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Abstract: The high phosphorus (P) acquisition ability of crops can reduce their dependence on artifi-
cial inorganic phosphate (Pi) supplementation under Pi-limited conditions. Melon (Cucumis melo L.)
is vulnerable to Pi deficiency. This study was carried out to explore the morphological and phys-
iological responses of melon to low-Pi stress under a hydroponic system. The results show that
low-Pi stress significantly disturbed nutrient homeostasis, reduced P content, and resulted in iron
accumulation in melon seedlings and brown iron plaque formation on the root surface. A nutrient
pool of P and Fe formed on the roots to forage for more Pi under low-Pi conditions. Severe long-term
low-Pi stress promoted primary root elongation and inhibited lateral root growth, which increased
the longitudinal absorption zone of the roots. The decrease in P content of the roots upregulated
the expression of the acid phosphatase (APase) gene and increased APase activity. The high-affinity
phosphate transporter (Pht1) genes were also upregulated significantly. These morphological and
physiological responses significantly increased Pi uptake rate and P utilization efficiency at the melon
seedling stage. These findings will be useful for screening low-Pi-tolerant varieties and sustaining
melon production in P-limited environments.

Keywords: low phosphate; root morphology; acid phosphatase; phosphate transporter genes;
phosphate uptake rate; phosphorus utilization efficiency

1. Introduction

Phosphorus (P) is a structural element of nucleic acids and phospholipids, and hence
is a key component of energy transfer reactions and signal transduction events of all life on
Earth [1]. Therefore, even marginal P deficiency has a crucial impact on plant growth and
development. Although total P content in soils is large, only a small fraction is available
for biological utilization. It is either bound to incompletely weathered mineral particles,
adsorbed on mineral surfaces, or made unavailable by secondary mineral formation (oc-
cluded P) [2]. It has been reported that Pi deficiency covered almost 30% of the global
cropland area in the 2010s [3]. This is made worse by the fact that the global P shortage will
be aggravated by soil erosion [4]. Therefore, limited inorganic phosphate (Pi) availability is
considered one of the greatest obstacles in agricultural production. In the last few decades,
the amount of fertilizer applied has dramatically increased, resulting in the consumption of
approximately 50 million tons of Pi fertilizer annually [5]. Although Pi fertilizer is used
worldwide for improved crop yield, only 15–30% of applied P fertilizer is absorbed by
the target plants [6]. Major P loss from agricultural systems has caused many problems,
such as eutrophication of terrestrial systems [7]. It is predicted that the world’s P mineral
resources will be depleted in several decades [8]. Therefore, growth and development in
low-Pi environments will be a common challenge for crops.
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Plants have evolved various morphological, physiological, and biochemical adapta-
tions to improve Pi acquisition and utilization under Pi-deficient conditions [9,10]. Modifi-
cations to root architecture, organic acid, acid phosphate exudation, and root–microbial
symbioses can aid plants in forging for Pi under low-Pi conditions [11,12]. In Arabidopsis,
of 73 accessions originating from a wide range of habitats, one-half were reported to have
a reduced primary root and fewer lateral roots, and 25% were not responsive to phosphate
availability when phosphate-starved [13]. The secretion of large amounts of organic acid
by the proteoid roots of Pi-deficient white lupin (Lupinus albus L.) is an efficient strategy
for chemical mobilization of sparsely available P in the rhizosphere [14]. In addition, rice
(Oryza sativa L.) grows well by inducing root elongation [15], the acidification in the rhi-
zosphere, and increasing root exudation of low-molecular-weight organic anions under
Pi-deficient conditions [16]. It has also been reported that P-efficient genotypes secreted
higher amounts of organic acids, serving either as nutrients for rhizobacteria, or being in-
volved in P solubilization, in beans (Phaseolus vulgaris L.) [17]. Furthermore, P deficiency in
beans leads to decreased root growth angles and shallower root systems [18]. The P-efficient
maize (Zea mays L.) genotype has a better adaptation to low-Pi conditions by altering the
exudation of citric acid and P uptake rate [19]. Transcriptomic and proteomic studies
have identified many genes and proteins affected directly by Pi deficiency in plants [20,21].
However, most studies have focused on the roots of model crop species, such as Arabidopsis,
rice, and white lupin [22–24].

Melon (Cucumis melo L.) is a popular horticulture crop worldwide, with 27.5 million
tons produced annually [25]. It is cultivated widely in tropical and subtropical areas, where
Pi deficiency is common. P plays an important role in melon vegetative growth and fruit
formation. Several melon species were screened for variations in root architecture due to Pi
deficiency, and it was found that the accessions, which had larger and more branched roots,
had more efficient P uptake [26]. Soon afterward, a few P-responsive genes, Cm-PAP10.1,
Cm-PAP10.2, Cm-RNS1, Cm-PPCK1, Cm-SQD1, Cm-DGD1, and Cm-SPX2, were reported
to be upregulated under Pi starvation conditions [27]. Although these findings have been
reported in melon species, other physiological responses, and the expression of phosphate
transporter genes under Pi-deficient environments are still ambiguous in melons.

