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Abstract. Improving maize phosphorus use efficiency (PUE) through phosphorus uptake and utilization
efficiency (PUPE and PUTE) is one of the effective ways to breed and increase yield in maize. The
purpose of this study was to evaluate the effects of different maize genotypes and phosphorus supply on
PUE, PUPE, PUTE and related traits under drip irrigation conditions, and to classify them according to
PUE. The experiment was conducted at Dianba Town, Changji City in Xinjiang Province, northwest of
China. In the experiment, treatments were the factorial combination of 22 genotypes of maize and two P
fertilization rates (0 and 120 kg P ha! -P and +P, respectively). On average, total dry matter, P
concentrations and P uptakes were reduced 23.01, 6.31 and 29.45% by -P, respectively. On the contrary, -
P increased PUTE, PUPE, and thus also PUE. All traits were influenced by genotype, phosphorus
application and their interaction (P < 0.05). PUE was highly correlated with grain yield, total dry matter,
P uptake and PUPE but not with PUTE. Genotypes from Xianyul679 and Xianyull11l were among the
best in terms of PUE under -P and +P treatment. In a wide range of genotypes, PUPE contributes more
than PUTE to determining PUE.

Keywords: dry matter yield, harvest index, P harvest index, phosphorus concentration, genotypic
variation

Introduction

Phosphorus is considered to be an important factor limiting crop productivity.
Although phosphorus is fairly abundant in many soils, it is largely unable to be
absorbed by plants because phosphorus forms insoluble complexes with cations under
acidic and alkaline conditions (Yang et al., 2021; Johan et al., 2021; Weeks et al.,
2019). Therefore, it is a common practice to over-apply mineral phosphate fertilizers in
the pursuit of higher yields (Yan et al., 2021). Overuse of phosphate fertilizer can lead
to phosphorus loss from the soil, resulting in eutrophication of water bodies and toxic
algal blooms in aquatic ecosystems (Zak et al., 2018). In addition, P in mineral
fertilizers is mainly derived from phosphate rock, which is a non-renewable resource
(Pradel et al., 2019). Therefore, breeding low-input phosphorus fertilizer cultivars with
high yield and high efficiency is an important strategy to protect global phosphorus
resources and reduce environmental pollution.
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Phosphorus uptake efficiency (PUPE) is the ability of crops to absorb phosphorus
from soil and fertilizer, and phosphorus utilization efficiency (PUTE) is the ability of
crops to convert absorbed phosphorus into yield. Improving phosphorus use efficiency
(PUE) in crops requires increasing the phosphorus uptake efficiency (PUPE) of plants
from the soil and enhancing the use of P in processes leading to rapid growth and
greater allocation of biomass to harvestable plant components (PUTE) (Emami et al.,
2020). However, for some cultivars, a large amount of absorbed P is retained in organs
that no longer play a role in later development, such as senescent leaves, and cannot be
transported to organs that need it to maintain their growth levels, resulting in inefficient
P utilization (Wang et al., 2020). PUE is the yield capacity of a crop genotype at low
available P concentrations. To improve the PUE, it is necessary to improve the
component  traits such as  PUPE  (absorption/uptake),  translocation
(transport/partitioning/remobilization) and PUTE (Malhotra et al., 2018). To improve
PUE in crops, it is important to explore genetic variation in all relevant traits.

Maize is a worldwide crop. Thousands of varieties have been bred. Phosphorus-
efficient maize genotypes are beneficial for enhancing the utilization of soil P and
residues of P applied as fertilizer in low P soils and in soils with adequate P supply
(Kadirimangalam et al., 2022). Significant genotypic differences in PUE have been
reported in some crops, including: maize, rice and wheat (Weil et al., 2022; Adem et
al., 2020; Hari-Gowthem et al., 2019). The relationship between relevant physiological
traits that have an effect on PUPE and PUTE by different maize genotypes has not been
well evaluated. These studies will increase our understanding of PUE variability in
maize crops under field conditions on genotype and P supply. It is of great significance
for rational application of phosphate fertilizer and maize breeding in drip irrigation
agricultural system in arid areas.

The objectives of this study was to evaluate the contribution of PUPE and PUTE and
traits related to PUE of maize genotypes and to classify the genotypes on the basis of
their performance (PUE) at low and high P supply under drip irrigation conditions.

