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Abstract

Aims Zinc (Zn) and phosphorus (P) often interact neg-
atively with each other in soil-plant systems. We inves-
tigated the effects of P-Zn interaction on Zn and P
accumulation and partitioning in alfalfa.

Methods Plants were grown in a calcareous soil supplied
with different rates of Zn (0, 200, and 800 mg kg_l) and P
(0, 20, and 80 mg kgﬁl). Plant dry mass, Zn and P concen-
trations in shoots and roots, bulk soil and rhizosheath pH,
rhizosheath carboxylates, and DTPA-extractable Zn con-
centration in the bulk soil were determined.

Responsible Editor: Ismail Cakmak.

H. He (X)) Z. Dong

State Key Laboratory of Soil Erosion and Dryland Farming on the
Loess Plateau, Northwest A&F University, Yangling 712100
Shaanxi, China

e-mail: honghuahe@ms.iswc.ac.cn

H.He ‘M. Wu - R. Su * Z. Zhang - C. Chang
College of Natural Resources and Environment, Northwest A&F
University, Yangling 712100 Shaanxi, China

H. He - Q. Peng * Z. Dong

Institute of Soil and Water Conservation, Chinese Academy of
Sciences and Ministry of Water Resources, Yangling 712100
Shaanxi, China

H. He - H. Lambers
School of Biological Sciences, The University of Western
Australia, Perth, WA 6001, Australia

Results Phosphorus-Zn interaction significantly affect-
ed DTPA-extractable Zn concentration, plant dry mass,
accumulation of Zn and P, and partitioning of Zn in
alfalfa, but did not affect rhizosheath pH or the amounts
of rhizosheath carboxylates. Increasing P rate promoted
plant growth at all soil Zn rates and might enhance the
plants’ capacity to cope with excessive Zn; it resulted in
a lower rhizosheath pH, which likely contributed to
greater Zn and P uptake. Zinc deficiency enhanced
exudation of citrate, malonate and malate, while the
release of tartrate was related with P deficiency.
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Conclusions There are strong P-Zn interactions in calcar-
eous soil-plant system, such interactions significantly af-
fect Zn bioavailability, plant growth, accumulation of Zn
and P, and partitioning of Zn in alfalfa. Rational P fertili-
zation should be considered for efficient Zn biofortification
on Zn-deficient soils and phytoremediation of Zn-contam-
inated soils.

Keywords DTPA-extractable Zn - Medicago sativa -
Partitioning - Rhizosheath carboxylates - Rhizosheath pH

Introduction

Zinc (Zn) is an essential micronutrient and plays critical
structural and catalytic roles in a large number of pro-
teins (Palmgren et al. 2008). Zinc deficiency is a major
agricultural problem worldwide, because most agricul-
tural soils contain low levels of Zn. Low Zn availability
in soil restricts plant growth and reduces crop yield and
quality, consequently resulting in malnutrition in
humans and livestock (Cakmak et al. 2017; Gupta et
al. 2016; Palmgren et al. 2008). Zinc deficiency is more
likely to occur at alkaline pH, as the solubility of Zn is
less at alkaline pH than under mildly acidic conditions,
and Zn solubility is further decreased with increasing
carbonate concentration in soil (Duffner et al. 2012;
Gupta et al. 2016). On the other hand, plant Zn toxicity
can occur in Zn-contaminated soils, resulting from an-
thropogenic activities such as mining, smelting, produc-
tion of galvanized materials, combustion of fossil fuels,
disposal of sewage sludge, and application of manure
and agrochemicals (Broadley et al. 2007). Excess Zn in
soil can enhance Zn uptake and accumulation in plants,
and induce serious plant growth defects. High Zn con-
centrations ([Zn]) in plants can be toxic to plants, and
also cause health problems in humans and livestock
(Broadley et al. 2007; Fukao et al. 2011).

Phosphorus (P) is an essential plant macronutrient
which plays important roles in plant growth and metab-
olism, but its bioavailability in soil is often low, due to
the sorption of inorganic phosphate (Pi) to soil particles
(Hinsinger 2001). Phosphorus deficiency is common in
soil and constrains plant growth and crop yields, there-
fore, P fertilizers are applied to meet the P demand of
plants and to ensure high yields of various crops. How-
ever, sources of P, such as rock phosphate and manure,
are limited, and fertilizer P use efficiency (PUE) is
generally low (Hopkins and Hansen 2019; Johnston et
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al. 2014). Under P deficiency, a series of morphological,
physiological, and biochemical adjustments can en-
hance plants’ P-acquiring capacity (Lambers and
Oliveira 2019). For plants growing in P-deficient cal-
careous soil, release of protons by roots of can increase
P availability in the rhizosphere (Hinsinger et al. 2003).
Carboxylates exuded from roots can compete with both
inorganic and organic P for binding sites in rhizosphere
soil, thus mobilizing sparingly-soluble soil P for uptake
by plants (Lambers and Oliveira 2019).

Zinc and P deficiency often co-occur in calcareous
soils (Akhtar et al. 2019; Duffner et al. 2012; Schjerring
et al. 2019). The availability of Zn in soils depends on a
series of factors, including soil texture, water content,
pH, organic matter content, bicarbonate content, the
availability of competing ions, and activities of plant
roots and rhizosphere microflora (Alloway 2009;
Cakmak 2008; Duffner et al. 2012). In many calcareous
soils, Zn deficiency is mainly caused by low Zn bio-
availability, rather than by low total soil [Zn], and high
soil pH is often the main factor associated with low Zn
bioavailability (Alloway 2009; Cakmak 2008; Wissuwa
et al. 2006). Unlike that of Zn, the bioavailability of P
peaks at neutral pH and decreases in both the alkaline
and acid ranges (Lambers and Oliveira 2019). The sol-
ubility of both Zn and P decrease with increasing lime
content, and the deficiency of both elements in soil are
often linked with high lime content (Akhtar et al. 2019;
Hopkins and Hansen 2019).

