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Abstract
Purpose

The ability of plants to redistribute and transfer phosphorus (P) fractions determines their adaptability to
P limitation. However, the mechanisms of P utilization and transport remain unknown in Chinese fir
(Cunninghamia lanceolata (Lamb.) Hook.) from the perspective of P fraction distribution.

Methods

In this study, we investigated the distribution and translocation patterns of total P and different P
fractions in the M1 Chinese fir genotype, which has high P-use efficiency (PUE), using 32P tracking that
can accurately trace the migration pathways of exogenous P after plant absorption.

Results

We found that total P in roots was higher than in stems or leaves under P limitation when the amount of
exogenous P absorbed by M1 reduced significantly. Under low-P, plants optimized P allocation, which led
to higher PUE than under high-P, with the highest PUE in leaves, followed by stems and roots. The M1
genotype maintained a high ratio of soluble P (i.e., inorganic-P and ester-P) in its leaves and stems that
increase P mobility and recycling under P limitation. In roots, P content shifted from soluble inorganic-P
and ester-P to insoluble P (i.e., nucleic-P), but total P concentration was relatively stable, which may
ensure root growth and exogenous P absorption under P limitation.

Conclusion

Our results confirm the high PUE of the M1 genotype, which reduces P demand, maintains aboveground
productivity, and optimizes the allocation of P among P fractions in response to P-limitation.

Introduction

Plant nutritional acquisition strategies and their underlying mechanisms have long been a fundamental
topic in ecology (Lambers et al. 2011). Phosphorus (P) is one of six macronutrients essential for plant
growth and development due to its function in genetic material, free nucleotides for energy transfer,
phospholipids as membrane components, and carbon metabolism as sugar phosphates (Ragothama
and Karthikeyan 2005). However, P is a common limiting nutrient of productivity in forest species (Fink et
al. 2014) due to its low soil mobility and precipitation with other soil minerals, such as iron (Fe) and
aluminium (Al) in acidic soils and calcium (Ca) in alkaline soils (Bortoluzzi et al. 2015; Freitas et al.
2017). The development of forest cultivars with greater P use efficiency (PUE), defined as the ability to
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grow and yield in soils with reduced P availability, would substantially improve forestry development
(Lynch 2014).

P utilization in plants is affected by a series of physiological, structural, and growth characteristics
(Huang et al. 2011). Under low P stress, plants can increase PUE by reducing metabolic activities and
increasing P reuse (Hammond et al. 2009). Plants can accumulate both organic and inorganic P;
inorganic P is composed of metabolic P and stored P (Rouached et al. 2011), while organic P can be
divided between nucleic, ester, and lipid P (Kulmann et al. 2021; Piccin et al. 2017). Ester P and some
inorganic P are actively metabolized by plant cells and are easily soluble, and the decomposition of ester
P in cells is fundamental to energy and material metabolism. To some extent, the content of nucleic P
can reflect the activity of plant protein synthesis and metabolism (Elser and Bennett 2011). Lipid P is
insoluble and mainly forms the structural material of cell membranes (Hidaka and Kitayama 2011). Low
P stress causes significant decreases in plant total P content and great variation in P distributions
between tissues (Veneklaas et al. 2012). Plant species differ in the degree to which they can adjust the
content and ratios of different P fractions to improve PUE (Shi et al. 2008). Lineages with high PUE tend
to reduce insoluble and less-soluble P fractions while increasing the proportion of soluble inorganic P to
enhance P mobility (Wieneke 1990). The contents and distribution of P fractions in plant tissues may
also be affected by plant P nutritional status. P deficiency generally decreases the content and proportion
of inorganic P more than organic P, which becomes the main P pool (Veneklaas et al. 2012; Liu et al.
2016; Shi et al. 2008).

Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.) is a major species used for afforestation in
southern China, but continuous planting and decreased soil fertility has caused reduced productivity and
attracted the attention of many research groups. The low soil available P content resulting from strong P
fixation in acidic soils is an important factor contributing to reductions in productivity (Fan et al. 2003).
Recent studies of Chinese fir response to low-P stress (Chen et al. 2021; Lai et al. 2018; Zou et al. 2018)
have identified genotypes with high PUEs (Wu et al. 2011). For example, the M1 genotype had high yields
despite low soil P concentration relative to the average genotype (Xianhua et al. 2018). The mechanism
underlying M1’s high PUE has been confirmed to be P transport and reuse that accelerate the P-cycle:
after inhibiting GA3 and IAA (Zou et al. 2019) in root tips and promoting the dissolution of root cortex to
form aerenchyma (Wu et al. 2018), cellular P is transported to stems and leaves for reuse. Furthermore,
insoluble rhizosphere P is activated through plant secretions (i.e., H", total acid, oxalic acid, citric acid,
etc.) (Lai et al. 2018; Zou et al. 2018) and apoptosis of root cells (Wu et al. 2017), thus improving P
absorption efficiency. The ability of plants to redistribute and transfer P fractions affects their
adaptability to P limitation (Guilbeault-Mayers et al. 2020; Moro et al. 2021). Few studies have tracked the
distribution and translocation of P fractions in woody plants in multiple organs over time, although many
have focused on leaves responses or herbaceous plants (Hidaka and Kitayama 2011; Guilbeault-Mayers
et al. 2020; Wang et al. 2019). Thus, the mechanisms of P utilization and transport remain unknown in
M1 Chinese firs from the perspective of P fraction distribution.

Page 3/22



Here, we investigated the distribution and translocation of different P fractions in the M1 Chinese fir
genotype with high P use efficiency after exogenous P uptake under low P supply. We used 32P labelling
to assess short-term uptake of P because it can accurately trace the migration pathways of exogenous P
after absorption into the plant. In brief, the method uses to radioactive tracers to monitor the passage of
nutrients through various plant tissues. Radioactive tracers have long been used to study nutrient
translocation from soil to plant tissues (Feike et al. 2015; Mildaryani et al. 2020), because they provide
reliable availability indices and correlate with measurements of chemical extraction. We chemically
fractionated plant P into the following major fractions: inorganic P, and three classes of organic P (lipid,
nucleic, and ester). We measured P at four times (0.5d, 1d, 5d, and 15d) to capture the dynamics of total
P and P fractions in multiple organs under different levels of P supply. We then calculated the PUE of
multiple organs and examined the relationships among different P fractions and PUE. We aimed to
comprehensively explore P utilization in M1 Chinese firs from the perspective of P fraction distribution
and translocation to identify mechanisms underlying increased PUE and provide a new empirical basis
for the breeding of P use efficient plant genotypes.

Materials And Methods

Plant material

We used No.1 (M1) Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.) seedlings that were identified in
a preliminary study as exhibiting “passive low-P tolerance” that produced high yields despite low soil P
concentration relative to the average genotype (Wu et al. 2011). Seedlings used in this study were half-
sibs produced in monoculture form the Chinese fir clonal seed orchard at Wuyi State-owned Forest Farm,
Zhangping, in Fujian Province, People’'s Republic of China, which was established in 1985. Seedlings were
cultivated in a greenhouse at the College of Forestry, Fujian Agriculture and Forestry University, People's
Republic of China, with an average temperature of 20.3°C and relative humidity was 78%. Seedlings were
watered 3—4 times weekly. Seedlings had relatively consistent growth rates, complete root system, and
showed no signs of disease. The average stem diameter at ground level was 2.30 mm and the average
plant height was 17.00 cm.

Study Design

The experiment was conducted in the Isotope Laboratory of the College of Sciences, Nanjing Agricultural
University. Plants were grown in polyethylene containers (4.5cm diameter, 30cm depth) in hydroponic
culture to ensure full absorption of exogenous P. Each seedling was wrapped with a sponge and fixed at
the mouth of the container in a poly-ethylene foam plate with a 2cm diameter seedling hole cut in the
middle of the foam plate. The stem-root transition zone of each seedling was wrapped in sponges and
fixed in the seedling hole. During the experiment, a 20-min ventilation controlled by an automatic timer
was performed every 4 h to ensure a sufficient oxygen supply to the seedlings.
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Seedlings were divided between two P concentration conditions: high-P and low-B, with P concentrations
set according to the soil available P in southern Chinese fir plantation forests measured by Sheng and
Fan (2005), who showed that optimum available P in southern Chinese fir forests was 0.42 mmol/L
(high-P) and the limiting value was 0.03 mmol/L (low-P). We used KH,POQ, as the source of P, and high-
and low-P treatments were 0.50 mmol-L™ ' KH,PO, and 0.03 mmol-L™ " KH,PO,, respectively. The
potassium (K) levels of the nutrient solutions used in the different treatments were adjusted with KCI
during the experiment based on the modified Hoagland formula of Wu et al. (2011): 127.5 mg-L™ " KNOs,
122.5 mg-L~"MgS0,-7H,0, 294.92 mg-L~ ' Ca(NO3),-4H,0, trace elements (0.71mg-L™ " H3B05, 0.02
mg-L™! CuS0,-5H,0, 0.055mg-L™ " ZnS0,-7H,0, 0.4525 mg-L™ " MnCl,-4H,0, and 0.015 mg-L"™"
H,M0,-4H,0), and an iron salt solution (1.393 mg-L™ ' FeS0,-7H,0 and 1.863 mg-L" ' Na,EDTA). The pH
of the nutrient solution was adjusted to 5.5 with NaOH and diluted HCI.

