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Abstract
Aims Plant growth is often limited by low soil phospho-
rus (P) availability, soil nitrogen (N) availability may
affect plants’ responses to P supply. We studied the

growth and physiological responses of alfalfa to soil P
supply at different N levels.
Methods Alfalfa (Medicago sativa L.) plants were
grown in an alkaline soil supplied with different levels
of P (0, 5, and 20 mg kg−1) as monopotassium phos-
phate, and N (50 and 100 mg kg−1) as ammonium
nitrate.
Results Plant biomass and P concentrations always
showed positive responses to P addition but not to N
addition, nodulation was inhibited by lower P supply
and higher N supply. Roots released more phosphatase
and carboxylates, mainly tartrate, into the rhizosheath at
lower soil P supply and higher N supply. Roots always
acidified the rhizosheath, but rhizosheath pH did not
vary considerably among treatments.
Conclusions This study demonstrates the release of tar-
trate as a major carboxylate as affected by soil P supply
and N supply, and highlights the importance of investi-
gating plant adaptive strategies for P acquisition from
soil with different N availability for proper application
of P and N fertilizers.

Keywords Carboxylates . Phosphatase . Phosphorus-
utilization efficiency. Rhizosheath pH . Tartrate

Introduction

Phosphorus (P) is a key element required as a compo-
nent of nucleic acids, phospholipids, and sugar phos-
phates; it plays important roles in plant growth and
metabolism (Lambers et al. 2008; Raghothama 1999).
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Due to the sorption of phosphate (Pi) to iron (Fe) and
aluminum (Al) oxides and hydroxides in acid soils and
calcium (Ca) in alkaline soils, Pi in soil is highly immo-
bile, making P the least accessible macronutrient for
plants (Hinsinger 2001). Low P availability is often a
major constraint for crop production worldwide, espe-
cially in many low-input agricultural systems
(Richardson et al. 2011; Simpson et al. 2015; Vance
et al. 2003). To overcome soil P deficiency and increase
agricultural productivity for a rising global population,
large amounts of P fertilizers are applied to agricultural
soils every year. However, P fertilizers are used very
inefficiently, with only 15–30% of applied fertilizer P
worldwide being taken up by crops in the year of its
application (Syers et al. 2008). High P-fertilizer appli-
cation relative to crop P use has led to P surpluses,
resulted in P-saturated soils and caused serious environ-
mental problems such as eutrophication of aquatic eco-
systems, but P deficiency still limits agricultural produc-
tivity in many regions (Carpenter 2005; MacDonald
et al. 2011; Mekonnen and Hoekstra 2018). Most P
fertilizers are derived from rock phosphate reserves,
which are a finite, nonrenewable resource, and there
are concerns that we are gradually running out of global
rock phosphate resources (Fixen and Johnston 2012;
Johnston et al. 2014). To supply sufficient P to meet
agricultural demands without wasting P resources and
degrading the environment is a great challenge, and
improving crop P-use efficiency is considered a prom-
ising solution to this challenge (Cordell andWhite 2015;
MacDonald et al. 2011; Pang et al. 2018).

In response to P deficiency, plants exhibit a series of
morphological, physiological, biochemical, and molecular
adjustments to enhance their capacity to acquire P
(Lambers et al. 2006; Plaxton and Tran 2011;
Raghothama and Karthikeyan 2005). Root-mediated
changes of pH in the rhizosphere can affect P availability.
Protons released into the rhizosphere by legumes, especial-
ly those fixing atmospheric nitrogen (N), can result in
rhizosphere acidification and consequently increase P
availability in alkaline soils (Hinsinger et al. 2003). In-
creased release of carboxylates from roots into the rhizo-
sphere is a key physiological P-mining strategy tomobilize
sparingly-soluble soil P, because carboxylates compete
with both inorganic P (Pi) and organic P (Po) for binding
sites in soil (Lambers et al. 2008; Pang et al. 2018).
Increased release of phosphatases, which hydrolyze soil
Po to release Pi, is another physiological strategy to mobi-
lize P (Nuruzzaman et al. 2006; Playsted et al. 2006).

