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Abstract: Combining phosphorus management with phosphorus-efficient cultivars is an effective strategy for im-
proving rice quality. To investigate their effects on root characteristics and photosynthetic traits, a pot experiment
was conducted with two rice cultivars differing in phosphorus efficient: Liangeng 7 (weakly efficient) and Yongyou
2640 (highly efficient). Four phosphorus rates (0, 0.44, 0.88, and 1.32 g/pot, designated as PO, P1, P2, and P3, re-
spectively) were applied. A significant cultivar-phosphorus interaction was observed. Most root traits (the length,
dry weight, volume, total absorption area, active absorption area, oxidation activity, and acid phosphatase activity)
and photosynthetic traits (photosynthetic rate, transpiration rate, and stomatal conductance) initially increased and
then decreased with increasing phosphorus rates, while the leaf intercellular CO, concentration showed the oppo-
site trend. Liangeng 7 performed optimally under P2, whereas Yongyou 2640 reached its peak under P1. Compared
with Liangeng 7, Yongyou 2640 exhibited better appearance quality, root traits, and photosynthetic parameters.
Correlation analysis showed that root length, root physiological activity and leaf photosynthetic parameters (except
intercellular CO, concentration) were significantly negatively correlated with chalkiness degree. These findings de-
monstrate that matching phosphorus supply to cultivar-specific efficiency optimises root-photosynthesis synergy,
leading to superior grain appearance quality with less phosphorus input.
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As living standards advance, consumer demand  sential macronutrient that plays a critical role in plant

for rice (Oryza sativa L.) has shifted from meeting
basic dietary needs to pursuing superior quality.
Consequently, enhancing rice grain quality has be-
come increasingly pivotal alongside sustaining high
grain yield (Hu et al. 2022). As a core rice quality
trait, grain appearance directly shapes market price
and milling efficiency, and ultimately determines
the economic returns of farmers and the entire rice
industry (Kanokwan et al. 2023). Phosphorus is an es-

growth and agricultural productivity. Phosphorus
deficiency in rice inhibits plant growth, impairs
nutrient acquisition, and ultimately diminishes rice
quality (Deng et al. 2022, Prathap et al. 2023, Sun et
al. 2024b, Zhang et al. 2025). Therefore, elucidating
how phosphorus fertilisation management finely
regulates rice appearance quality is essential for
advancing sustainable agricultural development and
catering to dynamic market demands.
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The root system, as the primary organ for water
and nutrient acquisition and a key site for synthesis-
ing hormones and organic acids, is fundamental to
crop performance. Consequently, root morphological
and physiological traits are directly correlated with
and collectively determine the quality of formation
(Chibaetal. 2017, Xu et al. 2020, Vinarao et al. 2023,
Li et al. 2024, Gong et al. 2025). While increasing
phosphorus application generally promotes rice root
growth — resulting in greater biomass and surface
area that enhance nutrient uptake — it also intensifies
photosynthate consumption. Conversely, reducing
phosphorus application can increase the number,
average length, and total length of lateral roots.
Under phosphorus stress, the root-to-shoot ratio
typically rises as plants allocate more carbohydrates
to root growth to improve phosphorus acquisition
and sustain overall development (Liu 2021, Ding
et al. 2021, Gu et al. 2023, Zhang et al. 2023, Liu et
al. 2024, Muhandiram et al. 2024, Srivastava et al.
2025). However, excessive phosphorus application
fails to enhance root physiological activity signifi-
cantly; instead, undissolved excess phosphorus can
increase soil solution osmotic potential, inhibit root
metabolism, and ultimately compromise overall
crop performance (Prodhan et al. 2019, Cheng et
al. 2023, Sinclair et al. 2024, Zulfiqar et al. 2025).
Root traits vary considerably across crop species
and among phosphorus-efficient cultivars within
the same species. Previous studies indicate that un-
der low-phosphorus stress, phosphorus-inefficient
cultivars exhibit more pronounced changes in plant
dry weight, root morphology, and physiological ac-
tivity compared to phosphorus-efficient cultivars.
These varietal differences tend to diminish as the
external phosphorus supply increases (Wang et al.
2024, Liu et al. 2025). Although existing research has
extensively examined crop root systems under low-
phosphorus stress and varietal selection (Zulfiqar et
al. 2021, Deng et al. 2022, Verbeeck et al. 2023, Lv
et al. 2024, Mishra et al. 2025), it remains unclear
how phosphorus-efficient rice cultivars dynami-
cally adjust their root morphology and physiology
in response to varying phosphorus levels throughout
the growth cycle.

Phosphorus is an essential component of photo-
synthetic assimilation and photophosphorylation,
playing a direct role in crop photosynthesis (Gao et
al. 2023, Chen et al. 2024, Costa et al. 2025). Studies
have shown that low soil phosphorus availability re-
duces the net photosynthetic rate, stomatal conduct-
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ance, and intercellular CO, concentration in leaves,
leading to stunted plant growth as well as shorter
and narrower leaves. The application of phosphate
fertiliser can mitigate these low-phosphorus-induced
limitations by delaying leaf senescence and enhanc-
ing photosynthate production, ultimately improving
rice quality (Veronica et al. 2017, Zhang et al. 2021,
Oo et al. 2023, Sun et al. 2024b, Lu et al. 2025). It
has been reported that phosphorus-efficient culti-
vars adapt to low-phosphorus stress by promoting
chloroplast development, thereby preserving the
structure and function of photosynthetic organs and
mitigating the suppression of photosynthetic rate. In
contrast, low-phosphorus-utilising cultivars exhibit
a significant decline in photosynthetic capacity (Sun
et al. 2024b, Zhang et al. 2025). However, evidence
regarding the differences in leaf photosynthetic traits
among phosphorus-efficient cultivars under varying
phosphorus application rates remains limited.