32p js an ideal radionuclide for use in plant physiology and fertilization studies due to its nuclear
features: it is a pure beta emitter with the maximum B~ radiation energy E,,,,=1.7 MeV and a half-life of
14.3d. Based on these properties, we assessed plant P at four times during the experiment (0.5d, 1d, 5d,
and 15d). We prepared the 32P radioactive solution using a stock solution of 32P-orthophosphate with a
radioactive concentration of 4.05x10% Bq-mL™" (PerkinElmer, U.S). Each single seedling pot contained
250 mL nutrient solution and 650 pL of 32P-orthophosphate solution, and there were five replicates for
each treatment, for a total of 40 seedlings. We also prepared five polyethylene containers without
seedlings for each nutrient solution (i.e., high- and low-P concentrations) and 32P-orthophosphate
solution, which were used as blanks to determine the specific activity at the end of the experiment.

Determination Of Indicators
Determination of dry weight

After each P treatment, the nutrient solution was washed from the root surface of seedlings with
deionized water until the radioactivity of 32P on the root surface was less than 100 counts per minute
(cpm), as determined by a liquid scintillation counter (LSC; Beckman LS6500). Then fresh leaf, stem, and
root of Chinese fir seedlings were separated and oven-dried at 105°C for 2 h and then at 75°C to constant
mass to determine dry mass (DM). Before oven-drying, small fresh samples of each organ were taken
and stored at -80°C for the determination of radioactivity (below).

Determination of radioactivity
Radioactivity determination of total P and different P fractions in seedlings

For each plant, 0.03g crushed samples of each organ (root, stem, and leaf) were weighed for radioactivity
determination of total P. We also separately weighed 0.20g fresh samples of root, stem, and leaf, ground
them into homogenates, and rinsed them with 4 mL of 5% trichloroacetic acid (TCA) in centrifuge tubes.
Then 1 mL 5% TCA was added and samples were centrifuged at 1180xg for 5 minutes. We transferred
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the resulting supernatants into 25mL volumetric flasks, added 5mL acetone, shook well, added 5mL
ammonium molybdate reagent, mixed, let rest for a few minutes, and then them transferred into a
separatory funnel. We then added 10mL of a water-saturated mixture of isobutanol and benzene to each
sample and vigorously shook. After resting for a few minutes, the solutions separated into two layers: an
acidic inorganic P (Pi) bottom layer and organic P compound upper layer. We collected the two layers in
25mL volumetric flasks containing distilled water for Pi and acetone for organic P. After the main
component of the organic P solution (ester P) was removed, we extracted the residue with 3 mL of 95%
(w/v) ethanol. We continued to extract with a total of 3mL 2:1 mixed solution (ethanol and ether, v/v)
after resting the solution for 10 minutes and centrifuging at 1089xg for 8 minutes. Each extraction
resulted in a lipid P supernatant and the extraction solution was adjusted to 25ml with acetone. The
precipitate was hydrolyzed with 5SmL of 0.5mol KOH at 36°C for 18h, cooled, MgCl, was added to
accelerate RNA decomposition, and acidified to pH = 1 with 72% HCIO, before centrifuging at 1180xg for

10 minutes. The resulting supernatant contained 32P-RNA, and the volume was fixed to 25 ml with
distilled water. A final precipitate was extracted by adding 5 mL 5% HCIO, and incubating at 90°C in a
water bath for 15 minutes. The solution was separated into two layers after centrifuging at 1180xg for 10
minutes, and a supernatant containing 32P-DNA was extracted and brought to 25 ml with distilled water.

