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Abstract: Water deficit and phosphorus (P) deficiency in soil have become the main limiting factors for the production of
maize (Zea mays L.), but it still remains unclear how water and P regulate maize root morphology and P uptake. Through an
experiment of potted soil culture, this study has set 4 water gradients [35% (W1), 55% (W2), 75% (W3) and 100% (W4)] of field
capacity, and two P levels [high P: 205 mg (P)kg™"; low P: 11 mg (P)kg™'] to investigate the coupling effects of water and P on
root growth and P uptake in maize seedlings. The results have shown that: (1) Regardless of soil P supply, the shoot dry weight,
root dry weight, total root length, and root surface area of maize seedlings shows a trend of increasing first and then decreasing
with increasing water supply intensity; the soil available P content also shows similar trend; the root mass ratio and mean root
diameter shows a downward trend with the increase of water supply intensity; furthermore, the P content and P accumulation of
plants shows a steady increase with the increase of water supply intensity; (2) Water deficit (W1) and excess water supply (W4)
is not conducive to root growth and dry matter accumulation in maize. Water deficit (W1) inhibits the acquisition of soil P by
maize, while excess water supply (W4) causes extravagant absorption of soil P (W4). Mild water stress (W2) can promote the
growth and dry matter accumulation of maize roots and reduce the extravagant absorption of soil P, and adequate water supply
(W3) can promote root growth, dry matter accumulation and the absorption of soil P; (3) Phosphorus supply significantly
increases the dry weight, root dry weight (except W4), total root length, root surface area, plant P content (except W4) and P
accumulation of maize seedlings, but reduces the root mass ratio of maize. It is thus evident that water is a key factor controlling
the morphology and accumulation of dry matter in maize roots, and P is a key factor controlling P uptake and soil available P
content in corn field. The better coupling between water and P can promote maize root growth and dry matter accumulation, as
well as reduce the extravagant absorption of soil P.
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by increasing root growth, branching and strengthening
rhizosphere effects [3-5]. When the plant absorbs enough
phosphorus to have a proper level of phosphorus on the
ground, the roots’ proliferative response and ability of
phosphorus absorption tend to be smaller [6, 7].

The bioavailability of soil phosphorus has a close
relationship with soil water content. Moisture affects the
transport of phosphorus nutrients in soil and the absorption,
utilization, and distribution of phosphorus by plants. An

1. Introduction

As one of the most important nutrient factors, phosphorus is
involved in the regulation of many physiological and
biochemical reactions in plants and plays a crucial role in plant
growth and development [1]. Due to soil fixation, adsorption,
complexation, and bioconversion, the bioavailability of
phosphorus is low [2]. In order to obtain insoluble phosphorus
in soil, plants increase the bioavailability of soil phosphorus
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appropriate level of phosphorus nutrition can, to some extent,
improve plant adaptability to drought and water use efficiency
[8, 9]. In recent years, there have been more reports on
phosphorus nutrition and water regulation in different crops.
In Triticum aestivum, inadequate water supply can strengthen
the adverse effects of low-phosphorus stress on tiller number,
relative water content in leaf, chlorophyll content and dry
matter accumulation, displaying two stress superposition
effects [10]. In Vigna aconitifolius, the application of
phosphorus fertilizer can significantly alleviate the adverse
effects of drought stress on the relative water potential, net
photosynthetic rate, chlorophyll content, starch concentration,
soluble protein concentration and nitrate reductase activity
[11]. In Glycine max, the application of phosphorus fertilizer
can improve soybean yield and its resistance to drought stress
by improving total root length, root surface area, and
phosphorus uptake [12]; but, excessive phosphorus
application results in limited yield increase or even yield
decrease [13]. In Zea mays, application of phosphorus under
sufficient water conditions will lead to extravagant uptake of
phosphorus by plants, but will reduce the uptake of soil
phosphorus by plants under water deficit conditions [14]. In
Bauhinia faberi, phosphorus application promotes plant
growth and adaptability under drought stress [15]. From the
above studies, it can be seen that the application of phosphorus
fertilizer can largely alleviate the adverse effects of water
deficit on plant growth, but overdosing phosphorus does not
have an obvious alleviation effect, and might even reduce the
adaptability of plants to water stress.

