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† Background and Aims Although ammonium (NH4
+) is the preferred form of nitrogen over nitrate (NO3

2) for rice
(Oryza sativa), lateral root (LR) growth in roots is enhanced by partial NO3

2 nutrition (PNN). The roles of auxin dis-
tribution and polar transport in LR formation in response to localized NO3

2 availability are not known.
† Methods Time-course studies in a split-root experimental system were used to investigate LR development patterns,
auxin distribution, polar auxin transport and expression of auxin transporter genes in LR zones in response to loca-
lized PNN in ‘Nanguang’ and ‘Elio’ rice cultivars, which show high and low responsiveness to NO3

2, respectively.
Patterns of auxin distribution and the effects of polar auxin transport inhibitors were also examined in DR5::GUS
transgenic plants.
† Key Results Initiation of LRs was enhanced by PNN after 7 d cultivation in ‘Nanguang’ but not in ‘Elio’. Auxin
concentration in the roots of ‘Nanguang’ increased by approx. 24 % after 5 d cultivation with PNN compared
with NH4

+ as the sole nitrogen source, but no difference was observed in ‘Elio’. More auxin flux into the LR zone
in ‘Nanguang’ roots was observed in response to NO3

2 compared with NH4
+ treatment. A greater number of auxin

influx and efflux transporter genes showed increased expression in the LR zone in response to PNN in
‘Nanguang’ than in ‘Elio’.
† Conclusions The results indicate that higher NO3

2 responsiveness is associated with greater auxin accumulation in
the LR zone and is strongly related to a higher rate of LR initiation in the cultivar ‘Nanguang’.
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INTRODUCTION

Plants exhibit various mechanisms to adapt to different nutrient
supply conditions. Among these mechanisms, the plasticity of
root development is vital. Plant root systems continuously
branch and form lateral roots (LRs). These LRs develop from
founder cells in the pericycle, the outermost layer of the vascular
cylinder (stele) of the root (De Smet et al., 2006). Auxin plays a
dominant role in the specification of founder cells that give rise to
LR initiation and the later stages of LR development (Forde,
2002; De Smet et al., 2006), and differential distribution of
auxin is required for LR organogenesis. An increase in auxin
in single pericycle cells is sufficient to induce the initiation and
formation of LRs from these cells in Arabidopsis thaliana
(Dubrovsky et al., 2008). Various environmental and endogen-
ous signals can be integrated to mediate changes in auxin distri-
bution through effects on polar transport of auxin (Vanneste and
Firml, 2009). Polar auxin transport is mediated by auxin influx
(AUX/LAX) and efflux carriers (PIN genes and MDR/PGP
genes) (Friml et al., 2003; Geisler et al., 2005). The initiation
and emergence of LRs is regulated by AUX1, which facilitates
the export of indole acetic acid (IAA) from newly developing
leaf primordia, the unloading of IAA in the primary root apex
and the import of IAA into developing LR primordia

(Marchant et al., 2002). Detailed studies of PIN expression and
localization as well as auxin distribution in pin mutants revealed
that PIN proteins provide the basis for the directional distribution
networks that mediate auxin gradients during LR growth (Vieten
et al., 2007). Feraru and Friml (2008) developed a model for
polar localization of PIN proteins and the direction of auxin
flow in the root tip in arabidopsis. PIN1 is localized to the
basal (root apex-facing) side of the root vasculature; PIN2 is
expressed at the basal side of the cortical cells and at the apical
(shoot apex-facing) side of the epidermal and root cap cells;
PIN3 is distributed in an apolar manner in the columella cells
of the root; PIN4 is localized to the basal side of cells in the
central root meristem with less pronounced polarity in the cells
of the quiescent centre; and PIN7 is localized to the basal side
of the stele cells and is distributed in an apolar manner in colu-
mella cells.