There are interactions between Zn and P in soil-plant
systems, and such interactions can influence the bio-
availability of both Zn and P in soil, and the accumula-
tion and partitioning of Zn and P in plants, but the
interactive effects of Zn and P are controversial (Akhtar
etal. 2019; Duffner et al. 2012; Ova et al. 2015; Pongrac
et al. 2019). Zinc and P often interact negatively with
each other in soil-plant systems, and a few mechanisms
for such interactions have been proposed (Sénchez-
Rodriguez et al. 2017). Although Zn and P are retained
in soil via different mechanisms and in different
amounts by minerals, and the mechanisms and amounts
vary between different types of soil, high doses of Pi, in
most cases, promote Zn sorption and reduce plant up-
take of Zn (Chen et al. 2019). Excessive application of P
results in reduced shoot and grain [Zn] and crop yields
(Akhtar et al. 2019; Barben et al. 2011; Zhang et al.
2012). It is yet not clear whether ‘P-induced Zn defi-
ciency’ is due to the negative interaction between Zn
and P in the soil or in the plant. Precipitation of soluble
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Pi and Zn (Zn") in the soil as Zn;(PO,), can make both
Zn and P unavailable for plants, precipitation of
Zn3(PO,), may also occur in roots and restrict the trans-
location of Zn from roots to shoots and grains (Hayes et
al. 2019; Pongrac et al. 2019; Zhang et al. 2012). Other
mechanisms involved in P-induced Zn deficiency have
also been suggested, including changes in soil pH, in-
oculation with arbuscular mycorrhizal fungi, and root
exudation of carboxylates, which affect Zn and P avail-
ability in soil (Chen et al. 2019; Duffner et al. 2012;
Pongrac et al. 2019). Exudation of carboxylates such as
citrate and malate from roots of some plants can mobi-
lize both Zn and P in calcareous soils (Duffner et al.
2012). Under P deficiency, a considerable amounts of
carboxylates are exuded from roots of many plants, and
the amounts often decrease with increasing P availabil-
ity in soil (Lambers and Oliveira 2019). The bioavail-
ability of Zn in soil may decrease with increasing P
availability, partly because less Zn would be mobilized
by reduced amounts of carboxylates.

Within plants, P-enhanced growth likely causes a
‘dilution’ of the shoot [Zn]; loss of tight control over P
uptake by genes encoding high-affinity P transporter
proteins under Zn deficiency will result in increased P
accumulation and further aggravate Zn deficiency
(Huang et al. 2000; Sanchez-Rodriguez et al. 2017; Zhu
etal. 2001). Up to now, most studies on Zn-P interactions
have been performed under Zn deficiency or low avail-
able soil Zn conditions, and investigated the effects and
mechanisms of P-fertilizer application on plant Zn uptake
and distribution (Dimkpa et al. 2019; Watts-Williams et
al. 2014). It is not clear whether Zn-P interactions are
different between excessive soil Zn conditions and Zn
deficiency, and what mechanisms may be involved in the
interactions and contribute to such differences. In addi-
tion to Zn biofortification on Zn-deficient soils, Zn-P
interactions in the phytoremediation of Zn-contaminated
soils also warrant study.

Our previous studies have shown that growth and P
uptake of alfalfa (Medicago sativa L.) are responsive to
varying soil P supply in calcareous soil; plants can
significantly acidify the rhizosheath, and root exudation
of carboxylates (mainly tartrate) is greater under less P
supply (He et al. 2020). In this study, a pot experiment
using calcareous soil was undertaken to investigate Zn-P
interactions of alfalfa at three soil Zn rates (i.e. deficient,
sufficient, and excessive), and at three rates of P appli-
cation. The hypotheses were: (i) response of plant
growth to soil P rate differ at different soil Zn rates;

(ii) root and shoot [Zn] increase with increasing Zn rate
but decrease with increasing P rate, and vice versa for
root and shoot P concentrations, but total plant contents
of both Zn and P increase with increases in both Zn and
P rate; (iii) the partitioning of Zn and P to roots and
shoots would be affected by both soil Zn and P rates,
and a greater proportion of Zn and P would be retained
in roots at higher Zn and P rates; (iv) rhizosheath pH
would be reduced, and the amounts of rhizosheath car-
boxylates would be greater at lower Zn and P rates.

Materials and methods
Soil preparation and plant cultivation

The soil used in this study was a loess soil collected from
the top 40-cm layer of an undisturbed site (34°51'30"N,
109°19"23"E) at Ansai County, Shaanxi Province on the
Loess Plateau, China. The physicochemical properties of
the soil are determined and listed in Table 1. Particle size
distribution of the soil was determined using a Mastersizer
2000 laser diffraction particle size analyzer (Malvern In-
struments, Malvern, UK) (Lamorski et al. 2014). Field
capacity was obtained following the indoor cutting-ring
weighing method. pH of the soil was measured in a 1:5
soil:water (w:v) suspension using a pH meter (Little
1992). Carbonate content of the soil was determined using
a simple titrimetric method described by Bundy and
Bremner (1972). Soil organic carbon concentration was
analyzed using the potassium dichromate titrimetric

Table 1 Physicochemical properties of the loess soil

Parameter Value Parameter Value
Sand (%) 67 Total K (mg g ") 1.5
Silt (%) 22 Total Na (mg kg'") 70
Clay (%) 11 Total Ca(mg g ") 41
Field capacity (%) 33 Total Mg (mg g ") 4

pH 8.7 Total Fe (mg g ') 12
Carbonate (%) 11 Total Mn (mg kg_l) 257
Organic carbon (mg g ) 1.6 Total Cu (mg kg ") 10
Total N (mg kg ") 96 Total Zn (mg kg ") 38
Total P (mg kg ") 493  DTPA-extractable Zn 0.3

(mg kg™
Bicarbonate-extractable 3.3
P (mg kg )

Note: The values are the means of four replicates
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method (Mebius 1960). Total N concentration was ob-
tained on a Kjeldahl Auto Analyzer (TECATOR, Swe-
den) following a sulfuric acid digestion (Purificacion et al.
2013). Total P concentration was obtained by the molyb-
date-blue colorimetric method at 880 nm on a 3900H UV-
VIS spectrophotometer (Hitachi Limited, Tokyo, Japan)
following a nitric acid and perchloric acid digestion (Kara
et al. 1997). Concentrations of total K, Na, Ca, Mg, Fe,
Mn, Cu, and Zn were obtained on a PinAAcle 900 atomic
absorption spectrometer (PerkinElmer, New York, USA)
following an aqua regia digestion (Reimann et al. 2015).
Bicarbonate-extractable P was extracted for 16 hin 0.5 M
NaHCO; adjusted to pH 8.5 with NaOH, then determined
at 880 nm on a 3900H UV-VIS spectrophotometer by the
molybdate-blue colorimetric method after ascorbic acid
reduction (Olsen et al. 1954).