Materials and methods
Site description

The experiment was conducted at Dianba Town, Changji City in Xinjiang Province,
northwest of China (44°7'N, 87° 20" E) during the 2021 growing season. The region is
classified as a temperate arid zone with a continental climate. There are 2700 h of
sunshine a year, the annual >10 °C accumulated temperature is 3450 °C, the annual
average temperature is 6.8 °C, the annual average precipitation is 190 mm and the
annual frost-free period is 160-190 days. The soil at the site is an alluvial, gray desert
soil, classified as a Calcaric Fluvisol in the FAO/UNESCO System. Some of the
physical and chemical properties of the soil (0—20 cm depth) in 2021 are as follows: pH,
8.53; electrical conductivity (EC) in 1:5 soil: water extract, 0.04 dS/m; organic matter,
12.71 g/kg; ammonium nitrogen, 6.55 mg/kg; and nitrate nitrogen, 47.79 mg/kg; Olsen
P, 26.73 mg/kg; available potassium, 233 mg/kg.

Experimental design

The experiment was arranged in a split-plot design. P rates were classified to main
plots and genotypes to subplots randomized into three blocks. In the experiment,
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treatments were the factorial combination of 22 genotypes of maize (Table 1) and two P
fertilization rates (0 and 120 kg P,Os ha™ indicate -P and +P, respectively). Each plot
was mulched with one sheet of transparent polyethylene film (1.2 m wide x 3 m long).
The plastic film was held in place by burying the edges with soil. Two drip irrigation
lines were installed under the plastic film. There was a 0.6-m-wide bare strip between
each plot. Each plot had four rows of maize plants. The maize plants were sown at 25-
cm intervals within each row. Row spacing configuration of 30 cm + 60 cm + 30 cm.
See Figure 1 for a diagram of the plot planting. The plant population was 8.9 x 10*
plants/ha. Maize was sown on 27 April 2021.

Table 1. Origin and most important agronomic properties of maize genotypes

Genotypes Origin Agronomic properties
108XDB Xinjiang, China Ear tube type; spike length 18.8 cm
L75X81F Xinjiang, China Ear tube type; spike length 19.2 cm
MC670 Beijing, China Ear tube type; spike length 18.6 cm
Dongdan507 Liaoning, China Ear tube type; spike length 19.1 cm
Dongdan1331 Liaoning, China Ear tube type; spike length 22 cm
Heyul87 Jilin, China Ear tube type; spike length 23 cm
Jiushenghe235 Beijing, China Ear tube type; spike length 19 cm
JiuyuY02 Beijing, China Ear tube type; spike length 18 cm
Xianyull11 Liaoning, China Ear intermediate type; spike length 19.7 cm
Xianyul224 Liaoning, China Ear intermediate type; spike length 17.8 cm
Xianyul331 Liaoning, China Ear short tube type; spike length 16.9 cm
Xianyul420 Liaoning, China Ear intermediate type; spike length 19.6 cm
Xianyul440 Liaoning, China Ear intermediate type; spike length 18.5 cm
Xianyul483 Liaoning, China Ear intermediate type; spike length 19 cm
Xianyu1509 Liaoning, China Ear tube type; spike length 17 cm
Xianyul531 Liaoning, China Ear intermediate type; spike length 18.7 cm
Xianyul679 Liaoning, China Ear tube type; spike length 19.1 cm
XinyinKWS2564 Xinjiang, China Ear tube type; spike length 17.9 cm
XinyinKX3564 Xinjiang, China Ear tube type; spike length 19.4 cm
XinyinM751 Xinjiang, China Ear tube type; spike length 19 cm
Xinyu24 Xinjiang, China Ear tube type; spike length 21.3 cm
Xinyul08 Xinjiang, China Ear tube type; spike length 22 cm

0.15m

<— (.6m —>€ 03m—>

1.2m

Figure 1. Diagram of plot planting
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Phosphate fertilizer (potassium dihydrogen phosphate), nitrogen fertilizer (urea), and
potassium fertilizers (potassium sulfate) were applied through the drip irrigation system.
The fertilizer was applied in five equal amounts 44, 56, 66, 89, and 98 days after
planting. The fertilizer solution was stored in a 15-L plastic container and pumped into
the irrigation system. All plots were fertilized with 300 kg N/ha and 90 kg K.O/ha. The
plots were irrigated nine times (every 7 to 10 days) between June and August. These
irrigation practices were similar to those used by local farmers.

