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We tested the hypothesis that reducing the carbon (C):Phosphorus (P) ratio in rhizosphere soil would reduce bacterial
competition with the plant for P from phytin, which would then increase phytin use efficiency for the plant. A three-
factor pot experiment was carried out to study the effect of inoculation with a phytin-mineralizing bacterium,
Pseudomonas alcaligenes (PA), on maize P uptake from phytin. Two levels of organic P, two levels of inorganic P, and
three different PA inoculation treatments were used. When maize plants were grown in low available P soil with phytin,
PA transformed soil P into microbial biomass P, which caused competition for available P with plant and inhibited plant
uptake. When 5 mg P kg™' as KH,PO, was added, inoculation with PA increased soil acid phosphatase activity which
enhanced the mineralization rate of phytin. PA mobilized more P than it immobilized in microbial pool and enhanced
plant P uptake. We conclude that the decreased C:P ratio by adding small amount of inorganic P in the rhizosphere could
drive phytin mineralization by the bacteria and improve plant P nutrition.

Keywords: plant-soil interaction; phosphorus mobilization; phosphorus turnover; starter fertilizer; organic phosphorus;

rhizosphere

Introduction

Plants harbor specific bacterial communities in their
rhizospheres (Lundberg et al. 2012) that play crucial
roles in mediating various soil chemical and biochemical
processes, e.g. phosphorus (P) and nitrogen (N) trans-
formations (Richardson 2001; Hayatsu et al. 2008). In
recent years there has been increasing concern over P as
it is becoming the limiting resource in agriculture (Vance
et al. 2003; Cordell et al. 2009; Veneklaas et al. 2012). In
the field P mainly exists in sparingly available forms e.g.
organic P, which contributes a large proportion of the
total soil P (Harrison 1987) and is also usually adsorbed
by soil clays, in the form of humic-associated P and
precipitates (Richardson & Simpson 2011). It is therefore
of vital importance to harness the functions of bacteria to
mobilize organic P for plant utilization.

Rhizosphere soils are usually P deficient (Gahoonia &
Nielsen 1992; Zoysa et al. 1997) and bacteria are involved
in two reverse processes in organic P turnover at the
plant—soil interface. On the one hand, more than 40% of
culturable bacteria have the ability to mobilize organic P
(Jorquera et al. 2008) to release orthophosphates, usually
H,PO,~ and HPO4>~, which can be absorbed by roots
(Rodriguez & Fraga 1999). On the other hand, bacteria
may transform available P into microbial biomass P
(MBP) using soil organic carbon (C; Wu et al. 2007).
Plant root exudates provide readily available C substrates
for bacteria (Hodge et al. 1997) that stimulate bacterial

growth and therefore increase MBP in the rhizosphere.
Therefore, regulating these two processes in the rhizo-
sphere to make bacteria mobilize more insoluble phos-
phates from the soil but immobilize less themselves is the
central issue in enhancing soil P use efficiency.

Introducing inoculants of phosphate solubilizing bac-
teria (PSB) into the soil is considered to be an efficient
way to increase the availability of organic or insoluble
inorganic phosphates. Studies of inoculation with PSB
have been widely conducted under laboratory or con-
trolled glasshouse conditions (Shobirin et al. 2009; Krey
et al. 2011). However, limited success has been achieved
to date in the field because of our poor understanding of
the biological processes of the inoculated bacteria in the
soil, and future opportunities with specific microbial
inoculants require ecological consideration of their inter-
action with plant roots and rhizosphere microbes
(Richardson & Simpson 2011).