The soil was air-dried and passed through a 2-mm
nylon fiber sieve; then 1.5 kg soil was spiked with Zn at
0, 200, and 800 mg Zn kg ' dry soil (hereafter referred
to as Zn0, Zn200, and Zn800, respectively), by thor-
oughly mixing the soil with dry zinc oxide (ZnO) pow-
der (chemical pure, Sinopharm Chemical Reagent Co.
Ltd., Shanghai, China) at the designated dose in a sealed
polythene bag. The solubility of the ZnO powder was
0.16 mg in 100 mL water at 30 °C. The mixed soil,
together with the bag, was then transferred to a pot of
15-cm diameter and 13.5-cm height. For each Zn level,
there were three P levels, i.e. 0, 20 and 80 mg P kg ' dry
soil (hereafter referred to as PO, P20, and P80, respec-
tively), with P being supplied as monopotassium phos-
phate (KH,PO,) solution. There were nine treatments in
total, i.e. three Zn and three P treatments in all possible
combinations, and each was repeated four times. For all
treatments, N was supplied at 50 mg kg™' as an ammo-
nium-nitrate (NH4NO3) solution, and K was supplied at
100 mg kg™ as a potassium sulfate (K,SO,) and potas-
sium chloride (KCl) (K,SO4:KCIl=1:2, molar ratio)
solution. No other nutrients were added. The soil in all
pots was watered to 70% of field capacity with deion-
ized (DI) water every second day and incubated for
15 days. After incubation, the soil in each pot was air
dried, passed through a 2-mm nylon fiber mesh, and
then mixed thoroughly to ensure homogenous distribu-
tion of the added chemicals. The thoroughly mixed soil
was then filled back to each pot lined with a plastic bag
inside, and watered to 70% of field capacity.

Seeds of alfalfa (Medicago sativa L. cv Golden Em-
press) were sterilized in 30% (v:v) hydrogen peroxide
(H,0,) for 5 min, rinsed thoroughly with DI water, and
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then left on wet filter paper in Petri dishes kept in the
dark at room temperature overnight (He et al. 2017).
Thirty seeds were sown in each pot and seedlings were
thinned to 20 plants per pot two weeks after sowing, and
all 20 plants survived through to harvest. The experi-
ment was carried out from the middle of August to late
December in 2018 in a greenhouse at the Institute of Soil
and Water Conservation (34°16'33"N, 108°04'13"E),
Yangling, Shaanxi, China. During the experiment, the
soil in each pot was watered to 70% of field capacity by
weighing the pots and supplying DI water every second
day, and no drainage was allowed. The temperature in
the greenhouse was kept between 15 and 30 °C, and no
supplemental lighting was supplied. No significant
symptom of stress was observed on the plants during
the experiment. There was no pest event, so no effort
was made for pest control.

Plant harvest and analyses of rhizosheath carboxylates

Plants were harvest 130 days after sowing and before
flowering. Shoots were cut at the soil surface, then the
plastic bags were lifted from the pots to separate roots
from the soil. For each pot, about 1.0 g fresh fine roots
with rhizosheath soil were collected and soaked in a
glass beaker containing 20 mL of 0.2 mM CaCl,. Roots
were gently stirred in the solution for about 5 min to
protect cell integrity and remove the adhering soil as
much as possible. The pH of the rhizosheath extract was
measured using a pH meter (He et al. 2020). About
1 mL subsample of the rhizosheath extract was filtered
into a 1-mL HPLC vial through a 0.22-pm syringe filter,
then acidified with one drop of concentrated phosphoric
acid to prevent microbial degradation of the carboxyl-
ates, and kept in a— 20 °C freezer until HPLC analysis.
Analysis of carboxylates in the extracts was performed
at 210 nm using a Waters 1525 HPLC equipped with a
Waters Symmetry C18 reverse phase column and a
Waters 2489 detector (Waters, Milford MA, USA).
The mobile phase included 20 mM KH,PO, (adjusted
to pH 2.5 with concentrated H3;PO,) flowing at
0.6 mL min~' and 100% methanol flowing at
0.01 mL min~'. The working standards included
tartaric, malic, citric, oxalic, malonic, acetic, and
succinic acids. The injection volume and run time of
each sample was 10 pL and 16 min, respectively. Suc-
cinate was only detected in a few samples, thus not
included in the calculation (He et al. 2020). The extract-
ed roots were collected and washed with DI water, and
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oven-dried at 60 °C. Amounts of rhizosheath carboxyl-
ates were expressed in mol per unit root dry mass.

Measurement of plant biomass

Shoots were oven-dried at 60 °C to constant weight to
obtain shoot dry mass (SDM). Roots which were not
used for carboxylate extraction were washed with tap
water and then DI water, oven-dried at 60 °C to constant
weight and weighed. Root dry mass (RDM) was the
sum of the dry weight of extracted and non-extracted
roots. Root mass ratio (RMR) was calculated as the ratio
between RDM and total dry mass, which was the sum of
SDM and RDM.

Analyses of plant Zn and P concentrations, calculation
of Zn and P contents and distributions in plants

For the analyses of [Zn] and [P] in plants, oven-dried
plant samples were finely ground, about 0.5 g sub-
sample was weighed and then digested in hot concen-
trated HNO3:HCIO,4 (4:1, v:v) using a heating block
(Zarcinas et al. 1987). Zinc in the solution was analyzed
at 213.9 nm on a PinAAcle 900 AAS (Filgueiras et al.
2000), and P in the solution was determined by the
vanadate-molybdate yellow colorimetric method at
420 nm (Gupta et al. 1993) using a U-1100 spectropho-
tometer (Hitachi Limited, Tokyo, Japan). Total content
of Zn in plants in each pot was calculated as the sum of
shoot Zn content (shoot [Zn] x SDM) and root Zn con-
tent (root [Zn] X RDM), and total P content in plants in
each pot was calculated in a similar way. Both total Zn
and P contents in plants included the Zn and P taken up
by plants and those derived from seeds. The distribution
of Zn in roots and shoots was calculated as the percent-
age of Zn content in roots or shoots to the total plant Zn
content per pot, and the distribution of P was calculated
in a similar way.