In the present research, we carried out three levels of phosphate treatments on a culti-
var that is tolerant to Pi deficiency under hydroponic cultivation conditions. This study
aimed to explore two factors: (1) the effects of low-Pi stress on melon growth and nutrition
homeostasis; and (2) the morphological and physiological adaptations induced by low-Pi
stress in the melon root. Based on our analysis, we expect that the experimental results of
this study may offer some new insights into the adaption of melon seedlings to Pi deficiency.
It may help melon breeders to screen and breed new P-efficient melon cultivars and other
closely related crops.

2. Materials and Methods
2.1. Plant Materials and Experimental Design
2.1.1. Experiment 1: Low-Pi Stress Test

The melon cultivar ‘Lvtianshi’ was selected because it is widely planted south of the
Yangtze River in China, where Pi deficiency is common. This melon cultivar was tolerant
of Pi deficiency in the cultivar screening test. Hydroponic experiments were conducted in
the greenhouse of Shanghai Jiao Tong University. Uniform seedlings with fully expanded
cotyledons were transplanted into 15 L shallow-mouth plastic trays (40 plants per tray)
filled with 10 L half-strength modified Hoagland’s nutrient solution. The nutrient solution
consisted of 3 mM KNO3, 2.5 mM Ca(NO3)2, 1.0 mM MgSO4·7H2O, 25 µM KCl, 12.5 µM
H3BO3, 1 µM MnSO4, 1 µM ZnSO4, 0.25 µM CuSO4, 0.25 µM H2MoO4, and 13.4 µM
FeSO4/Na2EDTA, with a pH of 6.4 ± 0.2. Based on the previous research and preliminary
experiments, 0.025 mM (P0.025) and 0.001 mM (P0.001) KH2PO4 were selected as the doses
for low-Pi treatments, whereas the control (CK) was 0.25 mM (P0.25) KH2PO4 [28]. Low-Pi
media were prepared by substituting K2SO4 for KH2PO4, such that the concentration of K in
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the media was 3 mM for all treatments. There were seven trays per biological replicate, with
three replicates per treatment. The nutrient solutions were refreshed every 3 days (d), and
the trays were also rearranged randomly. The plants were cultivated in a growth cabinet
with 28 ◦C/18 ◦C day/night temperature, 14 h light/10 h dark, and relative humidity
of 50–75%. The experiment was established as a completely randomized design. At 0 h,
12 h, 1 d, 2 d, 4 d, 7 d, and 14 d after treatment, samples were harvested and prepared
for morphological, physiological, and biochemical assays, with at least three subsamples
per assay.

2.1.2. Experiment 2: Short-Term Phosphate Absorption Test

To explore the effect of the adaptations on phosphate absorption, short-term absorption
tests were carried out at 7 d and 14 d after low-Pi stress. Three seedlings per treatment were
selected. Each sample was rinsed carefully several times with tap water, distilled water, and
ultrapure water, in turn, to remove nutrient residues. Then, the seedling roots were placed
into the brown jars filled with 100 mL of P0.25 nutrient solution, with one seedling per jar.
The shoots were exposed to natural light, and the jars were tightly sealed with tinfoil. The
roots absorbed the nutrients for 4 h under natural growth conditions from 10:00 a.m. to
2:00 p.m. The roots were removed from the jars. The remaining nutrient solutions were
supplemented with deionized water to 100 mL. The original nutrient solutions and nutrient
solutions supplemented with deionized water were collected for subsequent determination.

2.2. Measurement of Shoot Morphological Indicators

Plant height (cm) was measured using vernier calipers (530-101 N15, Mitutoyo, Japan).
Leaf area (cm2) was calculated via ImageJ (ImageJ 1.48, Bethesda, MD, USA).

2.3. Measurement of Dry Weight and the Root: Shoot Ratio

The harvested plant samples were separated into shoots and roots at the root–hypocotyl
junction, and dried at 70 ◦C to a constant weight [29]. The dry weights (DW, mg) of the
shoots and roots were measured with an electronic balance (Auy120, Shimadzu, Japan).
The root: shoot ratio was calculated as the ratio of root dry weight to shoot dry weight.