Root systems serve as an underground "nutrient-
signal hub," integrating aboveground photosynthetic
functions as well as quality formation through their
morphology and physiology (Zhang et al. 2017, Jiang
et al. 2024, Ray and Dalal 2024, Camli-Saunders and
Villouta 2025). Previous studies have shown that
higher phosphorus application rates can reduce
amylose content and improve the appearance and
eating quality of rice, although these effects vary
substantially among cultivars (Zhang et al. 2021, Oo
et al. 2023). Nevertheless, it remains unclear how
root and photosynthetic traits respond to varying
phosphorus rates in cultivars with differing phospho-
rus efficiency, and how these responses collectively
influence rice appearance quality.

This study aimed to test the hypothesis that com-
bining different phosphorus applications with phos-
phorus-efficient cultivars synergistically optimised
appearance quality by modulating root characteristics
and photosynthetic traits. We systematically evaluated
key rice root traits — including root length, root dry
weight, root volume, root diameter, total and active
root absorption areas, root oxidation activity, and
root acid phosphatase activity — as well as photosyn-
thetic parameters (photosynthetic rate, transpiration
rate, stomatal conductance, and intercellular CO2
concentration) and rice appearance quality traits
(namely chalky kernel percentage, chalky area, and
chalkiness degree). These findings provide a theo-
retical basis and technical support for developing
cultivar-adapted phosphorus management strategies
to optimise rice appearance quality.
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MATERIAL AND METHODS

Plant materials. The pot experiment was conducted
at the research station of Henan University of Science
and Technology in Henan Province, China (34°39'N,
112°26'E). Two rice cultivars commonly grown in the
region, Liangeng 7 (weakly phosphorus-efficient)
and Yongyou 2640 (highly phosphorus-efficient),
were selected as test materials based on a previ-
ous experiment (Zhang et al. 2025). According to
our previous research, compared with Liangeng 7,
Yongyou 2640 exhibited a 53% increase in average
yield under low P treatment (Zhang et al. 2025). The
experiment was carried out during the rice grow-
ing seasons of 2021 and 2022. Seeds were sown in
a seedling nursery on May 10, 2021, and May 11,
2022, with young seedlings transplanted into pots
on June 10, 2021, and June 11, 2022, respectively.
A 30-day seedling age is a standard practice for rice
production in the region. The soil used in the pots was
a clay loam [Typic fluvaquents, Entisols (US taxono-
my)], which had the following properties in 2021 and
2022, respectively: alkali-hydrolysable nitrogen (alkali
hydrolysis diffusion method), 102.8 and 105.1 mg/kg;
available phosphorus (Olsen method), 4.9 and 5.2 mg/kg;
available potassium (ammonium acetate extrac-
tion followed by flame photometry), 115.3 and
118.6 mg/kg; and organic matter (potassium di-
chromate oxidation method), 19.1 and 19.3 g/kg.
Each pot (25 cm in diameter x 30 cm height) was filled
with 15 kg of soil and planted with three hills, each
containing two seedlings. Each treatment was repli-
cated 25 times (25 pots). The main growth stages —
mid-tillering, heading, and maturity — were recorded
at 24-25,76-78, and 124—-126 days after transplant-
ing, respectively.

Treatments. The experiment was a fully ran-
domised block design. Four phosphorus (P) fertiliser
rates were applied: 0, 0.44, 0.88, and 1.32 g P per pot,
designated as PO, P1, P2, and P3, respectively, based
on a previous experiment (Zhang et al. 2025). Total
superphosphate (5.89% P) and potassium chloride
(43% K) were applied as base fertilisers. However,
superphosphate was omitted from the PO treatment.
Nitrogen and potassium fertiliser application rates
were uniform across all treatments at 2.0 g N/pot and
0.83 g K/pot, respectively. Nitrogen fertiliser was ap-
plied in four splits: 30% as basal at pre-transplanting
(1 day before transplanting), 30% at the recovering
stage (7 days after transplanting, DAT), and 20% at
spikelet-promoting (applied at the leaf age of remain-

der 3.5) and 20% at spikelet-preserving (applied at
the leaf age of remainder 1.5). From transplanting
to maturity, specific irrigation regimes were main-
tained. A shallow water layer of 2—-3 cm was kept
during the plant recovery stage. Thereafter, plants
were re-irrigated to a 2—3 cm water depth when the
soil water potential at 15 cm depth reached —20 kPa;
this was continued until one week before final har-
vest, except for a drainage period during the late
tillering stage (Li et al. 2025). Pots were covered
with a removable rain shelter during rainfall. Soil
water potential in each plot was monitored using
soil moisture tension meters (Nanjing Institute of
Soil Science, Chinese Academy of Sciences, China).
Weeds were manually removed, and pesticides were
applied as needed to control diseases and insect
pests throughout the growing season in both years.

Sampling and measurement

Rootlength, diameter, volume, and root weight.
Root length, diameter, volume, and weight were
measured at the mid-tillering, heading, and matu-
rity stages. At each growth stage, the roots of rice
plants from three pots per treatment (each pot as
a replicate) were separated at the nodal base using
a hydropneumatic elutriation system to wash off
adhering soil. The fresh roots from each pot were
arranged and floated in a shallow water tray (30 cm x
30 cm) to facilitate morphological analysis and mini-
mise measurement error. Root length, diameter, and
volume were scanned with an Epson Expression
1680 scanner (Seiko Epson Corp., Tokyo, Japan)
and analysed using the WinRHIZO Root Analyser
System (Regent Instruments Inc., Quebec, Canada).
Subsequently, the roots were oven-dried at 75 °C
until a constant weight was achieved, and the dry
weight was recorded.

