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* Background and Aims Roots take up phosphorus (P) as inorganic phosphate (Pi). Enhanced root proliferation
in Pi-rich patches enables plants to capture the unevenly distributed Pi, but the underlying control of root prolif-
eration remains largely unknown. Here, the role of auxin in this response was investigated in maize (Zea mays).

* Methods A split-root, hydroponics system was employed to investigate root responses to Pi supply, with one
(heterogeneous) or both (homogeneous) sides receiving 0 or 500 pum Pi.

* Key results Maize roots proliferated in Pi-rich media, particularly with heterogeneous Pi supply. The second-order
lateral root number was 3-fold greater in roots of plants receiving a heterogeneous Pi supply than in roots of plants
with a homogeneous Pi supply. Root proliferation in a heterogeneous Pi supply was inhibited by the auxin transporter
inhibitor 1-N-naphthylphthalamic acid (NPA). The proliferation of lateral roots was accompanied by an enhanced
auxin response in the apical meristem and vascular tissues at the root tip, as demonstrated in a DR5::RFP marker line.
e Conclusions It is concluded that the response of maize root morphology to a heterogeneous Pi supply is modu-
lated by local signals of Pi availability and systemic signals of plant P nutritional status, and is mediated by auxin

redistribution.
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INTRODUCTION

Phosphorus (P) is an essential macronutrient for plant growth
and development (Hawkesford et al., 2012). Plant roots take up
P from the soil solution mainly in the form of inorganic phos-
phate (Pi). In the soil, Pi is easily precipitated and adsorbed
to soil particles, resulting in low Pi concentrations in the soil
solution and a low diffusion coefficient (Tinker and Nye, 2000;
Vance et al., 2003). The application of fertilizer, agricultural
cultivation, soil biochemical processes and other factors lead to
a heterogeneous distribution of Pi in soil (Robinson, 1996). In
order to capture the unevenly distributed Pi plants have devel-
oped various strategies, including topsoil foraging (White et al.,
2013) and root proliferation in Pi-rich patches (Hodge, 2004),
rapid nutrient acquisition (Jackson et al., 1990), and modifica-
tion of the rhizosphere through acidification (Jing et al., 2012)
or release of organic acids (White et al., 2013). These adapta-
tions play an important role in nutrient capture and enhanced
nutrient-use efficiency in environments with a heterogeneous
Pi supply (Shen et al., 2011).

Due to the heterogeneous distribution and low diffusion rate
of Pi in soil, root architectural and morphological plasticity are
central to the efficient acquisition of Pi by plant roots (Hodge,
2004; White et al., 2013). Root architectural responses, such as
shallower root growth angle, enhance topsoil foraging, thereby
increasing P acquisition in both cereal (maize) and leguminous

species (bean and soybean) (Lynch, 2011). Root proliferation in
Pi-rich patches is an effective way to access the poorly mobile
and heterogeneously distributed Pi in soil. Numerous studies
have observed that plant roots respond to Pi-rich patches by
altering their morphology, especially through lateral root (LR)
development (Linkohr et al., 2002; Sun et al., 2002; Shen
et al., 2005; Yano and Kume, 2005; Thibaud et al., 2010;
Liu et al., 2013). Early experiments with barley (Hordeum
vulgare) showed that localized Pi supply stimulated LR growth
within Pi-rich zones, while LR formation was suppressed in
Pi-depleted zones (Drew, 1975). In common bean (Phaseolus
vulgaris), fine-root proliferation exploiting Pi-rich patches was
observed in plants with restricted P nutrition (Snapp et al.,
1995). The LR development of different species appears to re-
spond differently to heterogeneous Pi supply. In Arabidopsis
thaliana, a heterogeneous Pi supply led to greater LR length
in the Pi-rich zones, whereas LR density, defined as the LR
number on each unit length of axial root, was not affected
(Linkohr et al., 2002), or was even lower than in plants with a
uniform Pi supply (Liu ef al., 2013). In faba bean (Vicia faba),
no significant change in root morphology was observed in re-
sponse to a heterogeneous Pi supply, although this might have
been a consequence of the P-replete nutritional status of the
plants (Li et al., 2014). In white lupin (Lupinus albus), the for-
mation of cluster roots occurs in response to a heterogeneous Pi
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supply (Shen et al., 2005; Shu et al., 2007). In wheat (Triticum
aestivum), the densities of first-order and second-order LRs
were significantly increased in the presence of a heteroge-
neous Pi supply (Sun er al, 2002). A field study of maize
demonstrated that localized application of Pi and ammonium
increased LR development and acidification in the nutrient-rich
zones, thereby enhancing nutrient acquisition (Jing et al., 2012;
Ma et al., 2014). Nevertheless, the physiological mechanisms
controlling the dynamic responses of root morphology to a het-
erogeneous Pi supply are still largely unknown.