Calculation of bioconcentration factor and translocation
factor of Zn

Root bioconcentration factor (BCF,,,.), shoot
bioconcentration factor (BCFg,..:), and root-to-shoot
translocation factor (TF,,qtt0-shoot) Of Zn were calculated
by the following equations (Mahdavian et al. 2017,
Marques et al. 2013):

BCF,o0t = Root [Zn]/total [Zn] in soil
BCFqhoot = Shoot [Zn]/total [Zn] in soil
TFo0t-to-shoot = Shoot [Zn]/root [Zn]

Determination of bulk soil pH and DTPA-extractable
Zn concentration

After plants were harvested, all bulk soil samples were
air-dried and passed through a 2-mm nylon fiber sieve.
About 5 g bulk soil sample from each pot was weighed to
prepare a 1:5 soil:water (w:v) suspension for pH mea-
surement (Little 1992). Bioavailable Zn in bulk soil was
extracted with 5 mM diethylenetriamine-pentaacetic acid
(DTPA), and is hereafter referred to as DTPA-extractable
Zn; then [Zn] in the extracted solution was determined
using the atomic absorption spectrometry (AAS) method
at 213.9 nm on a PinAAcle 900 atomic absorption spec-
trometer (Baker and Amacher 1982).

Statistics

The effects of soil Zn rate, P rate, and their interaction
(Zn x P) on all measured and calculated parameters were
examined by a two-way ANOVA using the general
linear model in the IBM SPSS Statistics 22.0 software
package (IBM, Montauk, New York, USA), and P-
values of the effects at «=0.05 were presented. The
effects were considered significant when the P-values
were less than 0.05, or trending to be significant when
the P-values were between 0.05 and 0.10.

Results

The effect of soil Zn rate was significant (P <0.05) or
trending to be significant (0.05 < P <0.10) for all of the
measured and calculated parameters except SDM,
RDM, BCFroot of Zn, half of the measured carboxyl-
ates, and rhizosheath extract pH (Figs. 1, 2, 3,4, 5 and 6,
Table 2). Similarly, the effect of soil P rate was signif-
icant or trending to be significant for all parameters
except RMR, shoot [Zn], P and Zn distribution in plants,
BCF o0t and TF,oort0-shoot Of Zn, all carboxylates but
tartrate, and, surprisingly, root [P] (Figs. 1, 2, 3, 4, 5 and
6, Table 2). For the P-Zn interaction, the effect was
significant or nearly so for all parameters except the P
distribution in plants and the carboxylates (Figs. 1, 2, 3,
4, 5 and 6, Table 2). These data show clearly that alfalfa
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Fig. 1 Shoot dry mass (a), root 5
dry mass (b), and root mass ratio
(c) of alfalfa grown in the soil
with different rates of zinc (Zn)
and phosphorus (P) supply in a
greenhouse. Zn0, Zn200, and
Zn800 represent that Zn was
supplied at 0, 200, and

800 mg kg as zinc oxide (ZnO),
respectively; PO, P20, and P80
represent that P was supplied at 0,
20, and 80 mg kg ' as KH,PO,,
respectively. Data are presented
as means + SE (n=4). P-values
of the effects of Zn, P, and their
interaction (Zn x P) obtained
from two-way ANOVA at «=

Shoot dry mass (g pot™)

Pz=0.139
Pr<0.001
Pzu» =0.003

PO m P20 m P80

Zn200 Zn800

0.05 are given

Root dry mass (g pot™)

0.7

PZu =0.330
Pr<0.001
Pz =0.0

09

Zn200 Zn800

0.5 -

0.4 -

grown in this calcareous soil had a significant response
to both P and Zn rates in soil and a strong P-Zn interac-
tion was observed in this study.

Plant biomass

The Zn0 + P20 treatment significantly increased both
SDM and RDM, when compared with the Zn0 + PO
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Root mass ratio
=)
(@)
o
_'
J—

Pz, <0.001
Pr=0.541
Pzop =0.097

Zn0 Zn200 Zn800

treatment, but further increasing P supply to 80 mg kg™
did not further increase either SDM or RDM (Fig. 1a, b).
However, at Zn200 and Zn800, both SDM and RDM
increased markedly with increasing soil P rate. At PO
and P20, although not significant, there appeared to be a
downward trend for SDM and, especially, RDM, as Zn
rate increased. For SDM, there was a positive response
to increased Zn rate but only at the highest P rate, where
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Shoot [P] (mg g1)

250

a PZI\< 0001
=200 A Pr=0.330 L
_éo PO PZnXP = 0001
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E 150 A = P20
E‘ 100 1 u P80
= T
N
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Zn0 Zn200 Zn800
1400

c PZn <0.001
2~ 1200 1 Pr <0.001
2 1000 {5, Pz <0.001
o0
g 800 {«{ [
= 30 T
E 600 -
N, 20
s 400 1 T
g 200 { °
m Zn0

0

Zn800

Fig. 2 Shoot zinc concentration ([Zn]) (a) and phosphorus con-
centration ([P]) (b), and root [Zn] (¢) and [P] (d) of alfalfa grown in
the soil with different rates of Zn and P supply in a greenhouse.
Zn0, Zn200, and Zn800 represent that Zn was supplied at 0, 200,
and 800 mg kgf1 as zinc oxide (ZnO), respectively; PO, P20, and

Zn0 Zn200

both the Zn200 and Zn800 treatments gave an equiva-
lent response with greater SDM than all other treat-
ments. The same was true for RDM, although Zn ap-
peared to reduce RDM when P was deficient with a
significant decrease at P20 and a trend in that same
direction at PO. The P-Zn interaction was significant at
the P=0.097 level, with a trend for increasing P to
lower the RMR at lower Zn rates, but increase RMR at
the highest Zn rate (Fig. 1c). Adding Zn when P was
deficient tended to have a greater impact on shoot
growth than root growth with the RMR decreasing,
but this effect was negated with the higher rate of P with
the RMR having about the same ratio.

Shoot and root Zn and P concentrations

For shoot [Zn], although significant, there was not a
clear trend for the P-Zn interaction. Similar to shoot
[Zn], there was no clear trend for root [Zn] even though
the P-Zn interaction was significant (Fig. 2a and c, Table
2). Atall P rates, both shoot [Zn] and root [Zn] increased
sharply with increasing soil Zn rate, with shoot [Zn] at
Zn200 and Zn800 being 1.9-3.9 and 4.2-7.9 times

Root [P] (mg g)

25
b Pz =0.001 Pr=0.011
20 A PZuXP =0.049
. T
15 1 L
T
1.0 A1
0.5 A
0.0 v
Zn200 Zn800
2.0
d Pz.=0.004 Pr=0.671
PZnXP = 0037
15 - T
T
104 T
05 A1
0.0 v v
Zn0 Zn200 Zn800

P80 represent that P was supplied at 0, 20, and 80 mg kg ' as
KH,POy,, respectively. Data are presented as means + SE (n=4).
P-values of the effects of Zn, P, and their interaction (Zn x P)
obtained from two-way ANOVA at & =0.05 are given

greater than that at Zn0, respectively, and root [Zn] at
Zn200 and Zn800 being 5.5-7.8 and 15.6-43.2 times
greater than that at Zn0, respectively. Shoot [P] gener-
ally increased with increasing P rate, but only at the two
lower Zn rates (Fig. 2b). Root [P] increased at the
highest P rate for the Zn0 treatment and with a similar
trend at Zn200, but an opposite effect occurred at Zn800
(Fig. 2d). Both shoot [P] and root [P] increased with
increasing Zn rate at the two lower P rates, but remained
relatively stable with increasing Zn rate at the highest P
rate.

