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Abstract

Southern acidic soils are characterized by high total phosphorus content but gen-
erally low available phosphorus. Insufficient soil phosphorus is a crucial factor
limiting sugarcane growth. Elucidating the physiological and biochemical mech-
anisms underlying sugarcane adaptation to low-phosphorus stress and exploring
the phosphorus utilization potential of sugarcane hold significant theoretical and
practical implications for guiding sugarcane breeding and cultivation manage-
ment. This study utilized two sugarcane varieties, ROC22 and ROC10, as exper-
imental materials, employing hydroponic and soil culture experimental methods
to investigate the absorption of insoluble phosphorus by sugarcane seedlings, as
well as root architecture and physiological responses of the root system under
low-phosphorus stress, in order to elucidate the potential mechanisms of sugar-
cane adaptation to low-phosphorus stress. The results demonstrated: C1) Sug-
arcane cultured in nutrient solutions with insoluble phosphorus sources CCa-P
and A1-P exhibited significantly increased leaf number, shoot dry weight, and
biomass compared to the phosphorus-deficient (-P) treatment, comparable to
the control (+P) treatment. Total phosphorus accumulation in sugarcane was
also significantly enhanced, reaching 30%-77%o of the phosphorus accumula-
tion in the control (+P) treatment. C2) Under low-phosphorus conditions, the
root system of sugarcane seedlings exhibited a trend toward deeper soil distri-
bution, with increased total root volume, longer maximum root length, and en-
hanced shallow root distribution. C3) Under low-phosphorus environments, the
rhizosphere of sugarcane seedlings was significantly acidified, and root secretions
could dissolve insoluble aluminum phosphate, while acid phosphatase activity
within plant tissues was also significantly enhanced. These findings indicate
that sugarcane seedlings possess a strong capacity for absorbing and utilizing
insoluble phosphorus. Increased root number under low-phosphorus conditions,
root gravitropism, enhanced shallow root distribution, rhizosphere acidification,
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and elevated acid phosphatase activity within plant tissues may constitute im-
portant mechanisms for sugarcane seedlings to adapt to phosphorus-deficient
environments.
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Abstract

Acidic soils in southern China contain high total phosphorus but generally low
available phosphorus, and soil phosphorus deficiency represents a critical con-
straint on sugarcane growth. FElucidating the physiological and biochemical
mechanisms underlying sugarcane adaptation to low phosphorus stress and tap-
ping the phosphorus utilization potential of sugarcane hold important theoret-
ical and practical significance for guiding sugarcane breeding and cultivation
management. This study investigated the absorption of poorly soluble phospho-
rus by sugarcane seedlings and the physiological responses of root architecture
and root systems under low phosphorus stress using hydroponic and pot culture
experiments with two sugarcane varieties, ROC22 and ROC10, to reveal poten-
tial mechanisms of sugarcane adaptation to low phosphorus stress. The results
showed that: (1) Sugarcane cultivated in nutrient solution with poorly soluble
phosphorus (Ca-P and Al-P) as the phosphorus source exhibited significantly
increased leaf number, shoot dry weight, and biomass compared to phosphorus-
deficient (-P) treatment, reaching levels comparable to the control (+P). Total
phosphorus accumulation also increased significantly, achieving 30%-77% of the
phosphorus accumulation in the control (+P) treatment. (2) Under low phos-
phorus conditions, sugarcane seedling roots tended to distribute deeper into the
soil, with increased total root volume, longer maximum root length, and greater
shallow root distribution. (3) In low phosphorus environments, the rhizosphere
of sugarcane seedlings became significantly acidified, root exudates could dis-
solve poorly soluble aluminum phosphorus, and acid phosphatase activity in
plant tissues was significantly enhanced. These results indicate that sugarcane
seedlings possess a strong capacity to absorb and utilize poorly soluble phos-
phorus. The increased root number, enhanced gravitropism of primary roots,
greater shallow root distribution, rhizosphere acidification, and enhanced acid
phosphatase activity under low phosphorus conditions may represent important
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mechanisms enabling sugarcane seedlings to adapt to phosphorus-deficient en-
vironments.

