, the study
attempted to establish the quantitative relationship func-
tions between P-extraction efficiency in calcareous soil
and concentration of organic acids, and calculated the P
extraction of root-exuded organic acids by plants.
Exudation of organic acids via their roots underlies

the response of plants to low nutrients (Dakora
and Phillips 2002). Compared to Morus alba L.
(Brassica napus L.), Broussonetia papyrifera L. Vent
(Orychophragmus violaceus L. Schulz) is more tolerant
to low P nutrients, respectively (Liu et al. 2010, 2011).
However, few studies have investigated their root-
exuded organic acids and C flux in root exudates
under P deficiency. The present study examined
dynamic variation in root-exuded organic acids of
four plant species ((Broussonetia papyrifera L. Vent
and Morus alba L.), both of which are woody
Moraceae plants, and (Orychophragmus violaceus L.
Schulz and Brassica napus L.), both of which are her-
baceous cruciferous plants) in response to P deficiency
in sterile solution culture. P extraction in calcareous soil
and the expenditure of organic C from root-exuded
organic acids were investigated. Furthermore, the
response modes of root-exuded organic acids induced
by P deficiency in different plant species were analyzed.

MATERIALS AND METHODS

Solution culture experiment
Seeds ofB. papyrifera (Bp),O. violaceus (Ov),M. alba (Ma)
and B. napus (Bn) were surface sterilized [5 min in 95%
ethanol, and 30 min in 10% hydrogen peroxide (H2O2),
washing with sterile water after each treatment], then sown
and grown in plastic pots for 20 d. The seedlings were
transferred into modifiedHoagland nutrient solution con-
taining (mg L−1): Potassiumnitrate (KNO3), 506; Calcium
nitrate tetrahydrate (Ca(NO3)2∙4H2O), 945; Ammonium
nitrate (NH4NO3), 80; Magnesium sulfate heptahydrate
(MgSO4∙7H2O), 493; Boric acid (H3BO3), 3.0; Manganese
sulfate tetrahydrate (MnSO4∙4H2O), 0.5; Zinc sulfate hep-
tahydrate (ZnSO4∙7H2O), 1.0; Copper sulfate pentahydrate
(CuSO4∙5H2O), 0.05; Ethylenediamine tetraacetic acid fer-
ric sodium salt (Fe(Na)EDTA), 11.1; and Ammonium
molybdate tetrahydrate ((NH4)6Mo7O24∙4H2O), 0.02,
with pH adjusted to 8.0 using 1 M potassium hydrioxide
(KOH). After 30 d, the plants were transferred to modified
Hoagland nutrient solution with two different P concentra-
tions obtained using monopotassium phosphate (KH2PO4)
and were grown in a controlled environment with a photo-
synthetic photon flux density of 300 μmol quanta m−2 s−1

during a 14-h photoperiod, at a temperature of 25 ± 0.5°C
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and a relative humidity of 50 ± 2%. The P-normal treatment
consisted of modified Hoagland nutrient solution with
0.5 mM KH2PO4, while the P-deficient treatment consisted
of the modified Hoagland nutrient solution without
KH2PO4. Each treatment involved three plant seedlings,
and was performed in triplicate. The pH of all nutrient
solutions was adjusted to 8.0 using 1 M KOH. Root exu-
dates of each treatment were then collected from the four
plant species at treatment times of 10, 20, 30, 40 and 50 d,
respectively. During the experiments, the solution was chan-
ged every other day.

Collection, separation and purification of root
exudates
After treatment, the plants were transferred to a 100 mL
10 mM calcium chloride (CaCl2) solution (pH = 7.0) and
cultured for 6 h in sterile conditions. The solution con-
taining the exudates was collected, passed through a
cation exchange column (12 mm × 15 mm) filled with
5 g of Amberlite IR-120B resin (H+ form, Alfa Co.), and
then passed through an anion exchange column
(12 mm × 15 mm) filled with 3 g of Dowex 1 × 8 resin
(100 mesh to 200 mesh; OH- form; Acros Co.). The
organic acids retained on the anion exchange resin
were eluted by 1 M hydrochloric acid (HCl), dried
using a rotary evaporator (40°C), and stored in a refrig-
erator at –20°C until analysis (Wang et al. 2007).