Auxin plays an important role at many stages of LR develop-
ment (Lavenus et al., 2013). For example, it promotes pericycle
cell cycle reactivation for LR initiation (Casimiro et al., 2001;
Berleth et al., 2004; De Smet et al., 2006) and maintains sub-
sequent root apical meristem activity (Ruzicka et al., 2009). It
has been widely reported that auxin is a key regulator of LR de-
velopment in response to Pi supply (Al-Ghazi et al., 2003; Peret
et al., 2014). Previous studies have shown that the application
of exogenous auxin enhances LR development in response to
Pi deficiency (Gilbert ef al., 2000; Tang et al., 2013), whereas
auxin inhibitors curtail LR development in response to Pi defi-
ciency (Lopez-Bucio et al., 2002). In Arabidopsis, studies using
mutants have shown that Pi availability regulates LR develop-
ment by altering auxin biosynthesis (Liu ez al., 2013), signalling
(Lopez-Bucio et al., 2005), sensitivity (Perez-Torres et al.,
2008) and polar transport (Nacry et al., 2005; Talboys et al.,
2014). In rice, overexpression of a Pi transporter, OsPhtl;S§,
upregulated the expression of auxin-related genes and enhanced
LR formation, but the mechanisms underlying this response are
still to be determined (Jia et al., 2017). In maize, transcriptomic
analyses have shown that auxin biosynthesis and transport par-
ticipate in the development of LRs in response to Pi deficiency
(Li et al., 2012). Heterogeneous Pi supply increased root prolif-
eration in Pi-rich patches to capture the unevenly distributed Pi,
but the underlying control of root proliferation is unclear. Here,
we tested the hypothesis that heterogeneous Pi supply influences
maize LR proliferation by regulating auxin redistribution. To
understand better the morphological responses of the maize root
system to heterogeneous Pi supply, we investigated the changes
in root morphology and Pi acquisition in response to a heteroge-
neous Pi supply. We observed that LRs proliferated in the pres-
ence of a heterogeneous Pi supply. Since auxin plays a central
role in LR development, we studied the effect of an auxin polar
transport inhibitor [1-N-naphthylphthalamic acid (NPA)], exam-
ined auxin distribution using an auxin-responsive maize marker
line expressing red fluorescent protein (RFP) under the control
of a DRS auxin-responsive promoter (DR5::RFP line), and de-
termined the expression of auxin-related genes in the response
of maize roots to a heterogeneous Pi supply.

MATERIALS AND METHODS

Plant material and growth conditions

Seeds of Zea mays B73 were surface-sterilized in 10 % H, 0O, so-
lution for 30 min, rinsed five times with water, and then soaked
in saturated CaSO, solution with continuous aeration for about
12 h. Thereafter, seeds were germinated in a filter paper roll
system in distilled water at 25 °C (Woll et al., 2005). When two

leaves were visible, the endosperm was removed and uniform
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seedlings were transferred to a Hoagland solution lacking Pi (LP)
containing 2 mm Ca(NO,),, 0.75 mm K,SO,, 0.65 mMm MgSO,,
0.1 mm KCI, 1.0 x 10~ mm H,BO,, 1.0 x 10 mm MnSO,,
1.0 x 10™* mm CuSO,, 1.0 x 107 mmM ZnSO,, 5.0 x 10 mm
(NH,);Mo0.0,, and 0.1 mm Fe-EDTA. After 6 d of pre-culture
in LP, uniform maize seedlings were selected and the primary
root and seminal roots were carefully removed so that only two
nodal roots of equal length (~15 cm long) remained on each
plant. Both of these two remaining roots originated from the
first node just above the mesocotyl, and were ~120° apart in
the horizontal direction with respect to their origins at the stem.
After 2-3 d of further pre-culture in LP solution to recover, these
two remaining nodal roots were then placed in separate cham-
bers of a double-chambered container for split-root experiments
(Supplementary Data Fig. S1A). Three maize seedlings shared
one double-chambered container and each chamber contained
1.7 L of nutrient solution. Three Pi treatments were applied.
Phosphate was added as 500 pm KH,PO, to the Hoagland so-
lution in both compartments (HP treatment), only one compart-
ment (Hetero-HP/Hetero-LP treatment) or neither compartment
(LP treatment) (Supplementary Data Fig. S1A). To maintain an
equimolar K concentration, KCI was added to the Hetero-LP
compartment and in the LP treatment. The pH of the solution
was adjusted daily to 6.0, and all solutions were renewed every
3 d. The nutrient solution was aerated continuously. Plants were
grown in a controlled environment with a light:dark regime
of 16:8 h, a temperature of 25:18 °C and a light intensity of
230 umol m= s7!. During split-root experiments, the two ori-
ginal nodal roots were the only roots accessing nutrient solution.
Plants were harvested after 2, 4 and 6 d of treatment (DAT), and
shoot and root parameters were measured. For the experiment
employing NPA, NPA was dissolved in DMSO before adding
to the Hoagland solution. The final concentration of DMSO was
0.1 % (v/v) and the final concentration of NPA was 25 uM. In
the control, only DMSO was supplied to the Hoagland solution,
at a final concentration of 0.1 % (v/v). To investigate the effects
of inhibition of auxin transport on root responses to contrasting
Pi supply, NPA was applied to nutrient solutions in the split-root
container. In addition, to test the hypothesis that auxin transport
and distribution are altered in response to a heterogeneous Pi
supply, NPA was applied during a pre-culture stage but subse-
quently withdrawn in the split-root system. For the NPA pre-
treatment, after 6 d of pre-culturing in LP solution, the primary
root and seminal roots were carefully removed, and the seedlings
were allowed to grow for a further 2 d in LP solution with NPA.
Seedlings with two similar nodal roots were then transferred to a
split-root system containing nutrient solutions without NPA. All
the experiments were conducted under the same growth condi-
tions in the same environment-controlled growth chamber. The
root responses to heterogeneous Pi were the same in the main
experiment investigating Pi acquisition, biomass and root archi-
tecture, as well as in the experiment in which gene expression
was studied, when DMSO alone was present in the nutrient so-
lutions, and in the DR5::RFP line.

