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Root systems are an important component of plants that impact crop water-
use efficiency (WUE) and yield. This study examined the effects of root pruning
on maize yield, WUE, and water uptake under pot and hydroponic conditions.
The pot experiment showed that root pruning significantly decreased root/
shoot ratio. Both small root pruning (cut off about 1/5 of the root system, RP1)
and large root pruning (cut off about 1/3 of the root system, RP2) improved
WUE and root hydraulic conductivity (Lpr) in the residual root system.
Compared with that in the un-cut control, at the jointing stage, RP1 and RP2
increased Lpr by 43.9% and 31.5% under well-watered conditions and 27.4%
and 19.8% under drought stress, respectively. RP1 increased grain yield by 12.9%
compared with that in the control under well-watered conditions, whereas
both pruning treatments did not exhibit a significant effect on yield under
drought stress. The hydroponic experiment demonstrated that root pruning did
not reduce leaf water potential but increased residual root hydraulic
conductivity by 26.2% at 48 h after root pruning under well-watered
conditions. The foregoing responses may be explained by the upregulation
of plasma membrane intrinsic protein gene and increases in abscisic acid and
jasmonic acid in roots. Increased auxin and salicylic acid contributed to the
compensated lateral root growth. In conclusion, root pruning improved WUE in
maize by root water uptake.
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1 Introduction

Roots are the principal organs responsible for water and
nutrient uptake in plants. They help maintain water homeostasis
in the entire plant, responding to changing external
environments (Hirte et al., 2018). Root systems can adjust to
the ambient environment and help the whole plant adapt to
different conditions. The improvement of root function is
necessary to increase water uptake by the plant (Meister et al,
2014). The root system is an important index to determine crop
water-use efficiency (WUE) (Sreeman et al., 2018; Corales et al.,
2020), which is vital for sustaining productivity and minimising
crop water utilisation.

Passioura (1983) proposed that crop yield and WUE do not
necessarily increase with the size of the root system. Until now,
the relationship between root size and yield and WUE of crops
has been controversial. Some studies advocated that larger root
systems can absorb more water, resulting in higher yield and
WUE (Ehdaie et al., 2010; Palta et al., 2011). In contrast, other
studies indicated that root systems with a small biomass and root
length were unintentionally selected in modern cultivars aiming
for higher yield (Song et al, 2009; Aziz et al, 2017; Fang
et al,, 2021).

Root pruning is the artificial reduction of root biomass by
excising parts of the root system. Research on root pruning has
mainly focused on relationships between the timing and extent
of root pruning and their effects on crop yield and above-ground
plant growth. However, no consistent patterns have been
observed or reported. Decreasing root/shoot ratio (R/S) by
root pruning improved grain yield and WUE significantly (Ma
etal, 2010; Huetal, 2019). Wang et al. (2007) reported that root
pruning could increase grain yield under drought, but not under
sufficient water supply. Additionally, vertical root pruning
decreased grain number and grain weight (Xu et al, 2016).
Plant responses to root pruning are complex and encompass
many aspects resulting in changes in growth and biomass
allocation patterns. Root pruning has been reported to
promote the growth of fine roots (Feng et al, 2022) and
flowering (Budiarto et al., 2019). Further, root pruning can
reduce nutrient and water competition between roots and
grains (Fanello et al, 2020). Photosynthetic traits were also
improved significantly by root pruning (Liu et al., 2007). The
responses to root pruning may differ among species and/or when
additional environmental factors interact with root pruning.
Drought is considered to be the primary limiting factor among
these interacting factors. However, previous studies have not
evaluated the hydraulic properties of plants with pruned roots;
thus, the responses in maize-to-root water uptake function after
root pruning under different water conditions remain unclear.

Root hydraulic conductivity (Lpr) reflects the ability of roots
to absorb water from the soil (Knipfer et al., 2011; Sanchez-
Romera et al., 2018). The presence of aquaporins (AQPs) in cell
membranes plays an important role in the regulation of Lpr
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(Meng and Fricke, 2017). The plasma membrane intrinsic
protein (PIP) aquaporin subfamily includes the PIP1 and PIP2
subfamilies and regulates root water uptake (Lee et al., 2012;
Perrone et al,, 2012). When PIP was downregulated in
Arabidopsis thaliana or Nicotiana tabacum, root water
absorption was partially reduced and slowly recovered after
rehydration (Martre et al, 2002). Therefore, PIPs regulate
hydraulic conductance and resistance. Nevertheless, the
specific functions of certain PIPs and their synergistic effects
require further investigation.

