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Abstract—The root soil interaction affects the fractionation and bioavailability of nutrients in the rhizosphere
and, in turn, the uptake and accumulation of nutrients by plants. In this study, a greenhouse experiment using
Thomson Navel Orange (Citrus sinensis (L.) Osbeck.) grafted on three rootstocks [Swingle Citrumelo (SC),
Sour Orange (SO), and Troyer Citrange (TC)] was conducted in mildly acidic soil. Eighteen months after
transplanting in the pots, the i) P acquisition efficiency (PAE) in these plants; ii) rhizosphere effects on some
biological characteristics, including dissolved organic Carbon (DOC), fungi and bacteria populations,
microbial biomass P (MBP), and alkaline (AlP) phosphatase, and iii) the fractions of P in the rhizosphere
soils were determined. Results of the study showed that the TC and SO promoted scion P uptake and
increased PAE. The rhizospheric condition of SO rootstock induced significant promotion (P < 0.05) in all
biological properties compared to other rootstocks. Living roots of SO markedly modified biological proper-
ties in the rhizosphere soil and therefore affected P bioavailability. Moreover, the rhizosphere effects on the
chemical fractions of P were under rootstock control. The lowest organic P was measured in SO-grafting,
whereas the lowest amounts of exchangeable P and residual P in the rhizosphere soils were measured in TC-
grafting. The contents of P associated with Fe and Al compounds were lower in the SO and TC rhizosphere
than in the SC rhizosphere soil. This study provides insights into the adaptive mechanisms of Thomson Navel
Orange grafted on three rootstocks to phosphorus deficiency.
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INTRODUCTION

Thomson Navel Orange trees (Citrus sinensis (L.)
Osbeck.) are widely cultivated in many countries, and
Iran is the ninth-largest orange producer in the world
[10]. Citrus cultivars are grafted on the rootstocks of
other citrus species and new hybrids [24]. Citrus root-
stocks have pivotal roles in nutrient and water uptake
and translocations because they develop the root sys-
tems of these trees [11]. Moreover, rootstocks can
affect citrus growth, yield, fruit quality [11, 15, 21] and
tolerance to different biotic and abiotic stresses [24].

Phosphorus (P) contributes in energy storage, root
development, and early maturity of crops which was
explained in previous studies [18]. Despite the rela-
tively high amount of total-P in most agricultural soils,
it is the least accessible element for plants because of
its low availability and poor recovery from the applied
fertilizers [4]. The development of agriculture has

been restricted by the low availability of P. Recently,
increased fertilizer input has led not only to increase
yields but also to a series of environmental problems
such as groundwater pollution and eutrophication of
surface waters [30]. Thus, understanding how to mini-
mize the inefficient use of P-inputs to ensure the sus-
tainable development of agriculture has become an
international focus. To this end, screening of the geno-
types with high efficiency of P acquisition has been con-
sidered as a cost-effective and environmentally-friendly
technology to minimize inefficient use of P-inputs and
environmental pollution [5].

In low-P environments, more P-efficient geno-
types can take up more P from the soil and transport it
to the shoot (uptake efficiency) [37] and thus can
reduce mineral P fertilizer input requirement in agri-
cultural production. Some plants developed several
adaptive strategies to maximize the acquisition of P,
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particularly when resources are limiting [7]. More
P-efficient plant species can increase the bioavailabil-
ity of P in the soil by exuding: (1) protons into the rhi-
zosphere, which solubilize less soluble forms of soil P
by lowering the rhizosphere soil pH [12] (2) large
quantities of carboxylates to aid mobilization unavail-
able soil Ca, Fe and Al phosphates [22], (3) acid phos-
phatase that mineralizes organic P [27] (4) and or can
alter root characteristics under P deficiency condition
(e.g. rate of growth, specific root length, and density
and length of root hairs) [7]. Therefore, an increased
plant capacity to efficiently use the poorly available
pools will be helpful in promoting sustainable devel-
opment of agriculture [28].