The above extraction steps were repeated four times for complete separation, and final P fractions were
determined uniformly. All samples were decolorized and filtered with activated carbon, then TmL was
pipetted, and the radioactivity of the samples was determined by liquid scintillation counter (Beckman
LS6500) after adding scintillation liquid (PerkinElmer, Boston,U.S) for 12h. Data obtained from LSC were
transformed into units of disintegration per minute (dpm) by dividing cpm by LSC efficiency: dpm =
cpm/efficiency (Nurmayulis et al. 2013). Data was recorded as the average of five replications. The

reference moment chosen for all activity results was the harvesting time. 32P uptake was calculated
using the following decay correction.

A=Aje=H

1

Where A is the remaining activity of 32P after decay at time ¢ (from the measurement time to the reference
time), A, is the activity of 32P at =0, and \ is the decay constant of 32P. The formula for calculating A is
A =1In2/T, 5, where T, , is the half-life of 32P, which is 14.3d.

Determination of activity specific

Specific activity, expressed in units of Bq-pg™', was defined as the ratio of radioactivity to P content in the
five blank solutions (see Study Design, above) and calculated as follows:

R;
SA = = (2)
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Where SA is specific activity, R, is the radioactivity of nutrient solution, and m, is P content in nutrient
solution.

Data Analyses
We calculated the content of exogenous P of each organ on a dry matter basis by dividing the
radioactivity of each organ by the specific activity and dry mass:

1
Rrp*sa
my

3

Where M1p (expressed in units of ug-g™") is the content of exogenous P of each organ on a dry matter
basis, Ryp (expressed in units of Bq) is the radioactivity of total P in each organ, SA (expressed in units of
Bqg-ug™") is the specific activity (Eq. 2), and m, (expressed in units of g) is dry mass of each organ. Eq. 3
was also used to calculate the content of each P fraction in each organ was calculated similarly.

We also calculated the distribution ratio of different P fractions in each organ to total plant P; the
distribution ratios (rep, %) was calculated as follows:

MFP* .

Where rp is distribution ratio of a given P fraction in a given each organ, Mgp is the content of that P
fraction in the organ on a dry matter basis, and M (expressed in units of pg-g™') is the sum of Mtp in
different organs.

Finally, we calculated the P use efficiency (PUE, g-ug™") of each organ, to investigate the rate of dry mass
synthesis per unit P in each organ:

mg

PUE = —mo ¥ Myp

5

Statistical analyses were performed in SPSS version 19.0 (SPSS Inc., Chicago, IL, U.S), and graphs were
plotted using Origin 8.5 (Origin Lab Corporation, Northampton, MA, U.S). Paired t-tests were used to
compare differences between high and low P treatments at each time point. One-way ANOVA was used to
evaluate differences between time points for total P concentrations, distribution ratios, relative
proportions of each P fraction, and PUE. Pearson correlation analysis was used to examine the
relationships among different P fractions and PUE. All tests were done using a confidence level of P<
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0.05. We further investigated significant effects with Duncan’s multiple range test at 5% significance level
to test for differences between treatments.

Results

Comparison of total P distributions after different P treatments

The amount of exogenous P absorbed by plants under both high and low P treatments increased
gradually with time (Fig. 1). The distribution of exogenous P in roots was significantly higher than that in
leaves and stems. The amount of exogenous P in leaves and stems only reached 7.7%-10.5% of that in
roots under different P supply conditions after 15 days, when the absorption curves of exogenous P in
leaves and stems showed no significant difference between them. Comparison of the high- and low-P
treatments showed that the amount of exogenous P absorbed by plants under low-P treatment was
significantly lower than that of the high-P treatment (P< 0.05). The differences were initially quite small,
but P uptake in high-P treatment increased sharply from 5d to 15d. The amount of exogenous P absorbed
by roots under low-P treatment at 5d and 15d was only 13.3% and 4.8% of that of high-P condition,
respectively.