Manual weeding was performed after each irrigation and fertilization. Two mid-tillings
were conducted throughout the maize growing stage (in V2 and V8-V10 stage,
respectively). Maize borer was controlled with 20% chlorothalonil suspension in two field
sprays (in V12 and R2 stage, respectively). Maize aphid were controlled by spraying 3%
acetamiprid at the time of aphid infestation (in V12 and R4 stage, respectively).

Sampling and measurement methods

At maturity stage, the maize plants were cut at the soil surface and partitioned into
two parts: stovers and grains. Plant samples were dried at 105 °C for 30 min, and then at
75 °C to constant weight. The dry weight was recorded. The samples were then ground
to pass through a 1 mm sieve before digestion with H2SOs-H20,. Phosphorus
concentrations were analyzed by molybdenum antimony anti-colorimetric method.

The measured traits, abbreviations, calculations and units are shown in Table 1. P
uptake in stovers and grains was calculated as the product of dry matter yield and P
concentration. P harvest index was calculated as the ratio between P uptake in grain and
total P uptake. Harvest index was determined as the ratio between grain dry matter yield
and total dry matter yield (grain plus stover biomass). PUE (grain dry matter yield (kg
ha)/P supply (kg P ha)) was calculated as the product of PUTE and PUPE (Table 2),
following the approach of previous studies assessing P and/or other nutrients (Sandafia,
2016; Valle et al., 2011). PUTE was calculated as the ratio between grain dry matter
yield and total P uptake (grain dry yield (kg ha)/P uptake (kg P hal)), while the PUPE
was calculated as the ratio between total P uptake and P supply (P uptake (kg P hal)/P

supply (kg P hal)).

Table 2. Traits, abbreviations, calculation and units of traits measured in 22 genotypes of
maizes under 0 (-P) and 120 kg P ha™/ (+P)

Trait Abbreviation Calculation Unit
Grain dry matter yield GDY kg ha?
Stover dry matter yield SDY kg ha!
Total dry matter yield TDY kg ha?
Harvest index HI GDY/TDY kg kg™*
Grain P concentration GPC %
Stover P concentration SPC %
Grain P uptake GPU GPCx GDY kg ha!
Stover P uptake SPU SPCx SDY kg ha't
Total P uptake TPU GPU + TPU kg hat
P harvest index PHI GPU/TPU kg kgt
P utilization efficiency PUTE GDY/TPU kg grain dry matter yield kg™ P uptake
P uptake efficiency PUPE TPU/P supply kg total P uptake kg P supply
P use efficiency PUE PUTEx PUPE | kg grain dry matter yield kg™ P supply
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P supply was estimated as the sum of potential soil P supply at planting (in -P) plus P
fertilization (in +P) (Valle et al., 2011). In the experiment, the potential of soil to supply
P at planting was estimated using the initial soil Olsen P content (mg kg™) in the top 20
cm of soil and soil bulk density of 1400 kg m.

Data analyses

The data were analyzed using SPSS statistical software v.22.0 (SPSS Inc., 1996)
with a two-factor split-zone test ANOVA at a significance level of 0.05, with maize
genotypes and P application rate as the independent variables. A Duncan multiple range
test was carried out to determine if there were significant differences between individual
treatments at P <0.05. Correlation and regression analysis were used SPSS statistical
software v.22.0 (SPSS Inc., 1996), and principal component analysis (PCA) were used
Origin software v. 21.0.

Results
Analysis of variance and genotypic variation in traits

The mean, coefficient of variation and ANOVA of the measured traits are shown in
Table 2. All traits were influenced by genotype, phosphorus application and their
interaction (P < 0.05) (Table 3). The variation coefficients of each trait reflected the
variability of maize genotypes at +P and -P levels (Table 3). On average, -P resulted in
reductions of 23.01, 6.31 and 29.45% in dry matter (grains, stovers and total), P
concentration (in grains and stovers) and P uptake (in grains, stovers and total),
respectively. As expected, +P reduces PUTE, PUPE, and therefore PUE (Table 3).