Keywords: sugarcane, low phosphorus stress, poorly soluble phosphorus, root
architecture, adaptive mechanism

Introduction

Phosphorus is not only an essential component of nucleic acids, proteins, phos-
pholipids, and other organic compounds, but also participates in numerous phys-
iological processes including photosynthesis, respiration, enzyme activation, and
signal transduction, exerting significant influence on plant growth, development,
yield, and quality (Olday, 1972; xU#%, 2003). Due to strong chemical fixation of
phosphorus in acidic southern soils, soil phosphorus exists primarily in poorly
soluble forms such as Fe-P, Al-P, and O-P, resulting in high total phosphorus
content (Fi&EZ, 2017) but low phosphorus fertilizer use efficiency of only 5%-
20% during the current season (E&#, 2018). Consequently, soil phosphorus
deficiency has become one of the main limiting factors in crop production. To
adapt to phosphorus scarcity in soils, plant roots often exhibit pronounced mor-
phological and physiological responses. Studies by #ig (2018) and Fi05¥% (2018)
have shown that crops undergo morphological changes under low phosphorus
stress, with the most obvious change being increased root-to-shoot ratio, longer
roots, and expanded root coverage area to enhance phosphorus absorption and
adapt to low phosphorus environments. Meanwhile, root exudates play a crucial
role in improving soil phosphorus bioavailability (Zou et al., 2018) by activating
and dissolving poorly soluble inorganic phosphorus and participating in the de-
composition of organic phosphorus to increase rhizosphere available phosphorus
concentration for crop uptake and utilization (228%, 2015). Numerous studies
have demonstrated that root exudates from alfalfa (HFIT%, 2015), maize (¥
M, 2013), and rice (Hu et al., 2016) can enhance soil phosphorus availabil-
ity and promote plant absorption and utilization of poorly soluble phosphates.
Currently, no studies have reported on the effects of low phosphorus stress on
sugarcane root architecture or sugarcane activation and utilization of poorly
soluble phosphorus. Therefore, this study investigated sugarcane adaptation
mechanisms to low phosphorus stress from the perspectives of root morphologi-
cal characteristics, root exudates, and acid phosphatase activity. This research
holds significant importance for further exploring the molecular mechanisms
of sugarcane tolerance to low phosphorus stress and breeding low phosphorus-
tolerant sugarcane varieties, and also contributes to resource conservation, en-
vironmental protection, and reduced sugarcane production costs.

Materials and Methods

1.1 Experimental Materials

The sugarcane varieties used were ROC22 and ROC10, obtained from the Col-
lege of Agriculture, Guangxi University.
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1.2 Experimental Treatments

1.2.1 Hydroponic Experiment Stem sections with single buds approxi-
mately 5 cm long were cut from the middle and upper portions of sugarcane
stalks. The cut stem sections were soaked in saturated lime water for germi-
nation and sterilization for 12 h, then removed and grown in nursery substrate
until three leaves had unfolded. Seedlings were then transferred to hydroponic
plastic buckets. At transplanting, half of the seed roots were removed to mini-
mize their influence on the experiment. Initially, seedlings were cultured for one
week in 0.1 mmol - L * CaCl solution to facilitate adaptation to the hydroponic
environment and root development. They were then grown for four days in
1/5 Hoagland nutrient solution (pH = 6.0) before being used as experimental
materials.

