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Abstract

Aims High Phosphorus (P) efficiencies such as internal P utilization efficiency (PUE) and P acquisition efficiency (PAE) are
crucial for upland rice production, particularly on highly P-fixing soils like Andosols. While the effect of root traits associ-
ated with high PAE in upland rice has been studied intensively, less attention has been given to the origin of P (native soil-P
versus fertilizer-P) taken up by plants when evaluating differences in P efficiency. Here we aim to evaluate the efficiency of
different upland rice genotypes to acquire native soil-P and fertilizer-P.

Methods Four upland rice genotypes with varying PAE were grown in an Andosol at low- and high-P fertilization level and
harvested 9 and 34 days after emergence. Fertilizer-P was labeled with **P to distinguish between the efficiency to acquire
P originating from native soil and fertilizer by measuring plant P uptake.

Results Increased fertilizer supply enhanced native soil-P uptake. Under low-P conditions the genotype DJ123 showed a
superior PAE and an increased acquisition of native soil-P while AB199 was identified to have a superior internal PUE
under P deficient conditions. Differences between genotypes in overall PAE under high-P conditions were not significant
but the distinction of P sources showed that genotype DJ123 acquired significantly more native soil-P per unit root than all
other genotypes.

Conclusions Our results indicate that variations in PAE among genotypes are associated with their ability to access native
soil-P. DJ123 emerged as the most adept genotype in acquiring sparingly soluble native soil-P and future studies should
unravel the rhizosphere processes underlying increased PAE of native soil-P.
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1 Introduction

Volcanic ash soils, known as Andosols, are widespread
across the globe and are commonly characterized by a
porous soil structure, high water-holding capacity and a high
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nutrient density (Nanzyo 2002). These qualities make them
highly suitable for agriculture, supporting the livelihoods
of many people worldwide (Shoji et al. 1993; Takahashi
and Shoji 2002). Despite their high total nutrient content,
Andosols often have low plant availability of phosphorus
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(P) (Otani and Ae 1996). This limitation is primarily due to
the presence of active Al- and Fe- (hydr-)oxides and organo-
Al- and Fe-complexes, which have a strong affinity for phos-
phate adsorption (Otani and Ae 1999; Balemi and Negisho
2012; Hashimoto et al. 2012).

The challenge of limited P availability becomes especially
pronounced when economic constraints hinder the exten-
sive application of P fertilizers, a circumstance frequently
encountered in upland rice cultivation on soils with high
P fixation (Hedley et al. 1994; Atakora et al. 2015). This
situation is aggravated by the depletion of rock phosphate
resources, further emphasizing the need for sustainable
approaches in managing P in agriculture (Otani and Ae 1996;
Simpson et al. 2011; Ulrich and Frossard 2014). Therefore,
breeding for P-efficient genotypes is a common approach
to address the challenges posed by high P fixing soils and
low fertilizer accessibility (Rose and Wissuwa 2012). Plants
employ two primary, non-exclusive strategies to augment P
acquisition: P foraging and soil-bound P mining (Richard-
son et al. 2011; Chen et al. 2023). The P foraging strategy
involves maximizing the exploration of soil volume by the
root system to efficiently capture as much plant-available
P as possible (Adesemoye and Kloepper 2009; Nestler and
Wissuwa 2016) and is particularly crucial in soils where P
diffusion is limited. In addition, plants exhibit the ability to
mine P that is not readily available for uptake. This capacity
is quantified as the P acquisition efficiency (PAE), expressed
as the amount of P absorbed per unit of root size (Mori et al.
2016; Wissuwa et al. 2020). This metric provides valuable
insights into a p lant's effectiveness in extracting P from less
accessible soil-bound sources efficiency (Richardson et al.
2011; Kuppe et al. 2022; Chen et al. 2023), contributing to
a comprehensive understanding of its nutrient acquisition.

It has furthermore been suggested to explore genotypic
differences in internal P utilization efficiency (PUE) which
has been defined as the biomass produced per unit P (Rose
and Wissuwa 2012). The key determinants of elevated PUE
involve the effective re-mobilization and re-translocation
of P, predominantly from older tissues to newly developing
ones, hereby optimizing nutrient utilization within the plant.
Specifically, examining genotypic disparities in root PUE
becomes pertinent, as the P remobilized from aging roots
(or leaves) can potentially be allocated towards fueling the
expansion of the root system (Aerts 1996; Veneklaas et al.
2012).

While the ability and the mechanisms of plant species
to mobilize sparingly available P sources has been studied
extensively (Wang et al. 2010b; Nishigaki et al. 2019), there
is a notable lack of information regarding the efficiency of
P acquisition from various P sources in the soil (soil vs.
fertilizer-P). Hedley et al. (1994) evaluated the ability of
upland rice genotypes to acquire native soil and fertilizer-P
and found no genotypic differences between the cultivars
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studied. Shimamura et al. (2021) found genotypic differ-
ences in PAE between six rice varieties under moderate P
deficiency but the authors observed no differences in the
efficiency of those genotypes to acquire organic-P.

Furthermore, it is widely recognized that a minimum sup-
ply of P is essential for initial plant growth and serves as
the foundation for the plant to access and acquire further P
resources (Grant et al. 2001, 2005; Richardson et al. 2009).
However, because breeding efforts for PAE primarily tar-
get low-input systems without fertilizer addition, there is
a notable gap in the literature to our knowledge regarding
the response of different genotypes varying in PAE to vary-
ing fertilization rates. The identification of genotypes that
respond well to low fertilizer-P application while enhanc-
ing native soil-P acquisition aims to optimize productivity
and resource efficiency in rice cultivation within low-input
systems.