Lateral root formation is regulated by both intrinsic develop-
mental programmes and environmental conditions (Zhang and
Forde, 2000). Changes in heterogeneous nitrogen (N) distribu-
tion and N forms in the soil induce plasticity in LR development
(Zhang and Forde, 1998; Song et al., 2011). In several upland
species, root proliferation in NO3

2-rich regions leads to an
increased ratio of root surface to explored soil volume, which
facilitates the uptake of nutrients (Drew et al., 1973; Granato
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and Raper, 1989). Localized NO3
2 supply affects root architec-

ture predominantly through its stimulation of the initiation and/
or elongation of LRs (Drew, 1975; Zhang and Forde, 1998;
Guo et al., 2005). Study of an arabidopsis NO3

2 reductase
double mutant suggested that the local stimulation of LR
growth is a consequence of the NO3

2 ion itself acting as a
signal rather than as a nutrient (Zhang and Forde, 1998). The
ANR1 and NRT1.1 genes, which encode a transcription factor
and an NO3

2 transporter, respectively, have been proposed con-
secutively to control the stimulatory effect of NO3

2 on LR
growth in arabidopsis (Zhang and Forde, 1998; Zhang et al.,
1999; Remans et al., 2006). Lateral root elongation is not stimu-
lated by localized NO3

2 supply in the auxin-insensitive mutant
axr4, suggesting an overlap between the auxin and NO3

2 signal-
ling pathways (Zhang et al., 1999). The NO3

2 and auxin signal-
ling pathways are further linked by an effect on auxin transport
through AtNRT1.1 (Krouk et al., 2010). Sattelmarcher and
Thoms (1995) observed a transient increase in IAA in
NO3

2-rich Zea mays (maize) root segments after treatment for
3 d and hypothesized that a localized NO3

2 supply stimulates
LR growth by increasing auxin unloading and accumulation in
the NO3

2-fed root segments. However, analysis of [3H]IAA
movement showed that auxin levels in maize LRs decreased
more in roots in an NO3

2-fed compartment than in an
NO3

2-free compartment, and localized NO3
2 treatment appeared

to inhibit shoot to root auxin transport (Liu et al., 2010). The role
of auxin distribution and transport in localized NO3

2-induced LR
growth remains unclear.

Ammonium (NH4
+) is the preferred form of N over NO3

2 in
Oryza sativa L. (rice), due to its waterlogged growth environ-
ment. Although the predominant form of mineral N in bulk
soil for paddy rice fields is likely to be NH4

+, rice roots are
exposed to partial NO3

2 nutrition (PNN) by nitrification in the
rice rhizosphere (Li et al., 2008). The practice of intermittent
flooding during rice cultivation, which causes an uneven distri-
bution of NH4

+ and NO3
2 within the soil horizon under field con-

ditions, is being adopted by increasing numbers of Chinese
farmers. Localized NO3

2 supply was shown to stimulate LR
elongation in rice using a split-root experiment, consistent with
responses in upland plants such as arabidopsis and maize
(Wang et al., 2002a). Expression of the rice auxin efflux
carrier protein gene OsREH1 showed a rapid increase with
maximal expression at 4 h in roots supplied locally with NO3

2

(Wang et al., 2002b). However, in whole-plant rice culture,
elongation of LRs was induced by NO3

2 deficiency rather than
by NO3

2 supply (Wang et al., 2002a). This result was inconsistent
with enhanced LR elongation in maize caused by NO3

2 supply
rather than NO3

2 deficiency (Liu et al., 2010). In whole-plant
culture, PNN stimulated LR initiation in a high NO3

2 response
rice cultivar but not in a low NO3

2 response rice cultivar com-
pared with plants grown with NH4

+ as the sole N source (Song
et al., 2011). Stimulation of LR initiation could be caused by
an increased concentration of auxin in rice roots, but the distribu-
tion of auxin in the roots was not examined in the above study. To
what extent, if any, auxin transport in rice roots is regulated by
localized NO3