Shoot biomass and P concentration

After harvesting, shoot material was heated to 105 °C for
30 min then dried at 70 °C to a constant weight. Oven-dried
shoots were cut into small pieces with scissors and ground into
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powder with mortars and pestles. The ground shoot material
was ashed at 580 °C for 10 h, and then dissolved in 2 mL of 1:1
(v/v) HNO, and 18 mL of deionized water. The solution was
filtered through filter paper, and shoot P concentration was as-
sayed using the vanado-molybdate method (Westerman, 1990).
The shoot P content was calculated as the product of shoot P
concentration and biomass.

Root parameter analysis

Roots from each compartment were analysed separately.
Fresh roots were scanned using an Epson V800 scanner at a
resolution of 400 dpi. Images were analysed using WinRhizo
software (Regent Instruments, Quebec, QC, Canada) to obtain
total root length and root surface area. The numbers of first- and
second-order LRs were counted. The lengths of nodal roots and
first- and second-order LRs were measured on scanned images
using Imagel] software (version 1.4, http://rsb.info.nih.gov/ij).
The average first-order LR length was assessed in the middle
part of the nodal root, 5-10 cm from the base of the root, where
the maximum length was found. The first-order LR density was
determined by dividing the number of first-order LRs by the
length of the branched zone of the nodal root. Feulgen staining
(Woll et al., 2005) was used to determine the number of LR
primordia and the length of LR meristems. After staining, roots
were photographed using a stereomicroscope (Olympus BX51,
Tokyo, Japan). The numbers of first- and second-order LR prim-
ordia were counted along the entire length of nodal roots, and the
first-order LR primordium density was calculated by dividing the
number of first-order LR primordia by the length of the primor-
dium zone of the nodal root. Meristem length was assessed as the
distance between the quiescent centre and the first elongating cell
(Giehl et al., 2012). The lengths of root meristems and epidermal
cells were quantified using ImageJ software (version 1.4). Root
vitality (dehydrogenase activity) was analysed by the triphenyl
tetrazolium chloride (TTC) method (Clemensson-Lindell, 1994).
The entire nodal root system, including the axial root and the
first- and second-order LRs, was taken to measure root vitality.
The results presented are average values of six seedlings. For es-
timates of the length of the first-order LR meristem, each repli-
cate consisted of more than ten first-order LRs.

Visualization of auxin response

Auxin responses were visualized using a DRS5::RFP
marker line (Gallavotti et al., 2008). Roots were fixed in 4 %
paraformaldehyde in phosphate buffer for at least 1 h at 4 °C.
First-order LR segments were observed using a laser confocal
scanning microscope (Te2000-E; Nikon, Tokyo, Japan) with
a filter set for rhodamine (excitation 546/12 nm, beamsplitter
560 nm, emission 575/64 nm). The intensity of fluorescence
was quantified using the Te2000-E Nikon software.

Gene expression analysis

Root systems from each individual compartment were
sampled to analyse the expression of Pi response genes. The
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first-order LRs in each compartment were sampled to analyse
auxin and cell-cycle-related genes. After washing with dis-
tilled water three times, root samples were frozen in liquid ni-
trogen and kept in a —80 °C freezer. Total RNA was extracted
using the Plant RNeasy Mini Kit from Qiagen according to the
manufacturer’s protocol. Thereafter, 1 g of total RNA was
used for cDNA synthesis using the PrimeScript RT Reagent Kit
with gDNA Eraser (Takara) according to the product manual.
Real-time quantitative PCR (QRT-PCR) was performed using
the iQTMS Real-Time PCR Detection Systems (Bio-Rad) with
the SYBR Premix Ex Taq II (Tli RNaseH Plus) from Takara.
Gene expression was determined on six biological replicates.
The reference genes were Zmf3-tubulin (Wang et al., 2005) and
ZmUBCP (Melida et al., 2015). The primers used to quantify
gene expression are listed in Supplementary Data Table S1.