In order to address these uncertainties, we grew four dif-
ferent upland rice genotypes in an Andosol with a low and
a sufficient P fertilizer supply. We investigated the P-effi-
cient genotype DJ123, the P-inefficient genotype Nerica4
and two promising sister lines of both of them (AB199 and
ABG67) (Koide et al. 2013; Wissuwa et al. 2020; Ranaivo
et al. 2022). The relative contribution of different P sources
(native soil-P versus freshly applied P fertilizer) to total P
uptake by the different rice lines was quantified using **P
labeled fertilizer. With the use of *°P, we can distinctly dif-
ferentiate between the uptake of native soil-P and fertilizer-P.
An early harvest date (9 days after emergence) was included
in the experiment to observe and adjust for the initiation of
P uptake beyond seed-P. The main harvest date was set to be
34 DAE, coinciding with the beginning of tillering. Native
soil-P in this study refers to the indigenous and residual soil-
P (non-radioactive P), i.e. all P forms that were in the soil
before the start of the experiment, whereas “freshly”” applied
P refers to the fertilizer-P applied at the beginning of the
experiment.

Our objectives encompassed three key aspects: firstly, to
evaluate the PAE and PUE across various tested genotypes;
secondly, to establish connections between the variations in
PAE and the efficiencies in acquiring native soil-P versus
fresh fertilizer-P; and lastly, to investigate whether the intro-
duction of a high dose of P fertilizer negates the observed
effects of PAE.

2 Materials and Methods
2.1 Soil
Two pot experiments were conducted with a P-deficient

Andosol collected from an upland field site at the experi-
mental station of JIRCAS located in Tsukuba, Japan
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(36°03'09.6"N 140°04'39.2"E). The soil texture of the Ando-
sol was distributed as follows: clay: 11%, silt: 50% and sand:
39%. The soil had a total P concentration of 930 mg kg™' and
a plant available P (Bray 2) concentration of 7 mg P kg~!
(Table 1). Prior to the experiment the soil was air dried and
sieved to < 1 mm in order to allow for a homogenous ferti-
lizer distribution into the soil.

2.2 Sorption Experiment

In order to test the fertilizer-P sorption of the Andosol
used, a sorption experiment was performed. For this, 2 kBq
33p_labeled phosphoric acid (H;**PO,) (Hartmann Analytic
GmbH, Brunswick, Germany) were mixed with a 24-fold
concentrated low- (3.5 mg P kg™!) and high-P (70 mg P
kg~!) solution (both single nutrient solutions contained diso-
dium phosphate (Na,HPO,)). The substrates employed in
the sorption comprised the Andosol, an acid-washed quartz
sand, and a sandy soil from Miincheberg, Germany, used
for comparative analysis (Suppl. Table S1). Then 500 mg of
each substrate were separately mixed with 1200 pl spiked
33P-nutrient solution and shaken for 60 min on a horizontal
shaker. The tubes were subsequently centrifuged at 25 830 g
for 5 min at 4 °C. Of each tube, 600 ul were taken from the
supernatant and mixed with 5 ml of UltimaGold-Scintillator
(PerkinElmer, USA) and **P was quantified using a liquid
scintillation counter (LSC; TriCarb 2800 TR, PerkinElmer,
Rodgau, Germany). Sorption of 3*P to the soil was then cal-
culated in relation to the sorption of **P to the control.

2.3 Rice Varieties

For the pot experiment, four different upland rice varieties
(Oryza sativa L.) with contrasting PAE were chosen. Geno-
type DJ123 belonging to the aus subspecies of rice is known
to have high PAE (Mori et al. 2016; Wissuwa et al. 2020)
whereas the African rice variety Nerica4 was chosen for its
low PAE (Koide et al. 2013; Mori et al. 2016). Breeding
lines AB67 and AB199 are sister lines derived from a cross
of contrasting parents DJ123 and Nerica4 and both showed
high PAE in prior field experiments (Matthias Wissuwa,
unpublished data).

2.4 Pot Experiment and Growth Conditions

The experiment involved the aforementioned four upland
rice genotypes, which were subjected to two fertilizer
levels and harvested at two different dates. Nitrogen
(N), P and potassium (K) in the nutrient solutions were
supplied as ammonium nitrate (NH,NOj;), disodium
phosphate (Na,HPO,), and potassium sulfate (K,SO,),
respectively. The fertilizer treatments consisted of a
high-P (N:P:K, 100:70:100 mg kg-1) and a low-P treat-
ment (N:P:K, 100:3.5:100 mg kg-1). The term high-P
treatment, as used in this study, denotes a P fertilizer
treatment that is not genuinely high but rather moder-
ate. This designation is based on the analysis of mod-
erate P concentrations in the plant tissues at the end
of the experiment (Yoshida 1981; Hedley et al. 1994).
To label the soil with **P, phosphoric acid (H333PO4)
(Hartmann Analytic GmbH, Brunswick, Germany),
was added to each nutrient solution. For the first har-
vest at 9 days after emergence (DAE), 355 g of soil and
1.75 MBq of **P per pot were used, while for the second
harvest at 34 DAE, 700 g of soil and 6.6 MBq of **P
per pot were supplied, considering the short half-life of
33P (t,), 25.34 days). The **P-spiked nutrient solutions
were homogenized into the soil using a handheld elec-
tric mixer. The choice of the first harvest date at 9 DAE
was based on the expectation that P uptake from the soil
would have surpassed seed-P translocation in importance
at this point (Julia et al. 2018). After adding the ferti-
lizer to the soil, the soil was dried over night at 65 °C
and was filled into the pots on the next day and watered
to maximum water holding capacity (max WHC: 70%,
estimated according to DIN ISO 11274). Afterwards,
one seed per pot was placed directly into the soil. The
volumetric water content was kept at 28 — 31% during
plant growth (40-45% of max WHC). Four replicates of
each treatment combination were grown in a completely
randomized design in a climate chamber. The tempera-
ture was 30 °C during the day and 24 °C during the
night. The photoperiod was 14 h and the light intensity
was 300 pumol m~2 571,