In addition, the roots can secrete 5—21% of all
photosynthetically fixed carbon into the rhizosphere
soil through root exudates [18], which can supply the
important energy source for rhizosphere microorgan-
isms [35]. Microorganisms can make a significant
contribution to nutrient availability, turnover and
retention [26]. Therefore, the dynamics and availabil-
ity of P in soil are controlled by a combination of bio-
logical processes (mineralization—immobilization)
and chemical processes (adsorption—desorption and
dissolution—precipitation).

Plant roots affect rhizospheric reaction and, in
turn, the fractionation and bioavailability of nutrients
in the rhizosphere [19]. The genetic potential of the
rootstocks for nutrient acquire plays a pivotal role in
the nutrient efficiency of grafted plants. Hence, the
key to the success of citrus production is finding a suit-
able rootstock. To achieve a sustainable citrus produc-
tion, screening of citrus rootstocks for high P-effi-
ciency is important to improve P utilization through
better matching of plant demand with supply. The
most important rootstock resources in the world and
especially in northern Iran include Swingle Citru-
melo, Sour orange, and Troyer Citrange. However,
studies on the adaptive mechanism of the perennial
woody plants to P deficiency are still limited. There-
fore, this work aimed to gain better insight into how
various citrus rootstocks can acquire soil P and/or
alter the availability of P in their root surroundings
soil. In the present study, we focused on evaluating the
P acquisition efficiency (PAE) as a relative measure-
ment of the capacity of Thomson Navel Orange (Cit-
rus sinensis L. Osbeck.) plants grafted on three root-
stocks for acquiring and transporting P to the scion
part and the adaptive mechanisms developed by citrus
rootstocks to improve their efficiency in acquiring P
from a mildly acidic soil.

MATERIAL AND METHODS

Soil materials. The soil used in this experiment was
collected from one citrus orchard (0—60 cm horizon)
located in the east of Mazandaran province (Khoram-
abad), in northern Iran (36°46” N, 50°52" E). After air-
drying, the soil sample was sieved through a 2-mm
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sieve to determine some of its physicochemical prop-
erties (Table 1). The studied soil was mildly acidic with
sandy clay loam texture and low in initial available—P.

Plant material and growth conditions. In this study,
the three rootstocks employed for Thomson Navel
Orange (Citrus sinensis (L.) Osbeck) were Swingle
citrumelo (SC) (Citrus paradisi Macf. X Poncirus trifoli-
ata (L.) Raf.), Sour orange (SO) (Citrus aurantium L.),
and Troy er citrange (TC) (Citrus sinensis (L.)
Osbeck.x Poncirus trifoliata (L.) Raf.). In budding
time, year-old uniform seedlings from SC, SO and TC
rootstocks were budded via T-budding technique using
the scions of Thomson Navel Orange in September
2016. Disease-free scion and rootstocks were obtained
from research greenhouse of Citrus and Subtropical
Fruits Research Center of Ramsar city (36°54” N,
50°39” E), Mazandaran Province, Iran. The seedlings
(various rootstock-scion combinations) were initially
grown for 7 months at the same nutrient medium, and
then transplanted into plastic pots containing 15 kg of
the soil.

To ensure a sufficient supply of mineral nutrients,
chemical fertilizers at the rates of 500 mg K kg~' soil
(K,S0,), 500 mg N kg~!soil (urea), 10 mg Fe kg~! soil
(Fe-EDDHA), and 5 mg Zn kg~! soil (ZnSO,) were
mixed with the soil thoroughly in each 15 kg-holding
pots before transplanting. Then, uniform Thomson
Navel Orange were transplanted on SO or SC, and or
TC rootstocks (April 2017), one per pot. Seedlings were
grown for approximately 18 months in a greenhouse with
natural light, a day/night temperature of 30/18 + 3°C.
Plant irrigation was daily performed to field capacity.