Statistical analysis

Data were analysed using IBM Statistics SPSS 21 (SPSS,
Chicago, IL, USA). Following one-way ANOVA, Tukey’s HSD
post hoc test was used to compare differences between means
at the 0.05 probability level.

RESULTS

Shoot growth and P uptake

The consequences of heterogeneous Pi supply for maize root
architecture were determined by growing plants in a split-root
system in which one compartment received high Pi (Hetero-HP)
and the other low Pi (Hetero-LP) solutions (Supplementary
Data Fig. S1A). By 2 and 4 DAT, plants grown with a heteroge-
neous Pi supply (Hetero-HP/Hetero-LP) had similar shoot bio-
mass (Fig. 1A), but lower shoot P concentration (Fig. 1B) and
shoot P content (Fig. 1C) than plants receiving a homogeneous
high Pi (HP) supply. Shoot P concentration (Fig. 1B) and shoot
P content (Fig. 1C) were greater in the Hetero-HP/Hetero-LP
treatment than in the treatment with a homogeneous low Pi
(LP) supply. At 6 DAT, shoot biomass (Fig. 1A) and shoot P
content (Fig. 1C) in plants receiving the Hetero-HP/Hetero-LP
supply did not differ from plants receiving the HP treatment,
but were greater than those in plants receiving the LP treat-
ment. The shoot P concentration (Fig. 1B) of plants receiving
the Hetero-HP/Hetero-LP treatment was 21 % lower than that
of those receiving the HP treatment, but 183 % greater than that
of those receiving the LP treatment.

Root growth and development

Roots in the Hetero-HP compartment proliferated more than
roots in the Hetero-LP compartment and roots of plants re-
ceiving the HP or LP treatments (Fig. 2C). At 6 DAT, the total
root length in the Hetero-HP compartment was 79 % greater
than that in the Hetero-LP compartment (Fig. 2A). In addition,
the total root length in the Hetero-HP compartment was 35 %
greater than that in a single root compartment in plants receiving
the HP treatment (Fig. 2A). Furthermore, LR development was
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FiG. 1. Effect of homogeneous and heterogeneous Pi supply on plant growth
and P status. (A) Shoot biomass, (B) shoot P concentration and (C) shoot P con-
tent of maize plants in a split-root system with different Pi supplies: both com-
partments receiving Pi (HP, black bars); one compartment receiving Pi and the
other receiving no Pi (Hetero-HP/Hetero-LP, grey bars); and neither compart-
ment receiving Pi (LP, white bars). Bars indicate means =+ s.e. (n = 6 individual
plants). Different letters indicate significant differences among Pi treatments on
each given day (P < 0.05).

greatly promoted in the Hetero-HP compartment (Fig. 2B, C).
The proportion of second-order LRs to total root length was
57 and 4 times greater in the Hetero-HP compartment than in
the Hetero-LP compartment and in the root compartments of
plants receiving the HP treatment, respectively (Fig. 2B), while
the proportion of first-order LRs to total root length was 24
and 21 % lower in the Hetero-HP compartment than in the
Hetero-LP compartment and the root compartments of the HP
treatment, respectively (Fig. 2B). Root vitality, as indicated by
dehydrogenase activity, was analysed with the TTC method.
Roots showed greater vitality in Hetero-HP than HP, LP and
Hetero-LP (Supplementary Data Fig. S2). The vitality of roots
in the Hetero-HP compartment and in the HP treatment was
greater than that of roots in the Hetero-LP compartment and the
LP treatment (Supplementary Data Fig. S2).

The first-order LR density of roots in the Hetero-HP com-
partment did not differ from that of roots in either the Hetero-LP
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compartment or in the root compartments of plants receiving
the HP treatment, but was greater than that in roots of plants re-
ceiving the LP treatment at 6 DAT (Fig. 3A). By 2 and 4 DAT,
there was a greater density of first-order LR primordia in roots
in the Hetero-HP compartment than in the Hetero-LP compart-
ment (Fig. 3B), but there was no difference between them at
6 DAT (Fig. 3B). No second-order LRs or second-order LR
primordia were observed at 2 DAT (Fig. 3C, D). At 4 DAT,
the number of second-order LRs of roots in the Hetero-HP
compartment was 7.5 times greater than that of roots in the
Hetero-LP compartment, but did not differ from the number
of second-order LRs of roots of plants receiving the HP treat-
ment (Fig. 3D). The number of second-order LR primordia in
roots in the Hetero-HP compartment was 332 and 1.3 times
higher than in roots in the Hetero-LP compartment and roots
of plants receiving the HP treatment, respectively (Fig. 3D). At
6 DAT, roots in the Hetero-HP compartment had 32 times more
second-order LRs (Fig. 3C) than roots in the Hetero-LP com-
partment. The number of second-order LRs in the Hetero-HP
compartment was also significantly greater (3.2 times) than that
in roots of plants receiving the HP treatment (Fig. 3C). The
number of second-order LR primordia showed a similar pattern
to that of second-order LR number among treatments (Fig. 3D).