In addition to P, N is often a growth-limiting nutrient in
many regions, and large amounts of N fertilizers are ap-
plied worldwide to nourish the growing world population
(Zhang et al. 2015). Many forage legumes are capable of
symbiotic N-fixation, which can greatly reduce or elimi-
nate the need for N fertilizer. Both the formation and N-
fixation activity of nodules are suppressed by high levels of
soil N, suggesting that the application of N fertilizer in the
fields of forage legumes should be managed with caution
(Murray et al. 2017; Regus et al. 2017). Soil P composition
and availability can be altered and plant growth may be
affected by N input. Adding N to soil in some ecosystems,
including forests and agro-ecosystems, depletes soil P
pools, especially soil labile P fractions, suggesting that N
addition may lead to greater P limitation (Chen et al. 2018;
Pasley et al. 2019; Zhao and Zeng 2019). When N is
sufficient, plant growth and demand for P is not responsive
to N addition (Perring et al. 2008). N addition can induce a
greater demand for P, thus leading to the induction of P-
acquisition mechanisms such as increased root exudation
of protons, phosphatase enzymes, and carboxylates such as
citrate and malate (Maistry et al. 2015; Phoenix et al.
2003). Legume nodules have a high requirement for P, soil
P availability affects nodule development. Nodulation, as
well as N acquisition and metabolism, is inhibited at low P
supply (Prodhan et al. 2019; Valentine et al. 2017). For the
fynbos legume Podalyria calyptrate, nodulation is
inhibited by higher N supply, and such inhibition is greater
at low P supply than at high P supply (Maistry et al. 2015).

Alfalfa (Medicago sativa L.) is an important peren-
nial legume forage crop grown widely. Like many grain
crops, the productivity of alfalfa is often limited by P,
and there are a number of studies on the P-acquiring
strategy of alfalfa (Fan et al. 2015; He et al. 2017; Pang
et al. 2015; Suriyagoda et al. 2010). However, the
growth and physiological responses of alfalfa to P defi-
ciency at different soil N levels are less well understood.
The objective of this study was to investigate the effects
of soil P supply, N supply, and their interaction on alfalfa
growth and nodulation, leaf and stem P concentrations,
aboveground P-utilization efficiency (PUE), and root
physiological traits such as release of protons, carbox-
ylates, and phosphatases.We tested three hypotheses: (i)
plant biomass and nodule number would be greater at
higher P supply, but plant biomass would not be signif-
icantly affected by N supply, nodulation would be
inhibited by lower P supply and higher N supply; (ii)
leaf and stem P concentrations would increase with
increasing soil P supply, but not vary considerably with
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N supply; (iii) release of protons, carboxylates, and
phosphatase would be more at lower soil P supply and
higher N supply.

Materials and methods

Plant cultivation and harvest

The substrate used in the study was a mixture of an
aeolian sandy soil and the weathering product of Pisha
sandstone. The Pisha sandstone is a type of loose rock
that is present as an interbedded sandstone composed of
thick layers of sandstone, sandy shale and shale formed
in the Permian, Triassic, Jurassic, and Cretaceous. It has
been found that addition of the weathering product of
Pisha sandstone to the aeolian sandy soil can improve
the water- and nutrient-retention capacity of the aeolian
sandy soil (Sun and Han 2018). A large area of sandy
soil in the Mu Us Sandland on the Loess Plateau in
China has been amended with the weathering product of
Pisha sandstone, and plants such as alfalfa are grown on
such amended soil for both agricultural and revegetation
purposes. Physicochemical properties of the aeolian
sandy soil and the weathering product of Pisha sand-
stone are listed in Table 1.