Analysis of organic acids in the root exudates
The contents and compositions of organic acids were
analyzed by reversed-phase high-performance liquid
chromatography (LA-20, Shimadzu, Japan) (Dinkci
et al. 2007). The chromatographic column was a
Kromasil C18 (4 mm i.d. × 250 mm). The detection
wavelength was 214 nm. The mobile phase was
0.01 mol L−1 KH2PO4 (pH 2.7, controlled by strong
Orthophosphoric acid (H3PO4)). The flow rate was
0.6 mL min−1. The recording speed was 1 cm min−1.
The injection volume was 10 µL. The eluents were
methyl alcohol and Milli-Q water. The mobile phase

and analyte were filtered with a 0.22-µm membrane,
and then ultrasonically degassed prior to use.

Soil sampling
Soils were collected from typical sites where the experi-
mental plant species, Bp, Ov, Ma and Bn, grew in the
Karst region in Guiyang, Guizhou Province, People’s
Republic of China. Soil was collected following the
method described by Gollany et al. (1997), sieved to
pass 2 mm and kept at 4°C until required. The soil
properties are summarized in Table 1. The pH was
measured at a 1:1 [weight/volume (w/v)] soil-to-deio-
nized water ratio extracting with standard electrodes;
available P was extracted by 0.5 mM Sodium bicarbo-
nate (NaHCO3) solution using a soil-to-solution ratio of
1:20 (w/v) with P determined colorimetrically (Olsen and
Sommers 1982). Organic C was determined by loss on
ignition at 550°C, while calcium carbonate (CaCO3)
equivalent was determined by neutralizing the soil with
HCl and back-titration with sodium hydroxide (NaOH)
(Lu 1999), and total nitrogen (N) was determined by
extracting the soil with Sulfuric acid-sodium hydroxide
(H2SO4-NaOH) and back-titration with Sulfuric acid
(H2SO4) according to Lu (1999).

Model of rhizosphere soil P extraction and
exogenous organic acid concentration
To determine the concentration-dependent P-extraction
efficiency of exogenous organic acids (oxalic, malic and
citric acid), the extracting solution of individual organic
acids, citric acid (CA), malic acid (MA) and oxalic acid
(OA) were prepared using distilled water. The concen-
tration of organic acids in the extracting solution ranged
from 0 to 10 mM (0, 0.5, 1, 2, 4, 5, 8 and 10 mM,
respectively). 30 mL of individual organic acid extracting
solution was added to 3.0 g of air-dried rhizosphere soil
in 50-mL polypropylene tubes in a sterile environment;
0.01 g L −1 thymol was added to reduce microbial con-
sumption of organic acids. Then the samples were orbital
shaken for 2 h and filtered. The filtrate was extracted
and analyzed following the method described by Olsen

Table 1 Characteristics of rhizosphere soil on which different plant species grew in Karst soil. Note: values are means ± standard
error (SE) (n = 5)

Broussonetia papyrifera
L. Vent (B. papyrifera)

Morus alba
L. (M. alba)

Orychophragmus violaceus
L. Schulz (O. violaceus)

Brassica napus L.
(B. napus)

Original pH (1:1 H2O) 7.81 ± 0.09 7.55 ± 0.06 7.75 ± 0.13 7.59 ± 0.09
Available phosphorus (mg kg−1) 4.90 ± 0.09 3.43 ± 0.11 4.21 ± 0.03 3.54 ± 0.04
Organic carbon (g kg−1) 35.9 ± 0.11 47.4 ± 0.23 43.7 ± 0.28 46.5 ± 0.19
CaCO3 (g kg−1) 47.6 ± 0.16 46.9 ± 0.14 48.3 ± 0.13 49.4 ± 0.20
Total nitrogen (g kg−1) 2.88 ± 0.06 2.79 ± 0.09 3.14 ± 0.11 2.47 ± 0.07
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and Sommers (1982), and P in the extracting solution
was measured using a spectrophotometer (Watanabe
and Olsen 1965). Then, models of rhizosphere soil
P-extraction and exogenous organic acid concentration
were established.