Ratios of exogenous P absorbed in different organs showed that root absorbed the most exogenous P
(80%-90%), followed by stems and leaves, regardless of P treatment (Fig. 2). The ratio of exogenous P in
aboveground parts initially decreased over the first day but increased in both treatments over 5d and 15d.
The ratios of root, stem, and leaf P were similar in the high- and low-P treatments at 0.5d (~0.05), but
leaf and stem P ratios decreased under low-P treatment relative to the high-P treatment (P<0.05). The
ratios of stem P under low-P were 59.4% and 75.2% of high-P treatment after 5d and 15d. In leaves the
ratios were similarly low; only 43.2% and 73.9% of the high-P treatment at 5d and 15d, respectively. In
contrast, the ratio of P in roots was higher under low-P treatment than high-P supply from 1d to 15d.

Distribution of P fractions in leaves under different P treatments

The content of P fractions at 0.5d in leaves under both conditions were lower than the detection limit,
which we recorded them as 0 pg-g™ " (Fig. 3). We found that the distributions of inorganic-P and ester-P in
leaves were similar between high- and low-P treatments. Under high-P supply, the ratios of inorganic-P
and ester-P peaked at 5d before decreasing significantly at 15d (P0.05; Fig. 3a-b). Under low-P treatment,
the ratios of inorganic-P and ester-P in leaves increased over the experiment, and the ratios after 15d were
significantly higher than all earlier time points (P¥0.05; Fig. 3a-b), and both were higher than those of the
high-P treatment. The ratio of soluble P remained high in leaves of M1 Chinese fir under low-P treatment.
The lipid-P in leaves increased over 5d in both high- and low-P conditions and remained stable between
5d and 15d (Fig. 3c). The ratios of lipid-P under low-P treatment decreased relative to the high-P
treatment (P<0.05) at 5d and 15d, when the ratio was significantly lower than high-P treatment at 1d (P<
0.05). Similarly, the ratio of nucleic P in leaves increased up to 5d and remained stable from 5d to 15d
under high P supply, while the proportion of nucleic P in leaves increased continuously under low P
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treatment (Fig. 3d). In the low-P treatment, the nucleic-P ratio at 15d reached 4 times that of 1d and was
significantly higher than that under high-P supply (P<0.05).

Distribution of P fractions in stems under different P treatments

As in leaves, stem P fractions at 0.5d were below the detection limit and recorded as 0 pg-g™ " (Fig. 4).
The distribution of inorganic-P and ester-P in stems was consistent with that observed in leaves: ratios
peaked at 5d under high-P supply but increased over the course of the experiment under low-P (Fig. 4a-b).
The ratios of inorganic-P and ester-P were also higher under low-P treatment at 15d, with the ratio of
inorganic-P under low-P twice that of high-P. The ratio of soluble P in M1 stems also remained high under
low-P treatment. Like leaves, there was no significant difference between lipid-P ratios in stems of
different P treatments (P10.05), but lipid-P increased slightly by 15d under low-P treatment (Fig. 4c). The
ratio of nucleic-P in stems was also consistent with that in leaves: the ratio of nucleic-P in stems
increased up to 5d and was stable from 5d to 15d under high-P supply, while the proportion of nucleic-P
in stems continuously significantly increased under low-P supply (Fig. 4d).

Distribution of P fractions in roots under different P treatments

The changes in inorganic-P and ester-P in roots were different from trends in leaves and stems.
Regardless of P supply treatment, inorganic-P in root generally decreased over the course of the
experiment (Fig. 5a), while ester-P peaked at 1d and was not significantly different between 0.5d, 5d, and
15d (Fig. 5b). The ratios inorganic-P and ester-P were also lower under low-P treatment than high-P
supply from 0.5d to 15d, and the differences at most time points were significant (P0.05; Fig. 5a-5b). We
did not observe any changes in the ratios of lipid-P in roots of either P treatment (P10.05; Fig. 5¢), but
lipid-P was slightly slowed in the low P treatment. The patterns of root nucleic-P ratios were markedly
different between high and low P treatments. Under high-P supply, the ratio of nucleic-P was constant
over time (P¥0.05), while the ratio of nucleic-P increased significantly with time under low-P treatment
(Fig. 5d). The ratio of nucleic-P in roots at 15d was 2.6 times that of 0.5d under low-P treatment.
Moreover, in contrast to root inorganic-P, ester-P, and lipid-P, all ratios of nucleic-P were higher in the low-P
treatment than high-P supply over the course of the experiment.