There are many reports about effects of water and
phosphorus on plant growth and phosphorus uptake, yet they
center on the perspectives of dry matter accumulation,
phosphorus uptake, and yield production, rather than the
perspective of root systems. In this study, maize is used as a
research object to study the effects of phosphorus and water on
dry matter accumulation, root morphology and phosphorus
uptake through potted soil culture experiments, aiming to
provide scientific basis for improving the efficient use of
water and phosphorus resources in maize.

2. Materials and Methods

2.1. Soil Preparation

The test soil was collected from the farmland (depth 2~10
cm) in the suburbs of Baoding City, Hebei Province, and its
type is fluvo-aquic soil. The basal fertility of the soil is as
follows: organic carbon, 8.42 g-kg'l; total nitrogen, 0.85
gkg™; total phosphorus, 0.58 g-kg'l; available phosphorus
(Olsen-P), 5.2 g-kg'l; alkaline hydrolytic nitrogen, 65.74
gkg™; soil pH (deionized water), 8.57. The soil bulk density
is 1.42 g-em™, and the field capacity is 35%. The air-dried soil
is filtered by a 2 mm sieve to remove plant residue for use.

2.2. Experiment Design

The experiment is a completely random design of two
factors. Factor A is water set at 4 gradients (W 1: field capacity,

35%; W2: field capacity, 55%; W3: field capacity, 75%; W4:
field capacity, 100%). Factor B is phosphorus set at two levels
[high phosphorus: 205 mg(P)-kg'l; low phosphorus: 11
mg(P)-kg'l], a total of 8 treatments, 4 replicates per treatment,
and a total of 32 pots. The experiment pots are commercially
available plastic flower pots (with an inner diameter of 20cm
at the top, an inner diameter of 16cm at the bottom, and a
height of 1lcm), each containing 3.2kg air-dried soil.
Excluding phosphorus, other nutrients are added in the
following amounts (mg-kg'l): Ca(NO;),-4H,0 1 686, K,SO,
133, MgSO,-7H,0 43.3, Fe-EDTA 5.5, CuSO,45H,0 2.0,
MHSO44H20 66, CaC126H20 125, H3BO3 067,
(NH4)6MO7024'4H20 0. 12, and ZHSO47H20 10. The solution
of phosphorus in the form of KH,POj, is added to the air-dried
soil respectively: high phosphorus, 878 mg (KH,PO,)-kg™
(soil), with a total phosphorus of 199.8 mgkg™ (soil); low
phosphorus 25 mg (KH2PO4)-kg'1 (soil), with a total
phosphorus of 5.7 mg-kg'1 (soil). Potassium for extra
phosphorus application is supplemented with KCI (analytical
purity). After potting, the soil water content is maintained at
75% of the field capacity by weighing.

2.3. Maize Cultivation

The experimented maize variety is ‘Zhengdan 958’ and the
seeds were germinated on wet filter paper at 25°C for 48 hours
after being surface-sterilized with 30% H,0, for 10 minutes.
Seeds with uniform germination were selected to sow 3 seeds
in per pot. At that time, the soil water content in the pot was
controlled to be 75% of the field capacity. The experiment was
conducted in a phytotron under the following conditions:
lighting, 16h (28°C); darkness, 8h (25°C); light intensity, 300
pmol-m>+s™'; and air humidity, 55%. After maize seedlings
germinated, weeds were promptly removed, and the
placement of pots was randomly changed every 5 days to
minimize the impact of environmental heterogeneity on maize
growth. After 7 days of germinating, the pots were weighed on
a daily basis by the weighing method (irrespective of plant
weight), and the soil water content was calculated every day.
After the water content of the potted soil reached the
above-mentioned 4 water gradients, the pot weight was
weighed at 9:00am every day to replenish the water lost on the
day so that the treatments were maintained at the soil water
content level corresponding to each treatment. After harvested
40 days later, the biomass, root morphology, plant phosphorus
content, and soil available phosphorus content were measured.