2.4. Measurement of Root Morphology Traits

The roots were first scanned to produce an image (Epson Perfection V700 Photo
scanner, Epson, Japan). The total root length (TRL, cm), surface area (SA, cm2), volume
(V, cm3), average diameter (D, mm), primary root length (PRL, cm), and first-order lateral
root zone length (LRZL, cm) were analyzed using WinRHIZO (Regent Instruments Inc.,
Sainte-Foy, QC, Canada).

2.5. Measurement of Nutrient Element Content

The contents of P, K, Ca, Fe, and S (mg g−1 DW) were determined by inductively
coupled plasma atomic emission spectroscopy (ICP 7600, Thermo Fisher Scientific, Waltham,
MA, USA) after digestion in a mixture consisting of 65% (v/v) HNO3 and 72% (v/v) HClO4
(5:1, v/v) at 220 ◦C in a microwave oven [30]. The N content (mg g−1 DW) was determined
using an elemental analyzer (Vario EL Cube, Elementar, Hanau, Germany).

2.6. Measurement of Acid Phosphatase Activity and Root Vitality

Acid phosphatase (APase) activity in the root (mg g−1 DW h−1) and rhizosphere (mg
g−1 FW h−1) was measured using the disodium p-nitrophenyl phosphate method [31]. The
spectrophotometric assay was carried out at pH 5.5 and 20 ◦C. The enzyme concentration
and incubation time (15 min) were adjusted to optimize the reaction to the linear portion
of the produced standard curve. Activity was quantified by comparing the absorption at
410 nm to a standard curve of diluted p-nitrophenol solutions and NaOH.

Root vitality (µg g−1 FW h−1) was measured using the triphenyl tetrazolium chloride
(TTC) method, with some modifications [32]. Briefly, root samples (0.5 g) were immersed
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in 10 mL of an equal mixture of 0.4% TTC solution and phosphate-buffered solution, and
incubated in the dark at 37 ◦C for 1–3 h. The reaction was terminated with 2 mL 1 mM
sulfuric acid. The roots were taken out, and any water on the root surfaces was blotted away.
The roots were ground with 3 mL ethyl acetate, and finally brought to a volume of 10 mL.
The absorbance was measured at 485 nm relative to a blank. The reduction in tetrazolium
was obtained by checking against the standard curve. Root vitality was expressed by the
reduction in intensity of tetrazolium per unit root fresh weight (FW) per hour.

2.7. Gene Expression Analysis

The gene expression patterns of the APase and PHT1 families were analyzed using
the quantitative real-time polymerase chain reaction (qRT-PCR) [33]. Root samples were
collected from 0 h to 14 d after low-Pi treatment. RNA was extracted by plant RNA isolation
reagent (Tiangen Biotech, Beijing, China), and cDNA was synthesized using PrimeScriptTM

RT Master Mix. Quantitative RT-PCR was performed using a SYBR® Premix Ex TaqTM
Kit (Tiangen Biotech, China) with a Roche LightCycler 96 real-time PCR machine (Roche,
Basel, Switzerland) with six replicates. Relative quantification of gene expression levels
was conducted as described previously using the 2−∆∆Ct method [34]. Actin was employed
as an internal control [35,36]. The primers used for qRT-PCR are listed in Table 1.

Table 1. Sequences of the primers used for qRT-PCR.

Target Gene ID Gene Description Sense Primer 5′→3′ Anti-Sense Primer 5′→3′

Actin Reference gene TCTATTCCAGCCATCTCTC GACCCTCCAATCCAAAC
cmo:103488012 Purple acid phosphatase CGGAAGTCTATCAAGAAGGT CATGGAATGGATAACGATCTG
cmo:103483597 PHT1;3 CAATAGATTCTCAGCACCTTC GCCTCAACCTCTACTTGTAA
cmo:103483596 PHT1;4 GACATTAGAAGCCAACAGAA GGACTCAGGAACCAACAA

MELO3C022994 PHT1;7 GCATTCATCGCCGCTGTCTT GCAGTGTATCTCGCCGTCTC

2.8. Calculation of Pi Uptake Rate and P Utilization Efficiency

The Pi uptake rate (PUR) was calculated according to the change in the P concentration
before and after absorption using a modified form of a previously described method [37].

PUR (µg Pi cm−1 TRL h−1) = (C1 − C2) × v/(TRL × t) (1)

Here, C1 is the Pi concentration of the original nutrient solution, and C2 is the Pi
concentration of the nutrient solutions supplemented with deionized water after the short-
term absorption test. The v is the total nutrient solution volume of 100 mL. TRL is the total
length of a root, and t is the uptake time.

P utilization efficiency (PUE) refers to the amount of biomass produced per unit
increase in P nutrition [38].

PUE (g DW mg−1 P) =∆DW/∆P (2)

Here, DW is the dry weight of the plant, and ∆DW is the increase in dry weight per unit
of time. P is the P content in the plant, and ∆P is the increase in P content per unit of time.