Table 3. Mean, coefficient of variation (CV %) and analysis of variance (phosphorus (P),
genotype (G) and P x G interaction effects) for traits measured in 22 maize genotypes under
0 (-P) and 120 kg P ha™' (+P)

. P +p Analy(s;s \;);‘I:J/:)riance
Mean CV (%) Mean CV (%) P G PxG

Grain DM yield 8924.57 21.00 12451.00 | 23.63 | <0.001 | <0.001 | <0.001
Stover DM vyield 9197.6858 19.75 11088.27 | 17.27 | <0.001 | <0.001 | <0.001
Total DM vyield 18122.26 17.07 23539.27 | 16.90 | <0.001 | <0.001 | <0.001
Harvest index 0.49 12.08 0.53 12.43 0.003 | <0.001 | <0.001
Grain P concentration 0.33 13.62 0.35 9.21 0.014 | <0.001 | <0.001
Stover P concentration 0.09 17.46 0.10 19.07 <0.001 | <0.001 | <0.001
Grain P uptake 29.36 25.26 42.78 9.61 <0.001 | <0.001 | <0.001
Stover P uptake 8.81 29.71 11.32 20.88 | <0.001 | <0.001 | <0.001
Total P uptake 38.17 22.75 54.10 21.82 | <0.001 | <0.001 | <0.001
P harvest index 0.77 8.11 0.78 8.62 0.011 | <0.001 | <0.001
PUTE 236.03 10.88 229.89 9.53 <0.001 | <0.001 | <0.001
PUPE 0.51 22.75 0.28 21.82 | <0.001 | <0.001 | <0.001
PUE 119.15 21.00 63.88 23.63 | <0.001 | <0.001 | <0.001
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Dry matter yield and total P uptake

On average, -P decreased (P < 0.05) grain dry matter yield by 28.32% (Table 3).
However, -P resulted in yield reductions ranging from 4.52-48.26% across genotypes.
The reduction in grain dry matter yield under -P conditions was positively correlated
with (P <0.05; R?=0.4036) the reduction in total dry matter yield (Fig. 2a). -P
decreased the total P uptake by 29.45%. Total P uptake in the -P treatment was
positively correlated (P < 0.05; R? = 0.5173) with total P uptake in +P treatment, but the
slope was lower than 1; therefore, the total phosphorus uptake in the -P treatment was
significantly lower than the total phosphorus uptake in the +P treatment (Fig. 2b).
Under both fertilization conditions, total phosphorus uptake was positively correlated
with total dry matter yield, with no difference in regression slope (Fig. 2c). More
interestingly, different total phosphorus uptake was observed at the same total dry
matter yield (Fig. 2c), indicating an important variation in PUPE. Grain dry matter yield
was positively correlated with total P uptake under the -P treatment (P <0.05;
R%=0.7846) and +P treatment (P < 0.05; R?=0.8738) (Fig. 2d). Moreover, at the same
level of total phosphorus uptake (under -P and +P conditions), grain dry matter yields
varied considerably among genotypes (Fig. 2d).
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Figure 2. Relationships between Grain dry matter yield and total dry matter yield reductions
(a), between total P uptake under -P and +P (b), between total P uptake and total dry matter
yield (c) and between Grain dry matter yield and total P uptake (d) in 22 maize genotypes under
0 (-P) (open symbols) and 120 kg P ha™(+P) (closed symbols)

PUTE, PUPE and their importance to PUE

In this experiment, the variation of PUTE (189.72-283.92 kg grain dry matter yield
kg! total P uptake) was different in response to P levels, genotypes and their
interactions (Table 4). Under +P conditions, PUTE ranged from 189.72-270.36 kg grain
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dry matter yield kg? total P uptake. These values were higher under -P conditions
(196.03-283.92). On average, +P decreased PUTE by 2.6%. However, the sensitivity of
PUTE to -P varied among maize Genotypes. Under -P conditions, the genotypes
Xinyul08, XinyinKWS2564 and Xianyul531 exhibited the highest PUTE (268.98—
283.92 kg grain dry matter yield kg total P uptake), while Dongdan507, JiuyuY02 and
L75X81F had the lowest PUTE (196.03-199.91 kg grain dry matter yield kg™ total P
uptake) (Table 4). Under +P conditions, the genotypes XinyinKWS2564, XinyinM751
and Xianyu1420 exhibited the highest PUTE (257.85-270.36 kg grain dry matter yield
kg? total P uptake), while MC670, XinyinKX3564 and Dongdan507 had the lowest
PUTE (189.72-203.46 kg grain dry matter yield kg™ total P uptake) (Table 4).