Accumulation and partitioning of Zn and P in plants

Total plant Zn content increased with increasing P rate
at Zn 200; although it also increased when P was added
at Zn0 and Zn800, it did not show the same trend as that
at Zn200 (Fig. 3a). At the same P rate, increasing Zn rate
resulted in an increase in total plant Zn content, espe-
cially for P20 at which the value was 3.8 and 17.6 times
greater at Zn200 and Zn800 than at Zn0, respectively,
and for P80 at which the value was 7.4 and 23.3 times
greater at Zn200 and Zn800 than at Zn0, respectively.
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Fig. 3 Zinc (Zn) content (a) and 4
phosphorus (P) content (b) in = a ® Shoot Root
alfalfa grown in the soil with g ]
different rates of Zn and P supply 8 34% Pz:<0.001 ; I
in a greenhouse. Zn0, Zn200, and o0 0.15 1 I Pr<0.001
Zn800 represent that Zn was é 0.10 1 ' Pzup <0.001
supplied at 0, 200, and *E 2 1 po— ]
800 mg kg ! as zinc oxide (ZnO), ) ’
respectively; PO, P20, and P80 E 1 4 0.00 1 .
represent that P was supplied at 0, 8 PO [ P20] P80 =
20, and 80 mg kg ' as KH,PO., . . =
respectively. Data are presented ﬁ 0 —o—m =
as means + SE (n=4). P-values | | | | | |
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Total plant P content always increased with increasing P
rate (Fig. 3b); at PO and P20, total plant P content did not
vary considerably with Zn rate, but at P80, it increased
when Zn was added and peaked at Zn200.

Of the total plant Zn content, more was allocated to
roots than to shoots in all cases. For the distribution of
Zn, more Zn tended to be partitioned in the roots as Zn
rate increased. Although the P-Zn interaction was sig-
nificant, there was not a clear trend. The distribution of
Zn in roots at PO was greater than at P20 at the Zn0 rate,
and greater than at P80 at the Zn200 rate, but it was
greater at P20 than at PO at the Zn800 rate (Fig. 4a). In
contrast to Zn, more P was partitioned to the shoots than
to the roots in almost all cases, except at PO and P20 at
the ZnO0 rate (Fig. 4b). Less P tended to be partitioned to
the roots as P rate increased, but there was no impact of
Zn or the P-Zn interaction.

Bioconcentration factor and translocation factor of Zn

The BCF,,: of Zn was impacted by P, but there was no
impact of Zn, and it tended to be impacted by the P-Zn
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interaction (Tables 2 and 3). The BCF,,; was the largest
at PO at the ZnO rate, similarly the largest at PO and P20
at the Zn200 rate, but the largest at P20 at the Zn800
rate. The BCFy,,; of Zn decreased with Zn rate, with no
impact of P at Zn200 or Zn800, but with P20 having a
higher value than PO and P80 at Zn0. The TF,yot-0-shoot
of Zn declined with increasing Zn rate, but there was no
impact of P, and it tended to be affected by the P-Zn
interaction (Tables 2 and 3). The TF,yot(0-shoot Of Zn Was
the smallest at PO at the Zn0 rate, similarly the smallest
at PO and P20 at the Zn200 rate, but the smallest at P20
at the Zn800 rate.

The pH of the bulk soil and rhizosheath extract

Bulk soil pH ranged from 8.4 to 8.8, while rhizosheath
extract pH ranged from 7.7 to 8.7. In most cases,
rhizosheath extract pH was less than bulk soil pH (Ta-
bles 2 and 4). Rhizosheath extract pH was significantly
affected by soil P rate, and tended to be affected by the
P-Zn interaction, but there was no impact of soil Zn rate.
Taking an average of three Zn treatments, rhizosheath
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Fig. 4 Distribution of zinc (Zn) a 100 -
(a) and phosphorus (P) (b) in — ® Shoot
alfalfa grown in the soil with X 80 - Root
different rates of Zn and P supply 2
in a greenhouse. Zn0, Zn200, and = 60 A
Zn800 represent that Zn was g Pz, <0.001
supplied at 0, 200, and = Pr=0222
800 mg kg ! as zinc oxide (ZnO), = 40 A L
respectively; PO, P20, and P80 b Pzp=0.011
represent that P was supplied at 0, & 20 -
20, and 80 mg kg ' as KH,PO., =
respectively. Data are presented ﬁ 0
as means + SE (n=4). P-values
interaction (Zn % P) obtained
o oy ANOVA at = Zn0 Zn200 Zn800
0.05 are given
& b 100 -
~
é 80
g 60 A Pz:.=0.002
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Fig. 5 The amounts of rhizosheath carboxylates, including tar-
trate, acetate, citrate, malonate, malate, and oxalate of alfalfa
grown in the soil with different rates of zinc (Zn) and phosphorus
(P) supply in a greenhouse. Zn0, Zn200, and Zn800 represent that
Zn was supplied at 0, 200, and 800 mg kg™ as zinc oxide (ZnO),

PO | P20 | P80 | PO | P20 | P8O | PO | P20 | P80

Zn200 Zn800

respectively; PO, P20, and P80 represent that P was supplied at 0,
20, and 80 mg kg ! as KH,PO,, respectively. Data are presented
as means + SE (n =4, except for some treatments in which certain
carboxylate(s) in some sample(s) was not detected)
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Fig. 6 The DTPA-extractable zinc concentration ([Zn]) in the
bulk soil with different rates of Zn and phosphorus (P) supply.
Zn0, Zn200, and Zn800 represent that Zn was supplied at 0, 200,
and 800 mg kg1 as zinc oxide (ZnO), respectively; PO, P20, and

extract pH was 8.6 at PO, but 0.57 and 0.82 units less at
P20 and P80, respectively.

