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Excessive application of phosphate fertilizer is common in vegetable fields and causes
deterioration of the rhizosphere environment, that is, the soil oxygen (O,) environment,
which further constrains root morphology construction and limits vegetable vyield.
Nevertheless, the interaction between root morphology and the response of the
rhizosphere O, environment to vegetable P utilization has rarely been reported.
Therefore, we carried out an experiment applying different concentrations of O,
generator, 10%, 30%, 50%, and 80% urea hydrogen peroxide (as pure nitrogen)
instead of urea as a top dressing in the rhizosphere, to study the effect on root
morphology and P adsorption, and its mechanism. We found that there were Oo-
deficient and P-deficient zones in the rhizosphere, and oxygenation could alleviate the
rhizosphere O, and P consumption in roots. The rhizosphere O, concentration was
maintained at approximately 250.6 umolL™", which significantly promoted total root
length, root volume, average diameter, and root activity by 29.0%, 30.9%, 3.9%, and
111.2%, respectively. Oxygenation promoted organic P mineralization and increased the
Olsen-P content in the rhizosphere. The characteristics of root morphology and increased
available P in the rhizosphere jointly contributed to high P absorption and utilization, and
the P use efficiency was improved by 9.3% and the shoot P accumulation by 10.9% in the
30% urea hydrogen peroxide treatment compared with CK. Moreover, this treatment also
improved yield and quality, including vitamin C and the soluble sugar content. However, at
a still higher O, concentration (260.8 umol L"), vegetable growth exhibited O, damage,
resulting in reduced yield and quality. Our study provided new insights into constructing
efficient root morphology by regulating the rhizosphere O, environment to improve
vegetable yield and quality, as well as to increase P use efficiency in vegetable fields.

Keywords: aeration, vegetable, phosphorus, root morphology, urea hydrogen peroxide

INTRODUCTION

Driven by economic growth, China has undergone a rapid increase in vegetable production: the area
devoted to vegetables has been increased from 3.3 million hm” in 1976 to 21.5 million hm? in 2020,
which now accounts for 12.8% of the farmland area in China (NBSC 2020). In intensive vegetable
production systems, farmers often apply large amounts of fertilizer, especially phosphate fertilizers,
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TABLE 1 | Fertilizer application amounts and times.

Treatment Base fertilizer
(mg kg™")
Urea-N P K

CK 80 80 120
UHP1 (10%) 80 80 120
UHP2 (30%) 80 80 120
UHP3 (50%) 80 80 120
UHP4 (80%) 80 80 120

Rhizosphere oxygen concentration (umol L)
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FIGURE 1 | Representative graph showing the O, profiles of the
rhizosphere soil (4 cm away from the root surface) harvested at 25°C. CKpi
represents no UHP application and no amaranth growth; CK represents no
UHP application. 3 mm from the soil surface was defined as “0” point.

The O, profiles obtained in each replication of the same treatment were
generally similar, and results of triple averaging are shown.

to obtain high yields (Liang et al, 2013). The nitrogen (N)
fertilization applied to vegetables was 1.26 times that of
upland crops per season in China, while the phosphorus (P)
fertilization of vegetable fields was 1.85 times that of upland crops
per season in China (Wang et al., 2019). Based on the published
field studies in China, the P fertilizer applied in greenhouse
(571 kgP hm™) and open-field (117 kgP hm™) vegetable
systems exceeded the P removal in harvested vegetables (44
and 25kgP hm™ in greenhouse and open-field vegetable
systems, respectively) per season, and organic P application
accounted for half of the total P fertilization (Yan et al., 2014).
However, most P can be fixed by iron and manganese oxides or
locked up in other insoluble forms (Hao et al., 2002; McBeath
et al,, 2005). The root system, as the main interface between the

Aeration and Vegetable P-Acquisition

Top dressing at 13 days Top dressing at 23 days

(mg kg™) (mg kg™)

Urea-N UHP-N Urea-N UHP-N
40 0 40 0
36 4 36 4
28 12 28 12
20 20 20 20

8 32 8 32

plant and soil, is important for nutrient and water uptake, and
storage (Tian et al., 2014). Vegetable roots are characterized by
comparatively low root length densities and a shallow
distribution, thus requiring high soil P concentrations in the
root zone for optimal production (Yan et al., 2014). However, the
diffusion of P to the vegetable root zone is the major way for P
absorption; since P uptake occurs at a much higher rate than P
diffusion within the root-zone soil, a P depletion zone is quickly
established (Morgan and Connolly 2013). Therefore, there is a
spatial dislocation between P uptake of vegetable root and P
supply, which cannot be completely solved by a large amount of P
fertilizer applied.