The interactions between roots and PSB have been
recognized for some time. PSB interact with plant roots
intimately and their relationship to plant P uptake can be
both positive and negative to cause a change in allocation
of soil available P between plants and bacteria. Such
processes can be regulated by the ratio of soil organic C
and available P content (Marschner 2008). In high C:P
conditions bacteria have a net immobilization effect on
soil P while in low C:P conditions they have a net
mobilization effect (Stevenson 1986). Therefore, adding
organic C to the soil can increase the ratio of C:P and has
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been demonstrated to increase MBP and subsequently
decrease plant-available P. Marschner (2007) reported that
adding glucose to the soil stimulated the bacterial trans-
formation of available P into MBP, indicating that MBP
competed for available P with plants. As C was depleted
and C:P declined, the bacteria-fixed P would be released
from the MBP pool and became available for the plant
again. On the other hand, adding P-rich compounds to the
soil can decrease the C:P ratio and increase soil available
P by promoting organic P mineralization. Spohn and
Kuzyakov (2013) found that when glucose-6-phosphate,
which has a low C:P of 2.3, was added to the soil it
enhanced P mineralization that was driven by the micro-
bial need for C. However, to our knowledge, there is no
direct evidence to show how and to what extent the
rhizodeposition and available P ratio affect the allocation
of soil organic phosphates between plants and bacteria in
the rhizosphere.

Starter P fertilizer technology, applying a small
amount of inorganic P fertilizer near the seed, is widely
used in crop production to ensure good seedling estab-
lishment and, ultimately, crop yield (Costigan 1984;
Cahill et al. 2008). The applied P fertilizers increase soil
available P for plants (Attar et al. 2012; Djodjic &
Mattsson 2013) and subsequently decrease the C:P ratio
in the rhizosphere. In addition, increasing soil available P
can also directly (DeForest et al. 2012) or indirectly affect
the C:P ratio by reducing the amount of carbohydrates
released per unit of plant root (Schilling et al. 1998),
which influences the activity of MBP and soil P turnover
in the rhizosphere. However, previous studies have
mainly focused on the direct function of inorganic P in
improving plant P nutrition (Bittman et al. 2006; Cahill
et al. 2008), neglecting its effects on inducing organic P
mineralization and utilization by plants roots mediated
through soil bacteria. The aim of this study was to
investigate the effect of reducing the C:P ratio in the
rhizosphere by adding a small amount of inorganic P on
plant P uptake from phytin, which is the main form in the
soil organic P pool. We hypothesized that in low available
P soil bacteria compete for P with plants and thus inhibit
root uptake though they can mobilize phytin to release
inorganic P. However, when a small amount of inorganic
P is applied to the soil, it relieves the competition because
the bacteria mobilize more phytin than is immobilized and
as a result increase plant-available P.

Materials and methods
Biological materials and soil

The P-efficient maize (Zea mays L.) genotype 181,
which was developed for cultivation on calcareous soils
by Professor Fanjun Chen in China Agricultural Univer-
sity, was used in this experiment. Pseudomonas alcali-
genes (PA) M20 (Zhang et al. 2014) which can mobilize
and utilize phytin was selected as the bacterial inoculum
(see Supplementary Figure S1).

The growth medium used for growing plants was a
mixture of clay soil (Alfisols, collected from Tai’an,

Shandong, China, pHyaer 6.4, air-dried and 2 mm
sieved) and fine river sand (9:1, w/w). This clay soil
was collected from a woodland which had not been used
to grow crops before and the labile organic P (extracted
by 0.5 M NaHCOs, pH 8.5) content was 3 mg kg™". It
also contains 7.27 g kg™' organic matter, 7.2 mg kg™'
mineral N, 3.3 mg kg~ Olsen-P (NaHCO;-extractable
P), 142 mg kg~ organic P, and 97.6 mg kg~' NH,CI-
exchangeable K. The mixed culture medium (referred to
as soil throughout) was supplemented with 200 mg kg™"
N (as KNO;), 50 mg kg~' Mg (as MgS0,), 5 mg kg™
Cu (as CuSOy), 5 mg kg™' Mn (as MnSOy), and 5 mg
kg™' Zn (as ZnSO,4) and then treated with 10 kGy *°Co
y-ray radiation (Beijing Radiation Application Research
Center, Beijing, China) in the dry status to kill the
indigenous microbes. The soil was stored two weeks
after radiation to stabilize the nutrients.