Plant harvest and measurements. After about
18 months from the transplanting date, in October
2018, the plants were harvested. Then, samples were
divided into scion part (plant parts above the graft
junction) and rootstock part (plant parts below the
graft junction). The fresh materials were oven-dried at
70°C for 72 h, and then weighted. The dry ashing
method was used for P analysis in all of the dried plant
samples [14]. The P concentration was determined by
colorimetric analysis by the ascorbic acid method
[20]. The plant indices including dry weight (DW),
and P uptake were measured. In addition, PAE (Effi-
ciency of P absorption and transport to the shoot) was
calculated based on the method proposed by Zam-
brosi et al. [37], with some modifications [28].

Table 1. The physical and chemical properties of the soil
0.cb Silt Clay CCE¢ TotalN pd Ke

pH*
% mg kg™

6.8 1.3 18 24 2.3 0.65 10.2 114

4 hH of the 1 : 2.5 soil : water extract; ® O.C, organic Carbon; ¢ CCE,
calcium Carbonate equivalent; ~ P,,;, Sodium biCarbonate—
extractable P; © K ;;, Ammonium acetate—extractable K.
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PAE (mg gfl) = (total P accumulated in the shoot, mg)/(rootstock DW, g).

Soil chemical and biological properties. At the end
of the experiment (18 months after planting), soil
adhering tightly to the root surface was recognized as
the rhizosphere soils [34]. The soil samples were then
sieved through a 2 mm mesh sieve and divided into two
portions. One portion of the soil, used for the analysis
of concentrations of dissolved organic C (DOC) [2,
8], fungi and bacteria populations [36], microbial bio-
mass P (MBP) [6], alkaline phosphatase (AIP) [33]
and acid phosphatase (AcP) [9] activities was stored in
a fridge at 4°C, and the other portion was air-dried for
analysis of the P-organic, and the various fractions of
P in soil. The ignition method was used to determine
the organic P content [16].

Phosphorus Fractionation in soil. Soil P fractions
were sequentially extracted using a modified version of
Hedley’s method [1, 3]. The phosphorus was parti-
tioned into four fractions: (1) exchangeable (EXCH-P:
2 M KCl for 2 h); (2) bound to Fe-Al oxides (Fe-Al-P:

0.1 M NaOH for 17 h); (3) bound to carbonates
(CARB-P: 0.5 M HCI for 24 h); and (4) residual
(RES-P: HNO;—HCIO, mixture). The steps were
separated through decantation of the sample superna-
tant after centrifugation at 5.000 rpm for 30 min.
Finally, P concentrations in the extracts were deter-
mined by colorimetric analysis using Murphy and
Riley’s [20] method.

In the studied soil prior to plant growth, the initial
contents of P in various fractions including EXCH-P,
Fe-Al-P, CARB-P, organic-P, and RES-P were equal
to 8.0, 78, 543, 136 and 205 mg kg~!, respectively. In
addition, the change percentage of various P fractions
in the rhizosphere soil of plants grown for 18 months
with reference to P fractions of the original soil (before
growing plant) was calculated for each P fractions
using the following equation:

Change percentage = (100 X (initial conc. (before planting)

— secondary conc. (after planting))/initial conc. (before planting).

Data analysis. The experiment was set up in a com-
pletely randomized design with three replications. Sta-
tistical analyses of the data were performed by one-
way ANOVA using the SAS software package. Means
were compared using Duncan’s post-hoc test (signifi-
cant at P < 0.05). In addition, data were assessed by
principal component analysis (PCA) using Minitab
software (version 17.0).

RESULTS AND DISCUSSION

Phosphorus efficiency acquisition (PAE). The growth
of Thomson Navel Orange (g DW/plant) is affected by
the rootstock-scion combinations (Table 2). The scion
DW produced by TC and SO rootstocks was, respec-
tively, about 1.6 and 1.4 times more than SC under
low-P conditions. However, the highest rootstock bio-
mass was measured in SC and TC-grafting.