Plant hormones are believed to be involved in the regulation
of Lpr and water uptake (Aroca, 2006). The contents of abscisic
acid (ABA) and jasmonic acid (JA) in roots were significantly
increased by root pruning (Feng et al., 2022). In roots, ABA
enhanced Lpr and improved plant water status (Tardieu et al,
20105 Olaetxea et al,, 2015). Additionally, ABA may participate
in long-distance signal transduction between roots and shoots
and directly affect water conductivity between these organs and
tissues (Aroca et al., 2003). ABA might also control plant water
status by regulating root hydraulic conductance and
transpiration rate and by inducing genes governing
intracellular dehydration tolerance (Zhang et al., 2006; Yao
et al, 2019). JA is a critical signalling molecule involved in
plant growth, development, and stress responses (Qi et al., 2015;
Du et al,, 2017). It might affect water conductivity and interact
with ABA to mediate these processes (Adie et al., 2007; Barrero
et al,, 2009). Phytohormones control root growth and maintain
overall plant water balance. Therefore, it is important to examine
the relationships between root growth and phytohormone
content after root pruning. This information can help
determine the mechanisms by which root growth function
changes in response to root pruning.

In the present study, we investigated the effects of root
pruning on yield, WUE, and water absorption capacity of
maize under different water conditions. We conducted a soil-
filled pot experiment and polyethylene glycol (PEG)-induced
drought experiment in solution to determine water absorption.
We hypothesised that (1) root pruning can improve yield and
WUE of maize, (2) root pruning can enhance hydraulic
conductivity of the residual root, and (3) the increase in root
hydraulic conductivity is associated with aquaporin activity and
changes in phytohormone levels.

2 Materials and methods

2.1 Plant materials and
experimental design

2.1.1 Pot experiment

A pot experiment was conducted between May and
September 2019 in Yangling, China. Maize (Zea mays L.) var.
Qinlong 14 was used in both the pot and hydroponic
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experiments. Seeds were disinfected with 2% (w/v) sodium
hypochlorite, rinsed with sterile distilled water, and placed in a
germination chamber in the dark at 28°C. After three days, the
germinated seeds were planted in a plastic pot (height, 27 cm;
diameter, 28 cm). Each pot was filled with 17 kg sieved topsoil
and a polyvinyl chloride (PVC) tube (diameter, 1.5 cm) for
irrigation. Loamy clay soil was collected from the top 0-20 cm of
cropland. The soil organic carbon content, total nitrogen,
available phosphorus, available potassium, pH, and bulk
density were 13.1 g kg~ ', 0.78 g kg ', 13.8 mg kg~ !, 124.6
mg kg~ ', 7.4, and 1.37 g cm™ >, respectively. All pots were
supplied with 200 mg kg™ CH4N,O and 150 mg kg™' KH,PO,.
Two seeds were sown in each pot and thinned to one seedling
per pot seven days after sowing. There were 16 replicates
per treatment.

At the maize five-leaf stage (24 days after sowing), the plants
were either well-watered (WW; 75-85% field water capacity) or
subjected to drought stress (DS; 35-45% field water capacity).
Drought stress was induced by stopped the supply of water, and
the relative soil water content was maintained by water to weight
at 6:00 pm daily. At the maize six-leaf stage (30 days after
sowing), the plants were subjected to the following root pruning
treatments: (1) small root pruning (RP1) (cut off about 1/5 root
system); (2)large root pruning (RP2) (cut off about 1/3 root
system); and (3) no root pruning (R0) (control). The root system
was cut off from the soil vertically from the soil surface to the
bottom along the along the shaded edges of the Figure 1 (the
assigned percentage shaded portion is shown in Figure 1) and
approximately 3 cm away from the plant using a 28 cm single-
sided knife (the soil was not removed from the pot). The
assigned percentage areas for RP1 and RP2 are illustrated in
Figure 1. Plant samples were collected at the jointing stage (V6,
32 days after sowing), anthesis (V12, 58 days after sowing), milk

28cm

28cm

Small root pruning Large root pruning

FIGURE 1
The root pruning method.
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stage (R3, 83 days after sowing) and maturity (R6, 107 days
after sowing).

2.1.2 Hydroponic experiments

The hydroponic experiment was conducted in an artificial
climate chamber (AGC-D001P; Qiushi Corp., Beijing, China).
Seeds of maize var. Qinlong 14 were disinfected with 2% (w/v)
sodium hypochlorite, rinsed with sterile distilled water, and
placed in a germination chamber at 28°C in the dark for three
days. Uniform germinated seeds were selected and transplanted
into the hydroponic in a plastic container (38 cm x 28 cm x 15
cm) filled with % Hoagland nutrient solution (pH 6.0). Six plants
were transplanted into the six holes (2.5 cm in diameter) on a
foam board (37 cm x 27 cm x 1.5 cm) in each container. Plants
were grown in a glasshouse with mean day/night temperatures of
25 and 20°C and a relative humidity of 65 and 55%, respectively,
with a daylight photon flux density of 400 umol m™> s for 13 h
(06:30-19:30).

The 1/3 root pruning treatment was chosen to explore the
mechanism of root pruning on root hydraulic conductivity
following our initial trials involving various root cutting
proportions (Figure S1). PEG6000 was used to simulate
drought stress (Haswell and Verslues, 2015; Hellal et al,, 2018).
The following treatments were applied 10 days after sowing: (1)
well-watered conditions (WW-R0); (2) PEG6000 (10% W/V)
(PEG-RO0), the osmotic potentials of the nutrient solutions were
-0.30 Mpa and measured using a dew point penetrator (Model
5520, Wescor, Logan, UT, USA); (3) removal of approximately
1/3 root system from the base (WW-RP); (4) removal of
approximately 1/3 root system from the base and exposure to
PEG6000 (10%) (PEG-RP). The nutrient solution was refreshed
every three days and aerated for 13 h per day by an air pump.
After root pruning, each incision was immediately sealed with
paraffin. Plant samples were collected at 3, 6, 12, 24, and 48 h
after treatment. The experiments were repeated three times, and
each repetition comprised at least three biological replicates.