Air-dried aeolian sandy soil and weathering product of
Pisha sandstone were passed through a 2-mm sieve sep-
arately, then mixed at a weight ratio of 3:1. About 4 kg of
the mixture (hereafter referred to as soil) was added to a

PVC tube of 15-cm diameter and 20-cm height lined with
a plastic bag, and a total of 24 pots were filled for the
experiment. The soil in all pots was supplied with potas-
sium (K) at 150 mg kg−1 as a K2SO4 solution. Two levels
of N were supplied, the soil in 12 pots was supplied with
N at 50 mg kg−1 (hereafter referred to as 50 N), while that
in the other 12 pots was supplied with N at 100 mg kg−1

(hereafter referred to as 100 N), with all N supplied as a
NH4NO3 solution. For each N treatment, there were three
P levels, i.e. 0, 5, and 20 mg kg−1 (hereafter referred to as
0P, 5P, and 20P), with each level of P supplied to eight
pots as a KH2PO4 solution. The soil in all pots was kept at
14.5% gravimetric soil water content for 15 days by
weighing and supplying deionized (DI) water every three
days; then the soil was taken together with the plastic bag
out of the pot to let the soil air dry. The air-dried soil in
each pot was passed through a 2-mm sieve again and then
used to fill a PVC tube of 11-cm diameter and 40-cm
height. A 5-mm thick cotton wick (100 cm long) was
inserted into the pot beforehand to cover the bottom of the
pot and extend along the wall of the pot vertically to the
bottom of a plastic cup fixed outside the pot, of which the
top was level with the top of the cup. The water manage-
ment method of the experiment is shown in Fig. S1.

Plants were grown from late April to late September
in 2018 in a glasshouse in the Institute of Soil andWater
Conservation (34°16′33″N, 108°04′13″E), Yangling,
Shaanxi, China. The experiment was arranged as a
two-factorial (soil P supply and N supply) completely
randomized design with four replicates. Seeds of alfalfa
(Medicago sativa L. cv Golden Empress) were sterilized
in 30% (v/v) hydrogen peroxide solution for 5 min, then
rinsed with DI water three times, and placed on moist-
ened filter papers in Petri dishes overnight (He et al.
2017). Twenty pre-germinated seeds were sown directly
in each pot of the 100 N treatment in late April, 2018,
without the application of rhizobia inoculants. At the
same time, another 20 pre-germinated seeds, which
were soaked in rhizobia inoculants, were sown in each
pot of the 50 N treatment; then a few drops of the same
rhizobia inoculant were further supplied to each pot
using a plastic pipette; the rhizobia inoculant was sup-
plied again to each pot at 15 days after sowing (DAS).
The rhizobia inoculant (Sinorhizobium meliloti, acces-
sion number ACCC17501) was obtained from the Ag-
ricultural Culture Collection of China. The soil in all
pots was watered to 14.5% gravimetric soil water con-
tent after sowing by weighing the pots and supplying DI
water to the cup every two or three days, depending on

Table 1 Physicochemical properties of the aeolian sandy soil and
Pisha sandstone

Parameter Aeolian
sandy soil

Pisha
sandstone

Sand (%) 90.5 60.7

Silt (%) 5.8 26.8

Clay (%) 3.7 12.5

Field capacity (%) 17.8 29.6

pH (H2O, 1:5) 8.5 9.1

Organic C (mg g−1) 2.1 5.9

NH4
+-N (mg kg−1) 7.5 5.3

NO3
−-N (mg kg−1) 2.1 4.9

Total N (mg kg−1) 127 162

Total P (mg kg−1) 267 509

Bicarbonate-extractable P (mg kg−1) 0.45 0.65

Note: Values are means of three replicates
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the rate of water loss. Seedlings in each pot were thinned
to 10 plants at 40 DAS.