Respectively, about 35, 57 and 61% of the total
amount of P absorbed in SC, SO, and TC-grafting,
was allocated to the scion part. This suggests that the
SO and TC rootstocks have preferentially allocated
adsorbed P to the scion part compared to the root-
stock part.

PAE is a relative index for the capacity of a plant to
acquire and transport of P to the scion part. The root-
stocks showed significant differences in the PAE. The
PAE of the Thomson scions grafted on the TC and SO
rootstocks, increased 1.8- and 2.0-fold respectively,
compared with the scion grafted on the SC rootstock.

Generally, the results showed that the status of P
uptake, and thus PAE of Thomson scion was improved
by SO- and TC-grafting compared to SC-grafting.
Some previous studies have reported that grafting
combinations and rootstock types influence plant
growth and nutrient uptake [15, 37]. Kumar et al. [15]
found that P absorption efficiency was higher on Sour

Table 2. Indices of P status of the scion (Thomson Navel orange) grafted onto the rootstocks

Dry weight (g pot™") P accumulation (mg-p pot™!) PAE po
Plants grafted on (mg-p gp.w.)
rootstock | root scion total | rootstock | root scion total —
Sour orange 119b 79¢c 178b 297b 157b 116¢ 241a 398a 2.02a
Swingle Citrumelo 157a 108a 125¢ 281b 289a 217a 156b 445a 1.01b
Troyer Citrange 153a 97b 195a 348a 205b 164b 272a 477a 1.79a
Means followed by different letters (lower case) in the same column are significantly different (Duncan test, P < 0.05).
EURASIAN SOIL SCIENCE  Vol. 55 No. 2 2022
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orange than rough lemon, Carrizo and Troyer citrange,
and Rangpur lime. In other study, it was reported that
P acquisition efficiency of Sweet orange scion is
improved by Rangpur lime-grafting in compared to
Cleopatra mandarin-grafting [37]. In this study, dif-
ferent tolerance levels of the citrus rootstocks to P
deprivation (different PAE) may be associated with the
various strategies of each rootstock for obtaining ade-
quate P for their growth under P limiting conditions.

Soil chemical and biological properties. Scions
grafted on TC showed lower DOC content in the rhi-
zosphere than those grafted on SO and SC (Fig. 1). In
contrast, pH in the rhizosphere soils was not signifi-
cantly affected by the rootstock.

Bacteria population in the rhizosphere soils varied
from 6.9 X 10° (TC) to 14.0 x 103 g~! soil (SO). Further-
more, the results showed that fungi count has the highest
populations in the SO rhizosphere (2.0 x 10? g~! soil)
and the lowest population was recorded for the SC and
TC (1.33 x 10? g~! soil) rhizosphere soils (Fig. 2). In
addition, The MBP contents ranged from 2.3 (TC) to
12.4 mg kg~' (SO) (Fig. 3).

In this study, the maximum and the minimum
activity of AIP were obtained in the rhizosphere of the

scions grafted on SO (401 PNP-P gs_olﬂ)) and SC

(250 PNP-P g;(,lil)), respectively. In contrast, AcP
activity in the rhizosphere soils was not significantly
affected by the rootstocks (Fig. 4).