Root total absorption area, active absorption
area, root oxidation activity and activities of acid
phosphatase in roots. Root samples from three pots
per treatment were collected at the mid-tillering,
heading, and maturity stages. The total and active
root absorption areas were determined using the
methylene blue method (Wu et al. 2020). Root oxida-
tion activity was quantified by the a-naphthylamine
method (Ramasamy et al. 1997). Root acid phos-
phatase activity was measured according to the
method of Popova and Deng (2010). Specifically,
0.2 g of root samples was homogenised in 0.8 mL of
a modified buffer (pH 5.2) and 0.2 mL of 0.1 mol/L
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sodium p-nitrophenyl phosphate. The mixture was
incubated in a water bath at 30 °C for 30 min. The
enzymatic reaction was terminated by adding 0.2 mL
of CaCl, and 0.8 mL of NaOH. The absorbance of
the supernatant was then measured at 400 nm.

Photosynthetic characteristics. Photosynthetic
parameters, including the photosynthetic rate, tran-
spiration rate, stomatal conductance, and intercel-
lular CO, concentration, were measured between
09:00 and 11:00 h using a Li-Cor 6800 portable
photosynthesis system (Li-Cor Inc., Lincoln, USA).
Measurements were taken on the uppermost fully
expanded leaves from ten hills for each treatment
when the photosynthetically active radiation above
the canopy was 1 500 umol/m?/s.

https://doi.org/10.17221/35/2026-PSE

Harvesting and evaluation of appearance qual-
ity. Rice plants were harvested on October 14, 2021,
and October 15, 2022. Five pots per treatment were
harvested to determine rice appearance quality.

The appearance quality of rice was evaluated ac-
cording to the method of Xu et al. (2019). Briefly,
chalkiness was determined by visually inspecting 100
head rice kernels. Chalky kernel percentage (CKP) was
calculated as the proportion of chalky kernels among
the total number inspected. Chalky area (CA) was
defined as the proportion of the chalky region within
an individual kernel’s total area. Chalkiness degree
(CD) was derived from the product of CKP and CA.

Data analysis. Statistical analysis was conducted
by analysis of variance (ANOVA) using SPSS sta-

Table 1. Chalky kernel percentage, chalky area and chalkiness degree of Liangeng 7 and Yongyou 2640 under

different phosphorus application rates

. Chalky kernel Chalky area Chalkiness
Year Cultivar Treatment percentage (%) (%) degree (%)
jd) 27.72 15.52 4.2?
L ; P1 25.3b 13.1° 3.2b
langen
gens P2 20.7¢ 9.7d 2.14
P3 25.3b 12.0¢ 3.2b
2021
PO 24.7° 9.64 2.5¢
P1 17.34 6.8f 1.38
Yongyou 2640
P2 20.3¢ 8.0¢ 1.5f
P3 20.3¢ 8.2¢ 1.8¢
PO 28.72 15.12 4.32
) P1 25.7b 12.1° 3.1P
Liangeng 7
P2 20.3¢ 10.4¢ 2.1¢d
P3 24.0P 12.1b 2.9b
2022
PO 25.0P 9.3cd 2.3¢
P1 17.7¢ 6.8¢ 1.2f
Yongyou 2640
P2 19.0¢ 7.4de 1.5¢f
P3 20.3¢ 8.2d 1.7de
Analysis of variance
Year (Y) ns ns ns
Cultivar (C) 160.7%* 801.1** 944.6**
Phosphorus fertiliser rate (P) 71.6%* 90.1%** 197.9%*
Y xC ns ns ns
Y x P ns ns ns
CxP 20.9** 27.7%* 45 .47+
YxCxP ns ns ns

PO — no phosphorus fertiliser application; P1 — 0.44 g/pot; P2 — 0.88 g/pot; P3 — 1.32 g/pot; Liangeng 7 — weakly

phosphorus-efficient cultivar; Yongyou 2640 — highly phosphorus-efficient cultivar. Different letters donate statistical

significance at P < 0.05 within a column in the same year. *P < 0.05; **P < 0.01; ns — not significant at P = 0.05
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tistical analysis software (version 27.0; IBM Corp.,
Armonk, USA). Means were tested by the least sig-
nificant difference (LSD) test at P < 0.05. Line and
bar charts were generated with SigmaPlot software
(Version 10.0, Systat Software Inc., San Jose, USA).
The heatmap analysis was generated using Origin
2021 (OriginLab Corp., Northampton, USA).

RESULTS

Appearance quality. Chalky kernel percentage
in both Liangeng 7 and Yongyou 2640 exhibited
a U-shaped response to increasing phosphorus ap-

plication rates, initially decreasing and then in-
creasing. However, the specific P rate required
to minimise the CKP differed markedly between
the two cultivars (Table 1). Liangeng 7 achieved
its minimum under the P2 treatment, averaging
a 27.3% reduction compared to the no-phosphorus
control (P0). In contrast, Yongyou 2640 reached its
minimum CKP under the lower P1 treatment, with
an average reduction of 29.6% relative to P0. At the
same P application level, Yongyou 2640 consistently
exhibited a lower CKP than Liangeng 7.