2.9. Statistical Analyses

Statistical analysis was performed in SPSS Statistics 22.0 (IBM, Chicago, IL, USA). The
means were analyzed using one-way ANOVA with Tukey’s test (p < 0.05). All figures were
drawn with OriginPro 2016 (OriginLab, Northampton, MA, USA).

3. Results
3.1. Growth of Melon Seedlings under Low-Pi Stress

The morphological parameters of the melon seedlings with different low-Pi treatments
are shown in Figure 1. After 7 days of low-Pi treatment, there was no significant difference
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in plant height (Figure 1A), leaf area (Figure 1B), or shoot DW (Figure 1C) among treatments.
However, the root DW under P0.001 was significantly higher than CK and P0.025 (Figure 1D).
The root: shoot ratio under P0.001 was significantly higher than CK and P0.025 (Figure 1E).
At 14 d of low-Pi stress, the plant heights under P0.025 and P0.001 were significantly lower
than that of the control. There was no significant difference in leaf area, root DW, shoot DW,
or root: shoot ratio between P0.025 and CK. These results indicate that mild low-Pi stress
did not inhibit the growth of melon seedlings. Compared with CK, the leaf area and the
DW of roots and shoots were significantly reduced under P0.001. The root: shoot ratio under
P0.001 was significantly increased compared with CK, suggesting that the growth of shoots
and roots was inhibited by P0.001; root growth was slightly less inhibited than shoots.
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Figure 1. The morphological parameters of melon seedlings under low-Pi stress. P0.025, P0.001, and
P0.25 referred to Pi treatments of 0.025 mM, 0.001 mM, and 0.25 mM Pi. (A) plant height; (B) leaf area;
(C) shoot dry weight; (D) root dry weight; (E) root: shoot ratio. The error bars indicate the standard
deviation (SD; n = 3). The lowercase letters indicate the significant differences in the parameter of the
same treatment time among the treatments using one-way ANOVA with Tukey’s test (p < 0.05).

3.2. Nutrient Homeostasis in Melon Seedlings under Low-Pi Stress

The element contents in roots (r) and shoots (s) were measured under different treat-
ments (Table 2). At 7 d of low-Pi stress, the total P content of CK was significantly higher
than that of the low-Pi stress, and the P content in the shoots (Ps) was higher than that in
the roots (Pr). Pr was slightly higher than Ps under P0.001. Fer under P0.025 and P0.001 was
higher by 87.3% and 33.8%, than CK, respectively. This result indicates that the low-Pi stress
promoted the absorption of iron. In addition, Fes under P0.001 was significantly higher than
under P0.025 and CK by 37.0% and 30.2%, respectively, suggesting that P0.001 promoted
iron transport to the shoots. At 7 d of treatment, there was no significant difference in the
nitrogen content of shoots (Ns) and roots (Nr) among the treatments. Sr and Cas under
P0.001 were significantly lower than under P0.025 and CK. Overall, P0.025 decreased the P
content without affecting the content of other elements. However, P and Cas content under
P0.001 were signally lower than CK at 7 d of low-Pi stress.
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Table 2. Nutrient element contents in the roots and shoots of melon seedlings grown under low-Pi
stress. The values are presented as the mean ± SD (n = 3). The lowercase letters indicate significant
differences in the parameter, at the same treatment time, among the treatments using one-way
ANOVA with Tukey’s test (p < 0.05). Pr, Nr, Kr, Car, Fer, and Sr: P, N, K, Ca, Fe, and S content in the
root, respectively. Ps, Ns, Ks, Cas, Fes, and Ss: P, N, K, Ca, Fe, and S content in the shoot, respectively.
A The data of Pr and Ps at 14 d are published in [39].

Treatment
Time (d)

Pi Treatment
(mM)