2 availability remains unclear.
Time-course experiments using a split-root system were used

to examine the relationship between localized PNN and auxin
transport and distribution in rice. Lateral root development and
changes in auxin concentration as determined by HPLC were

monitored for 9 d starting 7 d after germination in four regions
of roots in two rice cultivars with high (‘Nanguang’) and low
(‘Elio’) NO3

2 responses. Transgenic plants expressing a trans-
gene construct containing the DR5 synthetic auxin-responsive
promoter driving expression of a b-glucuronidase (GUS) trans-
gene (DR5::GUS) were used to identify the pattern of auxin dis-
tribution and to determine how this pattern was affected by
localized PNN in ‘Nanguang’. [3H]IAA was used to quantify
polar auxin transport. The effects of the polar auxin transport in-
hibitor N-1-naphthylphthalamic acid (NPA) were also evaluated.
Semi-quantitative reverse transcription–PCR (RT–PCR) was
used to identify the auxin influx/efflux genes involved in regulat-
ing auxin redistribution in LR regions in the two cultivars in re-
sponse to localized NO3

2. The results suggest that a higher
responsiveness to NO3

2 in ‘Nanguang’ was associated with
faster NO3

2-responsive auxin transport from the shoot to the
LR zone, greater auxin accumulation in the LR zone and a
higher rate of LR initiation.

MATERIALS AND METHODS

Plant material

Two japonica rice (O. sativa) cultivars, ‘Nanguang’ and ‘Elio’,
were selected from 177 japonica rice cultivars based on their
similar growth duration and differential responses to N applica-
tion in field trials conducted in 2003 and 2004. The agronomic
traits of the two cultivars were significantly different under
both field and hydroponic conditions (Duan et al., 2007a, b;
Zhang et al., 2009). ‘Nanguang’ was identified as a high NO3

2 re-
sponse cultivar because it exhibited high N accumulation and
grain yield under PNN compared with NH4

+ as the sole N
source (Duan et al., 2007a, b) and was determined to have high
N-use efficiency due to high biomass production and grain
yield under low N supply and a positive response to increasing
N supply (Zhang et al., 2009). Conversely, ‘Elio’ was identified
as a low NO3

2 response cultivar due to low N accumulation and
grain yield under PNN relative to NH4

+ as a sole N source
(Duan et al., 2007a, b). ‘Elio’ produced a lower biomass and
grain yield under both low and high N supply and was thus iden-
tified as a low N-use efficiency cultivar (Zhang et al., 2009).

Nitrogen and NPA treatments

Plants were grown in a greenhouse under natural light at 30/
18 8C day/night temperatures. The roots of two 7-day-old seed-
lings of uniform size and vigour were divided into two identical
parts and transplanted into split-root boxes. Each part of the split-
root box was filled with 1 L of nutrient solution (see below).
Seedlings were subjected to two NH4

+-N/NO3
2-N ratios, i.e.

100/0 (NH4
+) and 75/25 (PNN), by adding 1.43 mM N in the

form of (NH4)2SO4 or a mixture of (NH4)2SO4 and NH4NO3.
Each treatment included 12 replicates arranged in a randomized
design to avoid edge effects in the greenhouse. The composition
of the nutrient solution was: 0.3 mM NaH2PO4, 2.0 mM K2SO4,
1.0 mM CaCl2, 1.5 mM MgSO4

.7H2O, 1.7 mM Na2SiO3, 20.0 mM

Fe-EDTA, 9.1 mM MnCl2, 0.4 mM (NH4)6Mo7O24, 37.0 mM

H3BO3, 0.8 mM ZnSO4 and 0.3 mM CuSO4. A nitrification inhibi-
tor (dicyandiamide, 7.0 mM) was added toeach pot topreventNH4

+

oxidation. The nutrient solution was renewed every 2 d. Nitrate
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was not detected in the nutrient solution with NH4
+ as the sole N

source. The pH of all nutrient solutions was adjusted to 5.5 daily
with 0.1 M NaOH or 0.1 M HCl. Rice plants were harvested at dif-
ferent times during a 9 d period after treatments. For the determin-
ation of IAA and the relative expression of genes, roots samples
were snap-frozen in liquid N2 and stored in a –40 8C freezer.