2.2 Measurements

2.2.1 Root hydraulic conductivity measurement

For the hydroponics experiment, Lpr was measured using a
pressure chamber (Type 3005, Soil Moisture Equipment
Corporation, Santa Barbara, CA, USA). The roots of six maize
seedlings were excised 2 cm above the middle hypocotyl and
fixed in the sample chamber. The steel plug was tightened, and
the pressure was increased from 0 to 0.5 MPa in 0.1 MPa
increments. The xylem sap discharged every 0.1 MPa was
absorbed with cotton wool. There was 1 min equilibration
between adjacent pressure levels. The volume of the xylem sap
was determined based on its mass, and a scanner (Epson
Perfection V800, Seiko Epson Crop., Suwa, Japan) was used to
calculate root surface area. The root water absorption capacity at
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each pressure step was expressed as the water yield per unit root
surface area per unit time. Samples were collected at 3, 6, 12, 24,
and 48 after treatment, and six replicates were measured.

In the pot experiment, Lpr was determined using the high-
pressure flow metre (HPFM-Gen3, Dynamax Inc., Houston, TX,
USA). Seedlings were excised at the first internodes, the pressure
coupler was connected to the cutting site, and the air was
evacuated. The pressure was increased to ~300 MPa at a rate
of 2-5 MPa s™. The relationship between flow velocity pressure
and time was measured. Roots were selected, rinsed, and
scanned, and their surface areas were determined. Plant
samples were collected at the jointing, anthesis, and milk
stages, and six replicates were measured.

Lpr was calculated as follows:

Lpr=V xSt x P! xt! (1)

where Lpr is the root hydraulic conductivity (m s MPa™),
V is the total volume of water passing through the root (m?), S is
the root surface area (m?), P is the external pressure (MPa), and t
is time (s).

The pre-dawn water potential of the newer fully expanded
leaf was measured in a pressure chamber (Type 3005; Soil
Moisture Equipment, Santa Barbara, CA, USA).

2.2.2 Water-use efficiency
WUE in pot experiments was calculated based on the
following equation:

WUE (g/Kg) = GY/ET @)

where GY is the grain yield per pot at maturity; ET is
transpiration rate and the recorded total water consumption
per pot over the whole growing cycle.

2.2.3 ZmPIPs expression level

The expression levels of the aquaporin genes ZmPIP1:1,
ZmPIP1:2, ZmPIP1:3, ZmPIP1:4, ZmPIP1:5, ZmPIP2:1,
ZmPIP2:2, ZmPIP2:4, ZmPIP2:5, and ZmPIP2:6 in the
hydroponics experiment were measured by RT-qPCR. Root
samples were collected 2-10 cm away from the root tip at 3 h, 6
h, 12 h, 24 h, and 48 h after treatment, immersed in liquid
nitrogen, and stored at d stored at —80°C. Total RNA was
extracted with TRIzol reagent. The cDNA was synthesised with
a SuperRT c¢DNA Synthesis Kit (Kangwei Biology Co., Ltd.,
Jiangsu, China). Each sample was reacted at 37°C for 90 min
and 85°C for 5 s according to the manufacturer’s instructions.
Each sample was then added to the UltraSYBR mixture (Kangwei
Biology Co., Ltd.) according to the manufacturer’s instructions.
The PCR was run in a 7300 Real-Time PCR instrument (Applied
Biosystems, Foster City, CA, USA) using the following
programme: rapid activation at 95°C for 10 min; 40 cycles at
95°C for 15 s; and 60°C for 1 min. The dissolution curve was set at
95°C for 15 s, 60°C for 1 min, 95°C for 15 s, and 60°C for 15 s. The
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internal reference gene was GADPH, and a standard curve was
plotted to determine the relative changes in gene expression.
There are three biological replicates.

2.2.4 Abscisic acid, jasmonic acid, indole-3-
acetic acid and salicylic acid extraction,
purification, and quantification

For the hydroponics experiment, approximately 0.5 g fresh
roots were powdered, mixed with 4 mL pre-cooled 80% (v/v)
methanol containing 200 mg L™ di-tert-butyl-p-methylphenol
and 500 mg L™ citric acid monohydrate, and shaken at 4°C in
the dark overnight. The suspensions were centrifuged at 10,000
x g and 4°C for 15 min, and the supernatants were collected.
Then, 3 mL pre-cooled 80% (v/v) methanol was added to each
precipitate again, and each suspension was shaken at 4°C in the
dark for 2 h. The suspensions were centrifuged at 10,000 x g and
4°C for 15 min, and the supernatants were collected. The
supernatants were combined and lyophilised in a freeze-dryer
(FreeZone Plus 2.5, Labconco Corp., Kansas, MO, USA) and
dissolved in 600 pL 80% (v/v) methanol. The phytohormone
levels were determined by high-resolution ion-mobility liquid
mass spectrometry (LC-30A+TripleTOF5600+; AB SCIEX,
Singapore). The samples were injected into a BEH C18
column (1.8 pm; 2.1 mm x 100 mm). The mobile phases were
(a) 0.05% (v/v) acetic acid and (b) 0.05% (v/v) acetic acid in
acetonitrile. Three biological replicates were analysed
per treatment.