Similarly, chalky area and chalkiness degree also
varied significantly with cultivar and P rate (Table 1).

Table 2. Root length and root diameter of Liangeng 7 and Yongyou 2640 under different phosphorus application

rates of rice

Root length (cm/hill)

Root diameter (mm)

Cultivar Treatment
mid-tillering ~ heading maturity mid-tillering ~ heading maturity
2021
PO 97818 19 8638 16 907f 0.43b 0.40¢d 0.40¢d
P1 13 131¢ 21 667f 19 180¢ 0.442b 0.43b 0.423b
Liangeng7
P2 15 5804 30 014°¢ 26 416°¢ 0.453 0.522 0.43?
P3 14 8104 23 059¢ 19 564¢ 0.41¢ 0.42P 0.40¢d
PO 11 050f 22 522¢f 21 5404 0.40°¢ 0.41bc 0.41bc
P1 237102 37 5242 32 9462 0.452 0.42P 0.423b
Yongyou 2640
P2 19 691P 35 150P 30 555P 0.40°¢ 0.394 0.41bc
P3 18 210° 24 2634 22 9344 0.364 0.394 0.394
2022
PO 9 249f 17 737h 15 427h 0.384 0.44¢ 0.42¢
P1 14 465¢ 20 0368 17 4558 0.46P 0.464 0.46°¢
Liangeng7
P2 21 861P 313124 26 4254 0.482 0.512 0.502
P3 17 5594 29 787¢ 24.227¢ 0.47?b 0.48P 0.48P
PO 15 435¢ 21 511f 20 479f 0.43¢ 0.408 0.40f
P1 25 4572 37 3372 343012 0.472 0.47¢ 0.47b¢
Yongyou 2640
P2 20 058¢ 35317b 30 548P 0.44¢ 0.44¢ 0.444
P3 18 1744 32 560¢ 27 587¢ 0.404 0.43f 0.434
Analysis of variance
Year (Y) 89.5%* 13.9%+ 145.5%* 261.9%* 622.0%*
Cultivar (C) 1 869%* 1031%* 68.7% 288.5% 72.9%*
Phosphorus rates (P) 1186%* 384.2% 80.4+* 105.0%* 105.3%*
Y xC 6.0* ns ns ns 61.9%*
Y x P 186.3%* 37.4%% 20.0%* 14.0%* 46.4%*
CxDP 489.3%* 171.0%* 51.5%% 117.2%* 34.7%*
YxCxP 4.3* 3.0* 20.9** 31.0** 11.4**

PO — no phosphorus fertiliser application; P1 — 0.44 g/pot; P2 — 0.88 g/pot; P3 — 1.32 g/pot; Liangeng 7 — weakly

phosphorus-efficient cultivar; Yongyou 2640 — highly phosphorus-efficient cultivar. Different letters donate statistical

significance at P < 0.05 within a column in the same year. *P < 0.05; **P < 0.01; ns — not significant at P = 0.05
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Liangeng 7 reached its minimum CA and CD at
0.88 g P/pot (P2). In contrast, Yongyou 2640
reached its minimum at the lower rate of 0.44 g
P/pot (P1). On average across all P treatments,
Yongyou 2640 demonstrated 34.8% lower CA and
43.7% lower CD than Liangeng 7.

Rootlength, diameter, volume, and root weight. Root
length followed a typical low-high-low trajectory during
the growth cycle, peaking at the heading stage (Table 2).
Liangeng 7 attained its maximum root length across
all growth stages under the P2 treatment, with an aver-
age increase of 75.1% over the PO control. In contrast,
Yongyou 2640 consistently reached its maximum under
the P1 treatment, averaging a 73.3% increase over PO.

https://doi.org/10.17221/35/2026-PSE

Atthe same P application level, Yongyou 2640 exhibited
longer roots than Liangeng 7 at all stages, with average
increases of 35.7% at mid-tillering, 27.2% at heading,
and 33.0% at maturity in 2021, and corresponding
increases of 24.4, 36.1, and 42.0% in 2022.

With increasing phosphorus application rate, the av-
erage root diameter first increased and then decreased
for both Liangeng 7 and Yongyou 2640 (Table 2).
Liangeng 7 achieved its maximum diameter at 0.88 g
P/pot (P2) across all stages, whereas Yongyou 2640
peaked at 0.44 g P/pot (P1). In contrast to root length,
the average root diameter of Yongyou 2640 was con-
sistently smaller than that of Liangeng 7, with annual
average reductions of 5.4% in 2021 and 7.0% in 2022.

Table 3. Root volume and root weight of Liangeng 7 and Yongyou 2640 under different phosphorus application

rates of rice

Root volume (cm3/hill)

Root weight (g/hill)