Seven-day-old seedlings were treated for 7 d to analyse the
effects of NPA on plant growth. Localized application of NPA
was performed by dispensing diluted agar containing 20 mM

NPA directly across the root–shoot junction using a pipette.

Measurement of LR density and length and microscopic
observations of LR initiation

Lateral root length and density in the adventitious and seminal
roots were measured using a scanner-based image analysis
system WinRhizo (Regent Instruments, Montreal, QC, Canada).
Lateral root primordia were counted using a colour CCD
camera (Olympus, http://www.olympus-global.com) at ×160
magnification. Stages of LR development were defined accord-
ing to Malamy and Benfey (1997), with stages I–XII grouped
here as unemerged primordia.

Determination of IAA concentration

The concentration of IAA in roots was determined essentially
as described by Song et al. (2011). Four root zones were sampled:
the root tip (RT, 0.5 cm), the zone where LR initiation and emer-
gence occurred (LI, 0.5–4.0 cm), the LR elongation zone in
which LRs were visible but their length was not as long as that
of mature roots (LE, 4.0–8.0 cm) and the mature LR zone
(ML, 8.0–12.0 cm). Fresh weights of samples were determined,
followed immediately by freezing in liquid N. Sample prepar-
ation and measurement of free IAA by HPLC were carried out
according to Song et al. (2011). A standard IAA sample was
obtained from Sigma-Aldrich (St Louis, MO, USA).

To detect IAA distribution patterns in ‘Nanguang’ plants, the
pDR5::GUS construct was transformed into ‘Nanguang’ plants
using Agrobacterium tumefaciens (strain EHA105). The
pDR5::GUS construct was kindly provided by Professor Ping
Wu’s group at Zhejiang University. The samples used for IAA
quantification were also used for histochemical GUS staining.
Tissues were treated with ethanol prior to observation to
remove chlorophyll pigmentation. The stained tissues were
photographed using an Olympus model Szx2-illk stereomicro-
scope with a colour CCD camera (Olympus).

[3H]IAA transport assay

[3H]IAA polar transport was assayed after localized PNN
treatment as described by Liu et al. (2010). Ten replicate roots
were sampled. The [3H]IAA solution contained 0.5 mM

[3H]IAA (20 Ci mmol21) in 2 % dimethylsulfoxide (DMSO),
25 mM MES (pH 5.2) and 0.25 % agar.

Shoot to root auxin transport in intact plants was monitored as
follows. [3H]IAA solution (20 mL) was applied to the cut surface
after rice shoots were removed at 2 cm above the root–shoot
junction. After an 18 h (overnight) incubation in darkness, four
root segments as defined above were sampled and weighed.
Root segments were incubated in scintillation solution (4 mL)

for 18 h. [3H]IAA radioactivity was detected using a Beckman
Coulter LS6500 multipurpose scintillation counter.

The assay for basipetal auxin transport (transport away from the
root tip) was performed using 3 cm long excised root tip segments.
[3H]IAA solution (3 mL) was applied to the root tip placed hori-
zontally on a plastic film. After incubation in a humid, dark envir-
onment for18 h (overnight), root segmentswerecut into twoparts:
(1) the distal 1 cm from the root tip and (2) the remaining 2 cm.
[3H]IAA radioactivity was measured in the 2 cm long segments.