Experimental design and plant growth

The experiment was conducted in a greenhouse for six
weeks during April to May in 2011 with temperatures
ranging from 24°C to 30°C and natural light and was
setup in a randomized block design with three factors: (1)
two inorganic P levels, PO (no added P), P5 (5 mg kg™' P
added as KH,POy,); (2) two organic P levels, —phytin
(0mgkg™' P added as phytin) and +phytin (100 mgkg~' P
added as phytin); and (3) three PA inoculation treatments,
—PA (no PA inoculation), I+PA (PA inoculation at seedling
initiation) and 2w+PA (PA inoculation 2 weeks after
sowing). Thus, there were 12 treatments, each of which
was replicated four times resulting in 48 pots in total.

The microcosm unit used in the experiment was a
plastic pot with a diameter of 15 cm and a height of 20 cm
and each pot received 2 kg of soil. Two kg of soil was
weighed in a plastic bag for each pot and then KH,PO,
(5 mg P kg™ soil) and/or phytin (100 mg P kg™ soil) was
added or not to each bag. After thorough mixing in the
bags, the soil was transferred into the pots. Half of the pots
received 5 mg kg™' inorganic P (in the form of KH,PO,)
and the other half did not receive the inorganic P. For each
inorganic P treatment the pots were divided into two
groups. Half of the pots received 100 mg kg™' organic P
(in the form of phytin with 19.6% P content, P0410,
Tokyo Chemical Industry, Tokyo, Japan), while the other
half did not receive organic P.

Maize seeds were disinfected with 10% (v/v) H,O, for
10 min and 70% (v/v) ethanol for 3 min and then rinsed
eight times with sterile deionized water. After imbibing
water at 27°C in the dark for 2 d, three pre-germinated
seeds were sown in each pot and thinned to one seedling
7 d after sowing. During the experiment soil moisture was
kept at 18-20% (w/w, c. 70% of field moisture capacity)
as determined gravimetrically by weighing the pots every
two days and adding water as necessary.

The inoculum of PA was pre-cultured in a 250 ml
flask with 100 ml liquid Luria-Bertani (LB) medium
(with 1% bacterial inoculum) at 37°C at 180 rpm for 24
h and then diluted to 10° CFUs ml™" with sterilized
0.85% NaCl solution. For the I+PA treatment, PA
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suspension was inoculated at sowing. Five ml of
suspension which contained 5 x 10° CFUs was added
to the pre-germinated seeds. For the 2w+PA treatment,
the same amount of inoculum was inoculated around the
roots of maize seedling two weeks after sowing by
removing the top 2 cm soil. The roots were covered with
soil afterward. In the —PA treatments, 5 ml of autoclaved
PA suspension was inoculated in the same way as in the
[+PA treatment.

The data for total organic C and available P contents
were collected by analyzing the soil and the culture
medium C:P ratio was calculated as follows: for the zero
KH,PO,4 and zero phytin added treatment, the medium C:P
= (C in medium)/(Olsen-P in medium) = 1278; for the no
KH,PO, but phytin added treatment, the medium C:P =
(C in medium + C in phytin)/(Olsen-P in medium) = 1287;
for the KH,PO4 but no phytin added treatment, the
medium C:P = (C in medium)/(Olsen-P in medium + P
in KH,PO,4) = 476; for the KH,PO, and phytin added
treatment, the medium C:P = (C in medium + C in phytin)/
(Olsen-P in medium + P in KH,PO,) = 482.

Harvest and sample analysis

Plants were separately harvested into shoot and root
tissues. Rhizosphere soil was collected as follows. Roots
were removed from the pots and any soil loosely
adhering to the roots was gently shaken off back into
the pot. Soil adhering to the roots was swept up with a
brush and then mixed with a blender to obtain a uniform
mixture for subsequent analysis (see below). The roots
were then washed with tap water to remove the possibly
attached soil. Shoot and root tissues were dried at 65°C
for 72 h and ground. Shoot and root P concentrations
were determined by the vanadomolybdate method (Jack-
son 1958) after digestion with H,SO, and 30% H,0,
(Thomas et al. 1967) from which the P contents were
calculated. The rhizosphere soil was analyzed as follows.
Determination of available inorganic P was performed
using Olsen’s method (Olsen et al. 1954). MBP was
determined with the chloroform fumigation—extraction
method (Brookes et al. 1982). Briefly, MBP was calcu-
lated based on the difference in soil inorganic P before and
after 24 h fumigation. A kp-value of 0.40 was used.
Phosphatases are classified into different groups
basing on different methods. For example, phosphatases
can be classified into acid and alkaline phosphatase
basing on pH, be classified into phosphomonoesterase
and phosphodiesterase basing on combined bond of the
enzyme, or be classified into phytase etc. by substrate.
Therefore, there are overlaps among different groups.
Considering all kinds of phosphatase are pH depend-
ence, acid phosphatase and alkaline phosphatase activity
are usually used to represent the general phosphatase
activity, and to assess the mineralization of organic
phosphates in soil in many previous studies. Here,
phosphatase activity was determined according to Taba-
tabai and Bremner (1969) and Neumann (2006). The pH
of the rhizosphere soil was measured in a water solution
(soil:water = 1:5, w/v) and was used to adjust the buffer