Table 4. P utilization efficiency (PUTE, kg grain dry matter yield kg™ total P uptake), P uptake
efficiency (PUPE, kg total P uptake kg™ P supply) and P use efficiency (PUE, kg grain dry
matter yield kg™ P supply) in 22 maize genotypes under 0 (-P) and 120 kg P ha™* (+P)

PUTE PUPE PUE
Genotype
-P +P -P +P -P +P
108XDB 222.96ghB | 240.39defgA | 0.62bA | 0.33cdB 139.32bA 78.55cdB
L75X81F 199.91iA 209.88jkIA | 0.45efA | 0.21iB 90.21hiA 43.27ImB
MC670 229.39fgA | 199.38ImB 0.56cA 0.27fB | 127.96bcdeA | 53.71iB
Dongdan507 196.03iA | 203.46kImA | 0.50deA | 0.19jB 96.94ghiA 39.02mB
Dongdan1331 | 238.66efA | 222.89hijB | 0.49deA | 0.34cB 116.93efA | 75.65cdeB
Heyul87 202.49iB | 226.46fghijA | 0.62bA | 0.33cdB | 124.65cdeA | 74.68defB
Jiushenghe235 | 246.62deA | 243.46cdefA | 0.42fghA | 0.20jB 102.56ghA 49.05jkB
JiuyuY02 199.02iB 222.20hijA | 0.44efgA | 0.19jB 87.97IA 41.23ImB
Xianyul111 218.57ghA | 225.68ghijA | 0.75aA 0.41aB 163.92aA 92.74aB
Xianyul224 238.30efA | 236.73efghA | 0.39hiA | 0.25fghiB | 91.76ghiA 59.10nhB
Xianyul331 209.76hiA | 216.65ijKA 0.63bA | 0.30eB 131.94bcdA | 64.56gB
Xianyu1420 255.09cdA | 257.85abcA | 0.34iA | 0.25ghiB 85.44iA 63.46gB
Xianyul440 231.71fgA | 217.55ijkB 0.45efA | 0.30eB 105.09fgA 65.13gB
Xianyu1483 220.31ghA | 227.25fghijA | 0.72aA 0.34cB 159.43aA 76.93cdB
Xianyul509 253.59cdA | 241.67cdefgA | 0.48deA | 0.23iB 120.78deA 55.80hiB
Xianyu1531 283.92aA | 255.85abcdB | 0.45efA | 0.31deB | 127.37bcdeA | 79.80cB
Xianyul679 |249.27cdeA | 228.44fghiB | 0.65bA | 0.38bB 162.55aA 87.29bB
XinyinKWS2564 | 270.28bA 270.36aA 0.35iA | 0.27fgB 95.73ghiA 72.16efB
XinyinKX3564 |242.83defA | 189.72mB | 0.39ghiA | 0.24hiB 94.47ghiA 45.59kIB
XinyinM751 | 253.90cdA | 260.73abA | 0.53cdA | 0.27fB 134.76bcA 70.95fB
Xinyu24 261.12bcA | 214.23ijkIB | 0.46efA | 0.24ghiB | 120.99deA 51.99ijB
Xinyul08 268.98bA | 246.82bcdeB | 0.52cdA | 0.26fghB 140.60bA 64.80gB

Different lowercase letters in the same column and different capital letters for the same item in the same
row indicate significant differences at the 0.05 level

There was a wide range of variability in the response of PUPE (0.19-0.75 kg total P
uptake kg P supply) to P levels, genotypes and their interactions in this experiment
(Table 4). Under +P conditions, PUPE ranges from 0.19-0.41 kg total P uptake kg™ P
supply. As expected, the PUPE increases greatly with -P treatment. More interestingly,
there were important differences in PUPE between maize genotypes under -P
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conditions, as PUPE varied between 0.34-0.75 kg total P uptake kg™ P supply. In the
experiments, the genotypes Xianyul679, Xianyul483 and Xianyullll showed the
highest PUPE (0.65-0.75 kg total P uptake kg P supply) under -P treatment, whereas
Xianyul1420, XinyinKWS2564, XinyinKX3564 and XinyinKX3564 had the lowest
PUPE (0.34-0.39 kg total P uptake Kg?® P supply) (Table 4). The genotypes
Xianyul679 and Xianyull1l showed the highest PUPE (0.38-0.41 kg total P uptake
kg™ P supply) under +P, whereas Dongdan507, JiuyuY02 and Jiushenghe235 had the
lowest PUPE (0.19-0.20 kg total P uptake Kg* P supply) (Table 4).