2.4. Measurement Items and Approaches

Plant harvest: After 40 days of growth, the aboveground
part of the shoot was clipped from the base of the maize stem
with scissors and put into numbered envelopes. Thereafter, it
was used for the measurement of biomass and plant
phosphorus content. When the underground part was
harvested, the soil first passed through a 2mm sieve (the soil
through 2mm sieve is packed in a plastic valve bag for
measuring the available phosphorus content of the soil), and
the root systems were collected separately, rinsed, packed in a
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numbered plastic valve bag, and frozen at 20°C until root scan
analysis.

Biomass measurement: After de-enzymed at 105 °C for 30
minutes, the aboveground part was dried at 70 °C for 48 hours
to constant weight and then weighed (g); while the
underground part was weighed (g) after being dried in the
wake of root systems scan to a constant weight. The root mass
ratio (%) was calculated according to formula [root mass ratio
= root dry weight / (seedling dry weight + root dry weight) X
100%].

Measurement of plant phosphorus content: The dried
aboveground part was ground into powder (<0.5 mm) and
digested with H,SO4-H,0,. The phosphorus concentration of
the decontamination liquid was determined by vanadium
molybdenum yellow colorimetry. The plant phosphorus
content (mg-g™") is the milligrams (mg) of phosphorus in per
gram (g) of plant dry weight; the phosphorus accumulation is
the phosphorus content (mg-g™") multiplied by the dry weight
of plants (g).

Measurement of root morphological parameters: In order to
obtain the root morphological parameters of maize, the frozen
roots were slowly thawed and then subjected to a root system
scan on a double-sided scanner (Epson Expression v750,
Japan). The scanned root system images were directly
analyzed by WinRHIZO Image Analysis System (WinRHIZO
Pro 2009) for total root length (cm), root surface area (cm®)
and mean root diameter (mm).

Measurement of available phosphorus content in soil: After
roots were collected, the soil was leached with NaHCOj3, and
molybdenum antimony colorimetry was used to measure the
available phosphorus content of the soil [16].

2.5. Data Analysis

Statistical data analysis was performed by SPSS 13.0 (SPSS
Inc, 2004, USA). The independent sample ¢-test was applied to
test the significant differences between the two different
phosphorus treatments for individual study indicators. After
significant test of one-way ANOVA, Tukey HSD method was
employed to test the significant differences between different
water supply treatments; moreover, two-way ANOVA was
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adopted to test the effects of water, phosphorus, and their
interactions on dry matter accumulation, root morphology,
phosphorus uptake, and soil available phosphorous in maize.

3. Results and Analysis

3.1. Coupling Effects of Water and Phosphorus on Biomass
Accumulation and Distribution in Maize

As can be seen from Figure 1, phosphorus supply
significantly increases shoot dry weight and root dry weight
(except for W4 water supply), but decreases root mass ratio
(P<0.05). Under the condition of low phosphorus supply, the
shoot dry weight and root dry weight of maize show an
increasing trend with the increase of water supply intensity;
W3 water supply enables maize to obtain the maximum shoot
dry weight and root dry weight at the same time, but W4 water
supply reduces the root dry weight. Under the condition of
high phosphorus supply, the shoot dry weight and root dry
weight of maize first increase and then decrease as the water
supply intensity increases; W2 enables maize to obtain the
maximum shoot dry weight and root dry weight at the same
time, but, W4 water supply reduces the shoot dry weight and
root dry weight to some extent (Figure 1a, b). Compared with
shoot dry weight and root dry weight, the root mass ratio
shows a decreasing trend with the increase of water supply
intensity. Under the condition of low phosphorus supply, W1
water supply gives the maize a maximum root mass ratio, and
W2, W3, and W4 water supplies have the same root mass ratio.
Under the condition of high phosphorus supply, W1 water
supply maximizes the root mass ratio likewise, whereas W3
and W4 water supplies result in a minimum root mass ratio
(Figure 1c). Two-way ANOVA shows that phosphorus and
water exert enormous effects on shoot dry weight, root dry
weight, and root mass ratio of maize seedlings, and that there
is a striking interaction effect between phosphorus and water
(P<0.05, Table 1). The relative contributions of water supply
to shoot dry weight, root dry weight and root mass ratio are
45.94%, 36.71% and 54.89% respectively, and those of
phosphorus supply are 34.78%, 21.19% and 14.84%.
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Figure 1. Effects of water and phosphorus supplies on dry matter accumulation and allocation in maize.