pH in the phosphatase activity measurement. Soil (0.5 g)
was transferred into 2 mL Eppendorf reaction-vials
(using a micropipette with cut tips) and then 0.4 mL
Na-acetate buffer (200 mM) and 0.1 mL p-nitrophenyl
phosphate (150 mM, Sigma St. Louis, MO, USA)
solution were added. After incubating for 30 min at
30°C (mixing occasionally) the reaction was terminated
by addition of 0.5 mL 0.5 M NaOH. The phosphatase
activity was expressed as ug p-nitrophenyl phosphate
hydrolyzed per min per g dry soil.

Statistical analysis

Statistical analysis was performed using SPSS 16.0
(SPSS Inc., Chicago, IL, USA). All data were checked
for normality using the Kolmogorov—Smirnov test and
Levene’s test was used to check equality of variance.
Three-way analyses of variance (ANOVAs) were per-
formed to compare the effects of +/— KH,POy, +/— phytin
and different PA inoculations on plant P content and MBP
and phosphatase activity in soil. To compare the effects of
PA under different KH,PO, and phytin application condi-
tions the significance of differences between treatments
was evaluated by Tukey’s honestly significant difference
(HSD) test ¢+ at P < 0.05 in each KH,PO, x phytin
treatment.

Results

The P values of three-way ANOVAs are shown in Table 1.
The results show the effects of KH,PO,, phytin, and PA
inoculation treatments and their interactions on plant P
content and MBP and phosphatase activity in the rhizo-
sphere soil.

Plant P content and phytin use efficiency

Plant P content was increased significantly by the addition
of PA, KH,PO,_and phytin (PA: P = 0.046; KH,PO, and
phytin: P < 0.001; Figure 1). The significant interaction
between PA and KH,PO, shows that the effect of PA on
plant P content was most pronounced when KH,PO, was
added (PA x KH,PO,4: P =0.001). PA decreased plant P
content in the absence of KH,PO,4 but in the presence of

Table 1. Three-way ANOVA of measured variables.

Plant P Phosphatase
Factor content MBP activity
PA 0.046" <0.001¢ 0.011"
KH,PO, <0.001""  0.517 <0.001"""
Phytin <0.001""  0.120 <0.001"""
PA x KH,PO, 0.001™"  0.242 0.094
PA x Phytin 0.670 0.117 <0.001"""
KH,PO, x Phytin 0.510 0.002"" 0.017"
PA x KH,PO, x 0.001""  0.455 0.296
Phytin

PA, different PA (P. alcaligenes) inoculation forms; P, phosphorus;
MBP, microbial biomass phosphorus.
Bold values represents: *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 1. Plant P content of maize (Z. mays L.) under three
bacterial inoculation treatments with (+) and without (—) phytin
or KH,PO, addition. —PA, no inoculation with PA; I+PA,
inoculation with PA at seedling initiation; 2w+PA, inoculation
with PA two weeks after seedling emergence. Different lower-
case letters indicate a significant difference (Tukey’s HSD, P <
0.05) in P content among the three inoculation forms. Bars
represent means + SEs (n = 4).

phytin, while it increased plant P content in the presence
of both KH,PO, and phytin (PA x KH,PO, x Phytin:
P =10.001).