Nutrient Element Contents (mg g−1 DW)
A Pr

A Ps Nr Ns Kr Ks Car Cas Fer Fes Sr Ss

7

0.25 10.45 ±
0.23 a

12.54 ±
0.29 a

46.97 ±
0.42 a

63.94 ±
0.15 a

69.07 ±
2.58 a

39.57 ±
2.29 a

6.99 ±
0.34 a

38.99 ±
0.25 b

1.33 ±
0.02 c

0.18 ±
0.02 b

4.01 ±
0.07 a

4.62 ±
0.45 b

0.025 6.66 ±
0.37 b

7.97 ±
0.24 b

44.67 ±
0.30 a

64.14 ±
0.04 a

67.74 ±
1.53 a

41.90 ±
1.44 a

6.69 ±
0.42 a

41.83 ±
1.21 a

1.49 ±
0.14 b

0.17 ±
0.03 b

3.94 ±
0.09 a

5.42 ±
0.16 a

0.001 4.02 ±
0.14 c

3.89 ±
0.21 c

45.54 ±
0.05 a

60.67 ±
0.11 a

66.91 ±
2.98 a

38.82 ±
1.34 a

6.51 ±
0.31 a

31.77 ±
1.59 c

1.78 ±
0.04 a

0.24 ±
0.02 a

3.40 ±
0.21 b

4.78 ±
0.06 b

14

0.25 12.92 ±
0.21 a

13.84 ±
0.31 a

53.70 ±
1.29 a

58.00 ±
2.58 a

74.30 ±
2.02 b

41.70 ±
1.39 b

6.10 ±
0.16 b

44.10 ±
1.91 a

1.17 ±
0.03 b

0.13 ±
0.04 b

3.96 ±
0.15 b

4.55 ±
0.33 a

0.025 5.30 ±
0.37 b

4.65 ±
0.15 b

54.50 ±
1.48 a

59.70 ±
2.45 a

73.40 ±
2.03 b

52.80 ±
1.23 a

6.00 ±
0.24 b

34.10 ±
1.25 b

1.65 ±
005 a

0.14 ±
0.05 b

4.43 ±
0.20 a

4.25 ±
0.45 a

0.001 2.62 ±
0.42 c

2.03 ±
0.13 c

47.20 ±
1.40 b

43.20 ±
1.79 b

79.40 ±
1.94 a

29.70 ±
1.04 c

6.90 ±
0.35 a

27.40 ±
1.20 c

1.66 ±
0.03 a

0.27 ±
0.03 a

3.04 ±
0.07 c

3.77 ±
0.26 b

At 14 d of low-Pi stress, more P was stored in the roots and less P was exported to the
shoots under low-Pi treatment conditions. Under P0.025, Fer and Sr were markedly higher
than CK. The Ns and Nr under P0.001 were significantly lower than when under CK or P0.025
conditions. Fer and Fes under P0.001 were higher than CK. Low Pi promoted the absorption
of Fe; this may be one of the adaptations by which melon seedlings are adapted to low-Pi
stress. The Nr, Kr, and Car showed no obvious difference between CK and P0.025. However,
it was revealed that 25 µM was a P concentration sufficient for melon seedling growth. The
Ns, Ss, and Ks contents under P0.001 were significantly lower than under CK and P0.025,
and Kr and Car were significantly higher than in CK. This indicates that low-Pi disturbed
the nutrient homeostasis in melon plants. P0.025 and P0.001 stress reduced the P content,
whereas P0.001 also affected the contents of other nutrient elements in melon seedlings.

3.3. Root Morphology Changes under Low-Pi Stress

Root morphology changed under low-Pi stress (Figure 2 and Table 3). At 7 d of low-Pi
treatment, P0.001 significantly promoted root growth. The total length (TRL), surface area (SA),
volume (V), and average diameter (D) were significantly higher than in the CK and P0.025
treatments (Table 3). However, no obvious differences in the primary root length (PRL) and
first-order lateral root zone length (LRZL) were found among treatments. With prolonged
stress, TRL, SA, V, and D of the roots under P0.001 were significantly lower than under CK and
P0.025 at 14 d. Low-Pi stress significantly promoted the elongation of the primary root. PRL
under P0.025 and P0.001 increased by 15.0% and 29.6% compared with CK, respectively. Severe,
long-term low-Pi stress induced primary root elongation and inhibited lateral root growth.

Table 3. Total root length (TRL), root surface area (SA), root volume (V), root average diameter (D),
primary root length (PRL), and lateral root zone length (LRZL) of melon seedlings. The values are
presented as the mean ± SD (n = 3, 3 subsamples of each replicate). The lowercase letters indicate
the significant difference in the parameter, at the same treatment time, among the treatments using
one-way ANOVA with Tukey’s test (p < 0.05).

Treatment
Time (d)

Pi Treatment
(mM)

TRL
(cm plant−1)

SA
(cm2 plant−1)

V
(cm3 plant−1)

D
(mm)

PRL
(cm plant−1)

LRZL
(cm plant−1)

7
0.25 643.84 ± 42.66 b 66.35 ± 3.45 b 0.54 ± 0.02 b 0.33 ± 0.01 ab 34.83 ± 2.41 a 30.60 ± 2.68 a
0.025 689.27 ± 25.13 b 68.91 ± 3.68 b 0.55 ± 0.04 b 0.32 ± 0.01 b 33.54 ± 4.96 a 27.38 ± 4.69 a
0.001 736.93 ± 27.18 a 78.46 ± 2.31 a 0.66 ± 0.04 a 0.34 ± 0.01 a 32.60 ± 1.76 a 28.15 ± 1.56 a