Table 1 Soil properties of the pH CTotal NTolal PTotal Bray—2 P Pox Alnx Feox
Andosol used for the two pot ) . . ) _ . .
experiments [HOl  [gke™] [gke™] [mgkg™] [mgkg™] [mgkg™] [gkg™] [gkg™]
Andosol  5.88 42.6 3.14 930 7 677.8 39.6 11.6
+0.14  +0.68 +0.084 +6 +0.54 +27.8 +0.375  +0.118

The values are means +standard deviation. pH analyzed according to DIN ISO 10390; Cy,, analyzed
according to DIN ISO 10694; Ny, analyzed according to DIN ISO 13878; Py, according to Konig
(2005); Bray-2 according to Bray and Kurtz (1945) P ,—oxalate-extractable P, Al ,—oxalate-extractable
Al and Fe,,—oxalate-extractable Fe according to Konig (2005)
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2.5 Plant and Soil Analysis

At 9 and 34 DAE, shoots were cut and removed directly above
the soil surface. After shoot harvest, the roots were taken out of
the soil and loose roots in the remaining soil were picked with a
tweezer. Collected roots were gently washed in deionized water
and adhering soil was removed and defined as rhizosphere soil
(RS). Soil with no visible roots was considered as bulk soil
(BS). Root and shoot biomass were determined after oven dry-
ing at 65 °C for 72 h. Subsequently, all plant samples were
ground to a fine powder using a high-speed ball mill (Retsch
M 400, Haan, Germany). Shoot and root tissue P concentration
was determined after pressure digestion in 2 ml of 64% HNO,
(Konig 2005) followed by the determination of P concentrations
in a microplate reader (SpectraMax High, Molecular Devices,
USA) at 711 nm wavelength using the modified molybdenum
blue assay by Murphy and Riley (1962) as described by Tiessen
and Moir (2008). Total soil-P (TP) was determined from the
bulk and rhizosphere of 0.05 g soil after pressure digestion as
described for plant analysis. Seed-P content was determined by
digesting 5 dehulled seeds per genotype as described for plant
and soil analysis and by calculating the 1000 kernel weight. We
assumed that at the first harvest 70% and at the second harvest
85% of the seed-P was translocated into the seedling (M. Wis-
suwa, personal communication).

2.6 33P Determination in Plant and Soil Samples
and Calculations

33p activity in all pressure digested plant and soil extracts
was determined using liquid scintillation counting. Briefly,
1 ml of the extract was mixed with 10 ml of scintillation
cocktail (Rotiszint eco high, Roth, Karlsruhe, Germany)
and measured on a liquid scintillation counter (Tri-Carb®
2800TR, Perkin Elmer, Germany). To take the decay time
between the setup of experiments and measurement into
account the 3P signal was corrected for the **P half-life
(t,) of 25.34 days on the reference day of each radioactive
source (Eq. 1) with A representing the decay constant.

t:
2 A

ey

The specific ¥*P activity (S.A. in kBq **P mg P~™!) of a
sample (shoot and root) was calculated according to IAEA
(2001):

3P [kBqtissue™' |

S.A. [kBq33P mgP_l] = 2

P [mg P tissue™'|

Total P uptake per pot was calculated by subtracting
the assumed quantity of seed-P translocated to root and
shoot tissue (i.e. 70% at 9 DAE and 85% at 34 DAE) of the
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respective genotype from the total plant P content per pot
as shown in Eq. 3:

Total P uptake = Plant P content [pg P plant_']
— Seed-P content [pg P seed_l] (3)

The amount of P derived from fertilizer was calculated
according to Eq. 4 (Dorahy et al. 2007):
3P uptake plant [kBq plant™'|

. N N _1
P derived from fertilizer [mg P plant ] = S A of Tabeled fortiliver [kBq WP me Pil]

“
whereas the quantity derived from native soil-P was cal-
culated by subtracting the amount of P derived from ferti-
lizer from the plant P uptake. The proportion of the total
plant P derived from fertilizer (%; PdfF) was calculated by
the isotopic dilution principle according to IAEA (2001)
in Eq. 5

S.A in plant sample [kBq mg™!
PAfF [%] = P P [ ame ] - 100 (5)
S.A of labeled fertilizer [kBq 3P mg P_l]

The proportion of P derived from native soil-P (%; PdfS)
was calculated by dividing the amount of P derived from
soil by the total P uptake. The efficiency of a plant to use
applied fertilizer-P (PFUE) (%) was calculated according to
Mohanty et al. (2006):

P derived from fertilizer [mg P plant’l]

PFUE[%] = 100 (6)