Cultivar Treatment
mid-tillering heading maturity  mid-tillering  heading maturity
2021
PO 20.1f 34.7f 32.8h 1.44f 5.50¢ 3.71f
. ; P1 25.9¢ 39.9¢ 37.7f 1.644e 7.53¢ 5.63¢
langen
geng P2 31.9¢d 48.0¢ 44.5¢ 1.804 8.56P 6.65¢
P3 30.84 38.9¢ 35.08 1.52¢f 7.57¢ 6.084
PO 33.0¢ 41.5¢ 39.2¢ 1.98¢ 6.714 6.204
v 5640 P1 45.32 55.0? 50.92 3.582 12.832 7.952
on ou
24 P2 37.2b 51.9P 47.2b 2.69P 9.05P 7.51P
P3 33.7¢ 44.54 42.64 2.07¢ 8.50P 6.63¢
2022
PO 18.38 33.8f 31.08 1.48¢ 5.57f 3.86¢
L ; P1 26.6f 38.1¢ 36.2f 1.814 7.53¢ 6.02¢
langen
geng P2 34.24 48.3¢ 45.6¢ 2.84b 8.71b 6.46°
P3 30.6¢ 40.44 39.14 1.50¢ 6.804 5.314
PO 30.0¢ 40.44 38.4¢ 2.03¢ 6.29¢ 5.93¢
v 5640 P1 44.6° 53.6% 50.12 3.952 10.332 7.342
ongyou
24 P2 38.0P 50.2P 47.5P 2.85P 7.71¢ 7.162
P3 36.5¢ 47.9¢ 47.4b 2.05¢ 7.48¢ 5.584
Analysis of variance
Year (Y) ns ns 12.3% 70.0%* 71.9%% 53.0%*
Cultivar (C) 1656%*  590.0%* 1 544%* 1129%* 263.4%% 810.7%*
Phosphorus rates (P) 380.4*  255.1% 567.2%% 374.4%% 305.9%* 391.3%*
Y xC ns ns ns 10.0%* 47.7%* 25.0%*
Y x P 13.3%* 7.9%* 48.0%* 27.7%% 7.0% 17.7%*
CxP 196.1** 66.5%* 141.0%* 203.6** 116.5%* 89.0**
Y xCxP 4.7%% ns ns 20.6%** 9.1%* 4.0*

PO — no phosphorus fertiliser application; P1 — 0.44 g/pot; P2 — 0.88 g/pot; P3 — 1.32 g/pot; Liangeng 7 — weakly

phosphorus-efficient cultivar; Yongyou 2640 — highly phosphorus-efficient cultivar. Different letters denote statistical

significance at P < 0.05 within a column in the same year. *P < 0.05; **P < 0.01; ns — not significant at P = 0.05
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Root volume and weight showed trends similar to
root length, increasing initially before declining and
peaking at the heading stage (Table 3). However, the P
requirements for maximising these traits differed be-
tween cultivars: Liangeng 7 required 0.88 g P/pot (P2),
while Yongyou 2640 achieved its maxima at 0.44 g
P/pot (P1). Compared with Liangeng 7, Yongyou
2640 consistently exhibited higher root volume and
weight. Specifically, Yongyou 2640’s root volume was
greater by 41.3% (mid-tillering), 20.0% (heading),
and 20.6% (maturity) in 2021, and 40.5, 20.7, and
21.9% in 2022. Similarly, its root weight was higher
by 60.3, 27.6, and 32.6% in 2021, and 48.1, 12.2, and
22.9% in 2022.

Root absorption area, oxidation activity, and
activities of acid phosphatase. The root total and
active absorption areas fluctuated throughout the
growth cycle, peaking at the heading stage (Figure 1).
However, the optimal P rate under the present pot

conditions and soil P status for maximising these areas
differed between cultivars: Liangeng 7 reached its
maximum under the P2 treatment, whereas Yongyou
2640 reached its maximum under the P1 treatment.
Furthermore, Yongyou 2640 exhibited significantly
larger total and active absorption areas than Liangeng 7.
This consistent trend across both experimental years
confirms that P application significantly influences
root absorption area, and that the optimal P rate
is cultivar-specific and dependent on P efficiency.
Root oxidation activity in both cultivars increased
initially, then decreased with increasing P applica-
tion rates (Figure 2). However, their optimal P levels
under the present pot conditions and soil P status
differed: Liangeng 7 achieved peak activity across
all stages at 0.88 g/pot, while Yongyou 2640 did so
at 0.44 g/pot. Furthermore, Yongyou 2640 demon-
strated significantly higher root oxidation activity
than Liangeng 7, with average increases of 14.0% at
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Figure 1. Changes in active and total absorption area of rice root with Liangeng 7 and Yongyou 2640 at mid-

tillering, heading and maturity stage under different phosphorus fertiliser rates. PO — no phosphorus fertiliser
application; P1 — 0.44 g/pot; P2 — 0.88 g/pot; P3 — 1.32 g/pot; Liangeng 7 — weakly phosphorus-efficient cultivar;
Yongyou 2640 — highly phosphorus-efficient. Vertical bars represent + standard error (SE) of the mean. The SE

was calculated across three replications for each year. Different letters indicate statistical significance at P < 0.05

within the same stage
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Figure 2. Changes in root oxidation activity with Liangeng 7 and Yongyou 2640 at mid-tillering, heading and ma-
turity stage under different phosphorus fertiliser rates. PO — no phosphorus fertiliser application; P1 — 0.44 g/pot;
P2 —0.88 g/pot; P3 — 1.32 g/pot; Liangeng 7 — weakly phosphorus-efficient cultivar; Yongyou 2640 — highly phosphorus-
efficient. Vertical bars represent + standard error (SE) of the mean. The SE was calculated across three replications
for each year. Different letters indicate statistical significance at P < 0.05 within the same stage. DW — dry weight

mid-tillering, 10.8% at heading, and 11.7% at maturity
in 2021; the corresponding increases were 12.8, 8.9,
and 30.1% in 2022.

Root acid phosphatase (APase) activity showed
aunimodal response to increasing P rates, also peak-
ing at the heading stage (Figure 3). The two culti-
vars differed markedly in the P input required for
maximum APase activity. Liangeng 7 achieved its
highest activity under the P2 treatment, with aver-
age increases of 76.2% (2021) and 111.8% (2022)
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over PO. In contrast, Yongyou 2640 peaked at the
P1 treatment, showing average increases of 27.3%
(2021) and 50.0% (2022) over PO. At the same P level,
Yongyou 2640 maintained significantly higher APase
activity than Liangeng 7, with increases of 53.8% in
2021 and 33.3% in 2022.