2.2.5 Root sampling and measurements

The roots were picked, rinsed, and scanned using a scanner
(Epson Perfection V800, Seiko Epson Crop.) with a transparency
adapter at 300 dpi. Root surface area, root length, and root
volume were analysed using analysis software (WinRHIZO,
Regent Instrument Inc., Quebec, QC, Canada). All root
samples were oven-dried at 75°C for 48 h and weighed on an
analytical balance.

Root absorption area was determined using the methylene
blue adsorption method. Optical density of the adsorbed
solution was read at 660 nm, and the root absorption area was
determined by interpolation against a standard curve.

2.2.6 ABA and JA inhibitor treatments

The JA inhibitor sodium diethyldithiocarbamate trihydrate
(DIECA, 100 mM) and the ABA inhibitor fluridone (10 mM)
were added to the nutrient solutions. The DIECA and fluridone
crystals were first dissolved in 5 ml of 0.5% (v/v) ethanol and
then added to a 6 L nutrient solution. The final ethanol
concentration in the nutrient solution was 0.00041% (v/v).
Control plants were grown in the nutrient solution with the
same amount of ethanol [0.00041% (v/v)] (Luo et al., 2019).
Roots and leaves were sampled for each treatment after 3, 6, 12,
24, and 48 h of treatment.
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2.3 Statistical analysis

SPSS v. 14.0 (SPSS Inc., Chicago, IL, USA) was used for data
processing. Treatment means were compared by Duncan’s
multiple range tests. Differences between means were
considered significant at P< 0.05. SigmaPlot v. 12.5 (Systat
Software Inc., Chicago, IL, USA) was used for graph plotting
and analysis of correlations between indices.

3 Results
3.1 Root biomass and root/shoot ratio

The proportion of pruned roots was determined after
pruning (Table 1). The root biomass and the R/S significantly
decreased in response to root pruning under different moisture
conditions. In the pot experiments, approximately 1/5 of the
roots were subjected to small pruning root (RP1) and
approximately 1/3 of the roots were subjected to large pruning
root (RP2). In the hydroponics experiment, approximately 1/3 of
the roots were subjected to pruning root (RP). Hence, the actual
proportions of pruned roots approximately met expectations.

3.2 Yield and water use efficiency

Table 2 shows that under well-watered conditions, the yield
and 100-grain weight of RPlincreased by 12.9% and 6.4%,
respectively. Root pruning did not exhibit a significant effect
on yield or ear length under drought stress. Under drought
stress, however, root pruning improved maize 100-grain weight
by 9.3% (RP1) and 19.1% (RP2).

Root pruning reduced water consumption under different
soil moisture levels throughout the maize growth period;

10.3389/fpls.2022.1023088

transpiration rates of RP1 and RP2 decreased by 7.4% and
10.0%, respectively, under well-watered, and 11.6% and 13.7%,
respectively, under drought stress (Table 2).

Compared with the unpruned control plants, the pruned
plants exhibited greater WUE under both soil moisture levels.
WUE of RP1 and RP2 increased by 20.8% and 9.1%, respectively,
under well-watered, and 17.8% and 13.2%, respectively, under
drought stress (Table 2).

Grain yield, ear length, 100-grain weight, transpiration
rates, and WUE were significantly affected by water
treatment (P< 0.05); grain yield, 100-grain weight,
transpiration rates, and WUE were significantly affected by
root pruning treatment (P< 0.05). There was no significant
water pruning interaction for ear length, transpiration rates,
and WUE (Table 2).

3.3 Root hydraulic conductivity

In the pot experiment, root pruning significantly (P< 0.01)
enhanced the Lpr of maize at the jointing stage. Compared to
that of the control, at the jointing stage, the Lpr of RP1 and RP2
were 43.9% and 31.5% higher under well-watered conditions
and 27.4% and 19.8% higher under drought stress, respectively
(P< 0.05) (Figure 2). Drought stress significantly (P< 0.01)
inhibited Lpr, exhibiting a 31.5% reduction compared to that in
the well-watered non-pruned treatment. The Lpr of pruned
plants was not significantly (P > 0.05) different from that of the
control at the anthesis and milk stages.

In the hydroponic experiments, root pruning significantly
(P< 0.01) increased maize Lpr by 12.2%, 22.6%, 27.0%, and
26.2% at 3, 12, 24, and 48 h after root pruning under the well-
watered condition, respectively (Figure 3). Lpr was significantly
(P< 0.01) lower under PEG stress than under the well-watered
condition. Under PEG stress, Lpr was significantly lower in

TABLE 1 Root dry weight (R), root/shoot ratio (R:S), and proportion of pruned root (RP).