Fertilizer-P applied [mg P pot™'|
The efficiencies to acquire different P sources (fertilizer-

P vs. native soil-P) were calculated according to Wissuwa
et al. (2020) in Eq. 7:

Total P uptake [mg P plant’l] 100

(7N
The internal efficiency to utilize P for biomass produc-
tion was calculated according to Rose and Wissuwa (2012):

PAE [mg P uptake g root dry weighl']] =

Root dry weight|g plant™'|

Plant dry weight [g plant_l]

PUE [g DW mg P!| = -100

®)

Plant P content [mg P plant_l]

2.7 Statistical Analysis

All data were analyzed using a two-way analysis of vari-
ance (ANOVA) with the factors Genotype (GT), P-treat-
ment (PTR), and their interactions (GT X PTR). Prior
to statistical analysis, the normal distribution and vari-
ance homogeneity of the residuals were tested using the
Shapiro—Wilk and Levene-test, and the R “car” package
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respectively. Due to unequal error variances resulting
from much higher means in the high-P treatment com-
pared to the low-P treatment, the assumptions for variance
homogeneity were violated, so separate one-way ANOVA
analyses were performed for each P treatment (low and
high). The statistical software R (version 4.1.3, R Core
Team, USA) was used for data analysis. Genotype and
P treatment means separations were done using Tukey’s
honestly significant difference (HSD) test with a thresh-
old of p <0.05 being considered significant. All presented
results are reported as means =+ standard error of means
(£ SE). Unless otherwise stated, the results presented are
from one-way ANOVA analysis.

3 Results
3.1 Sorption of Fertilizer-P to the Soil Matrix

The chemical properties of the experimental soil are sum-
marized in Table 1. The sorption experiment showed that
99.13+0.05% and 99.96 +0.01% (high- and low-P treat-
ment) of the **P was removed from the solution by sorption
to the soil matrix 60 min after the P fertilizer addition. In
comparison, minimal fertilizer-P sorption was observed in
the quartz sand (0.196% and 1.326% under high- and low-P
conditions, respectively). In the sandy soil the sorption
increased to approximately 50.39% under low-P conditions
and 10.25% under high-P conditions.

3.2 Plant Responses 9 days After Emergence

At the initial harvest (9 DAE - two leaf stage) the P treat-
ment had no significant effect on plant biomass while a
significant increase in shoot P content was found in the
high-P treatment compared to the low-P treatment (Suppl.
Table S2). In the low-P treatment AB199 showed a sig-
nificant higher shoot dry weight than Nerica4 while DJ123
and AB67 did not differ significantly from any of the geno-
types (suppl. Table S3). In the high-P treatment, AB199
and DJ123 had a significantly higher shoot dry weight
than Nerica4 while AB67 did not differ significantly from
any of the genotypes (suppl. Table S3). Analysis of the
seed-P content showed significant differences between
the genotypes, with AB199 having the highest and DJ123
having the lowest seed-P content while AB67 and Nerica4
were not significantly different to either of them (suppl.
Table S4). Assuming that 70% of seed-P had been trans-
ferred to the plant within the 9 DAE growth period (Julia
et al. 2018), we estimated total P uptake to average 43 ug
plant™! across both P treatments (Suppl. Table S2). The
PAE differed significantly between the P treatments and
was 43% higher in the high-P treatment compared to

the low-P treatment (suppl. Fig. S1). Moreover, DJ123
showed a 97% higher PAE relative to Nerica4, whereas
AB67 and AB199 did not differ significantly from any
of the genotypes under low-P conditions. In the high-P
treatment no significant differences were found in total P
uptake (Suppl. Table S3) and PAE between the genotypes
(suppl. Fig. S1).

3.3 Plant Responses 34 Days After Emergence

At the second harvest (34 DAE—beginning of tillering)
the shoot dry weight increased 2.4-fold from the low-P to
the high-P treatment (Table 2). Significant genotype varia-
tions were observed in both P treatments. DJ123 exhibited
the highest shoot dry weight among all genotypes under
high-P conditions, whereas under low-P conditions, DJ123
and AB199 had similar shoot dry weights. Nerica4 had
the lowest shoot dry weight overall, while AB67 had com-
parable shoot biomass to AB199 under low-P conditions
(Table 2). Among the investigated genotypes, DJ123 showed
the strongest biomass response upon P fertilization with a
3.2-fold increase in shoot dry weight, followed by Nerica4
with a 2.4-fold increase, and the AB lines (AB199—2.1-
fold increase and AB67—2.0-fold increase). At 34 DAE the
shoot tissue P concentration of 1.67 mg g~! under high-P
indicated a moderate but sufficient P supply while the tissue
P concentration of 0.58 mg g~! indicated that plants were
severely P deficient in the low-P treatment (Yoshida 1981;
Hedley et al. 1994). Significant differences were also found
for the root-to-shoot ratios (R:S ratio), with Nerica4 having
a 41% higher R:S ratio compared to all other genotypes,
mainly due to its reduced shoot biomass (Table 2).