To understand the absorption capacity of sugarcane seedlings for poorly solu-
ble phosphorus, four treatments were designed: 1/5 Hoagland nutrient solution
(+P, CK, 0.25 mmol - L ' NH H PO ), phosphorus-free nutrient solution (-P),
phosphorus-free nutrient solution supplemented with 0.25 mmol « L ' aluminum
phosphate (-P+Al-P), and phosphorus-free nutrient solution supplemented with
0.25 mmol - L * calcium phosphate (-P+Ca-P). Sugarcane seedlings were culti-
vated in these solutions with aeration for 15 min per hour using an electromag-
netic air pump, and the nutrient solution was changed every 2 days. Plants
were harvested after 38 days. Before harvest, root exudates were collected for
complexation dissolution tests and in situ coloration assays. At harvest, pheno-
typic traits including plant height, leaf length, leaf width, and leaf number were
measured. The first fully expanded leaf was collected for acid phosphatase deter-
mination, while the remaining shoot and root tissues were chopped, oven-dried,
and used for biomass and phosphorus content measurements.

1.2.2 Pot Experiment To investigate the effects of different phosphorus dis-
tributions on sugarcane seedling root architecture, four treatments were estab-
lished: no phosphorus fertilizer in either soil layer (-P/-P), phosphorus fertilizer
in the upper layer only (+P/-P), phosphorus fertilizer in the lower layer only
(-P/+P), and phosphorus fertilizer in both upper and lower layers (+P/+P).
Both upper and lower soil layers were 15 cm thick, separated by non-woven
fabric with two PVC water pipes inserted in the middle. Phosphorus applica-
tion (as P O ) was 0.3 g+ kg ! for phosphorus treatments and 0 g - kg ! for non-
phosphorus treatments. Nitrogen (N) application was 0.4 g-kg ' and potassium
(K O) application was 0.44 g - kg ! for all treatments.

Each treatment had three replicates with two plants per pot. Plants were har-
vested after 80 days. At harvest, root systems were carefully cleaned, and a root
scanning-WinRHIZO image analysis system was used to obtain two-dimensional
root architecture parameters including maximum root length and total root vol-
ume. Roots were then cut at the non-woven fabric separator and harvested
separately from upper and lower layers before being chopped and oven-dried for
root dry weight determination. The experimental soil was sandy soil developed
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from Quaternary red earth parent material, with total phosphorus 0.13 g - kg !,
available phosphorus 0.79 mg - kg !, and pH 4.62.

1.3 Measurement Methods

Root Tip In Situ Coloration: Following the method of HE¥% (2000), 6
mg of bromocresol purple and 0.5 g of agar were added to 100 mL of 1 mmol -
L' CaSO solution, heated to boiling with continuous stirring on an electric
furnace. After cooling to room temperature with stirring, the pH was adjusted
to dark red using 0.01 mol - L. ' HCI. Roots of uniform thickness from +P and
-P treatments were placed in petri dishes (two roots per plate), the mixture was
poured in, and after cooling and solidifying to form plates of uniform thickness,
color changes in the rhizosphere were observed and photographed after 2 h.

Root Exudate Collection: One day before hydroponic harvest, -P and
+P treatments were washed several times with deionized water and cultured
overnight in 0.5 mmol-L ! CaCl. The next morning, fresh CaCl solution
of the same concentration was added and cultured for another 24 h before
collection in a cold storage room. During collection, the culture solution was
passed sequentially through H -type cation resin and formic acid-type anion
resin. After collection, the anion resin was removed and root exudates adsorbed
on the anion resin were eluted three times with 0.2 mol-L ! HCI prepared
with ultrapure water (3 mL each time) into a 150 mL concentration flask,
then evaporated to dryness under reduced pressure using a rotary evaporator.
Concentration conditions were vacuum with 40 °C water bath. The residue was
dissolved three times with 1.5 mL ultrapure water by shaking, filtered through
a water-based microporous membrane into a 2 mL centrifuge tube, and stored
at -20 °C for later use.

Root Exudate Aluminum Complexation: The mixed solution used for alu-
minum complexation by root exudates consisted of 25 mL 5 mmol - L ' AICI, 4
mL 2 mol - L ' HCL, 67 mL ultrapure water, and 120 mL acetone. Chromatogra-
phy filter paper was immersed in the mixed solution for 15 min, then submerged
in pH 6.8 phosphate buffer for 15 min, removed, washed with distilled water,
and dried for later use. Exudates were spotted on the dried filter paper in four
applications of 5 L each, then dried and immersed in pyrocatechol violet solu-
tion for staining for 5-10 min. The filter paper was washed multiple times with
deionized water to remove excess dye, dried, and photographed.