Treatments Root(g/plant) R:S RP (%)
Pot experiment wWw RO 26.38a 0.45a
RP1 21.46b 0.38b 18.66% + 2.24%
RP2 19.02¢ 0.33c 28.34% + 2.61%
WS RO 2491a 0.47a
RP1 20.33b 0.39b 18.16% + 1.68%
RP2 17.91c 0.34c 29.01% + 2.04%
Hydroponics experiment ww RO 0.24a 0.20a
RP 0.16b 0.13b 35.20% + 3.82%
PEG RO 0.23a 0.23a
RP 0.15b 0.15b 36.56% * 2.38%

For the pot experiment, R0 is no root pruning, RP1 is small root pruning, RP2 is large root pruning and WW means well-watered conditions and DS means drought stress. For the

hydroponics experiment, RO is no root pruning, RP is root pruning and WW means well-watered conditions and PEG means PEG stress. Measurements were made two days after root

pruning (jointing stage) in the pot experiment and 48 h after root pruning in the hydroponic experiment. Data are means of five replicates. Different letters in the same column indicate

significant difference at P< 0.05 according to Duncan’s test.
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TABLE 2 Effects of root pruning on yield, ear length, 100-grainweight, transpiration rate in response to irrigation throughout the growth period

(ET), and water use efficiency (WUE) for grain yield.

Treatments Yield (g pot'l) Ear length (cm)

WW RO 148.01b 15.58a
RP1 167.06a 16.62a
RP2 143.88b 15.07a

DS RO 85.9¢ 9.5b
RP1 89.52¢ 10.66b
RP2 83.77¢ 10.87b

Probability level of ANOVE

w - -

p o NS

W x P * NS

100-grainweight (g) ET (Kg) WUE (g/Kg)

36.51b 48.62a 3.07bc
38.83a 45.01b 3.71a
36.75b 43.77b 3.35b
29.12d 26.44c 3.25bc
31.83¢ 23.37d 3.83a
34.68b 22.81d 3.68

* *% *

* NS NS

For the pot experiment, R0 is no root pruning, RP1 is small root pruning, and RP2 is large root pruning. WW indicates well-watered and DS indicates drought stress. Data are means (n = 6).
Different letters indicate significant differences among treatments (P< 0.05) based on Duncan’s test. ANOVA results for the main factors (water, W; root pruning, P) and their interactions

(W x P) are given for each parameter.*, P<0.05; **, P< 0.01; NS, no significant.

pruned plants than in the control at early hours after PEG
treatment (P< 0.05).

3.4 Leaf water potential

In the pot experiment, under well-watered conditions, the
leaf water potential was 23.9% (RP1) and 10.87% (RP2) higher
than that control; however, no such difference was observed

_\ _. _. _\
® o N IS =)
| . . . )

v}
%
=
(=}
¥
¥

(<]
L

Root hydraulic conductivity (107 ms! Mpa'l)

H

A\ vi2 R3

FIGURE 2

Effects of root pruning on root hydraulic conductivity (Lpr) in the
pot experiment. WW-RO is no root pruning under well-watered
conditions; WW-RP1 is small root pruning under well-watered
conditions; WW-RP2 is large root pruning under well-watered
conditions; DS-RO is no root pruning under drought stress; DS-
RP1 is small root pruning under drought stress; DS-RP2 is large
root pruning under drought stress. Samples were measured at
jointing stage (V6), anthesis (V12), and milk stage (R3). Values are
means + standard error (n=6). The asterisks indicate significant
differences by independent t-tests under the same moisture
conditions (* P< 0.05; ** P< 0.01).
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under drought stress (Figure 4A). In the hydroponic
experiments, PEG stress reduced leaf water potential of pruned
plants by 10.1% than PEG-RO (Figure 4B).

3.5 Root absorption areas and active
absorption areas

The absorption area (Figure 5A) and the active absorption area
(Figure 5B) significantly decreased after root pruning, because this
treatment reduced the root biomass. The active absorption area was
reduced by 21.5% (RO) and 55.6% (RP) under PEG stress compared
with that of RO under well-watered conditions, respectively
(Figure 5B). However, the active absorption area ratio under
WW-RP was 11.3% higher than under WW-RO (Figure 5C).

3.6 Root ZmPIP expression

The expression levels of five ZmPIP1 and five ZmPIP2 in the
root system were measured at 0, 3, 6, 12, 24, and 48 h after
treatment (Figure 6). Among them, ZmPIP1:1, ZmPIP1:5,
ZmPIP2:2 and ZmPIP2:5 were the most abundant genes. Under
well-watered conditions, the expression level significantly increased
after root pruning and peaked at 3 h. The expression levels of
ZmPIP1:1, ZmPIP1:5, ZmPIP2:2 and ZmPIP2:5 were 2.0-fold, 1.6-
fold, 1.7-fold, and 1.5-fold higher, respectively, in the pruned plants
(WW-RP) than in the unpruned plants (WW-RO0) at 3 h.