The average LR length in the middle part of the nodal root
(5—10 cm from the base of the root) was also greater in the pres-
ence of a heterogeneous Pi supply. At 2 DAT the average length
of first-order LRs in the Hetero-HP compartment was similar to
that in the Hetero-LP compartment, but less than that in roots
of plants receiving the HP treatment (Fig. 4A). Subsequently,
the lengths of both first- and second-order LR in the Hetero-HP
compartment were greater than in the Hetero-LP compart-
ment and roots of plants receiving HP or LP treatments at 4
and 6 DAT (Fig. 4A, B). Microscopic analysis indicated that
the length of LRs in the Hetero-HP compartment was stimu-
lated by increasing the size of the LR meristem (Supplementary
Data Fig. S3A) rather than the length of epidermal cells
(Supplementary Data Fig. S3B).

Effects of auxin on root proliferation

The addition of the auxin polar transport inhibitor NPA to
growth media reduced LR formation and elongation, and in-
hibited root proliferation in response to a heterogeneous Pi
supply (Supplementary Data Fig. S4A). The total root length
(Fig. 5A) and first-order LR density (Fig. 5B) in roots treated
with NPA did not differ among Pi treatments. In addition, the
development of second-order LRs was totally inhibited in all Pi
treatments in the presence of NPA (Supplementary Data Fig.
S4A).

For the seedlings that had been pre-cultured with NPA but
were subsequently not exposed to NPA, LR proliferation was
observed in roots in the Hetero-HP compartment at 6 DAT
(Supplementary Data Fig. S4B). The total length of roots in
the Hetero-HP compartment was 96 and 50 % greater than that
in the Hetero-LP compartment and in roots of plants receiving
the HP treatment, respectively (Fig. 6A). It is noteworthy that
the total length of roots in the Hetero-HP compartment relative
to that in the HP treatment was much greater when plants were
pre-cultured with NPA (50 %, Fig. 6A) than when plants were
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For explanation of the treatments see the legend of Fig. 2. Bars indicate means

+ s.e. (n = 6 individual plants); each replicate comprised more than ten LRs.

Different letters indicate significant differences among treatments on each
given day (P < 0.05).

not pre-cultured with NPA (35 %, Fig. 2A). There was no dif-
ference in first-order LR density among treatments (Fig. 6C).
The first-order LR density in the roots of plants pre-cultured
with NPA (Fig. 6C) was greater than that in the roots of plants
that had not been pre-cultured with NPA (Fig. 3A) at 6 DAT,
which is related to the reduced axial length of the nodal roots
following the NPA pre-treatment (Supplementary Data Fig. S5).
Roots in the Hetero-HP compartment had greater first-order LR
length (Fig. 6B), first-order LR primordium density, second-
order LR number and second-order LR length than roots in the
Hetero-LP compartment and roots of plants receiving HP or LP
treatments (Fig. 6D-F). Like total root length, LR formation
and elongation of roots in the Hetero-HP compartment relative
to roots in the HP treatment were greater in plants pre-cultured
with NPA (Fig. 6B, D-F) than in plants pre-cultured without
NPA (Figs 3 and 4). Heterogeneous Pi supply rescued second-
order LR formation, which was strongly inhibited after pre-
culturing with NPA (Fig. 6E, F).

Auxin response and distribution were examined in first-order
LRs using a DR5::RFP marker line. Laser confocal images in-
dicated that there was greater auxin response around the root
meristem zone at 2 and 3 DAT (Fig. 7A). At 3 DAT the fluor-
escence intensity around the meristem zone of roots was sig-
nificantly greater in the Hetero-HP compartment than in the
Hetero-LP compartment or in roots of plants receiving HP or
LP treatments (Fig. 7C). In addition, the fluorescence signal
around the vasculature where LR primordia are formed was
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letters indicate significant differences among treatments (P < 0.05).

much stronger than in other regions of roots in the Hetero-HP
compartment (Fig. 7B) and was significantly greater than in
roots receiving other Pi treatments at 3 and 4 DAT (Fig. 7D).
Gene expression analysis in the first-order LRs was performed
using qRT-PCR at 2 and 4 DAT. At 2 DAT the expression of the
auxin polar transporter ZmPIN9 (Fig. 8B) was greater in roots
in the Hetero-HP compartment than in roots in the Hetero-LP
compartment (3.6-fold) and in roots of plants receiving the
HP treatment (18-fold), while another auxin polar transporter,
ZmPINla (Fig. 8A), the auxin response genes ZmARF?2 (Fig.
8C) and ZmTIRI (Supplementary Data Fig. S6B) and the
auxin biosynthesis gene ZmGH3 (Supplementary Data Fig.
S6A) showed no significant differences among treatments. By
4 DAT, ZmPIN9 expression in the Hetero-HP compartment was
18 times greater than that in the Hetero-LP compartment and 33
times greater than that in the HP treatment (Fig. 8B). The ex-
pression of ZmARF2 (Fig. 8C), ZmTIRI (Supplementary Data
Fig. S6B), ZmGH3 (Supplementary Data Fig. S6A) and cell
cycle genes ZmCYCBI;1 (Supplementary Data Fig. S6C) and
ZmCDKBI;1 (Supplementary Data Fig. S6D) in the first-order
LRs was also greater in roots in the Hetero-HP compartment
than in roots in the Hetero-LP compartment or roots of plants
receiving HP or LP treatments at 4 DAT. The expression of
ZmPIN9 (Fig. 8B), ZmGH3, ZmCYCBI;I1 and ZmCDKBI;1
(Supplementary Data Fig. S6A, C, D) increased between 2
and 4 DAT in roots in the Hetero-HP compartment, and that
of ZmARF2 (Fig. 8C) and ZmTIRI (Supplementary Data Fig.
S6B) increased between 2 and 4 DAT in all treatments, while
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primordium density, (E) second-order LR number and (F) second-order LR length of maize plants pre-cultured with the auxin polar transport inhibitor NPA for 2 d