Acid Phosphatase Assay: Following the method of McLachlan et al. (1987)
with slight modifications, 0.2 g of chopped first fully expanded leaf was ground
with a small amount of quartz sand and liquid nitrogen into a homogenate.
Five milliliters of 0.2 mol - L ' sodium acetate-acetic acid buffer (pH 5.6) was
added, transferred to a 10 mL centrifuge tube, and centrifuged at 10,000 rpm
for 10 min to obtain the supernatant. The reaction mixture contained 0.5 mL
enzyme solution, 0.45 mL acetate buffer, and 4.5 mL 5 mmol - L ! p-nitrophenyl
phosphate disodium. After mixing, the reaction proceeded in darkness at 30 °C
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for 30 min, then 2 mL of 2 mol - L ! NaOH was added to terminate the reaction,
and OD was measured at 405 nm. A standard curve was prepared using 1 mmol «
L ! p-nitrophenol as the solute and 2 mol - L ' NaOH as the solvent. Enzyme
activity was expressed as the amount of p-nitrophenol produced by hydrolysis
of p-nitrophenyl phosphate disodium per unit fresh weight per unit time, i.e.,
mol NP - mg Pro ! - min '.

1.4 Data Processing

Data were processed and graphed using Excel 2007. Significance testing and
multiple comparisons (Duncan’ s new multiple range test) were performed using
SPSS 17.0 software.

Results

2.1 Effects of Poorly Soluble Phosphorus on Sugarcane Seedling
Growth

Table 1 shows that after phosphorus deficiency (-P) treatment, plant height, leaf
length, leaf width, and leaf number of both sugarcane varieties decreased com-
pared to the control (+P). Except for leaf length in ROC22 and plant height and
leaf length in ROC10, which showed no significant differences, all other parame-
ters reached significant levels, indicating that phosphorus deficiency significantly
inhibited sugarcane seedling growth. However, after adding poorly soluble phos-
phorus, plant height, leaf length, leaf width, and leaf number all increased com-
pared to the phosphorus deficiency (-P) treatment, with leaf width and leaf
number in ROC22 reaching significant levels. Under Ca-P treatment, ROC22
showed plant height, leaf length, and leaf number comparable to the CK (+P)
treatment with no significant differences. These results indicate that poorly
soluble phosphorus alleviated phosphorus deficiency in sugarcane seedlings.

Table 2 also shows that after phosphorus deficiency (-P) treatment, shoot dry
weight and biomass of both varieties decreased significantly compared to the
control (+P), while root-to-shoot ratio increased significantly (p < 0.05). For
ROC22, shoot dry weight and biomass decreased by 47% and 38%, respectively,
while root-to-shoot ratio increased by 1.3-fold. For ROC10, shoot dry weight
and biomass decreased by 37% and 30%, respectively, while root-to-shoot ra-
tio increased by 0.9-fold. After adding poorly soluble phosphorus (Ca-P and
Al-P), shoot dry weight and biomass increased significantly compared to the
phosphorus deficiency (-P) treatment, with root-to-shoot ratio decreasing to
levels comparable to the control (+P) with no significant differences.

These results demonstrate that sugarcane seedlings can absorb and utilize poorly
soluble phosphorus to promote growth, with ROC22 showing stronger capacity
to absorb and utilize poorly soluble phosphorus than ROC10.