Most of the foregoing genes were downregulated after the
PEG treatment (PEG-R0). The expression levels of ZmPIP1:1,
ZmPIP1:5, ZmPIP2:2 and ZmPIP2:5 in RO at 3 h after PEG
treatment were 16.0%, 22.0%, 14.0%, and 28.5% lower than in RO
under well-watered conditions, respectively. ZmPIP1:1,
ZmPIP1:5, ZmPIP2:2, and ZmPIP2:5 were downregulated in
pruned plants at 3 h after PEG treatment. However, the
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Effects of root pruning on Lpr in the hydroponic experiment.
WW-RO is no root pruning under well-watered conditions;
WW-RP is removal of 1/3 of the root system under well-
watered conditions; PEG-RO is no root pruning under PEG
stress; PEG-RP is PEG stress plus removal of 1/3 of the root
system at 3 h, 12 h, 24 h, and 48 h after treatment. Values are
means + standard error (n = 6). The asterisks indicate
significant differences by independent t-tests under the same
moisture conditions (** P< 0.01).

differences in ZmPIP expression between RO and RP gradually
reduced with treatment beyond 3 h, and at 48 h, there were no
significant differences in the expression levels of ZmPIP1:1 or
ZmPIP2:5 between pruned and non-pruned plants after 12 h
under PEG stress.

3.7 Root phytohormone content

Root ABA and JA levels of WW-RP were 1.7-2.7-fold and
2.1-3.8-fold higher than those of WW-RO0 between 3 h and 24 h,
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FIGURE 4

Effects of root pruning on leaf water potential in the pot
experiment (A) and in the hydroponic experiment (B).
Measurements were made at jointing stage in the pot
experiment and 48 h after root pruning in the hydroponic
experiment. Data for five biological replicates were analysed by
ANOVA. Different letters indicate significant differences from
each other (P< 0.05). The treatment abbreviations are defined in
Figures 2, 3.
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respectively (Figures 7A, B), and root IAA and SA levels of WW-
RP were 2.0-2.9-fold and 1.4-1.8-fold higher than those of WW-
RO, respectively (Figures 7C, D).

PEG stress significantly increased the relative root ABA and
JA content. Root ABA and JA levels in PEG-R0 were 2.8-3.0-
fold and 1.8-2.9-fold higher than those in WW-R0 between 3 h
and 24 h, respectively; and root ABA and JA levels in PEG-RP
were 2.6-2.7-fold and 1.8-1.9-fold higher than those in WW-RO,
respectively (Figures 7A, B). PEG stress lowered the relative root
TAA and SA levels whereas root pruning under PEG stress (PEG-
RP) did not induce any elevation (Figures 7C, D).

3.8 Effects of inhibitors on root water
conductivity after pruning

The effects of the ABA inhibitor (fluridone) and the JA inhibitor
(DIECA) on the post-pruning root Lpr were determined (Figure 8).
Fluridone prevented an increase in Lpr after root pruning. Under
well-watered conditions, the fluridone treatment reduced Lpr by
29.9% in RP. Under PEG stress, the fluridone treatment reduced Lpr
by 45.0% in RP and 40.8% in RO. DIECA only partially inhibited an
increase in Lpr after root pruning. DIECA treatment reduced Lpr by
17.5% in RP under well-watered conditions and by 31.6% in R0 and
27.8% in RP under PEG stress.

4 Discussion

Root pruning reduces soil water consumption by decreasing
transpiration early in plant development. It conserves soil water,
facilitates its transport to the shoots after flowering, promotes
grain filling, and improves yield (Ma et al., 2008; Fang et al.,
2010). In the present study, small root pruning significantly
lowered maize root biomass and increased yield by 12.9% under
well-watered conditions. Therefore, appropriate root pruning
can improve maize yield (Chai et al, 2002). Root pruning
increases photosynthetic activity and promotes grain filling
(Ma et al, 2010). As also observed in our study that root
pruning increased the photosynthetic rate in maize under
well-watered conditions (Figure S2). For these reasons, plants
with pruned roots exhibited a higher yield than those with
unpruned roots. After root pruning, transpiration decreased;
however, the yield of pruned plants was higher or similar to
unpruned plants. Hence, plants with pruned roots exhibited a
relatively higher WUE (Table 2). Thus, root pruning may
improve both yield and WUE. Our findings also demonstrated
that in arid and semi-arid regions, breeding drought resistance
to increase yield and WUE should not be limited to cultivars
with large root systems.