but subsequently grown in the absence of NPA for 6 d. For explanation of treatments see the legend of Fig. 2. Bars indicate means =+ s.e. (n = 6 individual plants).
Different letters indicate significant differences among treatments (P < 0.05).

ZmPINla (Fig. 8A) did not change between 2 and 4 DAT in
any treatment.

DISCUSSION

Root foraging contributes to Pi acquisition and shoot growth in
plants with a heterogeneous Pi supply

Nutrients often show a heterogeneous distribution in the
soil, and root proliferation in nutrient-rich patches is an im-
portant foraging strategy, especially for elements, such as P,
that are relatively immobile in the soil (Robinson, 1996; Yano
and Kume, 2005; Hodge, 2010; Lynch, 2011; White et al.,
2013; Li et al., 2014). In our split-root system, the total root
length in the Hetero-HP compartment was 79 % greater than
in the Hetero-LP compartment, illustrating the preferential

partitioning of biomass to the place with greater Pi availability
(Fig. 2A). This result is consistent with studies on other plant
species showing a greater proportion of root biomass being
apportioned to nutrient-rich zones (Adams et al., 2002; Yano
and Kume, 2005). In addition, total length (Fig. 2A) and vi-
tality (Supplementary Data Fig. S2) were greater in roots in the
Hetero-HP compartment than in roots of plants receiving the
HP treatment. It has been reported that root density (He er al.,
2003; Thibaud et al., 2010) and Pi uptake capacity (Jackson
et al., 1990) are increased in Pi-rich patches, which allows
plants to compensate for restricted Pi acquisition by other parts
of the root system.

The shoots of the plants receiving a heterogeneous HP supply
achieved a similar biomass and P content to plants receiving a
homogeneous HP supply, despite having access to only half the
Pisupply (Fig. 1). These results suggest that, in comparison with
a homogeneous HP supply, roots receiving a heterogeneous Pi
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Different letters indicate significant differences among treatments on each given day (P < 0.05).

supply had enhanced P acquisition efficiency (i.e. Pi acquisi-
tion per unit root length), which contributed to P uptake and
biomass production. Previous field studies have also shown that
greater root proliferation and enhanced root uptake capacity in
Pi-rich patches maintains Pi uptake and biomass production
(Shen et al., 2005; Yano and Kume, 2005; Jing et al., 2012; Ma
et al., 2013). The proportion of second-order LRs to total root
length in the Hetero-HP compartment was much greater than
in roots of plants receiving the HP treatment (Fig. 2B). Lateral
roots are thinner and have larger specific surface area than the
main root, which increases nutrient acquisition efficiency (Wen
et al., 2019). Thus, increased LR proliferation in Pi-rich zones
provides an effective Pi foraging strategy in plants with a het-
erogeneous Pi supply.

Changes in root architecture in response to heterogeneous
Pi supply

The development of LRs is a crucial component of root
morphological responses to heterogeneous Pi supply, and LR

proliferation greatly enhances soil exploration and acquisition in
Pi from Pi-rich patches (Lynch, 2011). Our results showed that
second-order LR formation was stimulated in the Hetero-HP
compartment (Fig. 3C, D). The formation of LRs appears to
be affected differently by a heterogeneous Pi supply depending
on the way the heterogeneous Pi is applied, the growth stage of
the plant and the plant species studied (Snapp et al., 1995; Sun
et al., 2002; Liu et al., 2013). Different plant species exhibit
different strategies in response to heterogeneous distribution of
nutrients (Robinson, 1994). In general, monocot species place
a larger proportion of roots in nutrient-rich patches than dicots
(Cahill and McNickle, 2011). Regarding root morphology, pre-
vious studies have shown that cereals are more responsive to
P supply than leguminous species (Li et al., 2014; Liu et al.,
2016; Lyu et al., 2016). In the present study, second-order LR
development in maize was stimulated significantly in response
to heterogeneous HP supply, which is consistent with previous
studies in barley (Drew, 1975) and wheat (Sun et al., 2002),
indicating the strong morphological plasticity of cereal roots in
response to heterogeneous Pi supply. Root developmental pro-
cesses of monocot cereals such as maize are more complex than
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plants). Different letters indicate significant differences among treatments on
each given day (P < 0.05).