At the second harvest, the total P uptake increased tenfold
from the low- to the high-P treatment (Suppl. Table S5). Sig-
nificant genotypic variation in total P uptake was observed
for both P supply levels at 34 DAE (Table 2). In the low-P
treatment, DJ123 exhibited, on average, a 90% higher total P
uptake compared to all the other genotypes (p <0.05), while
root biomass was similar among all genotypes (p >0.05).
While the other genotypes showed no significant differences
in terms of total P uptake (Table 2), the sister lines AB67
and AB199 exhibited significantly higher internal PUE
compared to Nerica4 and DJ123 (Fig. 1). However, DJ123
showed a significantly higher PAE in the low-P treatment
compared to all other genotypes (Fig. 2). In the high-P treat-
ment, DJ123 showed a 77% higher total P uptake (p < 0.05)
compared to the other genotypes, accompanied by an aver-
age 64% increase in root dry weight relative to the other
genotypes. No differences in PAE were observed among the
genotypes under high-P conditions. In the high-P treatment
AB67 had a significantly higher internal PUE than Nerica4,
while AB199 and DJ123 did not differ significantly from
either of them (Fig. 1).
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Table 2 Plant dry weight and

total P uptake of the tested Low-P AB199 AB67 DJ123 Nerica4
genotypes at the second harvest Shoot dry weight [mg plant -1 2329 ab 2199 b 249.2 a 149.4 [
point 34 DAE +3.0 +5.7 +6.5 +79
Root dry weight [mg plant ~']  157.0 a 153.1 a 191.5 a 151.4 a
+13.1 +8.6 +10.5 +7.1
Root:shoot-ratio 0.68 b 0.70 b 0.77 b 1.01 a
+0.06 +0.03 +0.05 +0.01
Shoot P concentration [mgP g™'] 0.51 c 0.52 bc  0.64 ab  0.67 a
+0.01 +0.04 +0.03 +0.04
Root P concentration  [mg P g7'] 0.56 a 0.54 a 0.69 a 0.65 a
+0.02 +0.04 +0.06 +0.03
Plant P content [mg P plant™']  0.206 b 0.199 b 0.294 a 0.199 b
+0.006 +0.016 +0.021 +0.010
Total P uptake [mg P plant™'] 0.118 b 0.115 b 0.22 a 0.12 b
+0.008 +0.016 +0.02 +0.011
High-P
Shoot dry weight [mg plant 7] 720.0 b 655.3 bc 10403 a 506.6 c
+34.13 +40.99 +42.38 +39.16
Root dry weight [mgplant 7] 3382 b 316.4 b 519.4 a 296.0 b
+10.07 +22.74 +41.41 +17.10
Root:shoot-ratio 0.47 b 0.48 b 0.50 ab 059 a
+0.02 +0.01 +0.03 +0.02
Shoot P concentration [mgP g~'] 1.61 ab 154 b 1.74 ab 1.79 a
+0.02 +0.05 +0.09 +0.04
Root P concentration  [mgP g™!] 1.21 a 1.11 a 1.14 a 1.25 a
+0.05 +0.02 +0.03 +0.05
Plant P content [mg Pplant™] 1.57 b 1.36 b 2.40 a 1.27 b
+0.09 +0.09 +0.11 +0.09
Total P uptake [mg Pplant™] 1.483 b 1.273 b 2.333 a 1.193 b
+0.089 0.092 +0.111 +0.088
Values are means + SE. Distinct letters indicate significant differences between genotypes (p <0.05, Tuk-
ey’s HSD, n=4)
Fig. 1 Phosphorus utiliza- Low-P High-P
tion efficiency (PUE) of the 25!
four genotypes AB199, AB67,
DJ123 and Nerica4 34 days
after emergence under low- and a
high-P conditions. Variation Z 20 ==
is given as SE, n=4. Distinct %
letters indicate significant dif- 8
ferences between genotypes ‘_ﬂ- 1.51
(»<0.05, Tukey’s HSD) in s
the low- and high-P treatment, S
respectively g 1.0+
LZIJ%) a=b G ab b
o 05
0.0+

AB199 AB67 DJ123 Nerica4  AB199 AB67 DJ123 Nericad
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Fig.2 P acquisition efficiency

Low-P High-P

(PAE) of native soil-P and 5
fertilizer-P of the four geno-
types AB199, AB67, DJ123

and Nerica4 at 34 days after
emergence under low- and high-
P conditions (n=4). Distinct
letters indicate significant
differences between genotypes
(p<0.05, Tukey’s HSD) in

the low- and high-P treatment,
respectively

N w S

PAE [mg P uptake g_1 root DW]

N

a
: a . : .. .
0 -- -

Fertilizer-PAE
W Soil-PAE

AB199 AB67 DJ123 Nerica4 AB199 AB67 DJ123 Nerica4

3.4 Utilization of Different P Sources

At 34 DAE, the applied PFUE was, on average, 4 times
higher in the high-P treatment compared to the low-P
treatment. Figure 3 depicts that the genotypes followed
a similar trend in PFUE at each P level. However, sig-
nificant differences were observed in the high-P treatment
only, where DJ123 exhibited a significantly higher applied
PFUE compared to the other genotypes.

In this study, the uptake of P was categorized into P
derived from the seed, fertilizer, or from the native soil-P
pool. This categorization was based on the application of
33p-labeled fertilizer and the measurement of P content
in seeds and in the whole plant. At the first harvest (9
DAE), it was estimated that on average, 65% and 60% of
total P was derived from seed-P under low- and high-P
conditions, respectively (Fig. 4b). After 34 DAE, seed-P
was assumed to contribute 38.1% and 5.4% to total plant
P in the low-P and high-P treatments, respectively (suppl.
Table S5).