14
0.25 1088.12 ± 48.09 b 126.24 ± 14.00 ab 1.17 ± 0.16 a 0.36 ± 0.00 a 39.45 ± 0.93c 36.10 ± 2.08 b

0.025 1288.80 ± 40.73 a 145.50 ± 16.94 a 1.30 ± 0.17 a 0.36 ± 0.01 a 45.34 ± 1.38 b 39.19 ± 0.19 b
0.001 961.77 ± 28.14c 101.03 ± 9.20 b 0.85 ± 0.10 b 0.33 ± 0.01 b 51.10 ± 2.05 a 44.67 ± 2.10 a
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Figure 2. The representative phenotype of melon seedling roots under low-Pi stress at the 7th day
after treatment (A–C) and the 14th day after treatment (D–F). The roots were scanned to produce
these images (EPSON Perfection V700 Photo scanner, Epson, Nagano, Japan) (n = 3, 3 subsamples of
each replicate).

In addition, a reddish-brown iron plaque on the melon root began to form after low-Pi
stress for 7 d (Figure 2C). The thickness of the iron plaque continuously increased with the
prolonged stress time (Figure 2E,F). Fe deposition on the melon root was confirmed under
low-Pi treatment.

3.4. Gene Expression and Activity of Acid Phosphatase (APase) under Low-Pi Stress

The expression level of the APase gene in roots was measured at different time points
(Figure 3A), and we found that 12 h of low-Pi treatment significantly induced the expression
of the APase gene. In addition, the expression level of the APase gene significantly increased
with the prolongation of low-Pi stress, especially under P0.001 stress.
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Figure 3. The APase gene expression (A) and activity outside (secreted by) the roots (B) and in root
tissue (C) under low-Pi stress. The error bars indicate the SD (n = 3). The lowercase letters indicate
the significant differences in the parameter, at the same treatment time, among the treatments using
one-way ANOVA with Tukey’s test (p < 0.05).

To further validate the induction of APase by low-Pi stress, the activity of APase
was measured outside (secreted) and inside the roots (Figure 3B,C). The results show that
the APase activity was significantly higher under low-Pi stress than CK. The secreted
APase activity under P0.001 was markedly higher than CK and P0.025 at the 7th day of
treatment. However, there were no significant differences between P0.025 and CK at 14 d
of treatment. The activity of secreted APase under P0.001 was 6.8-fold higher that in CK.
With the prolongation of P0.001 stress, the secreted APase activity increased. The root APase
activity was significantly higher under low-Pi stress than CK, and increased with prolonged
stress. In summary, the APase activity corresponded to its gene expression in the roots.

3.5. Expression of High-Affinity Phosphate Transporter Genes under Low-Pi Stress

The expression levels of PHT1;3, PHT1;4, and PHT1;7 in the roots at different time
points of low-Pi stress were determined. As shown in Figure 4, the transcript level of
PHT1;3 was positively correlated with the degree of low-Pi stress; for example, P0.001
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rapidly induced the expression of PHT1;3 (Figure 4A). The expression level of PHT1;4
under P0.025 was significantly higher than CK at 2 d, 4 d, 7 d, and 14 d. At 12 h, 1 d, 2 d, 4 d,
7 d, and 14 d, the expression level of PHT1;4 under P0.001 was 2.0-, 5.5-, 4.8-, 14.2-, 6.7-, and
37.2-fold greater than for CK, respectively (Figure 4B). The expression level of PHT1;7 was
significantly lower under P0.025 than CK at 12 h, 1 d, and 4 d. At 7 d and 14 d, the PHT1;7
expression level was markedly higher than CK. The expression of PHT1;7 was significantly
higher under P0.001 than CK at 1 d, 2 d, 4 d, 7 d, and 14 d after treatment (Figure 4C).
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3.6. Root Vitality under Low-Pi Stress

The root vitality of the melons varied under different low-Pi treatments (Figure 5). At
7 d of treatment, the root vitality of P0.001 was 1.6 times more than that of CK, and there
were no significant differences between P0.025 and CK. The root vitality under P0.025 and
P0.001 was 1.2 and 2.0 times more than that of CK at 14 d of treatment, respectively. These
results indicate that low-Pi stress significantly increased the root vitality of melon seedlings.
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3.7. PUR and PUE under Low-Pi Stress

To investigate the effect of low-Pi adaptations on phosphate uptake and utilization
by the roots, short-term PUR and PUE values were determined (Table 4). Low-Pi stress
significantly increased the PUR. At 7 d of low-Pi stress the PUR was significantly higher
under P0.001 and P0.025 than CK. The PUR was 1.2-fold greater than CK under P0.001 at 14 d
of low-Pi stress. The PUE significantly increased under low-Pi. PUE under P0.001 and P0.025
was 7.0- and 1.9-fold greater than CK, respectively, at 7 d of low-Pi stress. PUE under P0.001
and P0.025 was 12.0- and 3.2-fold greater than CK at 14 d after low-Pi stress. These results
indicate that the adaptations of melon roots to low-Pi stress were beneficial to Pi uptake
and utilization.