Plants were harvested twice during the experiment.
The first harvest was 100 DAS, when shoots of plants in
all pots were cut at 0.5 cm above the soil surface and
separated into leaves and stems, which were oven-dried
at 75 °C for 72 h and weighed; roots were not harvested
to allow resprouting. The second harvest was 55 days
after the first harvest. Shoots were cut at the base, then
separated into leaves and stems and treated in the same
way as in the first harvest. The dry mass of all leaves and
stems in both harvests of each pot was summed to obtain
the shoot dry mass (SDM). For plants in each pot, about
1.0 g fresh fine roots and the attached rhizosheath soil,
i.e. soil that was still attached to the roots after gently
shaking, was extracted in a known volume of 0.2 mM
CaCl2 solution to collect the rhizosheath carboxylates
(He et al. 2017). The soaked roots were collected and
washed thoroughly with tap water, then oven-dried at
60 °C to obtain the dry mass. A subsample of the extract
was filtered through a 0.22-μm syringe filter into a
1-mL HPLC vial, then acidified by a drop of concen-
trated phosphoric acid and kept at −20 °C. The pH of the
remaining unfiltered extract was measured using a pH
meter. About 1.0 g fine roots in each pot was collected
and washed with DI water, then quickly frozen in liquid
nitrogen and stored at −80 °C for further assay of root
acid phosphomonoesterase (PME) activity. Roots not
extracted were washed first with tap water, then with
deionized water to remove soil particles, and finally
oven-dried at 60 °C for 72 h and weighed. Bulk soil in
each pot was thoroughly mixed, and a small portion of
the bulk soil was collected to air-dry and pass through a
2-mm sieve for measurement of pH in a 1:5 soil:water
(w/w) suspension using a pH meter (Little 1992).

Analysis of rhizosheath carboxylates

Analysis of rhizosheath carboxylates was performed
using a Waters 1525 HPLC equipped with a Waters
2489 detector and Waters Symmetry C18 reverse phase
column (Waters, Milford MA, USA). The mobile phase
was 20 mM KH2PO4, adjusted to pH 2.5 with concen-
trated H3PO4, with a flow rate of 0.6 mL min−1, and
100% methanol with a flow rate of 0.01 mL min−1. The
working standards included oxalic, malic, citric, acetic,
malonic, succinic, and tartaric acids to identify carboxyl-
ates at 210 nm (Cawthray 2003). The injection volume of
each sample was 10 μL, and the run time for each sample

was 16 min. Acetate and succinate were only detected in
a few samples; therefore, they were not included in the
calculation. The amounts of rhizosheath carboxylates
were expressed in mol per unit root dry mass.

Assay of root acid phosphomonoesterase activity

Root PME activity was measured using para-
nitrophenyl phosphate (pNPP) as substrate, according
to the method described by Png et al. (2017), with minor
modifications. About 0.5 g of the frozen roots were
ground in 8 mL of sodium acetate buffer (pH 5.8) in
an ice bath, and transferred to a centrifuge tube to
centrifuge for 15 min at 4 °C, 12000 rpm. 0.2 mL of
the supernatant was transferred to centrifuge tube; then
2 mL pNPP substrate was added and incubated at 30 °C
for 30 min. A second identical supernatant for each
sample was prepared as a control, in which 2 mL of
the buffer was added instead of the pNPP substrate. The
reaction was terminated by adding 4 mL 0.5 M NaOH.
The concentration of paranitrophenol (pNP) in the final
solution was determined bymeasuring the absorbance at
405 nm using a 3900H UV-VIS spectrophotometer
(Hitachi Limited, Tokyo, Japan). Root PME activity
was calculated and expressed on a root fresh mass basis.

Determination of leaf and stem P concentrations
and calculation of aboveground PUE

Dried leaf and stem samples of each harvest were ana-
lyzed for P concentration separately. Each sample was
finely ground using a stainless steel coffee grinder, then
about 0.1 g subsample of each ground sample was
digested in hot concentrated H2SO4:HClO4 (4:1). P
concentration in the digested solution was determined
using a 3900H UV-VIS spectrophotometer (Hitachi
Limited, Tokyo, Japan) by the malachite green method
(Motomizu et al. 1983). Shoot P content per pot was
calculated according to the following formula:

Shoot P content = LDMH1 × leaf [P]H1 + SDMH1 ×
stem [P]H1 + LDMH2 × leaf [P]H2 + SDMH2 × stem [P]H2.

where LDM is the leaf dry mass, SDM is the stem dry
mass, leaf [P] is the leaf P concentration, stem [P] is the
stem P concentration, H1 and H2 represents the first and
the second harvest, respectively. Aboveground P-
utilization efficiency is defined as plant biomass pro-
duction per unit of P uptake (Richardson et al. 2011). In
this study, we calculated the aboveground PUE as shoot
dry mass (the sum of leaf dry mass and stem dry mass in
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both harvests) per pot divided by shoot P content per pot
as calculated according to the above formula.

Statistics

Means and standard errors of means (SEM) of shoot
dry mass, root dry mass, nodule number, leaf and
stem P concentrations, aboveground PUE, pH of the
bulk soil and rhizosheath extract, amounts of
rhizosheath carboxylates, and root PME activity of
each treatment were obtained using the One-sample
t-test in the IBM SPSS Statistics 22.0 software
package (IBM, Montauk, New York, USA). The
effects of soil P supply, N supply, and their interac-
tion on the above-mentioned parameters were exam-
ined by performing a two-way (P × N) ANOVA,
using the general linear model in the IBM SPSS
Statistics 22.0 software package. When significant
effect of soil P supply was found for a certain
parameter mentioned above, the data for each soil
N supply level were analyzed separately by
performing a one-way ANOVA to compare the
means between treatments with different P supply,
and least significant difference (LSD) test for post
hoc means comparison was used when significant
(P ≤ 0.05) differences was found.

Results

Biomass and nodule development.
Soil P supply had a significant effect on shoot dry

mass (SDM), root dry mass (RDM), and nodule number
(NN) per pot (allP < 0.001) (Fig. 1, Table S1), but soil N
supply only had a significant effect on NN (P < 0.001).
For none of the SDM, RDM, and NN, there was a
significant interaction between P and N. Adding P to
the soil significantly enhanced the biomass accumula-
tion of alfalfa, but increasing N supply did not promote
plant growth, indicating that P, rather than N, was the
growth-limiting factor for alfalfa in the studied soil.
Mean NN at 5P and 20P was 3.88 times (P = 0.001)
and 4.69 times (P < 0.001) greater than that at 0P, but
there was no significant difference between NN at 5P
and 20P (P = 0.399). Mean NN at 100 N was 35% less
than that at 50 N. A higher P supply, and lower N supply
together with rhizobia inoculation, favored the develop-
ment of nodules.

Stem and leaf P concentrations, and aboveground PUE

The effects of soil P supply, N supply, and their inter-
action on plant P concentration varied between differ-
ent organs of the plant. Both stem [P] and leaf [P]
increased significantly (both P < 0.001) (Fig. 2,
Table S1) with increasing soil P supply, but only stem
[P] was considerably affected by soil N supply (P =
0.001) and by the interaction between P and N
(P < 0.001). At 0P, stem [P] was 12% lower at 100 N
than at 50 N, while at 5P and 20P, it was 24% and 25%
higher at 100 N than at 50 N, respectively.

Fig. 1 Shoot dry mass (a), root dry mass (b), and nodule number
(c) of alfalfa grown in the soil with different phosphorus (P) and
nitrogen (N) supply. Data are presented as means + SEM (n = 4).
0P, 5P, and 20P represents that P was supplied at 0, 5, and
20 mg kg−1 as KH2PO4, respectively; 50 N shows that N was
supplied at 50 mg kg−1 as NH4NO3 and plants were inoculated
with rhizobia, while 100 N shows that N was supplied at
100 mg kg−1 as NH4NO3 and plants were not inoculated with
rhizobia. Different letters above the bars indicate significant dif-
ferences between treatments with different soil P supply for each N
level separately, according to one-way ANOVA. The same for
other figures
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Aboveground PUE was 0.37–0.85 g mg−1, and de-
clined markedly with increasing soil P supply
(P < 0.001) (Fig. 3, Table S1). Neither soil N supply,
nor the interaction between P and N, significantly af-
fected aboveground PUE.