PUE varied between 41.23 to 163.92 kg grain dry matter yield kg™ P supply
(Table 4). With +P, the PUE was reduced by 46.49%. On average, the PUE was
63.88 kg grain dry matter yield kg™ P supply under +P conditions, while this value was
119.15 kg grain dry matter yield kg™ P supply under -P conditions. Interestingly, the
PUE under -P conditions ranged from 85.44-163.92 kg grain dry matter yield kg™ P
supply due to the influence of maize genotype. In the experiment, Xianyul483,
Xianyul679 and Xianyullll showed the highest PUE (159.43-163.92 kg grain dry
matter yield kg P supply) under -P conditions, whereas Xianyu1420, JiuyuY02 and
L75X81F had the lowest PUE (85.44-90.21 kg grain dry matter yield kg™ P supply)
(Table 4). Xianyul679 and Xianyullll showed the highest PUE (87.29 —92.74 kg
grain dry matter yield kg P supply) under +P conditions, whereas L75X81F,
Dongdan507 and JiuyuY02 had the lowest PUE (39.02-43.27 kg grain dry matter yield
kg P supply) (Table 4). In this experiment, PUE was significantly correlated with
(P <0.01; R?=0.78-0.87) PUPE (Fig. 3a) and not to PUTE (Fig. 3b).

Correlations between traits under +P and -P conditions

Tables 5 and 6 show the correlations of traits under +P and -P conditions,
respectively. In general, the correlations between the traits were consistent at both P
levels. Grain dry matter yield was positively correlated (P <0.01; r = 0.84-0.95) with
total dry matter yield, grain P uptake and total P uptake. By contrast, at both P levels,
Stover dry matter yield was positively correlated (P < 0.01; r = 0.71-0.83) with total dry
matter yield. Total dry matter yield was significantly correlated with total P uptake and
grain P uptake (P < 0.01; r = 0.77-0.93).

Table 5. Pearson correlations among traits measured in 22 maize genotypes under 120 kg P
ha ! (+P)

GDY | SDY | TDY HI GPC | SPC GPU SPU TPU PHI | PUTE | PUPE | PUE

GDY 1 0.31" | 0.89™ | 0.71™ | 0.05 | -0.41" | 0.95™ | -0.14 | 0.93™ | 0.77™ | 0.42™ | 0.92™ | 1.00™
SDY 1 0.71™ | -0.45™ | 0.38™ | -0.36™ | 0.41™ | 0.49™ | 0.51™ | -0.04 | -0.43" | 0.52™ | 0.31"
TDY 1 031" | 022 |-0.48" | 090" | 014 | 093" | 055 | 0.11 | 0.93™ | 0.89"

HI 1 -0.24 | -0.14 | 0597 | -0.52" | 0.49™ | 0.78™ | 0.72™ | 0.48™ | 0.717
GPC 1 -0.30" | 0.30 0.01 0.31" 0.15 | -0.57" | 0.31" 0.05

SPC 1 -0.48™ | 0.61™ | -0.36™ | -0.66™ | -0.25" | -0.36™ | -0.41™
GPU 1 -0.13 | 0.98™ | 0.79™ | 0.16 | 0.98™ | 0.95™
SPU 1 0.07 | -0.67" | -0.56™ | 0.07 -0.14
TPU 1 0.66™ | 0.05 1.00™ | 0.93™
PHI 1 0.49™ | 0.66™ | 0.77"
PUTE 1 0.05 | 0.42™
PUPE 1 0.92"
PUE 1

*, ** and ns significant at P < 0.05, P < 0.01 and not significant, respectively. Traits and units are presented in Table 1
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Table 6. Pearson correlations among traits measured in 22 maize genotypes under 0 kg P

ha (-P)