Measurement of root biomass of four plant
species under P treatments
After 50 d of treatment, root samples of four plant
species from two P treatments (P-normal and P-deficient
treatments) were dried at 105°C for 30 min, then the dry
weight (DW) of each plant species under the two P
treatments was determined at 70°C. Root biomass is
indicated by its DW. Before P treatments, the root bio-
mass of four plant species was also determined by ran-
domly selecting three other plants’ seedlings (0 d).

Rhizosphere soil P extraction from root-exuded
organic acids (PEX)
The models of rhizosphere soil P extraction and exogen-
ous organic acid concentration are shown in Eq. 1:

Y ¼ f Xð Þ (1)

where Y is the amount of rhizosphere soil P- extraction
(mg kg−1 dried-weight soil) and X is the exogenous
organic acid concentration (≤ 10 mM).
According to Eq. 1 and the composition and concen-

tration of root-exuded organic acids, the rhizosphere soil
P extraction from root-exuded organic acids (PEX) was
calculated as follows (Eq. 2):

�Yi ¼ �f Xið Þ (2)

where Xi is the amount of root-exuded OA, CA or MA;
Yi is the corresponding rhizosphere soil P extraction
from root-exuded OA, CA or MA; ΣYi is the sum of
rhizosphere soil P extraction from root-exude OA, CA
and MA, and is named for PEX.

Increment of P extraction, loss of organic carbon
and P-extraction cost
The increment proportion of phosphorus extraction
(IPPEX) was calculated using the relative difference
between rhizosphere soil P extraction under the
P-deficient treatment and that under the P-normal treat-
ment, as shown in Eq. 3:

IPPEX %ð Þ¼ PEX1�PEX0ð Þ=PEX0�100 (3)

where PEX1 is rhizosphere soil P extraction from the
root-exuded organic acids under the P-deficient treat-
ment and PEX0 is P extraction from the root-exuded
organic acids under the P-normal treatment.
Loss of organic carbon (LOC) from root-exuded

organic acid was determined by the moles of carbon
from the root-exuded organic acid at the same treatment
time under P-normal and P-deficient treatments, as indi-
cated in Eq. 4:

LOC %ð Þ¼ OC1�OC0ð Þ=OC0�100 (4)

where OC1 is the moles of carbon from the root-exuded
organic acid under theP-deficient treatment and OC0 is
the moles of carbon from the root-exuded organic acid
under the P-normal treatment (OC unit: mol).
P-extraction cost is the amount of organic carbon

consumed by a plant when it extracts a unit of phos-
phorus, and can be expressed as LOC/IPPEX.

Statistical analysis
All experiments were performed in triplicate with the same
treatment independently replicated on different days.
Statistical analyses of data were carried out by t-tests,
one-way analysis of variance (ANOVA) and bivariate cor-
relations. Significance was assigned at the p < 0.05 level
with Duncan’s test. All analyses were conducted using
SPSS 17.0 (SPSS Inc., Chicago, IL, USA).

RESULTS

Plant root growth
The increase in root dry weight varied with plant species
and P treatment (Table 2). Sufficient P increased root
growth, while P deficiency decreased it in four plant
species with treatment of 50 d. The decrease in root
DW in Bp was the least and that in Bn the greatest
among the four plant species under P deficiency.