Note: W1, W2, W3 and W4 mean soil water contents are 35%,
55%, 75% and 100% of field capacity, respectively. *, ** and
*** denote significant difference at P <0.05, P<0.01 and P<
0.001 levels between two phosphorus treatments; ns denotes

no significant difference between two phosphorus treatments.
Different letters denote significant difference at P < 0.05 level
among different water supply intensity treatments. The same
below.
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3.2. Coupling Effects of Water and Phosphorus on Maize
Root Morphology

As can be seen from Figure 2, phosphorus supply significantly
increases the total root length and root surface area of maize
(P<0.05). Except for W2 water supply, phosphorus produces no
marked effect on mean root diameter (P>0.05). Under the
condition of low phosphorus supply, the total root length and root
surface area demonstrate a trend of increasing first and then
decreasing with the increase of water supply intensity; W2 and
W3 water supplies lead to maximum total root length and root
surface area at the same time; and, W4 water supply lessens total
root length and root surface area. Under the condition of high
phosphorus supply, the total root length and root surface area
similarly increase first and then decrease with increasing water
supply intensity; W2 water supply results in maximum total root
length and root surface area at the same time; and, W3 and W4
water supplies lower total root length and root surface area

25

(Figure 2a, b). Vis-a-vis total root length and root surface area,
the mean root diameter of maize exhibits a decreasing trend as
the water supply intensity increases. Under the condition of low
phosphorus supply, W1 water supply gives maize a maximum
mean root diameter, and W3 and W4 water supplies have the
same mean root diameter. Under the condition of high
phosphorus supply, W1 water supply also enables maize to gain a
maximum root mass ratio, and W2, W3, and W4 water supplies
have the same mean root diameter (Figure 2¢). As Two-way
ANOVA indicates, water creates a considerable effect on total
root length, root surface area, and mean root diameter;
phosphorus exerts a significant effect on total root length and root
surface area; moreover, both water and phosphorous achieve
substantial interaction effects on total root length and root surface
area (P<0.05, Table 1). The relative contributions of water supply
to total root length, root surface area, and mean root diameter are
59.63%, 58.34%, and 81.86% respectively, and those of
phosphorus supply are 9.22%, 9.21% and 1.56%.
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Figure 2. Effects of water and phosphorus supplies on root morphology in maize.

3.3. Coupling Effects of Water and Phosphorus on
Phosphorus Content and Phosphorus Accumulation in
Maize Plants

As can be seen from Figure 3, phosphorus supply
considerably raises the phosphorus content (except for W4
water supply) and phosphorus accumulation (P<0.05) in
maize plants. Under the condition of low phosphorus supply,
with the increase of water supply intensity, the phosphorus
content and phosphorus accumulation display a trend of
increasing first and then decreasing, and W1 water supply
results in minimum phosphorus content and phosphorus
accumulation at the same time. Under the condition of high
phosphorus supply, with the increase of water supply intensity,
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both phosphorus content and phosphorus accumulation
indicate an increasing trend, and W4 water supply leads to
maximum phosphorus content and phosphorus accumulation
at the same time (Figure 3a, b). Owing to differences in shoot
dry weight, W3 and W4 water supplies have the same amount
of phosphorus accumulation (Figure 3b). Two-way ANOVA
suggests that phosphorus and water produce significant effects
on phosphorus content and phosphorus accumulation in maize
plants, and there is a significant interaction effect between the
two (P<0.05, Table 1). The relative contributions of water
supply to plant phosphorous content and phosphorous
accumulation are 24.75% and 35.66% respectively, and those
of phosphorous supply are 35.54% and 49.75% severally.
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Figure 3. Effects of water and phosphorus supplies on shoot P content and accumulation in maize.
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3.4. Effects of Water Content and Phosphorus Supply on
Available Phosphorus Content in Soil