Moreover, massive and repeated P fertilization could lead to soil
compaction because the phosphate ions combine with cations such
as AI’*, Fe’*, Ca’*, and Mg®" in the soil to form insoluble
phosphates, and the decreased cation content in the soil solution
decreases the soil structure stability. Long-term intensive tillage,
such as high-density planting and a high cropping index, also causes
soil compaction. Soil compaction reduces the soil air capacity
(Schnurr-Putz et al, 2006). The degradation of organic matter
accompanied by high consumption of O, further decreases the soil
O, content since massive amounts of organic fertilizer are
customarily applied in vegetable fields (Ratering and Schnell
2001; Li et al, 2014). Indeed, the phenomenon of O, limitation
occurs even within seemingly aerobic, well-drained soils. The lack of
soil O, directly affects root growth because root growth is sensitive
to O, deficiency, which reduces root elongation (Aguilar et al,
2003). The root growth of wheat is suppressed, and yield is
substantially decreased when soil O, levels are below the critical
level (Meyer et al, 1985). The poor mobility of P in the soil,
accompanied by the decreased P uptake ability resulting from the
poor growth of the root system caused by hypoxia, further reduces P
use efficiency (PUE) and yield. Therefore, the rhizosphere O,
environment is crucial to efficient P uptake, and vegetables
might not reach their maximum biological potential in poor
rhizosphere environments, that is, at low O, concentrations.

Soil aeration is considered the third most important factor, after
water and nutrient availability, in affecting soil fertility (Ben-Noah
etal, 2021) and accelerating the yield of crops and vegetables (Zhu
et al,, 2015; Li et al., 2016a; Li et al., 2020). Several techniques for
aeration of the root zone have been developed, including physical
and chemical oxygenation. Physical oxygenation usually includes
pumping pressurized air or sucking air (bubbles) into the irrigation
water (Goorahoo et al., 2002; Bhattarai et al., 2004; Bhattarai et al.,
2006; Abuarab et al., 2013). Chemical oxygenation is achieved by
adding various peroxides (usually considered a kind of O,
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FIGURE 2 | Effects of aeration on the growth, absorption, and utilization of P in amaranth at different growth stages. (A) Shoot dry weight, (B) shoot height, (C) P
accumulation, and (D) phosphorus use efficiency (PUE). Bars indicate mean + SD. Different letters on the bars indicate a significant difference (p < 0.05) between different
treatments in the same growth period.

TABLE 2 | Effects of aeration on root architecture of amaranth at different growth stages.

Growth stage Treatment Total root length Total root surface area Root average diameter Total root volume Specific root length
() (cm) (cm?) (mm) (cm®) (mg™)

20 CK 598 + 9.93¢c 119 + 1.86¢ 0.97 + 0.14b 1.78 + 0.07b 39.1 + 2.41b
UHP1 730 + 4.61b 148 + 0.93b 0.98 + 0.12b 1.92 + 0.08b 45.7 + 2.59a
UHP2 829 + 16.9a 190 + 3.00a 1.21 + 0.07a 217 £ 0.13a 46.1 + 2.41a
UHP3 527 + 25.9d 90.6 + 2.96d 0.68 + 0.05¢c 1583 £ 0.11¢c 39.6 + 2.46b
UHP4 487 + 21.2d 89.5 + 2.83d 0.68 + 0.04c 1.48 + 0.02¢ 37.7 + 4.53b