Photosynthetic characteristics of leaves. The net
photosynthetic rate (P ) and transpiration rate (T ) in
rice declined throughout the growth cycle (Figure 4).
Both parameters exhibited a unimodal response to
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Figure 3. Changes in root acid phosphatase activity with Liangeng 7 and Yongyou 2640 at mid-tillering, heading and
maturity stage under different phosphorus fertiliser rates. PO — no phosphorus fertiliser application; P1 — 0.44 g/pot;
P2 — 0.88 g/pot; P3 — 1.32 g/pot; Liangeng 7 — weakly phosphorus-efficient cultivar; Yongyou 2640 — highly
phosphorus-efficient. Vertical bars represent + standard error (SE) of the mean. The SE was calculated across

three replications for each year. Different letters indicate statistical significance at P < 0.05 within the same stage

P application, increasing initially before declining.
The optimal P rate under the present pot conditions
and soil P status for maximising P_ and T, across
all growth stages was 0.88 g/pot for Liangeng 7, but
only 0.44 g/pot for the high phosphorus-efficient
cultivar Yongyou 2640. Notably, Yongyou 2640 con-
sistently demonstrated superior P and T, compared
to Liangeng 7. This trend, consistent over both study
years, confirms that phosphorus application signifi-
cantly influences P_and T, with the optimal rate being

cultivar-specific. The higher photosynthetic capacity
of the high phosphorus-efficient cultivar facilitates
greater production of photosynthetic assimilates.
Similar to leaf P and T, stomatal conductance (g,)
in both cultivars also exhibited an initial increase fol-
lowed by a decrease as P application rates increased
(Figure 5). However, the optimal P level under the
present pot conditions and soil P status for maxi-
mum g_differed: Liangeng 7 attained its highest g_
under the P2 treatment, with average increases of
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Figure 4. Photosynthetic rate and transpiration rate of leaves with Liangeng 7 and Yongyou 2640 at mid-tillering,

heading and maturity stage under different phosphorus fertiliser rates. PO — no phosphorus fertiliser application;
P1 - 0.44 g/pot; P2 — 0.88 g/pot; P3 — 1.32 g/pot; Liangeng 7 — weakly phosphorus-efficient cultivar; Yongyou
2640 — highly phosphorus-efficient. Vertical bars represent + standard error (SE) of the mean. The SE was

calculated across three replications for each year. Different letters indicate statistical significance at P < 0.05

within the same stage

21.3% in 2021 and 38.2% in 2022 compared to P0. In
contrast, Yongyou 2640 peaked under the P1 treat-
ment, showing average increases of 25.0% and 33.2%
relative to PO in 2021 and 2022, respectively. At the
same P application level, Yongyou 2640 exhibited
significantly higher g_than Liangeng 7, by 63.9% in
2021 and 62.0% in 2022.

In contrast to leaf P_and T, the intercellular CO,
concentration (C,) in both cultivars showed a distinct
V-shaped response to increasing P application, declining
initially before rising (Figure 5). The P application rate
that minimised C, across all growth stages was 0.88 g/pot
for Liangeng 7, but only 0.44 g/pot for Yongyou 2640.
Furthermore, Yongyou 2640 consistently maintained
a lower C, than Liangeng 7 at the mid-tillering and
heading stages. This consistent trend over two study
years confirms that P application significantly influ-
ences C, and that the optimal rate is cultivar-specific.
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Correlation analysis among root characteristics,
leaf photosynthetic traits and appearance quality in
rice. Correlation analysis showed that root length, root
dry weight, root volume, root oxidation activity, root
acid phosphatase activity, and active root absorption
area, as well as total root absorption area, were extremely
significantly positively correlated with P , T, and g_
in both years, while they were extremely significantly
negatively correlated with C, (Figure 6). Additionally,
root morphological and physiological indices, including
root length, root weight, root volume, root total and
active absorption area, root oxidation activity, root acid
phosphatase activity, and photosynthetic parameters,
including P , T, and g were significantly or extremely
significantly negatively correlated with chalky kernel
percentage, chalky area and chalkiness degree in both
years. But C, was extremely significantly positively cor-
related with chalkiness indicators (Figure 7).
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Figure 5. Changes in stomatal conductance and intercellular CO, concentration of leaves with Liangeng 7 and

Yongyou 2640 at mid-tillering, heading and maturity stage under different phosphorus fertiliser rates. PO —

no phosphorus fertiliser application; P1 — 0.44 g/pot; P2 — 0.88 g/pot; P3 — 1.32 g/pot; Liangeng 7 — weakly

phosphorus-efficient cultivar; Yongyou 2640 — highly phosphorus-efficient. Vertical bars represent + standard

error (SE) of the mean. The SE was calculated across three replications for each year. Different letters indicate

statistical significance at P < 0.05 within the same stage

DISCUSSION

Effect of phosphorus application rates on root
characteristics of different phosphorus-efficient
rice cultivars. Root system functionality, determined
by its morphological and physiological traits, is fun-
damental to crop growth, yield, and quality forma-
tion (Xu et al. 2020, Vinarao et al. 2023, Wei et al.
2024, Camli-Saunders and Villouta 2025, Kohli et
al. 2025). Under low-phosphorus stress, rice modu-
lates its root architecture by increasing root length,
volume, and surface area while reducing root diam-
eter — morphological adaptations that enhance soil
phosphorus foraging. In contrast, application of an
appropriate phosphorus rate can promote rice root
system growth, enhance root physiological activity,
and improve nutrient absorption, thereby establish-
ing a solid foundation for supplying nutrients to the