in the model plant Arabidopsis (Jansen et al., 2012). Maize has
nodal roots, which do not exist in Arabidopsis (Hochholdinger
and Zimmermann, 2008; Yu et al., 2016). Furthermore, LR
initiation in maize is associated with the radial positioning of
phloem-pole pericycle cells rather than the xylem-pole pericycle
cells in Arabidopsis (Jansen et al., 2012; Yu et al., 2015). In the
present study, the numbers of second-order LRs and second-
order LR primordia were increased, but those of first-order
LRs were barely altered by a heterogeneous Pi supply (Fig. 3).
There were no significant differences in first-order LR density
among treatments at 2 or 4 DAT, but decreased slightly in the
LP treatment at 6 DAT (Fig. 3A), which was probably related
to the reduced primordium density in this treatment (Fig. 3B).
As expected, primordium density (Fig. 3B) showed more pro-
nounced responses to Pi supply than LR density (Fig. 3A). The
different response of first-order LRs and second-order LRs to
heterogeneous Pi application might be explained as follows: (1)
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second-order LRs exhibit finer diameter and more rapid rates
of production and mortality than first-order LRs, which are re-
garded as the sign of stronger plasticity in ecological studies
(Hodge, 2004; Ito et al., 2006); (2) at the beginning of the
split-root treatment, some of the first-order LR primordia have
already formed, which may conceal any stimulating effect of
heterogeneous Pi supply on first-order LR formation. Thus, it is
more meaningful to focus on the responses of new second-order
LRs rather than first-order LRs to heterogeneous Pi supply in
the experiment reported here.

Roots in the Hetero-HP compartment had greater average
length of both first- and second-order LRs compared with roots
in the Hetero-LP compartment or roots of plants receiving HP
or LP treatments (Fig. 4A), which is consistent with results in
Arabidopsis (Linkohr et al., 2002). Microscopic analysis of
root anatomy indicated that this was a consequence of enlarge-
ment of the apical meristem of LRs in the Hetero-HP compart-
ment (Supplementary Data Fig. S3). In addition, the length of
axial roots in the LP treatment was greater than that in the HP
treatment or in the Hetero-HP compartment (Supplementary
Data Fig. S5). This result is consistent with a previous study
on maize in a hydroponic system, which also reported that low
Pi promoted axial root elongation compared with a sufficient
Pi supply (Li et al., 2012). Work on Arabidopsis in gel me-
dium showed arrested axial root elongation under Pi deficiency
(Svistoonoff et al., 2007), which was related to the excess Fe
availability in the medium (Ward er al., 2008; Miiller et al.,
2015). Hence, the response pattern of axial root elongation to
low Pi availability is dependent on the experimental system and
plant species. The regulatory mechanisms of root elongation in
response to heterogeneous Pi availability in maize require fur-
ther examination.

Role of auxin in root proliferation in response to a heterogeneous
Pi supply

Auxin plays an essential role in LR development (Lavenus
et al., 2013). In the present study, the auxin polar transport
inhibitor NPA reduced the amount of LR proliferation in-
duced by a heterogeneous Pi supply (Supplementary Data
Fig. S4A), suggesting that auxin polar transport was involved
in the regulation of LR development in response to heteroge-
neous Pi supply. Similarly, NPA application restricted LR for-
mation in Arabidopsis with low Pi supply (Lopez-Bucio et al.,
2002). Furthermore, the increase in total root length in the
Hetero-HP treatment was enhanced in comparison with that in
the HP treatment when pre-cultured with NPA (Figs 2A and
6A). Studies using the DR5::RFP maize line revealed a strong
auxin response in root apical and pericycle cells of first-order
LRs in the Hetero-HP compartment (Fig. 7), suggesting that
a heterogeneous Pi supply promoted auxin redistribution. In
Arabidopsis and wheat, Pi deficiency has also been shown to
alter auxin distribution in roots and to affect LR branching
(Nacry et al., 2005; Talboys et al., 2014). In addition, the cor-
relation of auxin response maxima with the pattern of LR pro-
liferation highlights the involvement of auxin distribution in
regulating LR development in response to heterogeneous Pi
supply. Previous studies have revealed the key role of auxin in
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maintaining apical meristem activity (Ruzicka et al., 2009), and
indicated that local auxin response maxima in pericycle cells
are essential for LR initiation (De Smet ef al., 2006; Jansen
et al., 2012). It is possible that the auxin response maxima in
the pericycle cells of first-order LRs contributed to the forma-
tion of second-order LRs observed in the present study. In add-
ition, we noticed that the red fluorescence was greater in the cap
of roots in the Hetero-LP compartment and in the LP treatment
(Fig. 7A). In Arabidopsis, the programmed death of root cap
cells can release auxin (Xuan et al., 2016). However, there is no
information about the relationship between root cap cells and
auxin responses in maize, which should be investigated further.