Rhizosheath carboxylates

There were no significant P-Zn interactions for the
carboxylates (Fig. 5, Table 2). Only soil Zn rate signif-
icantly affected the amount of citrate, malonate, and
malate exuded by roots. At Zn0, the average amount
of citrate, malonate, and malate across P rates was

Table 2 P-values of the effects of zinc (Zn), phosphorus (P), and
their interaction (Zn x P) for various parameters obtained from
two-way ANOVA (Zn x P) at . =0.05

Parameter Source of variations

Zn P Zn x P
BCF,yo 0f Zn 0.483 0.036 0.055
BCF00t 0f Zn <0.001 0.277 0.041
TF oot-to-shoot Of Zn <0.001 0317 0.077
Soil ALP activity <0.001 0.010 0.055
Rhizosheath tartrate 0.351 <0.001 0475
Rhizosheath acetate 0.622 0.432 0.644
Rhizosheath citrate 0.044 0.703 0.082
Rhizosheath malonate 0.012 0.135 0.070
Rhizosheath malate 0.024 0.237 0.512
Rhizosheath oxalate 0.071 0.117 0.294
Bulk soil pH <0.001 <0.001 <0.001
Rhizosheath extract pH 0437 <0.001 0.091
DTPA-extractable [Zn] <0.001 0.003 <0.001

@ Springer

P80 represent that P was supplied at 0, 20, and 80 mg kg ' as
KH,POy, respectively. Data are presented as means + SE (n=4).
P-values of the effects of Zn, P, and their interaction (Zn x P)
obtained from two-way ANOVA at oc=0.05 are given

0.273, 0.216, and 0.105 mmol g_f1 RDM, respectively,
and these decreased by 15%, 30% and 33% at Zn200,
respectively, and by 35%, 39% and 46% at Zn800,
respectively. Soil P rate only markedly affected the
amount of tartrate, which was 1.552 mmol g ' RDM
on average across Zn rates at PO, but only 14% and 13%
of that amount at P20 and P80, respectively.

DTPA-extractable Zn concentration in the soil

As expected, increasing soil Zn rate dramatically in-
creased DTPA-extractable [Zn], with P having no im-
pact except at the highest Zn rate. Surprisingly, the
highest rate of P did not have an inhibitory impact on
DTPA-extractable [Zn] (Fig. 6, Table 2). At PO, P20,
and P80, DTPA-extractable [Zn] was 258, 93, and 222
times greater at Zn200, respectively, and 728, 358, and
1082 times greater at Zn800, respectively, when com-
pared with Zn0.

Discussion

We studied the effects of Zn-P interaction on Zn and P
accumulation and partitioning in alfalfa grown in a
calcareous soil supplied with different rates of Zn and
P. We tested four hypotheses by analyzing a series of
parameters related to plant growth, Zn and P uptake, and
translocation within plants, and the pH and amounts of
carboxylates in the rhizosheath. The results of the study
enhance our understanding of the mechanisms involved
in P-Zn interactions in soil-plant systems, and provide a
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Table 3 Root and shoot bioconcentration factor (BCF,,,; and
BCF 001, root-to-shoot translocation factor (TF,q-to-shoot) OF ZiNC
(Zn) for alfalfa plants in different treatments

Zn P BCFro0t BCFsnoot TF o0t to-shoot
treatment treatment

Zn0 PO 1.10+£0.19 0.72+0.10 0.65+0.04

P20 0.77+0.14 090+0.13 1.36+0.42

P80 0.74+£0.01 0.60+£0.02 0.81+0.04

Zn200 PO 1.30+0.33 0.33+0.05 0.31+0.07

P20 1.03+0.14 0.40+0.04 0.39+0.02

P80 0.74+0.04 0.44+0.03 0.63+0.10

Zn800 PO 0.78+0.05 0.25+0.01 0.32+0.01

P20 145+0.11 0.20£0.01 0.15+0.01
P80 0.77+0.08 0.23+0.01 0.31+0.02

Note: Zn0, Zn200, and Zn800 represent that Zn was supplied at 0,
200, and 800 mg kg1 as zinc oxide (ZnO), respectively; PO, P20,
and P80 represent that P was supplied at 0, 20, and 80 mg kg ' as
KH,POy, respectively. Data are presented as means + SE (n=4)

scientific basis for Zn biofortification on Zn-deficient
soils, as well as for phytoremediation of Zn-contaminat-
ed soils.

Our first hypothesis that response of plant growth to
soil P rate would differ under different soil Zn rate was
fully supported, as both SDM and RDM were signifi-
cantly affected by soil P rate and Zn-P interaction. Mean
total [Zn] in typical mineral soils is 50 mg kg ' (Gupta et
al. 2016), exchangeable [Zn] typically falls in the range
of 0.1-2 mg kg ' (Broadley et al. 2007). Bioavailable
[Zn] in calcareous soils is often too small to support
optimal plant growth (Alloway 2009; Cakmak 2008).
The calcareous soil we studied had 0.3 mg kg’ DTPA-
extractable Zn and 3.3 mg kg ' bicarbonate-extractable
P, showing that the bioavailability of both Zn and P was
small (Alloway 2009; Lambers and Oliveira 2019). The
response of plant growth to increasing soil P rate was
more sensitive at Zn200 and Zn800 than at Zn0, it is

Table 4 The pH of the bulk soil and rhizosheath extracts

likely that Zn-deficiency at Zn0 limited the positive
growth response of plants to increasing soil P rate. At
PO and P20, the downward trend for SDM and, espe-
cially, RDM, with increasing Zn rate was likely a result
of decreased P availability, and possibly also a result of
excessive Zn. At the highest P rate, Zn200 and Zn800
had similar SDM, as well as RDM, and both were
greater than that at Zn0, indicating that a Zn rate of
200-800 mg kg ' is within the sufficient to excessive
range for alfalfa. In terms of plant growth, no obvious P-
induced Zn deficiency was observed in the present
study, most likely because P was not supplied in excess
of the plants’ demand (Akhtar et al. 2019; Gupta et al.
2016). It is also likely, because plants grown on calcar-
eous soils are less susceptible to P-induced Zn deficien-
cy than plants grown on non-calcareous soils, as Pi is
mainly adsorbed by calcite in calcareous soils rather
than being co-adsorbed with Zn on Fe-oxides in non-
calcareous soils (Sacristan et al. 2019). Our results sug-
gest that plant growth response to P supply depends on
soil Zn level, but increasing P supply within the range of
P rate in the present study to the calcareous soil with Zn
from deficient to excessive levels always promoted al-
falfa growth. The results also suggest that whether soil
Zn was deficient, sufficient, or excessive for plant
growth also depend on soil P level.