Fig.3 Applied P use efficiency

For the first harvest, the uptake and contribution of
fertilizer-P to total plant P ranged from 0.12% to 8.01% in
the low-P and high-P treatments, respectively (Fig. 4b). At
34 DAE, the amount of fertilizer-P acquired was 127 times
higher under high-P conditions compared to low-P condi-
tions (suppl. Table S5). Genotypic differences were only
observed under high-P conditions, with DJ123 exhibiting
significantly higher uptake of fertilizer-P compared to all the
other genotypes (Fig. 5a). However, when considering the
relative contribution of P derived from fertilizer to total P,
no significant genotypic differences were evident (Fig. 5b).

At the second harvest, plants grown in the high-P soil
acquired approximately 333 ug more native soil-P com-
pared to plants grown in the low-P soil (suppl. Table S5).
As depicted in Table 3, the P treatment had the greatest
impact (69.4%) on the amount of native soil-P taken
up by the plants. On a relative basis, native soil-P con-
tributed more to the total plant P under low-P condi-
tions (58.2%) compared to high-P conditions (27.8%)
(Fig. 5b). As shown in Fig. 5a, there were significant

Low-P High—P

(PFUE) of the four genotypes
AB199, AB67, DJ123 and
Nerica4 34 days after emer-
gence under low- and high-P
conditions. Variation is given
as SE, n=4. Distinct letters
indicate significant differences
between genotypes (p <0.05,
Tukey’s HSD) in the low- and
high-P treatment, respectively

PFUE [%]
n

AB199

AB67 DJ123 Nerica4  AB199 AB67 DJ123 Nericad
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Table 3 Two-way fixed-effects

. . Predictor df Sum of Squares Mean Square F value P-value Variance
ANOVA results using quantity com
. . ponent
of plant P derived from soil as (%]
the response variable
GT 3 0.3749 0.125 69.15 5.92°12 14.7
PTR 0.8897 0.8897 49231 <2lo 69.4
GT:PTR 3 0.1356 0.0452 25.01 1.467%7 16.0
Residuals 24 0.0434 0.0018

df, degrees of freedom; GT, genotype; PTR, P-treatment and GT:PTR the interaction of both of them. Vari-
ance components were calculated according to Rasch et al. (1983)

genotypic differences observed in both P treatments.
DJ123 exhibited a 93% and 107% higher uptake of native
soil-P (both p <0.05) compared to the other genotypes
in the low-P and high-P treatments, respectively. The
relative contribution of native soil-P to total plant P
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was highest for DJ123 (71%) while the other genotypes
ranged between 53 and 55% under P-deficient conditions
(Fig. 5b). Furthermore, when additional P was supplied,
DJ123 showed the highest percentage of P derived from
native soil-P compared to Nerica4 and AB199, while
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ABG67 did not differ significantly from any of the geno-
types (Fig. 5b).

3.5 P Acquisition Efficiency According to P Sources
(Fertilizer-P vs. Native Soil-P)

At the second harvest, the fertilizer-P acquisition efficiency
(fertilizer-PAE) was substantially lower than the native soil-
P acquisition efficiency (soil-PAE) under low-P conditions.
However, under high-P conditions, more P was taken up
from fertilizer per gram of root dry weight compared to P
obtained from the soil (Fig. 2).

The fertilizer-PAE was 56-fold greater in the high-P treat-
ment than in the low-P treatment, with no significant geno-
typic differences. Considering the soil-PAE, a 55% increase
was observed for the high-P treatment compared to the
low-P treatment. The genotypic variation of soil-PAE fol-
lowed a similar trend in each P level, where DJ123 exhibited
significantly higher soil-PAE than all the other genotypes,
while the AB lines and Nerica4 did not differ significantly
from each other. Therefore, DJ123 had an average 54% and
27% greater soil-PAE than the other genotypes in the low-
and high-P treatment, respectively.

4 Discussion

Efficient P fertilizer use in crops enables cost-effective pro-
duction, reduces fertilizer expenses for farmers, minimizes
nutrient runoff into water bodies and promotes sustainable
agricultural practices (Fixen and Garcia 2015). However, the
use of freshly applied fertilizer-P is generally low in highly
P-fixing soils (Otani and Ae 1996; Oo et al. 2020), which
is due to the strong P fixation resulting from high amounts
of active Al- and Fe- (hydr-)oxides and amorphous silicates
protecting P from mobilization (Otani and Ae 1996; Holford
1997; Nishigaki et al. 2019). The Andosol used in our study
had high concentrations of ammonium oxalate extractable
Al and Fe originating from poorly crystalline soil minerals
and nearly all applied fertilizer was removed from the solu-
tion after one hour of incubation (99.13% and 99.96% under
high- and low-P conditions). The high fertilizer-P sorption
observed in the Andosol during the sorption experiment,
particularly when compared to a sandy soil, underlines two
key points: (1) the importance of native soil-P resources for
plant P uptake in environments with high P fixation, as dem-
onstrated in the latter, and (2) the overall ability of plants
to partially overcome P sorption and acquire highly sorbed
fertilizer-P. The plants ability to acquire highly sorbed fer-
tilizer-P, was already evident at the 2-leaf stage (9 DAE),
where the cultivars were able to use 0.01% and 0.04% of
the applied fertilizer P under low- and high-P conditions,
respectively. A higher P utilization was recorded by Julia

et al. (2018), who observed that 80% of exogenously applied
P was taken up 6-8 d after germination by the rice genotype
IR64 grown in nutrient solution and concluded that P uptake
by rice started before the seedlings reached autotrophy. At
the beginning of tillering (34 DAE), on average 2.2% of the
applied fertilizer was used in the high-P treatment, whereas
less than 0.5% was used in the low-P treatment, confirm-
ing the low plant P availability in this soil. However, with
a growth period of 90-120 days for upland rice till harvest
and considering the decline of the relative growth rate with
a concomitant increase of P remobilization from senescing
tissues (Veneklaas et al. 2012), it is reasonable to estimate
that the uptake of fertilizer-P at harvest in the high-P treat-
ment would be around 10-20%. This reflects a relatively low,
but common level of applied PFUE on the tested Andosol
(Otani and Ae 1996).