shoots (Zhang et al. 2021, Gu et al. 2023, Muhandiram
et al. 2024, Srivastava et al. 2025). In the present
study, key root traits — including length, weight,
volume, oxidation activity, and acid phosphatase
activity — displayed a unimodal response to increas-
ing phosphorus rates, rising initially before declining
(Tables 2—3; Figures 1-3). This unimodal response
contrasts with the findings of Ding et al. (2021),
who observed a monotonic decrease in these traits
with increasing phosphorus. The initial suppression
of root growth in this experiment is attributable to
the low soil-available phosphorus levels (4.9 mg/kg
in 2021 and 5.2 mg/kg in 2022). While moderate
phosphorus application alleviated this limitation,
excessive phosphorus failed to enhance physiologi-
cal activity and even became inhibitory (Tables 2-3,
Figures 1-3). This suppression under high phospho-
rus aligns with the results of Zhang et al. (2021) in
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hydroponic systems. A plausible mechanism is that
undissolved excess phosphorus fertiliser elevates
the osmotic potential of the soil solution, thereby
inhibiting root metabolism and function (Prodhan
et al. 2019, Cheng et al. 2023, Sinclair et al. 2024,
Zulfiqar et al. 2025).

The present results showed that Yongyou 2640
generally exhibited superior root morphological
and physiological traits — including root length,
root volume, root weight, root absorption area, root
oxidation capacity, and root acid phosphatase activ-
ity — compared to those of Liangeng 7 (Tables 2-3,
Figures 1-3). This advantage can be attributed to the
enhanced allocation of carbohydrates to the roots of
the high-phosphorus-efficient cultivar Yongyou 2640
under low-phosphorus stress. This provides energy
in the form of respiratory ATP for cell division and
elongation, as well as structural precursors for cell
walls and membranes, thereby directly facilitating
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increases in root length and volume (Deng et al.
2022, Verbeeck et al. 2023, Li et al. 2024, Mishra et
al. 2025). In contrast, both shoot and root growth of
the weak phosphorus-efficient cultivar (Liangeng 7)
were significantly inhibited under the same phospho-
rus-limited conditions (Deng et al. 2022, Verbeeck
et al. 2023, Mishra et al. 2025). Furthermore, the
high phosphorus-efficient cultivar optimises its root
system architecture, developing a more extensive
system that is highly efficient at exploring a larger
soil volume and capturing heterogeneous resources
(Deng et al. 2022, Vinarao et al. 2023, Sun et al.
2024b, Kohli et al. 2025). Consequently, Liangeng 7
requires a higher phosphorus input to achieve com-
parable growth. Additionally, Yongyou 2640 secretes
greater amounts of acid phosphatase, which enhances
root-mediated phosphorus mobilisation and uptake
from the soil. This, in turn, promotes shoot growth
and development, ultimately contributing to higher
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yield formation (Deng et al. 2022, Wang et al. 2024,
Liu et al. 2025).

These results demonstrate that the weakly and
highly phosphorus-efficient cultivars, Liangeng 7
and Yongyou 2640, achieved optimal root physi-
ological activity and growth only at their respective
phosphorus application rates (0.88 and 0.44 g/pot,
respectively). This enhancement in root function
subsequently improved nutrient uptake and photo-
synthate accumulation, which ultimately supported
grain filling and optimised rice appearance quality.
Therefore, phosphorus fertiliser application should
be tailored to the specific requirements of cultivars
with differing phosphorus efficiency.

Effect of phosphorus application rates on photo-
synthetic traits of different phosphorus-efficient
rice cultivars. Photosynthesis is the most critical
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physiological process in crop development, account-
ing for over 90% of rice yield (Xu et al. 2018, Wu et
al. 2022, Ray and Dalal 2024, Cui et al. 2025). As an
essential component of photosynthetic assimila-
tion and photophosphorylation, phosphorus plays
a direct role in this process (Veronica et al. 2017,
Chen et al. 2024, Linger and Long 2025). This study
demonstrated that the optimal phosphorus rate under
the present pot conditions and soil P status for max-
imising photosynthetic performance was 0.88 g/pot
for Liangeng 7 and 0.44 g/pot for Yongyou 2640
(Figures 4—5). At these optimal rates, both cultivars
achieved their highest net photosynthetic rate, sto-
matal conductance, and transpiration rate, coupled
with the lowest intercellular CO, concentration.
A key mechanism is that phosphorus fertilisation
enhances the net photosynthetic rate primarily by
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boosting the photosynthetic activity of mesophyll
cells (Shu et al. 2023, Chen et al. 2024). Given the
low phosphorus availability in the experimental
soil, phosphorus supplementation was essential to
promote photosynthesis. Moreover, appropriate
phosphorus application can mitigate the suppression
of photosynthetic activity associated with elevated
intercellular CO, concentrations. Conversely, exces-
sive phosphorus application (1.32 g/pot) reduced
stomatal conductance, transpiration rate, and overall
photosynthetic performance (Figures 4—5). This de-
cline can be attributed to an induced nutrient imbal-
ance, particularly a reduction in iron (Fe) content,
which ultimately impairs photosynthetic efficiency
(dos Santos et al. 2020).