In the rhizosphere, the mutual demand for P
results in competition between plants and microor-
ganisms; however, carbon availability strongly affects
microbial competitiveness [17]. In this study, root-
stock-mediated regulation of the quantity of DOC)
can induce alternation in the microbial community’s
structure associated with root. Indeed, it has been
established that DOC in mineral soils originates
largely from root exudates and root residues [13].
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Comparison of DOC and microbial populations
between the rhizosphere soils of the studied rootstocks
showed that these traits significantly increased in the
SO rhizosphere compared with the other rootstocks.
According to Ngullie et al. [21] rootstocks mediate
variation in microbial community composition of cit-
rus rhizosphere. In the SO rhizosphere, due to readily
available C resources, bacteria and fungi can rapidly
mineralize P from soil organic matter and or directly
uptake inorganic P and incorporate it into their bio-
mass. Hence, MBP was also higher in SO rhizosphere
compared with the other rootstocks. In addition, the
highest MBP/PO ratio was observed in the rhizo-
sphere soil of the scions on SO, while the lowest
MBP/PO ratio was observed in the rhizosphere of SC
and TC-grafting. The immobilization of soil P into the
microbial biomass, while temporarily protecting the P
from reacting with the soil and maintaining it in labile
forms [23], can also be considered as a mechanism for
regulating the supply of P in the solution phase [32]. In
addition, directly uptake of inorganic P from the solu-
tion phase by microorganisms can alter sorption equi-
libria in SO rhizosphere that may result in an
enhanced net transfer of orthophosphate ions into the
soil solution. Therefore, it is obvious that microorgan-
isms can enhance the capacity of the scions on SO
rootstock to acquire P from sparingly available forms,
through the mentioned mechanisms (Table 3).

In addition, plants and microorganisms can miner-
alize organic P by releasing various phosphatase
enzymes [17]. Based on the results, AIP activity in the
rhizosphere soil of SO-grafting was higher than the
AIP activity in each of the rhizosphere soil of TC- and
SC-grafting. The stimulation of microbial activity via
the enhanced production of DOC in the SO rhizo-
sphere probably results in the promotion of phospha-
tase activity in this soil. The decrease in organic P
along with the increase in AlP activity in the SO-graft-
ing (Fig. 5) suggest that AIP activity may be involved in
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Fig. 1. Effect of different citrus rootstocks on pH and dissolved organic Carbon (DOC, mg kg_l) in the rhizosphere. Bars with
the different letter are significantly different (Duncan test, P < 0.05) [the means were separately compared for pH and DOC in

the different rootstocks].
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Fig. 2. Effect of different citrus rootstocks on the rhizosphere fungal and bacterial population (CFU g

-1 soil) in the rhizosphere

soils. Bars with the different letter are significantly different (Duncan test, P < 0.05) [the means were separately compared for

Fungi and Bacteria in the different rootstocks].
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Fig. 3. Effect of different citrus rootstocks on the status of microbial biomass P (mg kg’l) and microbial biomass P to organic-P (%)
in the rhizosphere soils. Bars with the different letter are significantly different (Duncan test, P < 0.05) [the means were separately
compared for microbial biomass P and microbial biomass P to organic-P in the different rootstocks].

regulating the P balance in this particular soil and
organic P can be an important source for plant growth
grafted on SO rootstock. It has been suggested that
microorganisms can facilitate the mobility of organic
P either directly or indirectly through microbial turn-
over and result in enhanced inorganic P in the soil
solution [29]. Hence, an increase in microbial P mobi-
lization capacity, increase in solubilizing and mineral-
ization of P from sparingly available forms of soil inor-

ganic and organic P are possible mechanisms by which
SO-grafting might increase P acquisition efficiency
from rhizosphere soil. According to previous studies,
microbial biomass P can play an important role in the
supply of plant-available P [26].

Generally, compared with the other rootstocks, it is
clear that SO-grafting had the greatest impact on bio-
logical features in the rhizosphere of young orange
plants in response to deficient P in this soil.
EURASIAN SOIL SCIENCE  Vol. 55
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Fig. 4. Effect of different citrus rootstocks on the activity of phosphatase enzymes (PNP-P gs_olil) in the rhizosphere soils. Bars
with the different letter are significantly different (Duncan test, P < 0.05) [the means were separately compared for Acid phos-

phatase and Alkaline phosphatase in the different rootstocks].