Table 4. The Pi uptake rate (PUR) and P utilization efficiency (PUE) under low-Pi stress. The values
are presented as the mean ± SD (n = 3). The lowercase letters indicate the significant differences
in the parameter, at the same treatment time, among the treatments using one-way ANOVA with
Tukey’s test (p < 0.05).

Treatment Time (d) Pi Treatment (mM) PUR (µg Pi cm−1 TRL) PUE (g DW mg−1 P)

7
0.25 0.0044 ± 0.0015 c 0.0819 ± 0.0012 c
0.025 0.0109 ± 0.0012 b 0.1549 ± 0.0026 b
0.001 0.0180 ± 0.0020 a 0.5727 ± 0.0018 a

14
0.25 0.0319 ± 0.0030 b 0.0725 ± 0.0022 c
0.025 0.0327 ± 0.0021 b 0.2327 ± 0.0038 b
0.001 0.0399 ± 0.0026 a 0.8678 ± 0.0048 a
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4. Discussion

Phosphorus uptake and utilization directly affects crop growth and development. To
improve the efficiency of phosphate uptake and utilization under low-Pi conditions, melon
seedlings exhibited a series of adaptive responses, such as an increase in the primary root
length, root: shoot ratio, iron uptake by the roots, acid phosphate activity, and in the ex-
pression of high-affinity phosphate transporter genes. These results could lay a foundation
to screen and breed P-efficient melon cultivars. New insights revealed in the present study
are discussed below.

4.1. Effect of Low-Pi Stress on Nutrient Homeostasis in Melon Seedlings

Pi deficiency affected the nutrient contents in melon seedlings. Under Pi-sufficient
conditions, the P content in plant tissue accounts for approximately 0.4–1.5% of the dry
weight [40]. The P content ranging from 0.2–0.4% under P0.001 was significantly lower than
the 1.0–1.4% content under CK (Table 2). P0.001 decreased the contents of Ns, Ks, Cas, and
Ss. The reduced absorption of macronutrients might be caused by low sink demand and
limited leaf expansion under low-Pi (Figure 1B,C) [39,41,42].

Low-Pi stress brought about Fe accumulation in melon plants. Similarly, depleting Pi
in the medium results in a significant increase in Fe content in Arabidopsis and rice [43,44].
It has been reported that low-Pi triggers the molecular responses related to iron transport,
homeostasis, and accumulation in Arabidopsis [45]. Interestingly, the brown iron plaque
formed on the root surface (Figure 2E), which has also been confirmed in rice [44]. However,
the brown iron plaque gradually disappeared after the melon seedlings in the Pi-depleted
medium were transplanted to the Pi-sufficient medium (data unpublished). The brown
iron plaque under P starvation on rice roots is a chemical reaction process induced by
root activity [46]. Our results also support this view. The root vitality under severe low-Pi
stress was significantly higher than CK (Figure 5). This is beneficial for the oxidation of
ferrous iron to ferric iron, and the precipitation of ferric oxide on the root surface. Oxidized
Fe compounds have high capacities for P binding. The iron plaque is an amphoteric
colloid with special electrochemical properties and a large surface area, which can adsorb
or coprecipitate various nutrients and heavy metal elements [47,48]. Thus, it serves as
a nutrient reservoir of rhizosphere P, slowly releasing P into the root for plant absorption.
It has been reported that the P contents in plant roots are significantly correlated with
the amount of Fe plaque [46]. However, the mechanism of the Fe plaque in the P uptake
process is still unclear, and needs to be researched further.

4.2. The Longer Primary Root Was Induced by Low-Pi Stress in Melon Seedlings

Plants alter the growth and development of roots to form a root system whose architec-
ture is best suited to foraging for mineral nutrients under nutrient-deficient conditions [49].
Low-Pi stress induced changes in root morphology of melon seedlings. Severe low-Pi stress
at 7 d and moderate low-Pi stress at 14 d markedly promoted the root length, root surface
area, and root volume to forage for more Pi and other nutrients. The lateral roots were
significantly restrained in severe low-Pi stress (Figure 2F and Table 3). However, PRL was
notably promoted by low-Pi stress (Figure 2F and Table 3). Pi starvation exerts dual effects
in Arabidopsis; it can cause a decrease in PR growth and an increase in LR growth [50]. Pi
deficiency causes a decline in taproot elongation of tobacco roots at the seedling stage [51].
However, rice has been found to display longer roots under low-P conditions [15]. Root
growth was slightly enhanced a few days after Pi starvation, and was strongly reduced
thereafter, in maize [52]. It has also been reported that deeply rooted genotypes produced
more root biomass and higher taproot lateral branching density, which brings high root
length under low-Pi stress in common beans [53]. Therefore, the adaptation of primary
roots to low Pi shows species-specific and genotypic variations.