The phytin use efficiencies for maize mediated
through PA were different under conditions of with or
without the addition of KH,PO, (Table 2). In the absence
of KH,PO,, the —PA treatment had the highest phytin use
efficiency of 5.7%, while I+PA and 2w+PA decreased it to
3.0% and 2.6%. However, in the presence of KH,POy,, the
—PA treatment had the lowest phytin use efficiency of
2.2%, while I+PA and 2w+PA increased it to 4.3%
and 6.3%.

Microbial biomass P

There was no significant difference in the soil MBP
regardless of the presence of KH,PO, or phytin (KH,POy,:
P =0.517; phytin: P =0.120), while MBP was more than
doubled by inoculation with PA compared with nonino-
culation (PA: P <0.001; Figure 2). The addition of phytin
produced a positive effect on MBP when KH,PO, was
absent (KH,POy4 x phytin: P = 0.002). Apart from these,
with the addition of phytin, 2w+PA showed higher MBP
than I+PA regardless of the presence of KH,PO,4. Without
the addition of phytin, I[+PA and 2w+PA had the same
MBP in the absence of KH,PO,, while I+PA showed
higher MBP than 2w+PA in the presence of KH,PO,.

30
= o5 mmmm -PA —— [+PA &= 2w+PA
.é A
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+Phytin

Figure 2. MBP in the rhizosphere soil under three bacterial
inoculation treatments with (+) and without (=) phytin or
KH,PO, addition. —PA, no inoculation with PA; I+PA, inocu-
lation with PA at seedling initiation; 2w+PA, inoculation with
PA two weeks after seedling emergence. Different lowercase
letters indicate significant difference (Tukey’s HSD, P < 0.05)
in MBP among the three inoculation forms. Bars represent
means + SEs (n = 4).

Phosphatase activity

To measure phosphatase activities as local soil pH
condition, we used the rhizosphere pH of each pot to
adjust pH buffer which ranged from 6.3 to 6.5. Inoculat-
ing with PA had no significant influence on rhizosphere
pH. All three factors, PA, KH,PO,, and phytin, had
significant influence on phosphatase activities (PA, P =
0.011; KH,PO,4 and phytin, P < 0.001; Figure 3). The
effect of PA depended on phytin and was considerably
more pronounced when phytin was absent (PA x Phytin:
P < 0.001). A significant interaction between KH,PO,
and phytin (KH,PO, % Phytin: P = 0.017) shows that
phosphatase activity was increased significantly by the
addition of phytin when KH,PO, was absent.

Relationship between phosphatase activity and plant
P content

Plant P content was significantly correlated with soil
phosphatase activity (R* = 0.49 and P < 0.001, Figure 4).

Discussion

Despite the importance of organic P mineralization to
maintain soil fertility, less is understood about the mechan-
isms that regulate microbial P mineralization in rhizosphere.

Table 2. Increase in plant P content and phytin P use efficiency in plants grown in phytin amended soil with additional KH,PO, or not.

Increase in plant P content after phytin addition (mg)

Plant phytin P use efficiency (%)

Bacterial inoculation —KH,PO, +KH,PO,4 —KH,PO, +KH,PO,4
-PA 11.4 £ 1.6a* 45+ 1.5¢ 5.7 £ 0.8a* 2.2 +0.7c
I+PA 6.1 + 0.3b* 8.6 £ 0.4b 3.0 £ 0.1b* 43 +0.2b
2w+PA 5.3 £ 0.5b* 12.7 £ 0.4a 2.6 £ 0.3b* 6.3 +£0.2a

Note: Plant phytin P use efficiency = increase in plant P content after the addition of phytin/amount of phytin P added in the soil x 100%. —PA, no
inoculation with PA; I+PA, inoculation with PA at seedling initiation; 2w+PA, inoculation with PA two weeks after seeding emergence. Significant
differences are indicated by different letters between bacterial inoculation types for the same KH,PO, and phytin application (Tukey’s HSD, P < 0.05)
or an asterisk between KH,PO, treatments for the same phytin application and bacterial inoculation (z-test, P < 0.05).
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Figure 3. Phosphatase activity in the rhizosphere soil under
three bacterial inoculation treatments with (+) and without (—)
phytin or KH,PO, addition. —PA, no inoculation with PA;
[+PA, inoculation with PA at seedling initiation; 2w-+PA,
inoculation with PA two weeks after seedling emergence.
Different lowercase letters indicate a significant difference
(Tukey’s HSD, P < 0.05) in phosphatase activity among the
three inoculation forms. Bars represent means + SEs (n = 4).