P use efficiency in different organs under different P treatments

The P use efficiency (PUE) was highest in each organ at 0.5d (P< 0.05) under both high- and low-P
treatments (Fig. 6). PUE of each organ from reduced slightly from 1d to 15d under low-P treatment, but
there was no significant difference between time points (P10.05). The PUEs of leaves, stems, and roots at
15d under low-P treatment were only 1.53%, 1.57%, and 1.27% of that at 0.5d, respectively. Similarly,
under high-P, PUE of each organ decreased from 0.5d to 1d and then remained stable. Leaf PUE was
highest, followed by stem and root, regardless of P treatment. The PUE of leaves was nearly 9 times that
of roots at 0.5d under low-P treatment, and reached more than 10 times under high-P treatment.
Comparison of high- and low-P treatments at each time point showed that the PUE of each organ under
low-P was significantly higher than under high-P at each time point (P<0.05). For example, the PUEs of
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leaves, stems, and roots at 0.5d under high-P were only 6.90%, 6.24%, and 5.70% of that under low-RB,
respectively.

Relationship between P fractions and PUE in different organs

Correlation analysis between different P fractions and PUE showed that the PUEs of leaves and stems
were both similarly negatively correlated with each P fraction, regardless of P treatment (Table 1).
Furthermore, leaf PUE was significantly negatively correlated (P<0.01) with inorganic-P, ester-P, and
nucleic-P under low-P treatment. The correlations between PUE and these three fractions in stems were
also significant (P<0.05). However, the correlations between PUE and P fractions in leaves and stems
were not significant (P> 0.05) under high-P, except for ester-P. In roots, PUE was significantly negatively
correlated with nucleic-P (P<0.01) under low-P and significantly negatively correlated with ester-P under
high-P (P<0.05).

Table 1
Correlations between P fractions and PUE in different organs

P fractions PUE for dry mass (g-ug™")

Leaf Stem Root

L-P H-P L-P H-P L-P H-P
Inorganic-P -0.990™ -0.734" -0.798" -0.701"s -0.018"s 0.661"
Ester-P -0.980" -0.858" -0.816" -0.607"s 0.056"¢ -0.796"
Lipid-P -0.720"s -0.772" -0.642" -0.723"s 0.440M -0.623"
Nucleic-P -0.940" -0.767" -0.813" -0.785" -0.878" -0.549"s
NS represent not significant with P>0.05, " represent significant differences at P<0.05, ™ represent
significant differences at P<0.01; PUE represent P use efficiency, L-P and H-P represent the low-P and
high-P treatment, respectively.

Discussion

P is among the most intractable constraints on plant fertility, particularly in acidic soils in the tropics with
high P fixation capacities. The effects of nutrient limitation and plant adaptive strategies in infertile soils
is a focal topic of plant ecology. Plants can adjust the content and ratios of P fractions to improve
nutrient utilization efficiency (Shi et al. 2008). We found that the amount of exogenous P absorbed by the
M1 genotype of Chinese fir decreased significantly under low-P treatment, and that total P in root was
significantly higher than in shoot. Congruent with recent studies of foliar P fractions (Hidaka et al. 2013),
M1 Chinese firs generally reduced total and leaf P concentrations. This decrease in total P concentration
is caused by the reduction of P fractions in cells and various P-containing biochemical compounds
(Hidaka and Kitayama 2011; Veneklaas et al. 2012), and plants optimize P allocation among foliar P
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fractions to increase P use efficiency (PUE) under low soil P availability (Hidaka et al. 2013). Our results
are congruent with the past reports: PUE under low-P treatment was generally significantly higher than
under high-P across time points and plant organs. Furthermore, the PUE of leaves and stems were
significantly negatively correlated with inorganic-P, ester-P, and nucleic-P under low-P treatment, while root
PUE was significantly negatively correlated with nucleic-P.