30 CK 1,656 + 4.64c 375 + 4.27b 1.33 = 0.02b 5.00 + 0.06b 23.0 + 0.48¢c
UHP1 2,173 + 53.7b 388 + 7.12a 1.33 £ 0.03b 5.76 + 0.38a 28.7 £ 0.37b
UHP2 2,553 + 29.3a 392 + 4.78a 1.49 + 0.07a 5.98 + 0.67a 33.8 + 0.52a
UHP3 1,609 + 21.5¢ 317 + 3.93c 1.25 + 0.02¢c 4.32 + 0.05¢c 24.0 + 0.17cd
UHP4 1,448 + 15.1d 312 + 1.74c 1.22 £ 0.01c 3.97 + 0.09¢c 22.6 + 1.15d

45 CK 2,627 + 13.2¢c 386 + 2.98b 1.79 + 0.03b 6.84 + 0.05¢c 22.5 + 0.53b
UHP1 3,090 + 25.8b 400 + 4.26a 1.85 + 0.01a 8.47 + 0.08b 246 + 0.51a
UHP2 3,389 + 104a 402 + 4.99a 1.86 = 0.01a 8.96 + 0.04a 25.6 + 0.63a
UHP3 2,116 + 87.9d 354 + 3.75¢ 1.72 £ 0.07¢c 5.80 + 0.17d 21.3 +0.70c
UHP4 1,601 + 66.3e 311 + 2.36d 1.60 + 0.04d 5.67 + 0.12d 16.2 = 1.11d

fertilizer), such as H,O,, urea hydrogen peroxide (UHP), and
potassium peroxide, into the soil or irrigation water (Bryce
et al., 1982; Bhattarai et al., 2004; Urrestarazu and Mazuela,
2005). Most studies have concentrated on physical oxygenation
in vegetable production (Goorahoo et al.,, 2002; Li et al., 2016b).

However, the larger scale use of physical oxygenation has been
limited by oxygenation equipment, non-uniform aeration in the
field, and the limited time supersaturated O, remains dissolved in
irrigation water (Lei et al., 2016). Oxygen fertilizer is convenient
and targeted, providing O, in the root zone by direct application
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FIGURE 3 | Effects of aeration on the root activity of amaranth at harvest.
Bars indicate the mean + SD. Different letters on the bars indicate significant
differences (p < 0.05).

to the rhizosphere. Numerous studies have concentrated on the
use of O, fertilizer in flooded conditions, especially the use of
UHP in paddy fields. UHP is an environmentally friendly
hydrogen peroxide that provides higher O, concentrations

Aeration and Vegetable P-Acquisition

(Frankenberger, 1997). It has been proven that UHP can
increase rice yields by 3.1%-11.5% compared with the control
(Zhao et al., 2010). However, there have been few studies on the
effect of UHP on the P uptake of vegetables. Thus, the
experiments in this study were carried out to study the effect
and mechanism of UHP applied to the rhizosphere as an oxygen
generator on vegetable yield and P adsorption to realize efficient
utilization of vegetable phosphate fertilizer.

MATERIALS AND METHODS

Soil Collection

Soil samples were collected from open vegetable fields where
Chinese cabbage had been cultivated for 7 years in Wuxi, Jiangsu
Province (China) (3123’ N, 119°58’ E). The region has a
subtropical monsoon climate with a mean air temperature of
156 C and an annual precipitation of 1,100 mm. The soil
properties were as follows: 15.6gkg ' soil organic matter
(SOM), 0.89gkg™" total nitrogen (TN), 0.82gkg ' total
phosphorus (TP), 119.2 mgkg™" Olsen-P, and 6.35 pH (with a
soil: water ratio of 1:2.5). The soil samples were air-dried, ground,
sieved through a 0.85-mm mesh, and stored for further
incubation experiments.