Under P deficiency, shoot growth is reduced more
than root growth, and RMR increases (Watts-Williams
et al. 2014); a greater RMR is thought to enhance a
plant’s P acquisition (Lynch and Ho 2005). However, in
the present study and our previous studies on the effects
of soil P levels on alfalfa growth (He et al. 2017), no
association between greater RMR and less soil P avail-
ability was found. Instead, RMR decreased with increas-
ing soil Zn rate, suggesting that greater RMR might
enhance a plant’s Zn acquisition under Zn deficiency,
while root growth was more sensitive than shoot growth
to changes in Zn availability in the soil, and smaller

Treatment Bulk soil Rhizosheath extract
PO P20 P80 PO P20 P80
Zn0 8.75+0.01 8.65+0.01 8.53+0.01 8.39+0.02 8.14+0.10 7.70+0.21
Zn200 8.67+0.02 8.56+0.01 8.36+0.01 8.65+0.08 7.76£0.20 7.77+0.04
Zn800 8.64+0.02 8.44+0.01 8.54+0.03 8.65+0.08 8.10+0.01 7.76 +0.07

Note: Zn0, Zn200, and Zn800 represent that Zn was supplied at 0, 200, and 800 mg kg " as zinc oxide (ZnO), respectively; PO, P20, and P80
represent that P was supplied at 0, 20, and 80 mg kg ' as KH,PO,, respectively. Data are presented as means + SE (1 =4)
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RMR might help plants to cope with excessive Zn
(Lambers and Oliveira 2019).

The second hypothesis was that root and shoot [Zn]
increase with increasing soil Zn rate but decrease with
increasing soil P rate, and vice versa for root and shoot
[P], but total plant contents of both Zn and P increase
with increases in both soil Zn rate and P rate. This
hypothesis was only partly supported. Both shoot [Zn]
and root [Zn] increased with increasing Zn rate, but
neither of them showed a consistent trend with increas-
ing P rate. Neither shoot [P] nor root [P] increased
consistently with increasing P rate, or decreased consis-
tently with increasing Zn rate. The strong P-Zn interac-
tion showed that plant [Zn] and [P] depended on both Zn
rate and P rate. In general, total plant contents of both Zn
and P increased with increases in both Zn rate and P rate,
as a result of the combined effects of P-Zn interaction on
plant growth and on plant [Zn] and [P].

Plants with leaf [Zn] (on dry matter (DM) basis) <
1015 mg kg ' are considered Zn deficient; most plants
require 15-30 mg kg leaf [Zn] for normal growth and
maximum yield, while excessive leaf [Zn] (100—
700 mg kg ") results in inhibited growth and reduced
yield, but optimal and toxic plant [Zn] vary widely
among plant species (Akhtar et al. 2019; Gupta et al.
2016; Hacisalihoglu and Kochian 2003). In the present
study, mean shoot [Zn] was 26 mg kg~' when no Zn was
added to the soil, and 92 and 189 mg kg~ when Zn was
supplied at 200 and 800 mg kg ', respectively. The soil
was deficient in Zn when no Zn was supplied, as shoot
[Zn] was around the bottom line of the sufficiency range
for alfalfa, which has been stated as 21-70 mg kg™ for
new shoot growth on mature alfalfa just prior to
flowering (Bryson and Mills 2014). No visible symptom
of Zn toxicity was observed during the experiment,
although shoot [Zn] might be excessive at Zn200 and
Zn800, indicating that alfalfa may have the capacity to
cope with excessive tissue [Zn].

Unlike the obvious negative effects of P application
to soil on shoot and grain [Zn] of some cereal crops
(Akhtar et al. 2019; Zhang et al. 2012), increasing P rate
did not significantly reduce either shoot [Zn] or root
[Zn] of alfalfa grown in the Zn-deficient soil without
external Zn supply in our study. Only shoot [Zn] at
Zn800 was considerably reduced at P20, when com-
pared with PO. In contrast, shoot [Zn] at Zn200 was
significantly increased at P80, and root [Zn] at Zn800
was markedly increased at P20, when compared with
the respective PO. It has been reported in a few studies
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that Zn is taken up by plants without competition with P
(Akhtar et al. 2019). A significant boost of plant growth
by increasing P rate may cause a ‘dilution’ of plant [Zn]
(Sanchez-Rodriguez et al. 2017), but no such dilution
effect was observed in the present study. At the highest
Zn rate, it is not clear why shoot and root [Zn] and [P]
did not show a consistent trend with increasing P rate.
The results of DTPA-extractable [Zn] show that increas-
ing P rate did not reduce Zn bioavailability; instead,
increasing P rate resulted in increased Zn bioavailability
at Zn800. Our study suggested that no antagonistic P-Zn
interaction in the calcareous soil occurred, although
some studies have demonstrated that increasing P sup-
ply caused decreased leaf [Zn] in crops such as wheat,
mainly due to P-Zn interaction in the growth media
(Akhtar et al. 2019). The differences in the physico-
chemical properties of the growth media might account
for the different P-Zn interactions on soil Zn availability
and plant [Zn] between our study and other studies. Low
Zn supply enhances P uptake by roots (Cakmak 2008)
and expression of genes encoding P transporters in root
cells, thus increasing P accumulation (Huang et al.
2000). However, we did not observe Zn deficiency-
induced greater P uptake by alfalfa; instead, increasing
Zn rate at P80 from 0 to 200 and 800 mg kg' consid-
erably increased P uptake, mainly due to enhanced plant
growth in these treatments.

Our third hypothesis that the partitioning of Zn and P
to roots and shoots would be affected by both soil Zn
and P rates, and that a greater proportion of Zn and P
would be retained in roots at higher soil Zn and P rates
was partly supported. The partitioning of Zn was affect-
ed by Zn rate and P-Zn interaction, but not by P rate,
while the partitioning of P was only affected by Zn rate.
A greater proportion of Zn was always retained in roots,
and this proportion generally increased with increasing
Zn rate, although it varied to some degree due to P-Zn
interaction. In general, plants have greater root [Zn] than
shoot [Zn] and leaf [Zn] (Gupta et al. 2016). After
uptake by roots, Zn may be bound to cell walls, or
sequestered in the cytoplasm or cellular compartments,
such as vacuoles in roots, thus restricting translocation
of Zn from roots to shoot, and protecting photosynthetic
organs from potential Zn toxicity (Broadley et al. 2007;
Gupta et al. 2016; Palmgren et al. 2008).