Relationship between rhizosphere soil P
extraction and exogenous organic acid
concentration
Table 3 shows the relationship between rhizosphere soil P
extraction and exogenous organic acid concentration.
Available P content had a linear correlation with the
extracting organic acid concentration. The coefficient of
determination (R) ranged from 0.942 to 0.999. A t-test on
the data showed that the differences were significant at the
0.001 alpha levels, except for that of MA for B. napus,
which was significant at the 0.005 alpha levels. Therefore,
a linear equation (Eq. 5) can be used to express the
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relationship between P extraction from rhizosphere soil
and the organic acid concentration (≤ 10 mM):

Y ¼ aX þ b (5)

where Y is the amount of P-extraction from rhizosphere
soil, X is the organic acid concentration in 30 mL of
extractant, “a” is the extraction coefficient indicating
P-extraction ability and “b” is a constant indicating P
extraction by water.
The rhizosphere soil P-extraction ability varied with the

plant and organic acid species. Based on a comparison of
extraction coefficients, citric acid was found to have the
greatest P-extraction ability among the three organic acids,
whereas MA had the lowest P-extraction ability. Bp can
release the most P, and Bn can release the least P in
rhizosphere soil extracted by CA, OA or MA (Table 3).
The amount of P extraction by a unit of carbon from

root-exuded organic acids can be expressed as per car-
bon P extraction. The differences in per carbon P

extraction among organic acid species on the four species
of plants’ rhizosphere soil are shown in Table 3. Organic
carbon from oxalate acid had the highest per carbon P
extraction among the three organic acids.

Variations in root-exuded organic acids
P deficiency increased the sum of root-exuded CA, MA
and OA in four plants from the root during 6 h in 10, 20,
30, 40 and 50 treatment days (Fig. 1). The sum of OA,
MA and CA in Bp root exudation was remarkably higher
than that in Ma, except of CA under P-deficiency treat-
ment (p < 0.05). The root-exuded OA, MA and CA
increased sharply in response to P deficiency in woody
Moraceae plants, except of OA inMa. The amount of OA
and MA in Bp root exudation was two-fold higher than
that in Ma under the same P level (Fig. 1A). The sum of
root-exuded OA in Ov was also higher than that in Bn
under the P-deficient condition, but the sum of MA was
not significantly different in herbaceous cruciferous plants

Table 3 Relationships between rhizosphere soil phosphorus (P)-extraction and exogenous organic acid concentration (≤ 10 mM) for
different plant species and organic acids. Note: Y is the amount of P extraction from rhizosphere soil (mg kg−1 DW soil); X is the
organic acid concentration (mM). ** indicates significant difference at p < 0.001; * indicates significant difference at p < 0.005. Per
carbon P-extraction expresses the amount of rhizosphere soil P extraction by a mole weight of carbon from CA, or OA, or MA

Plant species Organic acid Regression equationa Determination coefficient (R2) Per carbon P-extraction

Broussonetia papyrifera
L. Vent (B. papyrifera)

Citric acid Y = 5.397X + 2.040 0.998** 0.900
Oxalic acid Y = 4.545X + 2.166 0.996** 2.273
Malic acid Y = 2.970X + 1.850 0.986** 0.743

Morus alba
L. (M. alba)

Citric acid Y = 2.510X + 1.544 0.997** 0.418
Oxalic acid Y = 2.171X + 1.341 0.996** 1.086
Malic acid Y = 1.222X + 1.649 0.992** 0.306

Orychophragmus violaceus
L. Schulz (O. violaceus)

Citric acid Y = 2.178X + 3.827 0.972** 0.363
Oxalic acid Y = 1.941X + 3.540 0.976** 0.971
Malic acid Y = 1.526X + 3.356 0.999** 0.382

Brassica napus L. (B. napus) Citric acid Y = 2.078X + 2.463 0.991** 0.346
Oxalic acid Y = 0.743X + 2.501 0.975** 0.372
Malic acid Y = 0.457X + 2.229 0.942* 0.114

Table 2 Root dry weight and dry weight increase of four plant species as affected by phosphorus (P) treatments. Note: values are
means ± standard error (SE) (n = 3). The different small letters indicate the significant difference in four plant species under two P
treatments at p < 0.05