Previous studies have shown that phosphorus-
efficient cultivars can maintain a stable net photosyn-
thetic rate under low-phosphorus stress, attributed
to their ability to preserve the structural integrity
and functional stability of photosynthetic organs,
thereby mitigating the inhibitory effects of phospho-
rus deficiency (Deng et al. 2022, Sun et al. 2024b).
Consistent with this, our study showed that under
the same phosphorus application rate, the highly
phosphorus-efficient cultivar Yongyou 2640 exhib-
ited significantly higher photosynthetic rate, stoma-
tal conductance, and transpiration rate, along with
alower intercellular CO2 concentration, compared to
the weak phosphorus-efficient Liangeng 7 (Figures 4-5).
This superiority may be due to several factors. First,
phosphorus-efficient cultivars exhibit greater chloro-
plast stability and higher light absorption and energy
conversion efficiency, providing a structural basis for
enhanced photosynthesis (Chen et al. 2024). Second,
they prioritise maintaining the activity of key phos-
phorus-containing or phosphorus-activated enzymes
essential for the dark reactions of photosynthesis
(Furbank et al. 2023). Furthermore, by optimising
internal phosphorus allocation to facilitate the syn-
thesis and transport of photosynthetic products, these
cultivars improve overall photosynthetic efficiency
(Deng et al. 2022, Sun et al. 2024b). In contrast, the
weakly phosphorus-efficient Liangeng 7 showed
a significant reduction in photosynthetic rate under
phosphorus deficiency (Figures 4-5), likely due to
an impaired ability to remobilise phosphorus from
photorespiratory glycolate to sustain photosynthetic
metabolism (Yao et al. 2022, Furbank et al. 2023).

This study demonstrates that highly phosphorus-
efficient cultivars utilise phosphorus more efficiently
and maintain higher photosynthetic rates under
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phosphorus stress. Consequently, the adoption of
such cultivars represents a viable strategy for reduc-
ing phosphate fertiliser application while enhancing
photosynthetic efficiency, thereby contributing to
the dual objectives of high crop productivity and
agricultural sustainability.

Effect of phosphorus application rates on appear-
ance quality of different phosphorus-efficient rice
cultivars. Rice quality is influenced by a combination of
factors, including genetic differences among cultivars, as
well as environmental and agronomic conditions such as
light, temperature, and cultivation practices (Zhang et al.
2021, Oo etal. 2023, Ray and Dalal 2024, Li et al. 2025).
Zhang et al. (2021) reported that increased phosphorus
fertilisation rates significantly raised the chalkiness de-
gree in the cultivar Zhonghan 3, thereby deteriorating
its appearance quality. However, our findings reveal
a more nuanced relationship. We demonstrate that
increasing phosphorus application improved the
appearance quality of rice, but that supra-optimal
phosphorus rates exert detrimental effects (Table 1).
Suboptimal phosphorus application (either deficient
or excessive) impairs rice quality by altering grain-
filling dynamics, endosperm development, and bran
thickness. These physiological alterations lead to
a higher incidence of chalky grains and increased
chalky area, which collectively compromise the mill-
ing quality and rice grain appearance quality (Oo et
al. 2023, Zhang et al. 2025, Li et al. 2025). Notably, the
appearance quality of Liangeng 7 attained its optimum
at 0.88 g/pot, while that of Yongyou 2640 required
only 0.44 g/pot (Table 1). The proposed mechanism
involves optimised root morphology and activity,
which synchronise shoot-root signal transduction to
secure a sufficient supply of carbohydrates and min-
erals for grain development and high-quality starch
biosynthesis (Zhang et al. 2017). Simultaneously,
astrengthened photosynthetic source provides abundant
assimilates, preventing chalkiness formation that arises
from nutrient deficits during mid-grain filling (Oo et al.
2023, Ray and Dalal 2024). Our earlier research further
demonstrated that appropriate phosphorus application
delays leaf senescence — thus securing complete grain
filling — and enhances the activity of starch metabolic
enzymes, leading to more efficient starch synthesis
and a more regular arrangement of starch granules
(Li et al. 2025, Zhang et al. 2025). Collectively, these
responses improve rice appearance quality, highlighting
the importance of tailored phosphorus management —
based on varietal phosphorus efficiency — for its
enhancement.
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The relationship between root characteristics,
leaf photosynthetic traits, and appearance qual-
ity in rice. Previous studies have established that
enhancing photosynthetic potential, root vigour, and
leaf nitrogen transport is essential for synergistically
improving rice yield and quality (Sun et al. 20244,
Zhu et al. 2024). Consistent with this understanding,
our results show that the highly phosphorus-efficient
cultivar Yongyou 2640 achieves optimal appearance
quality under a relatively low phosphorus supply
(0.44 g/pot). This improvement is associated with
enhanced photosynthetic productivity, resulting
from the concurrent optimisation of both root mor-
phology and physiology (Tables 1-3; Figures 1-5).
Correlation analysis further supports these relation-
ships. The observed improvements in root growth and
photosynthesis contributed to reduced rice chalki-
ness, as evidenced by significant negative correlations
among root morphophysiological indices, photosyn-
thetic parameters, and chalkiness traits (Figures 6-7).
Therefore, a synergistic management strategy that
fine-tunes root architecture by promoting root
growth while boosting physiological activity may
enhance both nutrient acquisition and canopy pho-
tosynthesis, thereby contributing to superior grain
appearance. However, this study also has certain
limitations. Given that this study was conducted
under pot conditions with low available phosphorus
soil, the optimal phosphorus rate identified under
these conditions should be validated in future field
studies to determine appropriate application rates
for practical agricultural production.
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