As can be seen from Table 2, the change of soil available
phosphorus content depends on the intensity of water supply
and the amount of phosphorus applied. Under the condition of
low phosphorus supply, the available phosphorus content of
soil shows a trend of increasing first and then decreasing,
however there is no significant statistical difference between
the four soil moisture treatments. Under the condition of high
phosphorus supply, the soil available phosphorus content

shows a similar trend of increasing first and then decreasing
with the increase of soil water supply intensity, and W2 water
supply intensity has the highest soil available phosphorus
content, which is followed by W3, and W1 and W4 have the
lowest available phosphorus content. Two-way ANOVA
displays that phosphorus and water produce significant effects
on soil available phosphorus content, and there is a significant
interaction effect between the two (P<0.01, Table 1). The
relative contribution of water supply to soil available
phosphorus is 94.4%, and that of phosphorus supply is 3.0%.

Table 1. Two-way analysis of variance for the effects of water and phosphorus supplies on dry matter accumulation, root morphology and phosphorus uptake.

Sources of variation

Water Phosphorus Water x phosphorus
Relative Relative Relative 2
Parameter . . .
F value contribution to F value P value contribution to F value contribution to
value the total the total value the total
variance (%) variance (%) variance (%)
Shoot dry weight 47.47 <0.01 4594 107.81 <0.01 34.78 11.92 <0.01 11.54 0.92
Root dry weight 14.36 <0.01 36.71 24.86 <0.01 21.19 8.46 <0.01 21.64 0.80
Root mass ratio 54.89 <0.01 67.95 35.96 <0.01 14.84 5.90 <0.01 7.30 0.90
Total root length 70.09 <0.01 59.63 32.50 <0.01 9.22 28.61 <0.01 24.34 0.93
Root surface area  45.12 <0.01 58.34 21.36 <0.01 9.21 17.10 0.00 22.11 0.90
Average root 47.74 <001 81.86 274 0.1 1.56 1.66 020 285 0.86
diameter
P content 15.98 <0.01 24.75 68.84 <0.01 35.54 17.64 <0.01 27.32 0.88
P accumulation 86.17 <0.01 35.66 360.60 <0.01 49.75 27.24 <0.01 11.28 0.97
Soil available P 5 o, <0.01  3.00 133339 <001 944 1243 <001 26 0.98

content

Table 2. Effect of water and phosphorus on soil available phosphorus
content.

Water supply intensity Psupply  Available P content (mg-kg™)
Wi Low P 3.16+0.64A
High P 69.06+3.27¢
w2 Low P 3.78+£0.68A
High P 96.32+5.43a
W3 Low P 3.54+0.59A
High P 83.19+4.22b
W4 Low P 3.44+0.52A
High P 63.65+2.49¢

4. Conclusion and Discussion

As the main organ for absorbing water and nutrients, the
root system plays an important role in the growth, yield,
quality formation, and nutrient uptake of the aboveground part.
In the early stage of water and nutrient deficit, plants tend to
develop deeper, larger root systems, and increase the length of
roots and the distribution of dry matter to the ground to cope
with the dual stress caused by water and nutrients; yet in the
later stage of stress, this favorable adaptability of the root
system is inclined to disappear [9]. In this study, in the later
stages of water deficit (W1 moisture treatment) and low
phosphorus stress (except W4 water supply) (Figure 1b;
Figure 2a, b), the root dry weight, total root length, and root
surface area of maize demonstrate a significant decrease,
while the root mass ratio exhibits a marked increase (Figure
1¢), which is consistent with the results reached by Hermans et

al. [17] and Songsri et al. [18].