Plant species P treatment

Root dry weight (g per plant) Increase in root dry
weight during 50 days’
treatment (g per plant)

The percentage inhibition
of root dry weight (%)0 days 50 days

Broussonetia papyrifera
L. Vent (B. papyrifera)

P-normal 0.732 ± 0.094 0.892 ± 0.036 0.156 ± 0.023 −21.86 ± 2.83 a
P-deficient 0.807 ± 0.023 0.725 ± 0.010 −0.082 ± 0.016 8.92 ± 1.06 d

Morus alba L.
(M. alba)

P-normal 0.653 ± 0.047 0.706 ± 0.033 0.050 ± 0.009 −8.12 ± 1.09 c
P-deficient 0.685 ± 0.051 0.599 ± 0.029 −0.086 ± 0.002 12.55 ± 1.66 d

Orychophragmus violaceus
L. Schulz (O. violaceus)

P-normal 0.764 ± 0.044 0.873 ± 0.012 0.109 ± 0.011 −14.27 ± 2.08 b
P-deficient 0.778 ± 0.038 0.694 ± 0.033 −0.084 ± 0.006 10.80 ± 1.77 d

Brassica napus L. (B. napus) P-normal 0.598 ± 0.063 0.681 ± 0.041 0.083 ± 0.004 −13.88 ± 1.91 b
P-deficient 0.675 ± 0.067 0.487 ± 0.024 −0.188 ± 0.013 27.85 ± 3.49 e
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at either P level. Compared with OA and MA, the root-
exuded CA showed a sharp increase in response to P defi-
ciency in herbaceous cruciferous plants (Fig. 1B).

Dynamic variation of the increment proportion
of phosphorus extraction (IPPEX)
IPPEX reached the maximum level at the treatment time of
40 d in four plant species, indicating the greatest P extrac-
tion occurred at the treatment time of 40 d under theP-
deficient condition (Fig. 2). The dynamic variation of
IPPEX showed the same trend under P-deficient treatment

inwoodyMoraceaeplants. IPPEX inBpwashigher than that
in Ma at the same treatment time; IPPEX increased rapidly
from 30 to 40 d of treatment, and the increased values inBp
and Ma were 7.1 and 5.9%, respectively (Fig. 2A). The
IPPEX in Ov was significantly higher than that in Bn at
each treatment time. The average increased value of IPPEX
in Ov was 7.1% greater than that in Bn during 50 d of
treatment time. The IPPEX in herbaceous cruciferous plants
changed only slightly with treatment time: the greatest
increased values were 2.7 and 2.5% in Ov and Bn from
30 to 40 d of treatment, respectively, which is significantly
less than that inwoodyMoraceae plants (p<0.05) (Fig. 2B).

Figure 1 The sum of root-exuded oxalic, malic, and citric acids in (A) woody Moraceae plants [B. papyrifera (Bp) and M. alba (Ma)]
and (B) herbaceous cruciferous plants [O. violaceus (Ov) and B. napus (Bn)] from the root during 6 h in 10, 20, 30, 40 and 50
treatment days. Note: blocks with bars indicate mean ± standard error (SE). The mean ± SE with the same letter are not statistically
different at p = 0.05. Small letters refer to differences between phosphorus (P) treatments in the same plant species. Capital letters
refer to differences between plant species under the same organic acid. DW, dry weight.