pH of the bulk soil and rhizosheath extract

Soil P supply, N supply, and their interaction all consid-
erably affected the pH of the bulk soil (all P < 0.001),
but none of them caused a significant change in the pH
of the rhizosheath extract (Fig. 4, Table S1). pH of the
rhizosheath extract was 6.95–7.29, much lower than that
of the bulk soil, which was 8.66–8. 91, suggesting that
the rhizosheath was considerably acidified.

Rhizosheath carboxylate amounts and root PME
activity

The amount of rhizosheath oxalate, malate, citrate,
malonate, and tartrate at 50 N was 0.077–0.085,
0.103–0.147, 0.192–0.268, 0.219–0.263, and 0.180–
1.6 mmol g−1 RDM, respectively, and that at 100 N
was 0.059–0.131, 0.165–0.507, 0.194–0.264, 0.221–
0.369, and 0.592–19.7 mmol g−1 RDM, respectively
(Fig. 5). None of the soil P supply, N supply, and their
interaction considerably affected the amount of oxalate,
citrate, and malonate, but all of them significantly af-
fected the amounts of malate and tartrate (all P ≤ 0.001)
(Fig. 5, Table S1). At 50 N, the amount of malate was
17% higher at 5P than at 0P, but 19% lower at 20P than
at 0P; at 100 N, it was 67% and 63% lower at 5P and
20P than at 0P, respectively. At 0P, 5P, and 20P, the
amount of malate was 302%, 12%, and 83% higher at
100 N than at 50 N, respectively. At 50 N, the amount of
tartrate was 89% and 89% lower at 5P and 20P than at
0P, respectively; at 100 N, it was 94% and 97% lower at
5P and 20P than at 0P, respectively. At 0P, 5P, and 20P,
the amount of tartrate was 11.3, 6.0, and 2.3 times higher
at 100 N than at 50 N, respectively. Tartrate was a major
carboxylate released under the current experimental
condition. At 0P at 50 N, and at all P levels at 100 N,
tartrate was the most abundant carboxylate in the
rhizosheath, suggesting that exudation of tartrate by
roots was stimulated by low soil P and high soil N.

Root PME activity was significantly affected by both
soil P supply (P < 0.001) and N supply (P = 0.034), but
not by the interaction between P and N (Fig. 6,
Table S1). Mean root PME activity declined with in-
creasing soil P supply, it was 47% and 59% lower at 5P
and 20P than at 0P, respectively, while it was 26%
higher at 100 N than at 50 N.

Fig. 2 Stem (a) and leaf (b) phosphorus concentration ([P]) of
alfalfa grown in the soil with different phosphorus (P) and nitrogen
(N) supply. Data are presented as means + SEM (n = 4)

Fig. 3 The aboveground P-utilization efficiency (PUE) of alfalfa
grown in the soil with different phosphorus (P) and nitrogen (N)
supply. Data are presented as means + SEM (n = 4)

Fig. 4 pH of the bulk soil and rhizosheath extract of alfalfa grown
in the soil with different phosphorus (P) and nitrogen (N) supply.
Data are presented as means + SEM (n = 4)
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Discussion

The results of the present study supported most, but not
all our hypotheses. The hypothesis that (i) plant biomass
and nodule number would be greater at higher P supply,
but plant biomass would not be significantly affected by
N supply, nodulation would be inhibited by lower P
supply and higher N supply was fully supported. Most
plants, including alfalfa, tend to show a positive growth
response to increasing P supply when soil P is deficient
(Elser et al. 2007; He et al. 2017; Pang et al. 2010). It is
likely that N supply was sufficient for alfalfa, even at
50 mg kg−1, so plant growth was not further enhanced
when N supply was increased to 100 mg kg−1. There are
other studies demonstrating that plant growth do not
respond positively to increasing N supply when N is
already sufficient (Perring et al. 2008). The different
growth responses to increasing P supply and N supply
suggest that P is a more growth-limiting factor for alfalfa
in this study. High levels of soil N (Murray et al. 2017;