Phosphorus fractions. EXCH-P represents the
most biologically available form of P. The lowest con-
tent of all chemical fractions belonged to the EXCH-P
fraction. The concentration of EXCH-P varied
between the rootstocks. The descending order of
EXCH-P concentrations in the rhizosphere soils was
as follows: SC-grafting (7.0 mg kg=!) > SO-grafting
(6.0 mg kg~") > TC-grafting (5.3 mg kg~!). Among the
studied rootstock-scion combinations, the highest
EX-P depletion in the rhizosphere soil and the highest
P accumulation in the scion part were found for TC-
grafting. Although plants can only uptake the available
P, solid phase soil P (other P fractions) can also be
transformed to available P due to plant growth [25].

For all the rootstocks, Fe—Al—P had the second
lowest content among the chemical fractions. The Fe-
Al-P concentration was lower for TC and SO-grafting
(45 and 46 mg kg~!, respectively) than the SC-grafting
(53 mg kg™"). In addition, CARB-P ranged from 461
to 488 mg kg~!, with an average of 473 mg kg~!. There
was a significant difference (P < 0.05) in the CARB-P
concentration between the rootstocks. CARB-P was
the most abundant P form in this soil.

Organic-P content in the rhizosphere soils varied
from 96 to 126 mg kg~! soil. Furthermore, the results
showed that the lowest organic-P was measured in the
rhizosphere soil of the scions grafted on SO. The ratio
of MBP to PO in the rhizosphere soils varied from
1.9—13% (data not shown). The highest MBP/PO
ratio was observed in the rhizosphere soil of the scions
grafted on SO, while the lowest MBP/PO ratio was
measured in the rhizosphere of SC- and TC-grafting.
RES-P also ranged from 141 to 195 mg kg~!, with the
average of 173 mg kg~'. The lowest concentration of the
RES-P was found in the rhizosphere of TC-grafting
(Table 3).

Generally, compared to SC-grafting, SO, and TC-
grafting resulted in lower levels of Fe-Al-P in the rhi-
zosphere soil. In addition, the lowest CARB-P and
RES-P contents were measured in the rhizosphere soil
of TC rootstock. It is concluded that the decrease of
RES-P concentration in the TC-grafting may be due
to its transformation into other P forms in the rhizo-
sphere soil As was stated before, the pH was lower for
TC rootstock compared to other rootstocks; although
this difference was not significant. Indeed, the greater

Table 3. Status of P fractions (mg kg™!) in the rhizosphere soils of Thomson Navel grafted on the rootstocks

Rootstocks EXCH-P Fe-Al-P CARB-P RES-P Organic-P
Sour orange 6.0 (—33)b 46 (—65)b 471 (—15)a 195 (=5)a 96 (—42)b
Swingle Citrumelo 7.0 (—15)a 53 (=51)a 488 (—11)a 182 (—13)a 126 (—8)a
Troyer Citrange 5.3 (=52)c 45 (=74)b 461 (—18)b 141 (—46)b 122 (—11)a

Means followed by different letters (lower case) in the same column are significantly different (Duncan test, P < 0.05). Values in the
parentheses are percentage of changes of each P fraction after growing plants with reference to the initial concentration of the corre-
sponding P fraction in the soil prior to plant growth.
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Fig. 5. Principal component analysis (PCA) biplot of the biological and chemical attributes in the soil rhizosphere of three citrus
rootstocks with different PAE. Image show score variations in these traits along the first two main component axes, with the per-
centage of variation explained [A: Troyer Citrange; B: Swingle Citrumelo; ®: Sour Orange].

involvement of H" ions in the dissolution of calcium
carbonates in the TC rhizosphere could be one of the
main reasons for not observing the pH reduction in the
TC rhizosphere. The pH buffering capacity is a chem-
ical parameter that plays a key role in root induced pH
changes in the rhizosphere, as stressed by Schaller [31].
Moreover, the results showed that TC-grafting
resulted in lower levels of DOC in the rhizosphere soil
than SO-grafting, implying that compared to SO-
grafting, scions grafted on TC allocated lower
amounts of the photo-assimilated carbon to root exu-
dates. Furthermore, plants on this rootstock seem to
avoid direct competition with micro-organisms by
reducing the amount of DOC that they release into the
rhizosphere. In addition, root dry weight in TC- graft-
ing was higher than in SO-grafting. Hence, plants on
TC rootstock can escape microbial competition in the
rhizosphere by increasing the volume of soil that is
explored by roots and P mobilization of poorly avail-
able pools in this soil. The mentioned strategies are
considered as vital mechanisms for P acquisition by
scions grafted on TC in this soil.