Table 1 Effect of poorly soluble P on agronomic traits of sugarcane
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Plant height Leaf length Leaf width Leaf
Cultivar Treatment (cm) (cm) (cm) number
ROC22 CK 191.844.29 a 130.1+4.01 a  3.3£0.21 a 3.5+0.12
(+P) a
-P 178.3+6.77 123.6+£1.62 2.840.07 b 3.240.26
ab ab a
Ca-P 174.0£2.02 b  118.2£298 b  2.6£0.10 b 3.3£0.03
a
Al-P 166.9£3.25 b 120.5£3.40 1.6+0.03 c 2.5£0.03
ab b
ROC10 CK 163.74£7.26 a 114.64+5.48 a  3.3£0.12 a 3.240.15
(+P) a
-P 163.8+£4.37 a 116.8£2.90 a  3.0£0.06 ab  3.4£0.10
a
Ca-P 149.845.43 a 104.5+4.78 a 3.0£0.09 ab  3.0%0.10
ab
Al-P 147.3+6.21 a 106.6£4.92 a  2.7£0.21 b 2.7£0.12
b

Note: Different lowercase letters after values in the same column indicate sig-
nificant difference (P < 0.05). The same below.

Table 2 Effect of poorly soluble P on biomass and root-to-shoot ratio

of sugarcane

Shoot dry Root dry
weight (g * weight (g - Biomass Root-to-
CultivarTreatmemiant ') plant 1) (g - plant ')  shoot ratio
ROC22 CK 26.37£2.31 a 4.061+0.56 a 30.43£2.87 0.154+0.01
(+P) a b
Ca-P  22.4943.55 a 3.60£1.01 a 26.09+4.54  0.1540.02
ab b
Al-P 21.14+0.53 a 3.51£0.26 a 24.65+0.75 0.17£0.01
ab b
-P 13.884+0.40 b 4.87£0.34 a 18.754+0.42 0.35£0.03
b a
ROC10 CK 22.87+0.76 a 3.26+0.13 a 26.13+0.84 0.1440.00
(+P) a b
Ca-P  20.901+0.07 a 2.79+0.23 a 23.69+0.20 0.13+0.01
a b
Al-P 19.65£1.16 a 2.86+£0.24 a 22.50+1.56 0.15£0.02
a b
-P 14.31+1.33 b 3.96+0.71 a 18.2841.91 0.27+0.04
b a
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2.2 Absorption and Utilization of Poorly Soluble Phosphorus by Sug-
arcane

Figure 1 [Figure 1: see original paper] shows that total phosphorus accumulation
differed significantly among all treatments (P < 0.05). Compared to CK (+P),
Ca-P, Al-P, and -P treatments in ROC22 decreased by 32%, 70%, and 92%, re-
spectively, while in ROC10 they decreased by 23%, 63%, and 91%, respectively,
indicating differences in utilization between poorly soluble and soluble phos-
phorus sources. Total phosphorus accumulation in Ca-P and Al-P treatments
of both ROC22 and ROC10 increased significantly compared to -P treatment,
being 8.5-fold and 3.8-fold higher in ROC22, and 8.9-fold and 4.2-fold higher
in ROC10, respectively. These results demonstrate that sugarcane possesses a
strong capacity to utilize poorly soluble phosphates.

In terms of phosphorus use efficiency (Figure 2 [Figure 2: see original paper]),
Ca-P treatment was comparable to the control, while Al-P treatment showed
significant improvement compared to both Ca-P and control treatments (p <
0.05). In ROC22, Al-P treatment increased phosphorus use efficiency by 1.7-
fold and 1.2-fold compared to Ca-P and control treatments, respectively, while
in ROCI10 it increased by 1.4-fold and 1.0-fold, respectively. These findings
indicate that sugarcane can utilize Al-P more effectively than Ca-P.