Regus et al. 2017), and low levels of soil P (Prodhan
et al. 2019; Valentine et al. 2017) often suppress nodu-
lation of legumes. The higher nodule number at 50 N
was likely partly due to the lower soil N level and partly
to the inoculation of plants with rhizobia (Valentine et al.
2017). It has been reported that the inhibition of nodu-
lation by higher N supply is greater at low P supply than
at high P supply (Maistry et al. 2015). In the present
study, there was no significant interaction between soil P
supply and N supply on the nodulation of alfalfa plants.
However, a different result in such interaction may be
obtained if plants were inoculated with rhizobia in the
same way at different N supply levels.

Our hypothesis (ii) was that leaf and stem P concen-
trations would increase with increasing soil P supply,
but not vary considerably with N supply. This hypoth-
esis was not fully supported. It has been reported that
increased N supply and N:P supply ratio can reduce
plant tissue P concentration, thus inducing a greater
demand for P and capacity for plant uptake of P
(Fageria 2001; Maistry et al. 2015). However, our re-
sults showed that both leaf and stem P concentrations
always increased with increasing P supply, but leaf P
concentration was not markedly affected by N supply,
while stem P concentration was considerably affected
by N supply and by the interaction between P and N,
suggesting an organ-specific response of P demand to
changes in the N:P supply ratio in soil.

The hypothesis (iii) that release of protons, carbox-
ylates, and phosphatase would be more at lower soil P
supply and higher N supply was partly supported. In the
present study, plants in all treatments acidified the
rhizosheath soil, although we did not quantify and com-
pare the amounts of protons released by roots in differ-
ent treatments. pH of the rhizosheath extract in the
present study was between 7.0 and 7.3, a range within
which P is readily available to plants (Lambers et al.

Fig. 6 The activity of acid phosphomonoesterase (PME) in roots
of alfalfa grown in the soil with different phosphorus (P) and
nitrogen (N) supply. Data are presented as means + SEM (n = 4)

Fig. 5 The amounts of rhizosheath carboxylates, including oxa-
late, malate, citrate, and malonate (a), and tartrate (b) relative to
root dry mass (RDM) of alfalfa grown in the soil with different
phosphorus (P) and nitrogen (N) supply. Data are presented as
means + SEM (n = 4, except for some treatments in which certain
carboxylate was not detectable in some sample(s)). Different let-
ters above the bars of malate in panel (a) indicate significant
differences in the amount of malate between treatments with
different soil P supply for each N level separately, according to
one-way ANOVA
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2008). In the study of He et al. (2017), pH of the
rhizosheath extract ranged between 6.8 and 7.2, and
there was no significant difference in rhizosheath pH
among soil P levels when alfalfa was grown in an
aeolian sandy soil and a loessial soil supplied with 0–
160 mg kg−1 P as calcium superphosphate. The lack of
differences in rhizosheath pH across soil P levels and N
supply suggests that plants can sense the rhizosheath pH
and alter it to a range suitable for P uptake. The release
of phosphatases, as shown by root PME activity, was
greater at lower soil P supply and higher N supply. It has
been observed that addition of N to soils deficient in P
increases the phosphatase activity of roots and soil, due
to N-induced higher demand for P by plants (Maistry
et al. 2015; Phoenix et al. 2003; Treseder and Vitousek
2001). A higher phosphatase activity suggests that
plants tend to increase the acquisition of P from organic
P fractions in soils with low availability of P (Lambers
et al. 2006; Png et al. 2017).