Formation of Zn phytate and its binding in root cells
is the main reason for limited root-to-shoot translocation
of Zn (Cakmak 2008), while incorporation of P and
sulfur into globular crystals of Zn cysteine and Zn
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phytate in the root cortex may also limit Zn translocation
(Dinh et al. 2015). Deposition of Zn phosphate in the
apoplast (Cakmak and Marschner 1987), and Zn com-
plexes in phosphates and silicates in the cytosol of root
cells may both contribute to limited Zn translocation to
the aerial parts (Neumann and zur Nieden 2001; Sarret
et al. 2002). However, the definitive mechanism for the
role of P in Zn translocation is yet not clear. Zinc may
also be sequestered with phytochelatins, glutathione
(GSH), metallothioneins, nicotianamine, and carboxyl-
ates such as oxalate, malate, citrate, and tartrate in the
intracellular space of root cells without being further
translocated upward (Broadley et al. 2007; Gupta et al.
2016; Palmgren et al. 2008). Our results show that high
soil Zn rate promoted root-to-shoot translocation of P; in
contrast, there are studies suggesting that low soil Zn
rate promotes the translocation of P from roots to aerial
parts (Cakmak 2008; Dimkpa et al. 2019). The differ-
ence in the effect of soil Zn rate on P translocation
between our study and other studies is possibly due to
the differences in the bioavailability of Zn and P in
different soils, and in the uptake capacity and binding
sites of Zn and P in plants, as well as in the expression of
Zn- and P-transporter proteins between species (Gupta
et al. 2016; Hacisalihoglu and Kochian 2003).
Crosstalk of Zn with P can modify the physiological
functions of plants (Gupta et al. 2016). Root- mediated
changes in rhizosphere chemistry, including rhizosphere
pH and release of carboxylates, can affect the bioavail-
ability of both Zn and P (Hacisalihoglu and Kochian
2003). In the present study, the hypothesis that
rhizosheath pH would be reduced, and the amounts of
rhizosheath carboxylates would be greater at lower soil
Zn and P rates was not fully supported. pH of the
rhizosheath extract was less than that of bulk soil in
most cases, and it declined with increasing P rate. How-
ever, neither Zn rate nor P-Zn interaction caused signif-
icant changes in rhizosheath extract pH, although both
significantly affected bulk soil pH as did P rate. Soil pH
is the major determining factor affecting Zn solubility in
soil (Broadley et al. 2007; Gupta et al. 2016). Applica-
tion of P fertilizers in different forms can either signif-
icantly increase or decrease soil pH; a lower bulk soil
pH caused by P addition in the present study might
increase Zn mobility in the calcareous soil (Cakmak
2008). When soil pH is >5.5, Zn bioavailability de-
creases with increasing pH (Cakmak 2008); theoretical-
ly, lowering the rhizosphere pH could promote the
mobility of Zn in the calcareous soil, thus increasing

the bioavailability of Zn, but definitive evidence is
lacking (Cakmak 2008; Hacisalihoglu and Kochian
2003).

We observed no P-Zn interaction on the amounts of
carboxylates in the rhizosheath; the hypothesis that the
amounts of rhizosheath carboxylates would be greater at
lower soil Zn and P rates was partly supported, as the
amount of citrate, malonate, and malate were greater at
Zn0 than at Zn200 and Zn800, while the amount of
tartrate was considerably greater at PO than at P20 and
P80. Under P deficiency, roots of many plants exude
carboxylates, thus mobilizing and acquiring soil P
(Lambers and Oliveira 2019). In our previous studies,
alfalfa grown in calcareous soils released large amounts
of carboxylates, including oxalate, malate, citrate,
malonate, and tartrate, into the rhizosheath, and tartrate
was a major carboxylate released by roots under P
deficiency (He et al. 2017, 2020). Zinc is mainly taken
up by roots from the soil solution as Zn>*, but chelates
of Zn with organic ligands such as carboxylates secreted
by roots can also be taken up (Broadley et al. 2007,
Hacisalihoglu and Kochian 2003). It seemed that alfalfa
can also take up intact ZnO particles (Bandyopadhyay et
al. 2015).

In the present study, it is very likely that greater
amounts of citrate, malonate, and malate were released
to mobilize more Zn under Zn deficiency, while a great-
er amount of tartrate was released, leading to the mobi-
lization of more P under P deficiency. However, there
are studies showing that more citrate is released from
roots of alfalfa growing under P-deficient condition than
under P-sufficient condition (Lipton et al. 1987;
Suriyagoda et al. 2012). In rice (Oryza sativa L.) grown
in nutrient solution, both Zn and P deficiency increase
the exudation of low-molecular-weight carboxylates,
including oxalate and citrate. Although oxalate is quan-
titatively the most important among all carboxylates
detected, citrate mobilizes Zn more effectively, and the
exudation rates of citrate correlate with the uptake effi-
ciency of both Zn and P by rice (Hoffland et al. 2006). In
white lupin (Lupinus albus L.) grown in nutrient solu-
tion, Zn deficiency does not induce exudation of citrate,
but P deficiency does. However, when plants were
grown in calcareous soils, citrate (~1.5 mM) mobilized
P, but not Zn in one soil, whereas both Zn and P were
mobilized by citrate (~0.5 mM) in another soil (Duffner
et al. 2012). The results of our study and Duffner et al.
(2012) suggest that the effect of carboxylate exudation
on Zn and P mobility are soil-dependent, and the
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mobilization of Zn and P by carboxylates are controlled
by different mechanisms.

Conclusions

We found strong P-Zn interactions in the calcareous
soil-plant system; such interactions affected the bio-
availability of Zn, as well as plant growth, accumu-
lation of Zn and P, and partitioning of Zn in alfalfa
grown in calcareous soil. Increasing soil P rate pro-
moted plant growth at all soil Zn rates, and may
enhance the plants’ capacity to cope with excessive
Zn. There was no interactive effect of Zn and P on
the pH and amounts of carboxylates in the
rhizosheath. Roots always lowered the pH of the
rhizosheath, and increasing P rate resulted in re-
duced rhizosheath pH, which should increase the
mobility of both Zn and P in the rhizosheath, and
contribute to greater root uptake of Zn and P. Exu-
dation of more citrate, malonate, and malate was a
response to Zn deficiency, while release of a greater
amount of tartrate was related with P deficiency.
The results suggest that rational P fertilization
should be considered in Zn biofortification on Zn-
deficient soils as well as phytoremediation of Zn-
contaminated soils. However, some of the findings
of the present study may not be applicable in acid
soils, where the behaviors of Zn and P in the soil-
plant system are different from those in calcareous
soils.
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