Experimental Design and Sample Collection

The experiment was carried out to study the effect of optimizing
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FIGURE 4 | Effects of aeration on amaranth yield and quality at harvest. (A) Yield, (B) soluble sugar content, (C) ascorbic acid (vitamin C) content, and (D)
chlorophyll content index (CClI). Bars indicate mean + SD. Different letters on the bars indicate a significant difference between different treatments.
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FIGURE 5 | Effects of aeration on the P turnover of amaranth rhizosphere soil and

the bars indicate a significant difference between different treatments.
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bulk soil at different growth stages. (A) Soil Olsen-P content at 20 days, (B) soil

(A. mangostanus) growth. Based on our pre-experiments, the UHP
concentration gradient included five treatments: no UHP(CK),
10% UHP (UHP1), 30% UHP (UHP2), 50% UHP (UHP3), and
80% UHP (UHP4), as a replacement for urea, according to the
principle of equal N fertilization in top dressing. A 2.5-kg sample of
soil mixed thoroughly with urea (80 mg N kg™', 50% of the total N

fertilization), CaP,H,Og (80 mg P,0s kg_l), and K,SO, (120 mg
K,O kg') as a base fertilizer, according to the conventional
amounts used by the local farmers, was used to fill each pot. All
pots were moistened with tap water and equilibrated for 24 h
before sowing amaranth by the direct-seeding method. The
remaining N fertilizer (50% N) was divided equally and applied
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twice as top dressing at 13 days and 23 days after sowing. The
detailed fertilization strategy is shown in Table 1. UHP was applied
in aqueous solution injected by a syringe into the rhizosphere
(around the root base) at a depth of 4 cm.

Amaranth seeds were immersed in NaClO (1%) for 20 min and
then washed thoroughly with tap water. The seeds were then
immersed in water for 3 h before being placed on a moist filter
paper to germinate at 25 C overnight in darkness. Fifteen seeds
were sown in each pot, and 2-week-old seedlings were thinned to
eight with similar growth. To exclude the influence of amaranth
roots, one more treatment without amaranth planting was defined
as bulk soil. CKyy represents the treatment without amaranth
growth and UHP addition, which reflects the background soil O,
concentration. The moisture content in the soil was maintained at
60% of the field water-holding capacity using daily distilled water
replenishment. Sampling was performed at 20 days (seedling
stage), 30days (growth period, 7days after the first UHP
application), and 45 days (harvest, 7 days after the second UHP
application) of amaranth growth. The fresh weights of amaranth
shoots and roots were determined, and the materials were dried at
105 C for 30 min and then to constant weight at 75 C for 48 h to
determine the dry weight. The rhizosphere soil of the amaranth
root was gathered by removing the loose soil and collecting the
remaining soil that was tightly adhered to the roots, which was then
air-dried for chemical analysis.

Soil Property Analysis

Soil pH was measured using a pH meter (Beckman, Inc. in
California) with a soil: water ratio of 1:2.5, inorganic P (Pi)
was determined by H,SO, extraction and followed by the Mo-Sb
anti-spectrophotometric method, and organic P (Pp) was
measured by the ignition method (Bao, 2000); Olsen-P was
extracted with 0.5 mol L™} NaHCO; (pH 8.5) for 30 min on an
orbital shaker (180 rpm, 25 C) at a soil solution ratio of 1:20
(Olsen et al, 1954); total P (TP) was measured using the
HClO4-H,SO, digestion and Mo-Sb anti-spectrophotometric
methods (Liu, 1996). The P activation coefficient (PAC) was
the ratio of Olsen-P to TP, which reflected the soil P availability
and was an important indicator of soil fertility (Wu et al., 2017).

Root Morphology and Aboveground Growth

Parameters

Root morphological parameters, including total root length, root
surface area, root volume, and average diameter, were analyzed
using root analysis instrument WinRhizo-LA1600 (Regent
Instruments Inc., Quebec, QC, Canada). The aboveground
growth was monitored by shoot height, dry weight, and leaf
fresh weight (yield). The specific root length (SRL) was calculated
as the fresh length of the root sample divided by its dry mass (m
g'). The root activity was monitored using the
triphenyltetrazolium chloride (TTC) method (Lindstrom and
Nystrom, 1987). TTC is reduced by dehydrogenases, and the
dehydrogenase activity is regarded as an indicator of the root
activity (Li et al., 2011). The P concentration in shoots was
determined after digestion with a mixture of 5ml of
concentrated sulfuric acid and 8 ml of 30% v/v H,O,, followed