2.3.1 Effects of Different Treatments on Sugarcane Root Systems

Table 3 shows that low phosphorus stress significantly affected root distribution
and growth. Compared to other treatments, the no-phosphorus treatment (-
P/-P) significantly increased total root volume and maximum root length, with
significant differences observed between (+P/-P) and (-P/-P) treatments for
total root volume. For both ROC22 and ROC10, the upper-layer phosphorus
treatment (+P/-P) also showed significantly greater total root volume and max-
imum root length compared to the lower-layer phosphorus treatment (-P/+P),
with increases of 28.9% and 8.4% in total root volume and 4.5% and 21.0%
in maximum root length, respectively. Additionally, the upper-to-lower root
dry weight ratio in (+P/-P) treatment was significantly higher than in (-P/+P)
treatment for both varieties. These results indicate that under low phosphorus
conditions, sugarcane seedlings exhibited increased total root volume, deeper
primary root growth, and predominantly shallow root distribution, forming a
root architecture adapted for phosphorus absorption from shallow soil layers.

Table 3 Root characteristics of sugarcane under different soil phos-
phorus supply

Root
Upper-to-lower root dry  volume Maximum root
Cultivar Treatmentweight ratio (cm?) length (cm)
ROC22 +P/+P 1.084+0.04 a 92.7£5.70 b  58.3+4.41 b
+P/-P  1.1240.04 a 82.7+£4.37b 63.7+£3.18 b
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Root
Upper-to-lower root dry  volume Maximum root
Cultivar Treatmentweight ratio (cm?) length (cm)
-P/+P  1.014+0.07 a 123.3+£1.67  80.0£2.89 a
a
-P/-P 0.791+0.09 b 100.243.35  78.5+£1.04 ab
ab
ROC10 +P/+4+P 1.5240.05 a 87.7£8.09 b  73.3+4.41 ab
+P/-P  1.314+0.06 a 95.7+£10.17  62.0+1.00 b
ab
-P/+P  1.17+0.09 b 140.04+2.89  78.3+£6.57 a
a
-P/-P 1.1440.02 b 122.3+15.62 87.7£12.35 a
a

2.3.2 Phosphorus Deficiency-Induced Rhizosphere Acidification and
Dissolution of Poorly Soluble Phosphorus by Root Exudates

As shown in Figure 3 [Figure 3: see original paper|, the bromocresol purple
agar plates around sugarcane roots in +P treatment showed no obvious color
change, while distinct yellow zones appeared around root tips in -P treatment,
indicating secretion of acidic substances from root tips under low phosphorus
stress and significant rhizosphere acidification.

Results from the pyrocatechol violet staining-filter paper method (Figure 4 [Fig-
ure 4: see original paper|) showed that root exudates collected from sugarcane
seedlings after -P treatment could dissolve AIPO on filter paper, appearing as
bright spots, while exudates from +P treatment could not dissolve AIPO . This
demonstrates that root exudates under low phosphorus stress can dissolve poorly
soluble aluminum phosphorus, thereby promoting phosphorus absorption.

2.3.3 Effects of Low Phosphorus Stress on Acid Phosphatase Activity
in Sugarcane

As shown in Figure 5 [Figure 5: see original paper]|, under -P treatment, acid
phosphatase activity in leaves of ROC22 and ROC10 reached 29.54 mol NP -
mg Pro!+-min ! and 36.01 mol NP - mg Pro ! - min !, respectively, representing
significant increases of 4.3-fold and 2.5-fold compared to +P treatment. These
results indicate that acid phosphatase activity in sugarcane seedlings increases
significantly under phosphorus deficiency.
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Discussion

3.1 Absorption and Utilization of Poorly Soluble Phosphorus by Sug-
arcane Seedlings

In acidic red soils of southern China, phosphorus readily combines with alu-
minum and iron to form poorly soluble phosphorus. Generally, plants cannot
directly absorb and utilize this phosphorus fraction, making activation and dis-
solution of poorly soluble phosphorus a prerequisite for plant phosphorus uptake
and improved phosphorus use efficiency. This study found that different sugar-
cane varieties exhibit varying efficiencies in utilizing poorly soluble phosphorus
forms, consistent with previous findings in eucalyptus and rice ($¥RZ, 2014;
Z=$#% 2003). When comparing physiological characteristics among different
phosphorus treatments, sugarcane varieties supplied with poorly soluble phos-
phorus (Ca-P and Al-P) as phosphorus sources showed significantly increased
leaf number, shoot dry weight, and biomass compared to phosphorus-deficient (-
P) treatment, reaching levels comparable to the control (+P) treatment (Tables
1 and 2). Total phosphorus accumulation also increased significantly, achieving
30%-77% of the phosphorus accumulation in the control (+P) treatment (Fig-
ure 1). These results demonstrate that sugarcane seedlings possess a strong
capacity to activate and utilize poorly soluble phosphates.