We also observed that the M1 Chinese fir genotype optimized P allocation among foliar P fractions under
low soil P availability. It has been widely reported that plants generally reduce foliar P concentration and
enhance PUE in response to low soil P availability (Nadejda et al. 2007; Hidaka and Kitayama 2010; Yan
et al. 2015; Yang et al. 2018). An analysis of 340 tree and shrub species across various biomes found
that plants growing in P-poor soils increased leaf toughness and leaf life span, thus allowing a greater P
fraction to be allocated for metabolism rather than growth to maintain high PUE (Hidaka and Kitayama
2011). M1 Chinese fir optimize P allocation (i.e., enhancing PUE) to maintaining productivity and growth
and reduce P demand (i.e., reduce total P concentration) under limiting P conditions. Furthermore,
increased PUE could be explained by the net effect of a relatively greater investment of P into Pi and P-
containing metabolites for growth and less into other foliar P fractions (i.e., membrane phospholipids) in
addition to generally reduced concentrations of all P fractions (Hidaka and Kitayama 2013).

In this study, we found that PUE was highest in leaves, followed by stems and roots, and the leaf PUE was
significantly correlated with inorganic-P, ester-P, and nucleic-P under low-P treatment. Previous studies
have shown that inorganic-P is expected to have higher resorption efficiency due to its high mobility
(Tsuijii et al. 2017). In contrast, much more energy is required to degrade recalcitrant P compounds in
senesced leaves to increase P resorption efficiency in P-limited environments (Hidaka and Kitayama
2013). Our results showed that the ratio of soluble P (i.e., inorganic-P and ester-P) remained high in
leaves of M1 Chinese firs under low-P treatment while lipid-P was lower, relative to the high-P treatment.
The proportion of nucleic-P in leaves also gradually increased under low-P treatment, which may
potentially limit growth and productivity (Tsujii et al. 2017), similar to inorganic-P. These findings are
generally consistent with previous studies, which showed a relatively greater investment of P into
inorganic P and P-containing metabolites. Lipid-P showed lower content under high P supply, while the
proportion of soluble P in stems likely increased P mobility and improved the P recycling capacity of P
(Mo et al. 2019; Liu et al. 2016; Shi et al. 2008).

In contrast to shoot and leaf patterns, inorganic-P in roots decreased over the course of the experiment
and ester-P peaked at 1d in both treatment groups. Root nucleic P was constant under high-P but
increased significantly with time under low-P treatment. Studies of ecological stoichiometry have
suggested that a great amount of nucleic-P is in P-rich ribosomal RNA and that higher rates of plant
growth required a greater investment in ribosomal RNA to produce the proteins required for growth
(Perkins et al. 2004). These findings suggest that an increase in protein synthesis requires higher P
allocation to nucleic-P; thus, higher root nucleic-P may be a response to promote root growth to improve
exogenous P absorption under P-limitation. However, soluble P content gradually decreased relative to
insoluble P components under P-limitation. We speculate that P fractions in roots were transferred. Plant
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absorption of P is strongly limited by exogenous P, which ultimately limits plant growth (Yuan and Chen
2015). To satisfy P demand for shoots, plants take up nutrients from the soil but also recycle nutrients
internally through resorption and re-allocation from storage organs (e.g., roots), which allows the reuse of
nutrients for new growth ( Klimeova et al. 2018; Valverde-Barrantes et al. 2017; Wang et al. 2021). A study
by Lambers found that P resorption efficiency (from Pi and P mobilized from hydrolyzed lipids and
nucleic acids prior to abscission) approached 82% on sites with severe P deficiency (2015). Other studies
have shown that under low P stress, high P efficient plants enhance the decomposition of ester-P and
nucleic-P by increasing the activity of acid phosphatase in lower leaves so that newer, upper leaves can
reuse their P (Liu et al. 2016). It has been hypothesized that the ability of plants to redistribute and
transfer P fractions affects their adaptability to P limitation (Mo et al. 2019; Hidaka and Kitayama 2013;
Wang et al. 2019).

Previous studies of P fractions have focused exclusively on leaf responses or herbaceous plants (Hidaka
and Kitayama 2011; Guilbeault-Mayers et al. 2020; Wang et al. 2019). Few studies have tracked the
distribution and translocation of P fractions in woody plants in multiple organs over time. Species vary in
their P absorption and utilization strategies, which is reflected in the distribution of P fractions (Mo et al.
2019; Tsujii et al. 2017). Here, we observed the dynamics of P fractions in M1 Chinese firs under low P
condition using highly precise 32P isotope tracer techniques. Our findings were generally consistent with
earlier studies that found relatively greater P allocation to Pi and P-containing metabolites in leaves and
shoots. Our results support the hypothesis that higher shoot soluble P enhances P mobility and recycling.
In contrast, we observed large increases in nucleic-P in root, which are generally analyzed from the
perspective of a storage organ. We believe that the M1 Chinese fir genotype has high P-use efficiency,
which reduces P demand, maintains aboveground productivity, and increases root nutrient allocation in
response to P-limitation.