Apart from fertilizer-P, another source of P for the plant is
the seed-P and its utilization is a crucial factor, particular in
low-P soils, where it constitutes a significant part of the plant
P supply during early growth stages (White and Veneklaas
2012). At 9 DAE, plants derived a substantial portion of
their P content from seed reserves. On average 65% and 60%
of the plant P originated from seed-P under low- and high
P conditions, respectively. This suggests that exogenous P
uptake from the soil only contributed 35% or 40% of plant
P at this early stage. However, caution is warranted when
interpreting these results regarding native soil-P uptake at
9 DAE. Our calculations for seed-P mobilization rely on
assumptions and uncertainties remain regarding the actual
seed-P mobilization. At later growth stages, seed-P normally
becomes depleted, forcing plants to rely on root P uptake
from the soil matrix (Veneklaas et al. 2012). We estimated
that seed-P contributed 38% to the total plant P in the low-
and 5% in the high-P treatment, at the second harvest. This
highlights the significant role of seed-P in supporting plant
P nutrition even at tillering under low P conditions. There-
fore, considering seed-P contribution becomes crucial when
assessing total P uptake in the early plant developmental
stages under P limiting conditions.

As plant development progresses, the uptake of exoge-
nous P from the soil matrix becomes increasingly important.
This P uptake varies between genotypes and is strongly influ-
enced by the soil P status (Rose et al. 2012; Pariasca-Tanaka
et al. 2015). Previous research has demonstrated that DJ123
exhibits superior P uptake ability in low-P soils compared to
the widely grown variety Nerica4 (Koide et al. 2013; Mori
et al. 2016; Wissuwa et al. 2020) and this was confirmed
by our results. Furthermore, AB199 outperformed Nerica4
in biomass production under low-P conditions, indicating
that AB199 may be a promising genotype for breeding pro-
grams targeting low input systems. The weak performance
of Nerica4 under low-P conditions has been shown previ-
ously (Koide et al. 2013; Mori et al. 2016; Wissuwa et al.
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2020). However, Nerica4 is commonly considered as a high
yielding rice variety (Somado et al. 2008; Moukoumbi et al.
2015) with a good responsiveness to fertilizer application
and a sufficient tolerance to drought on more fertile soils
(Wissuwa et al. 2020). In contrast to these findings, in our
study Nerica4 did not show a strong positive response to
fertilizer-P application at tillering, when compared to other
genotypes. This may be due to the fact that Nerica4 tends
to have higher growth rates than DJ123 at later stages of
development (Matthias Wissuwa, personal communication).
In addition to P uptake, the assessment of the efficiency at
which P is acquired is critical for identifying superior upland
rice genotypes for breeding purposes. In this regard, DJ123
showed superior PAE compared to the other genotypes
under low-P conditions which is in accordance with previous
studies (Mori et al. 2016; Wissuwa et al. 2020). However,
Shimamura et al. (2021) found no increased PAE of DJ123
21 days after sowing and accounted this to a decreased acid-
ity tolerance relative to other tested genotypes. Furthermore,
Rakotoson et al. (2020) found no increased PAE which was,
however, probably caused by restricted root growth condi-
tions in a rhizobox setup. The significantly higher root dry
weight and increased total P uptake of DJ123 in the high-
P treatment were accompanied by similar PAE among all
genotypes, which aligns with previous findings (Wissuwa
et al. 2020).

Investigating how different P sources contribute to P
uptake and their efficiency of acquisition provides valuable
insights into plant adaptive strategies. With reduced fertilizer
application, native soil-P made the greatest contribution to
total plant P content in our study. Consequently, under low-P
conditions no genotypic differences in the contribution of
fertilizer-P to total P uptake were observed. Thus, differ-
ences in total P uptake among the genotypes can be attrib-
uted to differences in native soil-P uptake, with DJ123 exhib-
iting significantly higher uptake of native soil-P compared
to all other genotypes. Furthermore, when considering the
efficiency of the root to acquire P under low-P conditions,
DJ123 showed a significantly higher native soil-PAE in com-
parison to the AB lines and Nerica4 while the fertilizer-
PAE was not significantly different between the genotypes.
This suggests that the increased PAE in DJ123 under low-P
conditions can be associated with mechanisms involved in
mobilizing P from native soil-P sources. These mechanisms
may involve different soil-plant processes including pH
changes in the rhizosphere, the exudation of P solubilizing
compounds such as organic anions or phenolics, the exu-
dation of phosphatases or the symbiosis with mycorrhiza
(Marschner and Romheld 1994; George et al. 2006; Landi
et al. 2006; Kuppe et al. 2022). Additionally, plants might
be able to support a certain rhizosphere microbiota which
enhances P mobilization (Oliveira et al. 2009). Native soil-P
sources comprise a wide range of different chemical P forms
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and genotypes might differ in their ability to assess certain
P forms. For example, rice (rice cultivar X265) grown on
highly weathered soils mainly accessed the labile organic
and inorganic P pools (resin-P and NaHCO;-Po; Nishigaki
et al. (2019)), whereas upland rice cultivars (Azucena and
Dinorado) mainly accessed P from NaOH extractable pools
(Hedley et al. 1994). The mobilization of organically bound
P sources has received some attention (George et al. 2018;
Nishigaki et al. 2019), though so far no evidence has been
found to suggest that rice genotypes differ in their ability
to access organic P (Rakotoson et al. 2020; Shimamura
et al. 2021). In contrast to wheat, rice grown on a low-
humic Andosol was able to acquire also residual-P, which
would be indicative for a high capability of rice to mobilize
recalcitrant fertilizer-P forms (Takahashi 2007). Further-
more, plant morphological adaptations can contribute to P
uptake, with DJ123 having a higher proportion of fine roots
and a greater root hair length compared to other genotypes
as shown in previous studies (Nestler and Wissuwa 2016;
Wissuwa et al. 2020). Our results indicate that upland rice
genotypes, varying in their PAE, differ in their ability to
access sparingly available native soil-P forms under low-P
conditions. However, our experimental setup did not allow to
differentiate between native soil-P forms. Therefore, further
studies focusing on genotypic differences in PAE and the
identification of specific soil-P pools that are accessed by
P efficient genotypes are needed and would allow for more
precise breeding attempts for increased PAE in rice.