Figure 2 The increment proportion of phosphorus extraction (IPPEX) by the root-exuded organic acids of (A) woody Moraceae
plants [B. papyrifera (Bp) and M. alba (Ma)] and (B) herbaceous cruciferous plants [O. violaceus (Ov) and B. napus (Bn)] in
phosphorus (P)-deficient compared with P-normal plants during different treatment times. Note: circles and triangles with bars
indicate mean ± standard error (SE). Means ± SE with the same letter are not statistically different at p = 0.05. Small Latin letters
refer to differences between two plant species under the same treatment time. Small Greek letters refer to differences between
treatment times under the same plant species.
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Dynamic variation of the loss of organic carbon
(LOC)
Loss of organic C caused by root-exuded organic acids
changed under different treatment times and plant species
under the P-deficient treatment. The maximum LOC was
reached at the treatment time of 40 d in four plant species
(Fig. 3). The variation trend in LOC caused by root-
exuded organic acids of woody Moraceae plants was
similar (Fig. 3A). LOC in Bp was lower than that in Ma
under the P-deficient treatment at the same treatment time.
In woody Moraceae plants, Bp had greater IPPEX but less
LOC than Ma. The LOC in Ma increased steadily along
with treatment times, which emerged first as an increase
from 10 to 30 d, then increased from 30 to 40 d (14.2%)
and decreased from 40 to 50 d (12.3%) overwhelmingly in
Bp. In herbaceous cruciferous plants, LOC caused by the
root-exuded organic acids of Ov was significantly lower
than that of Bn (p < 0.05) (Fig. 3B). LOC in Ov was only
two-fifths to four-fifths that of Bn under P-deficiency
depending on the treatment time. From 10 to 40 d, LOC
of Ov increased rapidly and the increased value was
27.4%, while Bn increased slowly from 10 to 30 d
(1.4%) and increased rapidly from 30 to 40 d (10.0%).

Dynamic variation of P-extraction cost
P-extraction cost varied with plant species. Among the
four species examined, P-extraction cost in Bn was the
greatest and that in Ov was the least (Fig. 4). In woody
Moraceae plants, the average value of P-extraction cost
in Ma during the treatment time was 2.31, and it was
higher than that in Bp (1.56). From 10 to 30 d of

treatment time, Bp and Ma increased 41.9% and
62.7%, respectively (Fig. 4A). In herbaceous cruciferous
plants, P-extraction cost in Bn was significantly higher
than that in Ov; the average value of P-extraction cost in
Bn during the treatment time was 3.68, compared to
1.49 in Ov. The P-extraction cost in Bn decreased
smoothly and steadily (about 8%) with treatment.
However, from 10 to 40 d of treatment time, P-extrac-
tion cost in Ov increased up to 86% (Fig. 4B).

DISCUSSION

The rhizosphere soil P extraction versus the
root-exuded organic acids
The amount of P extracted from rhizosphere soil
increased with the exogenous organic acid concentra-
tion. In the study, a linear function can well describe
the relationship between rhizosphere soil P extraction
and exogenous organic acids. Therefore, the present
study can successfully calculate the ability of root-
exuded organic acids to extract P in rhizosphere soil
according to the composition and concentration of
root-exuded organic acids by different plant species
under different treatments.

Efficiency of P extraction from root-exuded
organic acids
Organic acids have the capacity to complex metals in
solutions. The degree of complexation depends on the
organic acid (number and proximity of carboxyl group),
the concentration and type of metal and the pH of the