GDY | SDY | TDY HI GPC SPC GPU | SPU TPU PHI PUTE | PUPE | PUE
GDY 1 0417 | 0.84™ | 054™ | 0.06"™ | 0.18™ | 0.89™ | 0.41™ | 0.88™ | 0.36™ | 0.09™ | 0.88™ | 1.00™
SDY 1 0.83™ | -0.55™ | 0.01™ 0.31" 0.40™ | 0.84™ | 0.59™ | -0.47™ | -0.46™ | 059" | 0.41™
TDY 1 0.05ns | 0.04"™ 0.29 0.777 | 0.74™ | 0.88™ | -0.06™ | -0.22™ | 0.88™ | 0.84™
HI 1 0.06"™ | -0.12™ | 0.45™ | -0.40™ | 0.27" | 0.78™ | 0.49™ 0.27" | 0.54™
GPC 1 0.05" | 0.47™ | 0.01"™ | 0.40™ | 0.37™ | -0.75™ | 0.40™ | 0.06™
SPC 1 0.11™ | 0.777 | 0.32™ | -0.58™ | -0.36™ | 0.32™ | 0.18™
GPU 1 0.35™ | 0.96™ | 0.49™ | -0.28" | 0.96™ | 0.89™
SPU 1 0.60™ | -0.63™ | -0.48™ | 0.60™ | 0.41™
TPU 1 0.23"™ | -0.38"™ | 1.00™ | 0.88"
PHI 1 0.23" | 0.23™ | 0.36™
PUTE 1 -0.38™ | 0.09™
PUPE 1 0.88™

PUE 1

** and ns significant at P < 0.01 and not significant, respectively. Traits and units are presented in Table 1
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Figure 3. Relationship between PUE and PUPE (a) and between PUE and PUTE (b) in 22
maize genotypes under 0 (-P) (open symbols) and 120 kg P ha™’ (+P) (closed symbols)
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Grain P uptake was highly correlated (P <0.01; r=0.96-0.98) with total P uptake.
PUTE was significantly negatively correlated (P <0.01; r =-0.57-0.75) with grain P
concentration (Tables 5 and 6). PUPE was positively correlated with grain dry matter
yield, total dry matter yield, grain P uptake and total P uptake (P < 0.01; r = 0.88-1.00)
under both P conditions (Tables 5 and 6).

Principal components analyses under -P and +P conditions

At the -P levels (Fig. 4), principal Component (PC) 1 accounted for 50.9% of
variance and was dominated by variables describing productivity (total dry matter yield
and grain dry matter yield), P uptake (in grain and total), PUPE and PUE. PC2
accounted for 27.3% of the variance and was dominated by P harvest index, harvest
index and to a lesser extent to PUTE. The acute angle between the load vectors
indicated that PUE was strongly and positively correlated with total dry matter yield and
grain dry matter yield, P uptake (in grain and total) and PUPE (Fig. 4a). Conversely, the
harvest index was positively correlated with the P harvest index and these traits
moderately correlated with PUTE. The PUTE was negatively correlated with stover P
uptake, Stover P concentration and stover dry matter yield. Similar to -P levels, PC1 and
PC2 with +P levels (Fig. 4b) accounted for 56.4 and 23.3% of the variance,
respectively. PC1 was dominated by variables describing productivity, P uptake, PUPE
and PUE, whereas PC2 was dominated by stover dry matter yield, stover P uptake and
grain P concentration. PUE was significantly correlated with grain dry matter yield,
total dry matter yield, grain P uptake, total P uptake and PUPE, while harvest index, P
harvest index and PUTE were negatively correlated with stover P uptake and stover P
concentration. In both P conditions, genotypes in quadrant I (such as Xianyull1l and
Xianyul679) were characterized by high productivity, P uptake, harvest index, P
harvest index, PUPE and PUE. Conversely, genotypes in quadrant Il and Il were
characterized by lower values in productivity, P uptake, PUPE and PUE (such as
L75X81F and JiuyuY02) (Fig. 4a, b).
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Figure 4. Principal components analysis for 22 maize genotypes under 0 (—P) (a) and 120 kg P ha™’
(+P)(b)

Discussion

In recent years, there has been much interest in research to exploit the potential for
PUPE and PUTE and thus improve the PUE of maize. Selection and breeding of low
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phosphorus tolerant and phosphorus efficient varieties is one of the effective ways to
solve the low PUE of crops. Our study shows that PUE, PUPE, PUTE and related traits
have significant genotypic differences at different phosphorus levels, and similar results
are found in many crops (Yang et al., 2022; Igbal et al., 2019; Reddy et al., 2021). This
study showed that PUPE was more significant than PUTE in determining grain dry
matter yield and PUE of maize under drip irrigation conditions. Similarly, Genotypic
variation in PUPE usually seems to be higher than in PUTE under -P conditions and +P
conditions (Spolaor et al., 2018). However, it has been shown that under -P conditions
and +P conditions, PUTE explained most of the genetic variation in PUE (Yang et al.,
2022).