Our study demonstrated a positive relation between fer-
tilizer application rates, and plant uptake of both, fertilizer-
derived P uptake but also native soil-P. This observation
aligns with findings in Lolium perenne where P fertilizer
addition in soils with high P availability, resulted in a sup-
pression of native soil-P uptake, while the addition of ferti-
lizer-P resulted in an increase in the uptake of native soil-P
in soils with low P availability (Morel and Fardeau 1989,
1990). Considering the limited availability of P in highly
P-fixing soils, P fertilization can therefore play a crucial
role in promoting the utilization of native soil-P resources,
particularly in low-input systems. Furthermore, significant
genotypic differences were observed in the uptake of both
native soil-P and fertilizer-P, with DJ123 exhibiting signifi-
cantly higher uptake of native soil-P compared to the other
tested genotypes. While the greater root dry weight in DJ123
can explain the increased uptake of fertilizer-P (fertilizer-
PAE, p > 0.05), the enhanced uptake of native soil-P can be
attributed to a higher PAE in DJ123. These results indicate
that even under high-P conditions, DJ123 employed specific
mechanisms that enable this genotype to efficiently acquire
native soil-P, contributing to its superior performance. Fur-
ther investigations are needed to elucidate the underlying
factors responsible for the higher native soil-PAE in DJ123
and its implications for upland rice production in low-input
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systems. To gain a more comprehensive understanding of
genotype-P fertilizer interaction, further studies incorpo-
rating a broader range of genotypes are warranted. These
studies should encompass later growth stages to elucidate
whether genotypes that are performing well under high-P
conditions (i.e. Nerica4) exhibit enhanced fertilizer-P uptake
capacities at these later growth stages.

Besides PAE the internal PUE is of great importance for
enhancing yields under conditions of low soil-P availability
(Wang et al. 2010a; Rose and Wissuwa 2012). However,
due to the poor uptake efficiency of fertilizer-P, previous
efforts to enhance P efficiency in upland rice through plant
breeding have primarily focused on improving PAE (Rose
et al. 2011). Screening for genotypes with differential PUE
poses a challenge in breeding, particularly when high PAE
in plants is often associated with low PUE (Rose et al. 2011;
Mori et al. 2016; Vandamme et al. 2016). In our experi-
ment this was the case for DJ123, which exhibited the high-
est PAE among all tested genotypes but had a comparably
low PUE. For DJ123, the low PUE under low-P conditions
was primarily due to increased total P uptake and biomass
production while maintaining high tissue P concentrations.
On the other hand, Nerica4, being inefficient in acquiring P
from the soil, likely experienced greater P deficiency stress
and consequently was unable to utilize the available P for
increased biomass production. Rose et al. (2016) suggested
to compare genotypes at equal shoot P content in soil-based
experiments when screening for PUE. At as average shoot P
content of 0.111 mg P per plant in the low-P treatment, the
AB lines displayed, a 25% higher PUE compared to Nerica4.
This suggests that the AB lines were able to achieve greater
biomass production with less P, indicating an increased tol-
erance to P stress compared to Nerica4. Therefore, AB199
and AB67 could be interesting donors for improved PUE
under low-P conditions.

5 Conclusions

Our findings demonstrate that the P acquisition efficiency
of upland rice during the early growth stage is intricately
linked to its ability to extract P from the native soil-P pool,
regardless of low- or high-P conditions. DJ123 stands out as
particularly adept at acquiring native soil-P. Interestingly,
under increased P fertilization, all genotypes intensified
uptake from both native soil-P and fertilizer-P, with DJ123
maintaining a distinct advantage in accessing native soil-P.
This highlights the importance of adequate P fertilization
for optimal utilization of native soil-P resources. Moreo-
ver, genotypic differences in P acquisition efficiency and
the contribution of native soil-P underscore the need for
further studies on specific soil-P pools accessed by efficient
genotypes, allowing more targeted breeding for enhanced

P acquisition efficiency in upland rice. Our findings empha-
size the complex interplay between P sources and genotypic
responses, offering insights for sustainable rice cultivation
in diverse P conditions.
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