In normally growing plants, a dynamic balance exists
between root water uptake and leaf water loss. A reasonable
explanation is that root pruning may reduce the water supply
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Effects of root pruning on root absorption surface (A), root
active absorption area (B), and root active absorption area ratio
(C) in the hydroponic experiment. Data for five biological
replicates were analysed by ANOVA. Different letters indicate
significant differences from each other (P< 0.05). The treatment
abbreviations are defined in Figure 3.

from the root to the above-ground part, leading to a decline in
leaf water potential. In this study, the leaf water potential of
plants with pruned roots was not lower than that of plants with
intact roots (Figure 4), which might be because residual roots
may still transport sufficient water after pruning. Moreover, root
pruning decreased transpiration rate (Figure 52). In our study we
found that root pruning decreased the leaf water potential under
PEG stress, which may be that root pruning may rapidly increase
root sensitivity to PEG stress and simultaneous root pruning and
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Effects of root pruning on ZmPIP expression. ZmPIP1:1 (A),
ZmPIP1:5 (B), ZmPIP2:2 (C), and ZmPIP2:5 (D) measured by RT-
gPCR at 3, 6, 12, 24 and 48 h after root pruning. Data for three
biological replicates were analysed by ANOVA. The treatment
abbreviations are defined in Figure 3. The asterisks indicate
significant differences by independent t-tests under the same
moisture conditions (* P< 0.05; ** P< 0.01)

PEG cause severe water deficit and upset the dynamic
water balance.

A previous study reported that Lpr of the residual roots
significantly increased within a few hours after 4/5 of the root
system was excised (Vysotskaya et al, 2004). Plants with only a
single root axis can absorb enough water to maintain normal
transpiration possibly because of an increase in Lpr (Shane and
McCully, 1999). In the present study, Lpr of the pruned plants was
significantly higher than that of the unpruned plants at the jointing
stage (Figure 2). We also observed the same results in the
hydroponics experiments. The increase in Lpr in the single root
axis may augment water availability which, in turn, recovers shoot
growth (Vysotskaya et al,, 2004). The transpiration rate significantly
decreased whilst the water conductivity of the residual roots
increased. The leaf water potential of plants with pruned roots
was not significantly lower than that of plants with intact roots.
Therefore, the plants formed a new water balance after root
pruning. In our study the Lpr of pruned plants was not
significantly (P > 0.05) different from that of the control at the
anthesis and milk stages. Root pruning leads to a reduced R/S ratio
during the jointing stage; however, there is a controlling mechanism
balancing the growth of above- and below-ground plant parts
(Vysotskaya et al, 2001). This mechanism enables plants to
restore their R/S ratio after root pruning. In the present study,
there was no significant difference in R/S ratio and Lpr between
pruned plants and control at anthesis and milk stages, respectively.
However, Lpr decreased after anthesis (Figure 2), which may be due
to decreased root activity after anthesis (Wang et al., 2013).
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Drought stress may reduce root water absorption capacity
(Li et al, 2020). In our study, the complemented water was
required to achieve the low moisture level (35-45% field water
capacity), which may be alleviated drought stress. However,
overall moisture was maintained at a low level; hence, the
effects of alleviating drought stress may be relatively small. We
determined that Lpr was significantly decreased under drought
stress (Figures 2, 3). This was due to difficulties associated with
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measuring the expression of aquaporin and hormone content
involved in root water absorption in the pot experiment;
therefore, we designed the hydroponic experiment to
complement the soil study. In the pot experiment, root
pruning increased Lpr under drought stress. PEG was chosen
to simulate drought stress in hydroponic experiment. Winzor
(2004) indicated that the theoretical or measured concentration-
osmotic potential relations for PEG of different molecular
weights can vary to some extent depending on the medium
and the specific PEG used. In the hydroponic experiment, the
same batch of PEG6000 was used to ensure the same molecular
weight in our study. To prevent PEG from entering plant cells
through the broken roots, we sealed the incision with paraffin
immediately after root pruning and aerated it using an air pump
in nutrient solution to reduce PEG damage. However, root
pruning decreased Lpr under PEG stress (Figure 3), which
differed to the pot experiment. Root pruning may rapidly
increase root sensitivity to PEG stress. PEG treatment can
instantaneously alter cell membrane permeability, damage
plant cells, and rapidly induce water loss. When the root cap
and hydraulic structure are not fully formed, osmoregulation
and phytohormone levels are adjusted in an attempt to allow the
plant to adapt to the stress. Simultaneous root pruning and PEG
cause severe water deficit and upset the dynamic water balance.
Hence, plant sensitivity to drought stress increases and Lpr
quickly decreases. In the pot experiment, soil drought stress
was gradual and did not cause rapid water loss from the plant
cells. Hence, the plants re-established water homeostasis after
root pruning. Under drought stress, Lpr was higher in the plants
with pruned roots than in the control plants (Figure 2).

The water absorption capacity of crop root system depends on
the absorption capacity of the unit root system. The increase in active
absorption area of root system and root activity can significantly
improve the water absorption capacity of the crop under early season
drought or terminal drought (Wang and Shangguan, 2017; Figueroa-
Bustos et al., 2019; Figueroa-Bustos et al., 2020). Plants with pruned
roots exhibited higher root activity than those with intact roots; root
activity was rapidly activated after pruning, and an increase in the
activity of the remaining roots compensated for the removed part of
the root system (Figure 5), as previously reported (Ma et al., 2013;
Fanello et al,, 2020).