The hypothesis that release of carboxylates would be
greater at lower soil P supply and higher N supply was
confirmed, mainly because tartrate, the major carboxylate
in most cases in the present study, was released in a
considerably higher amount at lower P supply and higher
N supply. Release of a large amount of tartrate was also
observed in the rhizosheath of alfalfa grown in other
alkaline soils supplied with different levels of P and N
(Figs. S2–S5), and these results, together with those in the
present study, suggest that significantly more tartrate will
be released from roots of plants grown in P-deficient soils
with a high N supply as NH4NO3. Unlike malate and
citrate, which are often reported in plant responses to P
deficiency and thought to play an important role in mobi-
lizing both inorganic and organic P in soil (Lambers et al.
2008; Pang et al. 2018), tartrate is seldom reported in
studies on plant-soil interaction under P deficiency, al-
though it has been identified in the exudates of roots and
rhizosphere bacteria, and in aqueous extracts of forest litter
(He et al. 1999; Strobel 2001). This is the first report on the
exudation of tartrate as a major carboxylate by roots,
especially under P deficiency at high N supply. Further-
more, tartrate is an important component of the secretion of
rhizosphere phosphate-solubilizing bacteria (Shahid et al.
2015), of which the population may be increased and the
activity may be stimulated under P deficiency, thus more
organic anions may be secreted to increase P availability in
soil (Ibarra-Galeana et al. 2017; Liu et al. 2014). The
amounts of oxalate, malate, citrate, and malonate in the
present study were also very large compared with those in

other studies on alfalfa (Fan et al. 2015; Pang et al. 2015;
Suriyagoda et al. 2010), likely due to the high pH of the
soil we used, and the repeated removal of the aboveground
parts. Release of large amounts of carboxylates may be a
considerable carbon (C) cost for plants over the growth
cycle. In the present study, the exudation of a greater
amount of tartrate could cause the plants to accumulate
less biomass and grow more slowly, as the magnitude of
the tartrate exudation relative to total C fixed very likely
increased markedly, and less C fixed was available for
growth, although we were not able to quantify the amount
of total C fixed and the amount of C exudated as carbox-
ylates based on our data.

There are reports that tartrate has the potential to
reduce P adsorption and increase soil P availability,
but its capacity to mobilize P is weaker than that of
citrate, but greater than that of oxalate (Dye 1995; He
et al. 1999; Wang et al. 2008). However, the effects of
organic anions on P sorption depend on the mineral
composition of soil particles. For example, citrate had
a more pronounced effect on P sorption by Fe-rich sites,
but tartrate and citrate had a similar effect on P sorption
by Al-rich sites (Earl et al. 1979). According to Dye
(1995), the types of P-sorption site that is attacked in the
presence of tartrate and citrate are different, as citrate
dissolves sites at which P is held, while tartrate occupies
the high affinity sites to reduce P sorption. Therefore, a
greater amount of rhizosphere tartrate would lead to
more efficient use of added P by plants, in contrast, a
greater amount of rhizosphere citrate would help plants
to utilize more fixed P. The mixture of different organic
anions is more effective in reducing P sorption than an
individual organic anion alone under the same concen-
trations of organic ligands, likely because more high-
affinity sites are occupied by different anions than by an
individual anion alone (He et al. 1999). However, the
amounts of organic anions in the rhizosphere should
reach a certain threshold for effective reduction of P
sorption by soil particles (Dye 1995; Earl et al. 1979).

In conclusion, plant growth and P concentrations al-
ways showed positive responses to P addition, but not to N
addition, likely due to N was sufficient. Roots always
acidified the rhizosheath, rhizosheath pH was altered to a
range within which P is readily available to plants. There
were interactions between soil P supply and N supply on
plant physiology, N addition can induce a greater demand
for P, thus leading to the induction of P-acquisition mech-
anisms. Roots released more phosphatase and carboxyl-
ates, mainly tartrate, the most abundant carboxylate in
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most cases, into the rhizosheath at lower soil P supply and
higher N supply. Our work suggests that N addition may
lead to greater P limitation, and highlights the importance
of investigating plant adaptive strategies for P acquisition
from soil with different N availability for proper applica-
tion of P and N fertilizers.
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