Conclusion

We found that under limiting P, the M1 Chinese fir genotype reduced the allocation of exogenous P to
leaves and stems, and correspondingly increased the distribution to roots, in addition to generally
reducing total P concentrations. However, the PUE of different organs under low-P were all significantly
higher than under high-P treatment over the course of the experiment. PUE was generally significantly
correlated with P fractions (i.e., inorganic-P, ester-P, and nucleic-P), which showed that higher PUE under
low-P was explained by the net effect of a relatively greater investment of P into metabolic P rather than
to structural P. M1 Chinese firs maintained a high ratio of soluble P (inorganic-P and ester-P) in leaves
and stems to increase P reuse capacity to adapt to low soil P availability. Our results suggest that P is
transferred in roots, as soluble inorganic-P and ester-P gradually decreased while insoluble P components
(e.g., nucleic-P) accumulated in the roots to maintain a relatively stable root total P concentration. These
responses likely facilitate root growth to increase exogenous P absorption under low P supply. We
conclude that M1 Chinese fir genotype has high PUE, which reduces P demand (i.e., reduces total P
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concentration), maintains aboveground productivity (i.e., increases PUE), and optimizes the allocation of
P among P fractions (i.e., increases P mobility and recycling) in response to P-limitation.
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The content of exogenous P absorbed in different organs of M1 Chinese fir under different P supply
condition. “L-P” and “H-P” represent the low-P and high-P treatment, respectively. Error bars represent
standard error, and each point in the figures represents the mean of the three replicates (n=5). Lowercase
letters indicate significant differences (P<0.05) at different treatment times under the same P treatment.
Uppercase letters indicate significant differences (P<0.05) between different treatments at each time
point. It showed the same labels in different organs, so we marked only one label on a bar chart
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Figure 2

The distribution ratio of exogenous P absorbed in different organs of Chinese fir under different P supply
condition. “L-P” and “H-P” represent the low-P and high-P treatment, respectively. Lowercase letters
indicate significant differences (P<0.05) at different treatment times under the same P treatment.
Uppercase letters indicate significant differences (P<0.05) between different treatments at each time
point
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Percentage of P fractions in leaves to total plant P under high- and low-P treatments; (a) inorganic P, (b)
ester P, (c) lipid P, and (d) nucleic P. “L-P” and “H-P” represent the low-P and high-P treatment, respectively.
Error bars represent standard error, and each point in the figures represents the mean of the three
replicates (n=5). Lowercase letters indicate significant differences (P<0.05) at different treatment times
under the same P treatment. Uppercase letters indicate significant differences (P<0.05) between different
treatments at each time point
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Percentage of P fractions in stems to total plant P under high- and low-P treatments; (a) inorganic P, (b)
ester P, (c) lipid P, and (d) nucleic P. “L-P” and “H-P” represent the low-P and high-P treatment, respectively.
Error bars represent standard error, and each point in the figures represents the mean of the three
replicates (n=5). Lowercase letters indicate significant differences (P<0.05) at different treatment times
under the same P treatment. Uppercase letters indicate significant differences (P<0.05) between different
treatments at each time point
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Percentage of P fractions in roots to total plant P under high- and low-P treatments; (a) inorganic P, (b)
ester P, (c) lipid P and (d) nucleic P. “L-P” and “H-P” represent the low-P and high-P treatment, respectively.
Error bars represent standard error, and each point in the figures represents the mean of the three
replicates (n=5). Lowercase letters indicate significant differences (P<0.05) at different treatment times
under the same P treatment. Uppercase letters indicate significant differences (P<0.05) between different
treatments at each time point
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Figure 6

P use efficiency in different organs under high- and low-P treatments. “L-P" and “H-P” represent the low-P
and high-P treatment, respectively. Error bars represent standard error, and each point in the figures
represents the mean of the three replicates (n=5). Lowercase letters indicate significant differences
(P<0.05) at different treatment times under the same P treatment. Uppercase letters indicate significant
differences (P<0.05) between different treatments at each time point
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