Principal component analysis (PCA). Based on the
multi-correlation analysis of 12 biological and chemi-
cal attributes in the rhizosphere soils, we performed
principal component analysis (PCA) to determine the
biological and chemical attributes in the soil rhizo-
sphere responding more to P deficiency among citrus
rootstocks. The first two main components (PC1 and
PC2) explained 69.0% of the total data variation for
the citrus rootstocks with different PAE. It was

observed that the variables bacterial pollution, DOC,
Olsen-P, pH, MBP made a higher contribution to
PCI1. Furthermore, it was observed that the variables
organic-P, CARB-P, EXCH-P positively and the vari-
ables AIP negatively made a higher contribution to
PC2 (Fig. 5). PCA can fully reflect various strategies
of SO and TC rootstocks to obtain adequate P for their
growth under P limiting conditions. Based on the
PCA, TC improves PAE mainly by modifying chemi-
cal reactions in its root surroundings soil and altering
P fractionation in its rhizosphere soil. However, SO
improves PAE mainly by inducing promotion in all
biological properties, and mineralization of organic P.
Therefore, various mechanisms (modification of bio-
logical and chemical properties in the rhizosphere)
used for P acquisition by each rootstock can lead to the
different PAE of the rootstocks. Collectively, selecting
the rootstocks with high efficiency of P acquisition can
minimize inefficient use of P-inputs and environmen-
tal pollution.

CONCLUSIONS

This study showed some biological features in the
rhizosphere soil after cultivating with various root-
stock-scion combinations, including Thomson Navel
grafted on rootstocks of Swingle citrumelo, Sour
orange and Troyer citrange, as well as the P fraction-
ation in the rhizosphere. Collectively, the results indi-
cated that SO root-induced the greatest changes in the
biological features in the rhizosphere. The MBP, fun-
EURASIAN SOIL SCIENCE 2022
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gal and bacterial population, DOC, AIP in the SO rhi-
zosphere soils were greater than the SC and TC rhizo-
sphere soils (P < 0.05). The obvious changes in the P
fractions in the soil were caused by the root activities
of rootstocks. The lowest organic P was measured in
SO-grafting, whereas the lowest amount of exchange-
able P and residual P in the rhizosphere soils was mea-
sured in TC- grafting. The contents of P associated
with Fe and Al compounds were lower in the SO and
TC rhizosphere compared to the SC rhizosphere. Fur-
thermore, the results of this study showed that the P
acquisition efficiency of Thomson Navel scion was
improved by TC- and SO-grafting in this soil. Hence,
mechanisms such as increasing of microbial P mobili-
zation capacity, mineralization of organic P, and
uptake of sparingly available pools (in SO-grafting) or
escaping microbial competition by decreasing the root
exudates amount, and increasing P mobilization of
poorly available pools (in the TC-grafting) were chief
strategies mediated by SO and TC rootstocks for P
acquisition in this soil.
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ADDITIONAL INFORMATION

AcP: Acid phosphatase, AlIP: Alkaline phosphatase,
CARB-P: Phosphorus bound to carbonates, DOC: Dis-
solved organic carbon, DW: Dry weight, EXCH-P:
Exchangeable phosphorus, Fe-Al-P: Phosphorus bound to
Fe-Al oxides, MBP: Microbial biomass phosphorus, P: Phos-
phorus, PAE: Phosphorus acquisition efficiency, PCA:
Principal component analysis, PO: Organic phosphorus,
RES-P: Residual phosphorus, SC: Swingle citrumelo, SO:
Sour orange, TC: Troyer citrange.
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