Aeration and Vegetable P-Acquisition

by spectrophotometric analysis using the molybdovanado
phosphate method (UVmini-1240; Shimadzu, Kyoto, Japan)
(Johnson and Ulrich, 1959). P accumulation (mg pot‘l) and P
use efficiency (PUE) (g DW g ') were calculated by Eq. 1 and Eq.
2. The concentration of leaf soluble sugars was determined using
the anthrone method for spectrophotometric determination
(Fales, 1951). Ascorbic acid (vitamin C) was measured using
the titration method with 2,6-dichloroindophenol (Commission,
2016). The chlorophyll content index (CCI) values of leaves were
quantified using a handheld CCM-200 chlorophyll meter (Opti-
Sciences, USA), which is a reliable method for estimating
chlorophyll contents (Silla et al., 2010).

P accumulation = Dry weight:P concetration (1)
D ight
PUE = — Y WeIgm @)
P accumulation

In Situ Measurements of Soil O,

Concentration

The O, microelectrode, a miniaturized Clark-type O, electrode
with a guard cathode (OX 50, ¢ = 40-60 um, Unisense, Aarhus,
Denmark) (Revsbech, 1989), was used to measure soil O,
concentration in situ at harvest (45 days of amaranth growth).
The sampling plant for each replication pot was chosen
randomly, and the soil O, profile measurements were
performed in the center of the range at a horizontal distance
of 1 cm from the plant root base with a depth of 4 cm for all
treatments. A micromanipulator (MM33-2, Unisense) with a
motor controller (MC-232, Unisense) was used and fixed in a
lab stand (LS18, Unisense) to avoid shaking during the
microelectrode movement, and treatment was performed with
a 1 mm depth interval measurement, and the periods for “wait
before measure” and “measure” were both set to 5s.

Data Analysis

Data were analyzed statistically by statistical software program
SPSS version 20 (SPSS Inc., Chicago, IL, USA). Means were
compared using one-way analysis of variance (ANOVA) with
Duncan’s multiple-range test. Significant differences (p < 0.05)
between treatments are indicated by different letters in the figure
and table legends. Graphs were produced using Origin Pro 2021.

RESULTS

Distribution of the Soil O, Concentration

The distribution of the soil O, concentration in the rhizosphere soil
was used to clarify the aeration effect of UHP application. Although
certain values at certain depths showed abnormal peaks, the O,
concentration decreased slowly with increasing soil depth and
increased with increasing UHP concentration (Figure 1). The
average values were approximately 233.4, 2429, 250.6, 254.3,
and 260.8 pmol L' in the CK, UHPI, UHP2, UHP3, and
UHP4 treatments, respectively (Figure 1). The soil O,
concentration under the CKyy treatment (no UHP applied and
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without amaranth growth) was significantly higher than that of the
CK treatment (Figure 1). Consumption of O, by the amaranth
root resulted in an “O,-deficient zone” in the rhizosphere.

Effects of Aeration on the Growth, P

Accumulation, and PUE of Amaranth

The shoot dry weight of the UHP2 treatment was significantly
higher than that of CK, especially at 20 days, when it was 25.1%
higher than that of CK; 30 days, when it was 20.1% higher; and 45
days, when it was 21.0% higher. However, the shoot dry weight
showed significant decrease in the UHP3 and UHP4 treatments
compared with CK (Figure 2A). The shoot height of all the plants
under the UHP1, UHP2, and UHP3 treatments was higher than
that under the CK treatment, and the tallest plants were grown
under the UHP2 treatment, with an increase of 17.7% compared
with CK at harvest (Figure 2B), while there were no significant
differences among the UHP3, UHP4, and CK treatments
(Figure 2B). The P accumulation in the shoots of the UHP2
treatments was significantly higher than that in CK, with
increases of 40.7% at 20 days, 13.4% at 30 days, and 10.9% at
45 days (Figure 2C). The differences in shoot PUE among
different treatments at 20days were not prominent
(Figure 2D); PUE in the shoots of UHP2 was significantly
increased by 5.8% at 30 days and 9.3% at 45 days compared
with that in CK (p < 0.05) (Figure 2D).