Recent studies suggest that microbial C demand is able to
drive organic P mineralization with potential benefits for
plants (Spohn & Kuzyakov 2013) and changing soil C:P
ratio by adding sugars to the rhizosphere altered MBP and
the available P content in the soil (Marschner 2007). Here,
in the maize rhizosphere, our results demonstrate, in terms
of plant P uptake, that adding a small amount of inorganic P
to decrease the C:P ratio in a low P soil was able to
significantly change the relationship between maize roots
and rhizosphere PSB from negative to positive. In the field
soil, there are numerous bacteria which can mobilize
organic P, and decreasing the ratio of C:P may also
influence interactions among themselves, which have
potential effects on plant P uptake and should be considered
in the future.

Utilization of phytin by maize

Phytate-P may constitute up to 80% of organic P in soil
(Turner et al. 2002) which represents a large potential P
source for plants but it must be hydrolyzed by the
phosphatase exuded from plants or soil microbes to release
orthophosphate before it can be used by plants and/or
microorganisms (Richardson et al. 2000). In our experi-
ment adding phytin increased the plant P content (Figure 1)
and dry weight (Supplementary Table S1) of maize plants
significantly. Phosphatase activity in the rhizosphere soil
showed a significantly positive linear correlation with
plant P content (Figure 4). These results indicate that the
added phytin was hydrolyzed by phosphatase and then the
inorganic phosphate released was absorbed by maize
plants and thereafter increased their growth.

Maize P uptake mediated through PA at different
KH PO, addition rates

To investigate the mechanisms of nonsoluble phosphate
mobilization by PSB in the soil and their contribution to plant
P uptake the culture substrates are usually pretreated with
steam or ®°Co gamma radiation to reduce the influence of

(5]
W

R?=0.49; P<0.001; n=48

=N W
Y Y = Y =)

Plant P content (mg P plant‘l)

0

08 1.0 12 14 16 1.8 20 22 24 26
Phosphatase activity (ug pNPP g™ soil min™)

Figure 4. Correlation between phosphatase activity and plant P
content. Each dot inside the figure represents each pot in the
experiment. The data were fitted by significant regressions
(plant P content = —5.3+11.4 phosphatase activity).

indigenous soil microorganisms (Wolf & Skipper 1994;
Richardson et al. 2000). Otherwise, they will compete with
the inoculated PSB and inhibit their colonization in the soil
(Richardson & Simpson 2011). In our present study, though
phosphatase activities were detected in the —PA treatments
which may be derived from root exudates of maize and
bacteria in dry-precipitation or irrigation water, inoculation
with PA had significant higher phosphatase activities than —
PA. Such result suggested that inoculation with PA gave
substantial contribution to the increase of phosphatase
activities (Table 1; Figure 3). In addition, soil available
inorganic P (Olsen-P) also increased by more than 10 mg
kg™" due to addition of phytin (Supplementary Figure S2).
Addition of 5mg kg™' KH,PO, might give some contribu-
tion to the increasing of available P, but the contribution
should be small in such a clay soil. Firstly, clay soil normally
has relative high P fixing capacity. Secondly, the addition of
KH,PO, was far less than the increase of available P.
Therefore, these above results proved that the inoculated
PA played main role in enhancing the mineralization rate of
phytin by increasing phosphatase activity, which might
improve plant P nutrition (Figure 4). Many plants, including
maize, have limited capacity to obtain P directly from phytate
in soil because they do not produce and exude phytase to the
rthizosphere (Hayes et al. 1999; Richardson et al. 2000).
Therefore, the successful colonization of PSB in the rhizo-
sphere is important for phytate utilization by plants.