It has been reported that low Pi and Fe treatment still cause primary root length-
ening, and Fe plays a small role in rice root morphological remodeling under low-Pi
conditions [43]. The inhibition of primary root elongation in the Pi-deficient medium is
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caused by iron toxicity. However, elaborate investigations are needed to determine how
the accumulated Fe affects PR growth. In addition, the regulation of Pi availability in terms
of root development is complex, species-specific, and genotype-dependent, and involves
interactions between the different hormone signaling pathways. Signal pathways that
are activated by auxin, ethylene, cytokinin, gibberellin, strigolactone, jasmonic acid, nitric
oxide, sugars, or the redox status of root meristem tissue, play an important role in the
responses of the root structure to low Pi supply [23,54].

4.3. Pi Absorption and Activation under Low-Pi Conditions

In addition to reshaping root morphology to forage for nutrients, plants undergo
physiological changes to promote phosphate absorption and recycling. APase and high-
affinity phosphate transporters play an important role in the activation, efficient uptake,
and transport of Pi under low-Pi stress [55]. Low-Pi stress induced an increase in APase
activity in melon roots (Figure 3). The activity of APase secreted by roots of white lupin,
cucumber, wheat, soybean, rice, peanut, and other crop species was previously found to
be positively correlated with the degree of Pi deficiency [56]. However, the interaction
effects on APase between P in the culture media and in the plant are unknown. It has
been reported that the reduction in P concentrations in roots, the increase in APase activity,
and the high expression of MfPAP1 in Pi-sufficient solution were caused by ACC [57].
Roche et al. found that plant nutrient status played a role in the signal triggering nutrient
starvation responses, rather than nutrient availability in the soil [58]. We speculate that
the low P level in the roots, rather than the external P level sensed by the roots, induces a
change in phosphatase activity. The reduced PR further induces the expression of the APase
gene, after which, the intracellular and secreted activity of APase increases.

Phosphate transporter 1 (PHT1) is a high-affinity phosphate transporter that plays
a vital role in plant phosphate uptake, transport, distribution, and reuse [59,60]. The
expression levels of CmPHT1;3, CmPHT1;4, and CmPHT1;7 were significantly upregulated
under low-Pi stress (Figure 4), which is beneficial to improving Pi acquisition (Table 4).
AtPHT1s uptake Pi both apoplastically and symplastically, accounting for about 90% in
Pi-starved Arabidopsis plants [61,62]. OsPHT1;3 lines were able to take up Pi under low-Pi
conditions even below 5 µM in rice [63]. Studies on Arabidopsis, rice, wheat, soybean,
solanaceous plants, and other species have found that there are differences in the spatial
and temporal expression patterns among members of the PHT1 family genes [64–68].
Most of the PHT1 genes were highly expressed in roots, especially in epidermal cells,
including root hair cells, the root cap, and the outer cortex, to improve Pi uptake [69]. Some
PHT1 genes are also expressed in other organs, and perform corresponding Pi transport
functions [5,23,70]. However, the identification, expression patterns, and function analysis
of PHT1 genes needs to be explored further in melon plants.

5. Conclusions

The adaptations in root morphology, physiological responses, and gene expression
to low-Pi conditions were explored in a hydroponic trial at the melon seedling stage.
P0.025 (moderate low-Pi stress) induced root growth and increased APase activity, and
upregulated the expression of the PHT1 gene, which increased the efficiency of phosphate
absorption and utilization in melon seedlings (Figure 6A). Therefore, the P content in melon
seedlings was within the normal P demand range. Our results provide a theoretical basis
for the reduced application of phosphate fertilizers at the melon seedling stage. Severe
low-Pi stress (P0.001) disturbed nutrient homeostasis, resulting in Fe accumulation in melon
seedlings, and a brown iron plaque formation on the root surface, a nutrient pool of P
and Fe formed on the roots to forage for more Pi under low-Pi conditions (Figure 6B). The
longer primary root was induced by low-Pi stress in melon seedlings, which increased the
longitudinal absorption zone between roots and nutrients. CmPHT1;3, CmPHT1;4, and
APase genes were the early response genes, and played significant roles in Pi absorption
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and activation. These morphological and physiological adaptations significantly increased
the efficiency of Pi absorption and utilization.
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