AQP promotes root water uptake by improving water
conduction through the symplast (Knipfer and Fricke, 2010;
Knipfer et al., 2011). In this way, AQP promotes water
conductivity in the entire root. PIPs play a key role in
regulating Lpr (Abdelhakam et al., 2021). Here, ZmPIPI:1,
ZmPIP1:5, ZmPIP2:2 and ZmPIP2:5 were highly upregulated
and their expression levels peaked at 3 h after root pruning
(Figure 6). Their regulatory patterns were similar to that of Lpr
(Figure 3). Thus, residual root hydraulic conductivity may have
increased in response to ZmPIP1:1, ZmPIP1:5, ZmPIP2:2, and
ZmPIP2:5 upregulation after root pruning. Direct exposure of
roots to water stress usually results in inhibition of aquaporin
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activity and water transport at the cell and whole organ levels
(Maurel et al., 2015), which is also consistent with our results
(Figure 6). During drought conditions, plant water potential
declines, plant hydraulic resistance increases, and the extent of
xylem vessel embolisation also increases in parallel with a
decrease in aquaporin gene expression (Secchi et al., 2007). A
significant reduction in accumulation of PIP transcript has been
also observed in many plant species, such as Arabidopsis
(Alexandersson et al., 2005), canola (Secchi et al., 2007), barley
(Kurowska et al., 2019), and maize (Zhang et al., 2021; Quiroga
et al., 2017).

Roots are among the primary agents in plants responsible for
sensing and responding to environmental signals.
Phytohormones such as ABA play a key role in regulating Lpr
(Thompson et al., 2007; Tardieu et al., 2010; Ullah et al., 2018).
ABA is an integral component of the mechanism improving
plant adaption to water deficit (Schraut et al., 2005; Borel et al.,
2010). The results of this experiment showed that the relative
root ABA increased at 3 h after root pruning (Figure 7A). ABA
may have been transported basipetally from the stem to the
reduced root system and ABA biosynthesis and accumulation
increase under drought stress (Figure 7A). ABA accelerates root
water uptake and improves water transport within a plant (Rowe
et al, 2016; Canales et al., 2021). The results of the experiment
suggested that root ABA accumulation may induce aquaporin
genes and increase Lpr after root pruning.

JA also plays a vital role in plant water uptake (Li et al,, 2003). In
the present study, root JA content was significantly higher under
WW-RP than under WW-R0. Water deficit increases JA
concentrations in several plant species (Chen et al, 2016). The
root JA content gradually increased in response to PEG-induced
drought stress (Figure 7B). Mutations in certain steps of JA
biosynthesis and signalling pathways alter water deficit tolerance
(Riemann et al,, 2015). A previous study reported that JA can induce
ABA synthesis (Adie et al, 2007) which, in turn, increases Lpr
(Aroca, 2006; Mahdieh and Mostajeran, 2009). In the present study,
the trends in root JA and ABA content were similar after root
pruning (Figure 7) and may contribute to the observed root
hydraulic regulation. JA might affect ABA biosynthesis and vice-
versa (Fragoso et al., 2014). To verify whether Lpr improvement is
related to increases in root ABA and JA content, we added DIECA
(JA inhibitor) and fluridone (ABA inhibitor) to the nutrient solution,
respectively. Root pruning increased Lpr in an ABA-independent
manner. Fluridone abolished the impact of root pruning on Lpr
whereas JA inhibitors only partially inhibited Lpr (Figure 8).
Therefore, JA may indirectly regulate Lpr by increasing the ABA
content and directly regulate Lpr in an ABA-independent manner.

Significant shifts in root growth, morphology, and
physiology have frequently been observed after root pruning.
Lateral root growth was greatly enhanced in Platycladus
orientalis after root pruning (Feng et al., 2022). Compensatory
increases in the specific root length, fine root vitality, and the
ratio of fine roots to the total root mass have been reported in
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rice (Kawai et al, 2022), soybean (Fanello et al., 2020), and
Cunninghamia lanceolata (Dong et al., 2016). Root pruning may
promote lateral root growth and compensation growth (Kawai
et al,, 2022), thereby increasing the IAA and SA demand. Root
TAA content increased approximately 10 times at 2 h after partial
root resection (Vysotskaya et al., 2001). In our study, the root
TAA and SA levels were significantly higher in the pruned roots
than the control roots (WW-RO0) between 3 h and 24 h after root
pruning (Figures 7B, D). TAA regulates root growth, lateral root
development, and flowering (Chandler, 2009). Both SA and TAA
restored the R/S after root pruning. The observed increases in
IAA and SA content after pruning may be explained by
compensatory root growth and subsequent lateral root
development. However, the IAA and SA content significantly
decreased in response to PEG stress (Figures 7B, D). Both
phytohormones are synthesised in the shoot apical meristem
and leaves, and drought stress negatively affect these organs.
Hence, there are balanced relationships among the IAA and SA
content and plant growth under stress conditions.

5 Conclusions

The experimental results revealed that proper root pruning
can improve maize yield and WUE. Plants with pruned roots did
not have significantly lower leaf water potential than those with
intact roots. Root pruning increased hydraulic conductivity in the
residual roots by upregulating ZmPIP1:1, ZmPIP1:5, ZmPIP2:2
and ZmPIP2:5 and by modulating ABA and JA signalling.
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