3.2 Adaptation of Sugarcane Seedlings to Low Phosphorus Environ-
ments and Potential Mechanisms

Roots serve as the link between crops and soil and are important organs for
nutrient and water absorption. During perception of environmental nutrient
changes, roots can produce plastic morphological and physiological changes to
enhance crop self-adaptability in response to nutrient stress (Z{£, 2016). Pre-
vious studies have shown that under low phosphorus stress, some plant roots
become shallower, lateral root length and density increase, total root length in-
creases, and primary roots deepen, forming “umbrella-shaped” or “fibrous” root
architectures with shallow roots for phosphorus absorption and deep primary
roots for water and nutrient uptake, thereby improving phosphorus acquisition
(BFRE, 2014; George et al., 2011; Rouached et al., 2010; &R &, 2010; %X,
2008). When facing low phosphorus stress, sugarcane also adapts to the adverse
environment by altering its root architecture and various root traits, such as
increasing total root length or maintaining stability, primarily due to decreased
root diameter and thinner roots. This represents an adaptive response where
plants increase root length to shorten the diffusion distance of nutrient ions to
the root and expand the root absorption area (¥i8%, 2015; B15%%, 2015). This
study also found that sugarcane seedling root architecture changed accordingly
under low phosphorus conditions, with significantly increased total root volume
and maximum root length, and significantly increased upper-to-lower root dry
weight ratio after phosphorus supply to the upper soil layer. These results indi-
cate that under low phosphorus stress, sugarcane exhibits increased total root
volume, more roots in the surface soil, and a tendency for primary roots to dis-
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tribute deeper into the soil. These changes in root characteristics are beneficial
for absorbing more phosphorus in low phosphorus environments and facilitate
absorption and utilization of deep soil phosphorus by young roots. Therefore,
regulating root absorption and utilization of phosphorus from different soil lay-
ers may represent an important mechanism for sugarcane adaptation to acidic
low phosphorus soil environments.

Activation and utilization of poorly soluble phosphorus includes plant root syn-
thesis and secretion of organic acids to activate inorganic phosphorus and plant
secretion of acid phosphatase to participate in organic phosphorus activation (2
Z A%, 2015). This study found that low phosphorus stress induced sugarcane
seedling roots to secrete acidic substances that acidified the rhizosphere (Fig-
ure 3), and these acidic root exudates could dissolve poorly soluble aluminum
phosphorus (Figure 4), transforming it into soluble phosphorus for sugarcane ab-
sorption and utilization. This demonstrates that rhizosphere acidification is an
important mechanism for plant adaptation to phosphorus stress environments,
consistent with findings in Chinese milk vetch (Z#£BE%, 2012) and maize (I
fm#=Z, 2013). Acid phosphatase plays an important role when plants face low
phosphorus stress (Cai et al., 2018). This study found that acid phosphatase ac-
tivity in sugarcane seedlings increased significantly under low phosphorus stress,
primarily because acid phosphatase can hydrolyze organic phosphorus to release
inorganic phosphorus that can be absorbed and utilized by plants.

In summary, sugarcane seedlings possess a strong capacity to absorb and uti-
lize poorly soluble phosphates. Under low phosphorus conditions, increased
total root volume, deeper primary root growth, greater shallow root distribu-
tion, secretion of acidic substances to acidify the rhizosphere soil environment
for activation and utilization of poorly soluble phosphorus, and enhanced acid
phosphatase activity may represent the adaptive mechanisms of sugarcane to
low phosphorus stress.
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