The beneficial effect of phosphorus application on maize
root growth relies to a large extent on water supply. Jin et al.
[12] carried out field trials of two soybean varieties and found
out that: under the condition of severe water stress (65%~75%
of field capacity), phosphorus supply substantially increased
the total root length and root surface area of 'Denglong 46', but
its increase in 'Heisheng101' was small; under the condition of
adequate water supply (65%~75% of field capacity), the
phosphorus supply markedly increased the total root length
and root surface area of the two soybean varieties, indicating
that soil moisture status can regulate the response of different
soybean genotypes to phosphorus supply. In this study, under
conditions of severe water stress (W1) and adequate water
supply (W3), phosphorus supply observably increases total
root length and root surface area (Figure 2a, b), which is
identical to the results of the study conducted by Jin et al. [12]
on the soybean variety of “Denglong 46”. According to the
study on seedling maize by Zhao et al. [14], adequate water
supply (75% of field capacity) and excess water supply (90%
of field capacity) under potting conditions notably enhance the
root dry weight of maize. In this study, adequate water supply
(W3) prominently increases the root dry weight of maize, and
excess water supply (W4) has no significant effect on the dry
root weight of maize (Figure 1b). The possible reason for the
difference lies in different water supply intensity: the excess
water supply used by Zhao et al. [14] is 90% of field capacity,
whereas that in this study is 100% of field capacity. In
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addition, it should be mentioned that, under the condition of
mild water stress (W2), the favorable effect of phosphorus on
total root length and root surface area of maize is fully
reflected; but, under the condition of excess water supply
(W2), phosphorus supply has a negative effect on total root
length and root surface area (Figure 2a, b). The positive or
negative response of the maize root system to phosphorus
supply is related to soil aeration caused by soil water content.
Present studies have shown that when the soil oxygen
concentration is lower than 10 mgll™, the roots will stop
growing [19]. In this study, mild water stress treatment (W2)
has good soil aeration, adequate oxygen, and smooth root
respiration, and phosphorus has a significant stimulatory
effect on the root system of maize, resulting in a significant
increase in total root length and root surface area. Most soil
pores in excess water supply treatment (W4) are saturated
with moisture and thus poor ventilation, root respiration is
likely to be inhibited, and phosphorus has a negative effect on
total root length and root surface area of maize. Apart from
total root length and root surface area, root diameter acts a
very critical role in the acquisition of soil phosphorus. The
root diameter reflects the fineness of the root, the smaller the
root diameter, the finer the root, which determines the
absorption of water and nutrients by the root system [20, 21].
In this study, regardless of phosphorus supply, maize grown
under the condition of water deficit (W 1) has the largest mean
root diameter (Figure 2c), indicating thicker root system,
which greatly reduces the uptake of soil phosphorus by maize
root systems, but enhances the ability of the root system to
withstand the adverse environment. It can be seen that water
supply exerts a significant impact on the growth and
development of maize root systems and the absorption of
phosphorus.

Moisture can not only directly affect the growth and
development of plant roots, but also indirectly impact the plant
root morphology and phosphorus uptake by affecting the soil
available phosphorus content and phosphorus form. Previous
studies have shown that soil water supply can significantly
increase concentrations of available phosphorus [22] and
aluminum-phosphorus (AI-P) in reddish paddy soil, but no
marked effect on concentrations of soil organic phosphorus,
iron-phosphorus (Fe-P), calcium-phosphorus (Ca-P), and
occluded phosphorus (Oc-P) [23]. The concentration of
available phosphorous in paddy soil under flooding conditions
(100% of field capacity) is notably higher than that under
aerobic conditions (60% of field capacity); moreover, with the
increase of soil phosphorous supply, the difference between
available phosphorus content in soil under two water supply
conditions reflects a trend of massive increase [24]. In this
study, under the condition of high phosphorus, the available
phosphorus content in soil first increases and then decreases
with increasing water supply intensity, and W2 water supply
intensity has the highest available phosphorus content. Under
the condition of low phosphorus, as water supply intensity
increases, the available phosphorus content in soil exhibits a
trend similar to that under the condition of high phosphorus,
but there is no substantial statistical difference of soil