Figure 3 Loss of organic carbon (LOC) caused by root-exuded organic acids of (A) woody Moraceae plants [B. papyrifera (Bp) and
M. alba (Ma)] and (B) herbaceous cruciferous plants [O. violaceus (Ov) and B. napus (Bn)] in phosphorus (P)-deficient compared
with P-normal plants during different treatment times. Note: circles and triangles with bars indicate mean ± standard error (SE).
Means ± SE with the same letter are not statistically different at p = 0.05. Small Latin letters refer to differences between two plant
species under the same treatment time. Small Greek letters refer to differences between treatment times in the same plant species.
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soil solution (Jones 1998). The complexation capacities
of dicarboxylic and tricarboxylic acid have been found
to be remarkably higher than that of monocarboxylic
acid. Malate, citrate and oxalate all have high complexa-
tion with many metallic cations such as calcium ion
(Ca2+) and iron ion (Fe3+). These root-exuded organic
acids move P from insoluble phosphoric compounds
such as calcium phosphate (Ca-P) and iron phosphate
(Fe-P) to overcome P deficiency in calcareous soil (Xu
et al. 2004). The stability constants of Ca2+ with citrate,
oxalate and malate have been found to be 4.85, 3.19 and
2.72, respectively. Complexing capacity of organic acids
determines the ability for P extraction from the root-
exuded organic acids (Parker et al. 1995). Thus, CA
and MA were found to have the greatest and the least
P-extraction efficiency, respectively. In our study, we
found that in woody Moraceae plants, Bp root exuded
greater amounts of OA, MA and CA. The percentage of
OA, MA and CA in root-exuded organic acids of Bp
(26.75, 32.14 and 24.74%, respectively) was higher than
that of Ma (18.29, 27.16 and 17.15%, respectively).
Therefore, Bp was able to obtain a great amount of
available P from rhizosphere soil under P deficiency via
complexation with OA, MA and CA. This explains a
previous observation that Bp has a higher net photosyn-
thetic rate than Ma in the Karst environment (Wu et al.
2009). In herbaceous cruciferous plants, the amount and
percentage of root-exuded organic acids in Ov was
higher than those in Bn. Particularly, the amount and
percentage of root-exuded CA in Ov (9.78 mg g−1 DW
root, 44.01%) were distinctly higher than those in Bn
(4.09 mg g−1 DW root, 29.51%) Therefore, Ov was able

to obtain a great amount of available P under P defi-
ciency from rhizosphere soil via complexing mainly with
root-exuded CA, and secondarily with two other species
of organic acids. Similarly, this explains a previous
observation that the accumulation of available P in the
rhizosphere soil of Ov was higher than that of Bn in a
low-P environment (Wu et al. 1997).
Moreover, the efficiency of extraction of P in the rhizo-

sphere soil varied among different plant species (Ström
1997). Bp rhizosphere soil maintained a high concentra-
tion of available P (Table 1), and a great amount of root
exudates including malate, citrate and oxalate. Thus, P
extraction by the subsequent root-exuded organic acids
in Bp was reinforced by the fact that root-exuded
organic acids pre-existed in the experimental rhizosphere
soil. Similarly, the effect of P extraction by subsequent
root-exuded organic acids in Ov was magnified by root-
exuded organic acids that pre-existed in the experimental
rhizosphere soil.

The response of P extraction from root-exuded
organic acids on P deficiency
Oxalic, malic and citric acids are derived from the trans-
formation of CO2 into carbohydrates during photo-
synthesis; they are the main carboxylic acid
components of Krebs cycle (López-Bucio et al. 2000).
These three species of organic acids do not have the
same formation time, rate and sequence, which results
in the difference in the composition and amount of root-
exuded organic acids at different stages of stress treat-
ments (Vranova et al. 2013). The present study demon-
strates that the composition and amount of root-exuded