Effects of Aeration on the Root Architecture
and Activity of Amaranth at Different Growth

Stages

The UHP2 treatment resulted in larger root systems than the other
treatments, especially total root length and surface area. The total
root length under the UHP2 treatment was significantly increased
by 38.5% at 20 days, 56.1% at 30 days, and 29.0% at 45 days
compared with the CK (p < 0.05) (Table 2). UHP2 treatment also
significantly promoted the root surface area by 60.1% at 20 days,
4.5% at 30 days, and 4.1% at 45 days compared with CK (p < 0.05)
(Table 2). In contrast, all root indices under the UHP3 and UHP4
treatments were significantly lower than those under CK (p < 0.05),
especially root length, which was 19.4% and 39.0% lower than that
under CK at 45 days, respectively (Table 2). The specific root
length (SRL) in the UHP2 treatment was significantly enhanced by
17.9% at 20 days, 48.9% at 30 days, and 13.8% at 45 days compared
with CK (Table 2). We further measured the root activity of
different treatments at harvest, indicating that UHP2 treatment
had the highest promotional effect, and the root activity was
significantly enhanced by 111.2% compared with the CK
treatment, while UHP4 treatment decreased root activity by
38.7% compared to CK (Figure 3).

Effects of Aeration on Amaranth Yield and
Quality

The highest yield and the best quality were both observed in the
UHP2 treatment compared with the CK treatment (p < 0.05). The
yield of the UHP2 treatment was 12.6% higher than that of CK
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(Figure 4A). However, the UHP3 and UHP4 treatments exhibited
significant inhibitory effects on amaranth yield, which was 8.1%
and 11.7% lower than that of CK, respectively (Figure 4A). The
soluble sugar contents of the UHP2 treatment were significantly
higher than those of CK by 21.1%, and there was no significant
difference between other UHP treatments and CK (Figure 4B).
The ascorbic acid content of the UHP1, UHP2, and UHP3
treatments increased by 14.6%, 16.1%, and 8.9%, respectively,
compared with CK, while it decreased by 5.2% in the UHP4
treatment (Figure 4C). The CCI value of the UHP2 treatment
was significantly greater than that of CK by 54.8% (Figure 4D).

Effects of Aeration on Rhizosphere P
Turnover of Amaranth at Different Growth
Stages

To investigate the effect of UHP addition on soil P turnover, several
main nutritional parameters of soil, including rhizosphere and bulk
soil (without vegetable planting), were measured, and the results
are shown in Figure 5. The nutrient contents in the bulk soil,
including Olsen-P and Pi, were much higher than those in the
rhizosphere soil, and P turnover showed an obvious “rhizosphere
effect” (Figure 5). Olsen-P, Pi, and PAC showed upward trends as
the UHP concentration increased. The Olsen-P contents of all
aeration treatments were higher than those of CK, with an increase
of 7.4%-13.5% in rhizosphere soil and 6.9%-10.0% in bulk soil
(Figure 5C). The Pi contents in the bulk soil were not significantly
different among the aeration treatments but were significantly
higher than those in CK (Figures 5D-F). In the rhizosphere soil,
the Pi content was significantly increased with the addition of UHP
at 20 days and 45 days, and the highest content was observed under
the UHP4 treatment, with a gap of 3.5% and 5.1% at 20 and 45
days, respectively, compared with CK (Figures 5D,F). Po
decreased with the application of UHP, which was opposite to
the change in the Pi content. No significant differences in the Po
content in the bulk soil were observed between aeration treatments
and CK at 30 days and 40 days (Figures 5H,I), but the UHP2,
UHP3, and UHP4 treatments had significantly lower Po content
than CK at 20days by 18.3%, 20.8%, and 21.7%, respectively
(Figure 5G). Oxygenation had a greater effect on PAC in the
rhizosphere than in the bulk soil, especially at harvest, which
increased by 7.1%-21.4% compared with that of CK (Figure 5L).