available phosphorus content between the four moisture
treatments (Table 2), which was inconsistent with previous
studies [22-24] and may be related to soil varieties and
cultivated crop species. Under the water supply intensity of
W2, maize has observably larger root length and root surface
area, which, on the one hand, can enhance the chance of the
root system capturing phosphorus in soil, and on the other, can
utilize root-secreted organic acid to activate insoluble soil
phosphorus and secreted acid phosphatase to mineralize soil
organic phosphorus, which results in higher soil available
phosphorus content. He et al. [23] discovered that, with the
increase of water supply intensity, the available phosphorus
content in soil increased significantly, but the organic
phosphorus content did not change greatly. Based on that, this
study speculates that under W2 water supply intensity, the
increase of soil available phosphorus content derives more
from the activation of soil insoluble phosphorus by root
exudates, and less from the mineralization of organic
phosphorus. In this study, the trend of soil available
phosphorus content increasing first and then decreasing with
water supply intensity is basically the same as that of maize
root length (Figure 2a) and root surface area (Figure 2b), but
distinct from that of plant phosphorus content and phosphorus
accumulation, implying that the increase in soil available
phosphorus content produces a substantial stimulatory effect
on the growth of maize roots (this is especially evident under
the condition of high phosphorus supply); furthermore, water
supply occupies a considerable role in promoting phosphorus
uptake in maize.

Previously, the regulation of water and phosphorus on plant
growth has been mainly concentrated on crops such as
Triticum aestivum [10], Vigna aconitifolius [11], Glycine max
[12, 14], and Zea mays [13], but the relative importance of
water and phosphorus has been rarely or only qualitatively
described. In order to further investigate the importance of
water and phosphorus in maize roots, this study has calculated
the relative contributions of water and phosphorus to maize
root morphological parameters based on the two-way
ANOVA. The relative contributions of water to root dry
weight, total root length, root surface area, and mean root
diameter are 36.71%, 59.63%, 58.34%, and 81.86%
respectively, and those of phosphorus are 21.19%, 9.22%,
9.21%, and 1.56% severally. In this way, moisture is a key
factor controlling the growth of maize roots, followed by
phosphorus. This is consistent with the study carried out by Jin
et al. [12] and Zhao Changhai et al. [14]. These results provide
a scientific basis for reasonable regulation on water
phosphorus.

Phosphorus in soil, with poor mobility and low diffusion
rate, is easily adsorbed and fixed. The acquisition of
phosphorus by roots is more dependent on the change of root
morphology [3, 8]. As a result, relatively long root system
with large surface area and many branches can occupy more
soil volume, increase the contact area with soil phosphorus,
and have obvious advantages in the acquisition of soil
phosphorus. In this study, maize roots adopt two different
strategies for the acquisition of soil phosphorus due to the
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difference in soil phosphorus and water supply intensity.
Under the condition of low phosphorus, regardless of water
supply, maize plants with higher root dry weight, total root
length, and root surface area receive relatively more soil
phosphorus, indicating that changes in root morphology are
crucial for soil phosphorus acquisition. At this time, the
acquisition of soil phosphorus by maize takes a root-based
adaptation strategy [25]; Under the condition of high
phosphorus, regardless of root morphology, the phosphorus
content and phosphorus accumulation in maize plants
gradually increases with the increase of water supply intensity
(Figure 3a, b), indicating that moisture is crucial for soil
phosphorus acquisition. At this time, the acquisition of soil
phosphorus by maize takes an adaptation strategy based on
root physiological absorption [25]. The maize grown under
conditions of high phosphorous and mild water stress (W2)
has the largest root dry weight, total root length, and root
surface area; yet, due to the input of more carbon sources for
root growth, the physiological absorption of phosphorus by
root systems becomes weak, and the phosphorus obtained is
significantly lower than that of maize grown under conditions
of adequate and excess water supply. In terms of the maize
grown under conditions of high phosphorus and excess water
supply (W4), in spite of poor soil aeration and lower root dry
weight, total root length, and root surface area, the
physiological absorption of phosphorus by the root system is
stronger, thus gaining more soil phosphorus.
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