Figure 4 Phosphorus (P)-extraction cost caused by root-exuded organic acids in (A) woody Moraceae plants [B. papyrifera (Bp) and
M. alba (Ma)] and (B) herbaceous cruciferous plants [O. violaceus (Ov) and B. napus (Bn)] in P-deficient compared with P-normal
during different treatment times. Note: circles and triangles with bars indicate mean ± standard error (SE). Means ± SE with the same
letter are not statistically different at p = 0.05. Small Latin letters refer to differences between two plant species under the same
treatment time. Small Greek letters refer to differences between treatment times in the same plant species.
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organic acids at the same stage of P deficiency varies with
the plant species, and the mode of response of P extrac-
tion to P deficiency was species-specific. In woody
Moraceae plants, the mode of response of P extraction
to P deficiency in Bp and Ma is similar, and the rate of
response of P extraction in Bp and Ma was slow at
earlier stages of P deficiency (10–20 d of treatment
time), then increased rapidly at the mid-stage (30–40 d
of treatment time) (Fig. 2). The slow response of P
extraction to P deficiency in Bp and Ma at the earlier
stage resulted from the sharp increase in root-exuded OA
and MA, which formed later than CA in the Krebs cycle.
In herbaceous cruciferous plants, the rate of response of
P extraction in Ov was rapid at the earlier stage of P
deficiency (10–20 d of treatment time), then increased
steadily at the mid-stage (30–40 d of treatment time),
while the rate of response of P extraction in Bn was slow
at the earlier stage of P deficiency (10–20 d of treatment
time) and stayed stable at subsequent stages (20–30 d of
treatment time) (Fig. 2). Similarly, the rapid response of
P extraction to P deficiency in Ov at earlier stages
resulted from the sharp increase in root-exuded CA,
formed in advance of MA and OA in the Krebs cycle.
The time of active response to P deficiency in four plant
species was within 40 d. Afterwards, owing to plant
senescence and decrease in photosynthesis, plants only
grew upon replenishment of their P nutrient supply;
P-extraction by root-exuded organic acids was unneces-
sary and passive (Strobel 2001; Jones et al. 2003).

Economy of P extraction from root-exuded
organic acids under P deficiency
The concentration of C (40000 μmol g–1) in plants is
remarkably higher than that of P (60 μmol g–1)
(Atkinson and Smith 1983). In general, plants contribute
more than one atom of organic carbon for one atom of
phosphorus, and phosphorus is more valuable than
organic carbon for plant life activity (Jones et al. 2009;
Zhang et al. 2011). In this study, P extraction and the
amount of root-exuded organic acids simultaneously
and disproportionately changed with the treatment time
(Figs. 2 and 3). Therefore, an economic transaction of
organic carbon for P extraction is very important for the
adaptability of plants.
P deficiency stimulated root-exuded organic acids (the

main organic acids are OA, CA and MA), and the ratio
of the amount of OA, CA or MA accounting for the total
amount of organic acids in root exudations was influ-
enced (Farrar et al. 2003; Jones et al. 2009). When the
ratio of OA accounting for the total root-exuded organic
acids increased, P extraction increased while P-extraction
cost decreased owing to the strong complexation with
insoluble phosphate and the least carbon mole of OA

(Farrar and Jones 2000). Therefore, plants with a high
ratio of OA accounting for the total root-exuded organic
acids had a low P-extraction cost.
P-extraction cost varied with plant species (Fig. 4). In

the present study, in two woody Moraceae plants, Bp
had a lower P-extraction cost than Ma (Fig. 4). The low
P-extraction cost in Bp may come primarily from large
per carbon P-extraction (Table 3). Thus, Bp was more
economic for P extraction, and was more adaptable than
Ma under P deficiency. Similarly, in two herbaceous
cruciferous plants, the amount of OA in Ov root-exuded
organic acids under P deficiency was 2.3 times than that
under the P-normal treatment, and the amount of OA in
Bn root-exuded organic acids under P deficiency was
only 1.2 times than that under the P-normal treatment.
OA can reduce P-extraction cost to the maximum extent
(Table 3). Therefore, Ov also had a lower P-extraction
cost than Bn (Fig. 4). This indicated that Ov depleted
less organic C than Bn to extract the same amount of P,
and the adaptability of Ov to a low-P environment was
better than that of Bn.

CONCLUSIONS

The efficiency and economy of P extraction varied with
the plant species. In Moraceae plants, B. papyrifera
secreted more root-exuded oxalate and malate, resulting
in stronger P-extracting capability at a lower expense of
organic C. In cruciferous plants, O. violaceus exuded
more citric acid, resulting in stronger P extraction at
the lower expense of organic C cost. Root-exuded citrate
is responsible for the rapid response of P extraction to P
deficiency; oxalate can reduce P-extraction cost. The
rapid, low organic-carbon cost and highly efficient P
extraction in calcareous soil may involve the adaptability
of B. papyrifera and O. violaceus to Karst environments.
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