DISCUSSION

Alleviation of the Rhizosphere O,-Deficient
Zone Coupled With the P-Deficient Zone
Under Oxygenation

The soil oxygenation status results from the equilibrium between
the physical processes of gas transport between the atmosphere
and the soil pores, and the biological processes of O,
consumption and CO, accumulation (Brzeziniska et al., 2001).
O, consumption is caused by root and soil organism respiration;
it consumes several tons of O, per hectare and per year under field
conditions; and the presence of plants may elevate O,
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consumption more than twofold (Stepniewski, 2011). The
dissolved O, concentration in the soil was approximately
243.6 umol L™! without amaranth plants, which was higher
than the corresponding control (2334 pumolL™"  with
amaranth) in this study (Figure 1). This confirmed that there
was an O,-deficient zone in the rhizosphere soil. There was also a
significant change in the rhizosphere ventilation environment
with UHP addition, and the dissolved O, concentration increased
with increasing UHP concentration. Soil is heterogeneous with
vertical differentiation of the oxygenation status, and the O,
concentration gradually decreases with soil depth (Stepniewski
and Stepniewski, 2009), which was also confirmed by this
research (Figure 1).

Similar to the rhizosphere anoxic zone, there was also a
P-deficient zone in the rhizosphere. Olsen-P in the
rhizosphere was lower than that in the corresponding bulk
soil, and the phenomenon of P deficiency became increasingly
serious with vegetable growth (Figures 5A-C). Indeed, there still
existed a relatively P-deficient zone in the rhizosphere, although
the bulk soil P maintained a high concentration due to the strong
absorption of P by vegetable roots. Oxygenation could alleviate P
deficiency in the rhizosphere, promote P turnover, and increase
available P in the rhizosphere (Figure 5). Aerobic
microorganisms are more active in well-aerated soils, and
more nutrients can be released for plants to absorb (Bhattarai,
Su et al,, 2005). Research has proven that aeration promotes the
abundance of microorganisms related to phosphate
solubilization, that is, Pseudomonas and Aspergillus (Zhao
et al., 2019), which can solubilize insoluble Pi and mineralize
Po to available P (Zhang et al, 2018). The reduction in Po
compared to Pi (Figures 5D-I) suggested the conversion of
Po to Pi, and Pi was the main form for root acquisition by the
Pi transporter at plasma membranes (Liao et al., 2019). Increasing
the soil air content could effectively increase soil enzyme activity,
such as phosphatases (Li et al., 2016b). Soil phosphatase activity
directly affects the transformation and utilization of Po (Dodor
and Tabatabai, 2003; Wang et al., 2013). The ratio of Olsen-P to
TP is defined as the PAC, which was an important indicator of
soil fertility, and higher PAC in soils could stimulate plant growth
(Xiao et al., 2012; Wu et al., 2017). In this study, the PACs were
greater than 2.0% (Figure 5J-L), which was usually defined as the
threshold for P effectiveness and bioavailability (Xiao et al., 2012),
indicating that soil P was sufficient for plant growth.
Furthermore, PAC was higher with UHP added than that in
CK treatment (Figure 5J-L), indicating that aeration could
accelerate the P transformation process and provide more
available P for vegetable growth. Further studies would be
conducted for the effect of oxygenation on microbial, as well
as enzymatic activity and thus on P turnover processes.