In this study, there were significant differences in PUPE among maize genotypes.
PUPE was positively correlated with grain dry matter yield, total dry matter yield, grain
P uptake and total P uptake. Therefore, one way to increase PUPE in the presence of
phosphorus deficiency is to increase total dry matter production. However, significant
differences in total phosphorus uptake in the presence of similar total dry matter
suggested significant genotypic differences in PUPE. Under low P conditions, maize
genotypes with larger PUPE (such as Xianyul111 and Xianyul679) require lower soil P
thresholds for fertilizer response compared to cultivars with low PUPE (such as
Xianyul420 and XinyinKWS2564). These genotypes increase the efficient use of
phosphate fertilizers, reduce environmental problems of erosion, runoff and leaching
into water bodies due to excessive phosphate fertilizer application, and significantly
increase crop productivity in cropping systems (Gadaleta et al., 2022; Cong et al., 2020;
Emami et al., 2018). Improving the ability of crops to capture phosphorus involves
multiple mechanisms. In our study, root traits were not evaluated. Enhanced research on
root characteristics (morphology and physiology) affecting PUPE will be important for
the selection of phosphorus-efficient cultivars as well as for improving PUE. Therefore,
further studies on PUPE and related root traits will be necessary.

PUTE is higher in the presence of phosphorus deficiency; therefore, phosphorus
deficiency increases the utilization of phosphorus (Yang et al., 2022). An increase in
PUTE under phosphorus deficiency conditions has been observed in many crops
(Nguyen and Stangoulis, 2019; Reddy et al., 2021). About the secondary correlated
traits, increasing the P harvest index and harvest index, or decreasing the phosphorus
concentration of the plant can increase the PUTE (Lizana et al., 2021). In this study, the
negative correlation between grain P concentration and PUTE at both phosphorus levels
suggests that selecting maize genotypes with lower grain phosphorus concentrations
may be a way to obtain cultivars with increased PUTE. Furthermore, since grain
phosphorus concentration is not correlated with grain dry matter yield and is highly
heritable, varieties with low phosphorus concentration can be selected without affecting
yield. Thus, although the PUTE contribution to PUE is less important, selecting maize
genotypes that reduce phosphorus concentrations in grains and remove small amounts
of phosphorus from the soil can promote sustainable land use by reducing soil
phosphorus extraction by maize production systems. Concerns have been raised that
lower seed total P concentration may negatively affect seedling growth, but these
concerns are not supported by recent studies showing that seedling growth of rice is
unaffected by seed total P concentration (Julia et al., 2018).

The present study showed that some genotypes from Xianyul679 and Xianyullll
were among the best maize genotypes in terms of PUE under P deficiency and sufficient
supply. These maize cultivars provide a rich resource for breeding objectives to improve
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PUPE and PUE. On the other hand, JiuyuY02 and L75X81F were identified as
inefficient cultivars in the use of P for grain dry matter production, grain yield and
response to P application. All this information will also be useful in assisting the P
fertilization management, as this would allow phosphorus-sensitive genotypes to use
lower fertilizer application rates to obtain higher yields.

Conclusions

This study showed that there were genotypic differences in PUPE, PUTE, PUE and
related traits among different maize genotypes under low and high P supply under drip
irrigation conditions in the field. Consistent with previous findings in many crops, the
differences in PUE were mainly attributed to PUPE rather than PUTE. Moreover, PUPE
was significantly associated mainly with dry matter yield and P uptake. PUTE was
highly negatively correlated with P concentration in grains. Therefore, a comparative
study of different maize genotypes under different P supply can provide germplasm
resources and a theoretical basis for the selection and breeding of phosphorus-efficient
maize varieties and the improvement of PUE. This study showed that Xiananyul679
and Xiananyullll were among the best maize genotypes in terms of PUE under both
low and high P supply. In addition, this information is useful for the management of
phosphorus in the field, aiming to adjust fertilizer application for different maize
genotypes in response to low and high phosphorus to improve phosphorus use
efficiency.
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