Several key elements of the auxin pathway appear to play an
important role in root proliferation in response to heterogeneous
Pi supply in maize. Gene expression analysis of first-order LRs
in the Hetero-HP compartment had greater ZmPIN9 (auxin
transporter facilitates auxin efflux) expression than in roots in
other treatments at an early stage of development when other
auxin-related genes were not affected (Fig. 8, Supplementary
Data Fig. S6). ZmPIN9 is a monocot-specific PIN gene, ex-
pressed in the root epidermis, pericycle and phloem in maize
(Forestan and Varotto, 2012; Balzan et al., 2014). A previous
study in maize has shown that a heterogeneous nitrate supply
triggers ZmPIN9-mediated auxin efflux and subsequent cell
cycle activation, which leads to initiation of LR primordia (Yu
et al., 2015). In the present study, the expression of the auxin
biosynthesis gene ZmGH3, the auxin response genes ZmARF?2
and ZmTIRI and the cell cycle gene ZmCYCBI;I were sub-
sequently upregulated in roots in the Hetero-HP compartment
(Supplementary Data Fig. S6). It has been widely reported that
polar auxin transport plays a critical role in auxin distribution
and LR formation in response to Pi availability (Nacry et al.,
2005; Talboys et al., 2014). Polar auxin transport results from
the expression and subcellular localization of auxin carrier pro-
tein families AUXIN TRANSPORTER PROTEIN 1 (AUX1)
and PIN-FORMED (PIN) (Laskowski, 2013). Combining the
results from the NPA experiment, the fluorescence analysis of
DRS5::RFP and the gene expression of auxin-related genes, our
results suggest that upregulation of ZmPIN9 expression might
direct auxin redistribution in response to sensing a heteroge-
neous Pi supply, and auxin response genes then play a role in
root proliferation in the Pi-rich zone.

Local and systemic regulation in heterogeneous Pi conditions

In general, root responses to a heterogeneous Pi supply are
controlled by an integrated regulatory system responding to
both local Pi availability and plant P status (Hammond and
White, 2008; White and Hammond, 2008). In this study it is
likely that root proliferation and gene expression in response to
a heterogeneous Pi supply are controlled by an integrated regu-
latory system, which is dependent on both local environmental
Pi sensing and systemic P regulation. Total root length (Fig.
2A), second-order LR formation (Fig. 3C, D) and LR elong-
ation (Fig. 4A, B) in roots in the Hetero-HP compartment were
greater than in roots in the Hetero-LP compartment, indicating
that roots in the Hetero-HP compartment respond to the local
P status. Roots in the Hetero-HP compartment also showed a
greater proliferation of LRs than roots of plants receiving the
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HP treatment (Figs 2—4), implying that the root response to het-
erogeneous Pi supply also depends on a systemic signal, which
might be related to the lower shoot P concentration of plants
receiving a heterogeneous Pi supply than that of plants from
the HP treatment (Fig. 1B). Previous studies have demonstrated
the existence of systemic P regulation of root development with
the split-root system (Shane et al., 2003; Thibaud et al., 2010),
and the systemic signalling relies on communication among or-
gans mediated by long-distance signalling pathways (Lin ef al.,
2014; Liu et al., 2014; Puga et al., 2017). Thus, both systemic
and local signals appear to direct gene expression and the root
morphological development of maize roots in response to a
heterogeneous Pi supply. Nevertheless, further research on the
integration of local and systemic signals in response to a hetero-
geneous Pi supply is required.

Conclusions

The present study describes the dynamic responses of maize
roots in response to a heterogeneous Pi supply. Both LR forma-
tion and LR length were increased by a heterogeneous Pi supply
and these responses are likely to be regulated by both local Pi
availability and plant P status. The second-order LR prolifer-
ation in Pi-rich zones might be triggered by the modification
of auxin distribution in first-order LRs in response to a hetero-
geneous Pi supply, which may be mediated by the monocot-
specific ZmPIN9. Thus, manipulation of auxin signalling could
be a means to improve root system architecture and increase
Pi efficiency of crops in soils with spatially heterogeneous Pi

supply.
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Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Fig. S1: diagram-
matic representation of the experimental setup and plant
growth. Fig. S2: root vitality of plants receiving homoge-
neous and heterogeneous Pi supplies for 6 d. Fig. S3: effect
of homogeneous and heterogeneous Pi supply on first-order
lateral root apical meristem length and epidermis cell length of
maize plants. Fig. S4: effect of inhibition of polar auxin trans-
port on the root phenotype of plants receiving homogeneous
and heterogeneous Pi supplies. Fig. S5: axial root length of
maize plants in response to homogeneous and heterogeneous
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treatment. Fig. S6: relative expression of auxin-related and
cell cycle-related genes in first-order LRs in plants receiving
homogeneous and heterogeneous Pi supplies. Table S1: pri-
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