Root Morphology Construction and
P-Acquisition Strategies Under

Oxygenation

Soil aeration is essential to the normal growth and development
of crops. Vegetable roots are the first plant tissue to perceive soil
O, changes and then grow toward the “air-rich” zone (Bhattarai
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et al., 2005), while there exists reduced root elongation in O,-
deficient environment (Aguilar et al., 2003). Compared with the
CK treatment, the UHP2 treatment significantly increased the
total root length, root surface area, root diameter, and root
volume (Table 2), especially root activity at harvest (Figure 3).
In other words, increasing O, supply in the rhizosphere could
promote earlier root development. The significant effect of
UHP2 treatment on root growth and root activity might be
one of the reasons for promoting the formation of amaranth
biomass. The yield of the UHP2 treatment increased 12.6%
compared with CK (Figure 4A). H,O, was injected through
subsurface drip irrigation at the rate of 5L hm™? into a zucchini
crop (Cucurbita pepo), and the fruit yield, fruit number, and
shoot weight increased by 25%, 29%, and 24%, respectively,
compared to the control (Bhattarai et al., 2004). However, it was
not the case where higher O, concentrations led to better plant
growth. The total root length, surface area, volume, and average
diameter were significantly reduced under the UHP3 and UHP4
treatments compared with CK (p < 0.05) (Table 2). Dunand
et al. (2007) found that a high concentration of H,O,
considerably reduced Arabidopsis root length, and the root
hardly developed when supplied with 1 mmolL™" H,0,. A
high concentration of UHP damaged root growth due to its
strong oxidizing properties, resulting in growth inhibition.
Treatment with UHP3 and UHP4 inhibited amaranth
growth, and the yield decreased by 8.1% and 11.7%,
respectively, compared with those in CK (Figure 4A). The
increased O, concentration could promote the aerobic
respiration of vegetables, but under a continuous high O,
environment, amaranth showed different degrees of O,
damage, which affected growth and metabolism. However, a
high concentration of UHP damaged root growth (Table 2) due
to its strong oxidizing properties, resulting in growth inhibition.
Therefore, changes in root morphological characteristics in
response to the rhizosphere O, environment might be one of
the main reasons for the difference in amaranth biomass.
Moderately enhanced rhizosphere O, levels not only were
conducive to the development of a more extensive root system
but also influenced the P acquisition ability of roots. The P
accumulation of amaranth increased significantly under the
UHP2 treatment compared with the CK treatment
(Figure 2C), and PUE was also significantly higher than that
in CK at 30 days and 45 days (Figure 2D). The significant gains in
P accumulation in the UHP2 treatment might be attributed to
root morphological strategies to increase P acquisition and
increase the vigor of root systems. Thicker roots could secrete
greater amounts of P-mobilizing exudates to improve soil P
availability, like high carboxylate exudation (Wen, Li et al,
2019), and reduced the roots turnover rate to help root
effectively maintain P nutrition (De la Fuente Canté et al,
2020). A larger root length and surface area were observed in
the UHP2 treatment (Table 2), which could increase the larger P
foraging area and lead to a higher P uptake capacity (Liu, 2021).
The root system responds to the changes of O, environment in
the rhizosphere mainly by adjusting root length, therefore leading
to changes in SRL. High SRL facilitates faster growth through
more rapid acquisition of soil resources (Kramer-Walter et al.,
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2016). Therefore, moderately enhanced rhizosphere O, levels
(250.6 umol L") could enhance the P bioavailability by
increasing the P-mobilizing exudates of thicker roots, expand
root foraging for P, and improve the root metabolism, thereby
realizing the efficient absorption of P. Improving P acquisition
and utilization could enhance P efficiency (Wang et al.,, 2010),
which might be the root P acquisition strategy of PUE increased
in the UHP2 treatment (Figure 2D). Therefore, building a well-
developed root system is crucial for increasing PUE in vegetable

fields.

Improving Vegetable Quality by Regulating

the Rhizosphere O, Environment

Vegetables are rich in essential nutrients such as vitamins and
amino acids, and people are increasingly concerned about
vegetable quality and safety as living standards improve.
Aeration in the rhizosphere could improve the rhizosphere
soil O, environment and physiological metabolism, and has a
certain promoting effect on vegetable quality. Vitamin C and
soluble sugars, two beneficial substances for the human body,
were significantly enhanced under the UHP2 treatment
(Figures 4B,C). Root hypoxia led to decreased contents of
ascorbic acid (vitamin C), and the low levels of ascorbate
might result from a modification of the leaf hormone status
caused by disturbed root function (Horchani et al., 2008). The
ascorbic acid concentration is reported to be the highest in
mature leaves with highest chlorophyll (Gill and Tuteja, 2010),
and hypoxia caused leaf epinasty and reduced photosynthetic
activity (Pezeshki, 2001). Therefore, the VC content first
increased and then decreased with increasing UHP
concentration in this study, which was consistent with the
change in the CCI value. The CCI value indicated a close
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