MBP was higher in both PA inoculation treatments
compared with —PA treatment, especially in 2w+PA
treatment, regardless of KH,PO, addition (Figure 2). This
result suggests that though PA promoted phytin-P miner-
alization by increasing phosphatase activities (Figure 3) it
also converted a substantial amount of the soil P into MBP,
which might compete with the plant for P. MBP represents a
potential bioavailable P source (Brookes et al. 1982) that
can prevent P fixing by soil clays and can be released again
for root acquisition when the soil conditions change, e.g.
drying, freezing, or decomposition of organic matter (Ross
et al. 1999; Chen et al. 2002; Butterly et al. 2009).
Converting biological P sources to chemical P sources for
plant uptake is of interest in enhancing plant P nutrition
(Richardson & Simpson 2011).
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Maize P uptake from phytin was affected to different
degrees by inoculated PA at different KH,PO, addition
rates (Table 2). Compared with —PA treatment, both [+PA
and 2w+PA treatments decreased plant P content and
shoot dry weight when no KH,PO,4 was added while they
increased plant P content and shoot P concentration when
5 mg P kg~! KH,PO,4 was added (Figure 1, Supplement-
ary Table S1). This indicates that the relationship between
PA and maize P uptake was regulated from negative to
positive by adding a small amount of inorganic P. This
regulation was related to the changes in phosphatase
activity and MBP caused by the addition of KH,PO,
(Figures 2 and Figure 3). It is generally accepted that the
phosphatase activity increases when soil solution inor-
ganic concentration is low and is inhibited by high
solution inorganic P concentration (Speir & Ross 1978).
But Radersma and Grierson found phosphatase activity in
the rhizosphere of the plants in their study was not
suppressed in the soils amended with P (Radersma &
Grierson 2004). Our results also showed that applying
inorganic P in the low available P soil could increase the
bacteria derived phosphatase activity by stimulating the
bacterial growth. This suggests that addition of inorganic
P to the rhizosphere not only directly supplies available P
to plant roots but also indirectly enhances the bioavail-
ability of soil organic P via priming soil PSB activity and
thereafter improves plant P nutrition.

Regulating the plant—bacterium relationship by
changing the C:P ratio

Maize roots can exude sugars, carboxylates, amino acids,
and other trace substances into the rhizosphere when they
are suffering P deficiency (Schilling et al. 1998). These
compounds can be used as active C for bacteria and
promote their growth which is defined as a ‘priming
effect’ (Kuzyakov et al. 2000). Root exudates increase the
ratio of C:P in the rhizosphere, which regulates the
mobilization and immobilization of P by PSB. At a low
C:P ratio, bacteria mobilize more P than they immobilize
and enhance plant P uptake, while at a high C:P ratio
bacteria immobilize more P than they mobilize and inhibit
plant P uptake (Song et al. 2003). Our results show that in
the low P soil without addition of KH,PO,, inoculation
with PA caused competition for P with maize and
thereafter decreased P content of maize (Figure 1) at a
relative higher C:P ratio. However, addition of 5 mg kg™
KH,PO, decreased the C:P ratio in rhizosphere and
thereafter promoted P acquisition of maize from soil
organic P pool (Figure 1).

Conclusions

Starter P fertilizer, e.g. applying a small amount of
uniformly mixed fertilizer and placed fertilizer which
also contains inorganic P, is widely used in crop produc-
tion to ensure good seedling establishment and, ultimately,
crop yield (Costigan 1984; Cahill et al. 2008). These P
fertilizers are able to not only increase soil available P but
also subsequently decrease the ratio of C:P in the

rhizosphere. In agricultural ecosystems more than 40%
of soil culturable bacteria have the ability to mobilize
insoluble and organic P (Jorquera et al. 2008) which can be
regulated by adding a small amount of inorganic P
fertilizer as our results show. This indicates that in addition
the direct P nutritional supply effect, the inorganic P
fertilizer may indirectly enhance soil organic P utilization
of plants mediated by soil bacteria. This may represent
another possible mechanism for the promotion of crop
growth and production by starter P fertilizer and other
similar P application methods. But comparing with the
field soil which contains a complete food web (Buchan
et al. 2013), the bacterial grazers in our experiment has
been removed. These microbes (e.g. nematodes and
protozoa) can release P from bacterial biomass and affect
turnover of P in the field. This aspect should be considered
in the future study.
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