Semi-quantitative RT–PCR analysis

Total RNA was isolated from plant tissues using the guani-
dine thiocyanate extraction method with TRIzol reagent
(Invitrogen, Shanghai, China). First-strand cDNA synthesis
was performed using M-MLV reverse transcriptase (Promega
Madison, WI, USA) and approx. 1 mg of total RNA and
oligo(dT) primer (Invitrogen, Shanghai, China) according
to the manual. The mRNA levels were analysed by semi-
quantitative RT–PCR using the gene-specific primers listed in
Supplementary Data Table S1. The gene names and accession
numbers or IDs for rice auxin carriers are OsAUX1 (AK068536),
OsAXR4 (NM_001074582.1), OsPIN1a (AK103208), OsPIN1b
(AK102343), OsPIN1c (Ak103181), OsPIN2 (AK101191),
OsPIN5a (AK066552), OsPIN5b (Ak100297) and OsPIN9
(AK05922). OsACT (OsRac1, accession no. AB047313) mRNA
was used as an internal standard. Two independent plant cultiva-
tions were conducted, and all samples were analysed three times
by this technique.

Data analysis

Data from experiments were pooled for calculations of means
and standard errors (s.e.) and analysed by one-way analysis if
variance (ANOVA) followed by the least significant difference
(LSD) test at P ≤ 0.05 to determine the statistical significance
of the differences between individual treatments. All statistical
evaluations were conducted using the SPSS (version 11.0) statis-
tical software (SPSS Inc., Chicago, IL, USA).

RESULTS

Lateral root morphology

Lateral root length increased faster in response to PNN and was
greater at 7 and 9 d for PNN than for NH4

+ alone in ‘Nanguang’
(Fig. 1). No change in the length of seminal and adventitious
roots was observed in ‘Nanguang’ and ‘Elio’ with PNN after 9
d compared with NH4

+ (data not shown). The LR density in
seminal and adventitious roots increased by approx. 19 % at 7
and 9 d in ‘Nanguang’ in response to PNN relative to NH4

+

alone (Fig. 1). No significant changes in LR length or density
were observed between the two N treatments for ‘Elio’. Lateral
root length and density were greater in ‘Elio’ than in ‘Nanguang’
under both N treatments over the 9 d period.

A significant difference in the number of emerged root prim-
ordia between the two localized N treatments was detected by
microscopic observation at 5 d in ‘Nanguang’ roots (Table 1).
A marked increase in the numbers of emerged root primordia
and LRs resulted in a 23 % increase in initiated primordia
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(number of primordia from the first divisions of pericycle cells to
emergence plus the number of emerged laterals) in ‘Nanguang’
after incubation for 7 d with localized PNN compared with

NH4
+ alone. No difference was observed in the numbers of

emerged root primordia for ‘Elio’ between the two N treatments
(data not shown).
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TABLE 1. Microscopic observations of lateral root (LR) initiation events and the development of the seminal root that developed after
transfer in ‘Nanguang’ plants

Time (d) Treatment Unemerged LR primordia Emerged LR primordia (≤0.5 mm) No. of LRs (≥0.5 mm) Total no. of initiated primordia

5 NH4
+ 64+9a 67+2b 114+15a 246+19a

PNN 61+7a 98+1a 131+11a 288+20a

7 NH4
+ 74+7a 68+2b 179+10b 321+26b

PNN 68+6a 106+5a 220+16a 394+29a

Seedlings were grown under sole NH4
+ and partial NO3

2 nutrition (PNN) for 7 d.
Data are means of 12 replications+ s.e.
Stages of lateral root development were defined according to Malamy and Benfey (1997), with stages I–XII grouped here as unemerged primordia.
Different letters indicate significant differences in the same column at the same treatment time between means (P , 0.05).
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IAA concentration and distribution in the root

Both the above results and published data suggest that auxin
may be involved in the adaptive response of roots to localized
PNN. A significant increase in IAA concentration was observed
in the roots of both cultivars with both N treatments with increas-
ing time in split-root culture (Fig. 2). PNN-induced increases in
IAA concentration in the roots of ‘Nanguang’ at 5 and 7 d were 21
and 25 %, respectively, compared with NH4

+ alone. IAA concen-
trations were higher in ‘Elio’ than in ‘Nanguang’ throughout the
experiment.

Differences in IAA concentrations in the four root sections were
foundat5and7dunderboth localNtreatments only in ‘Nanguang’

(Fig. 3). Interestingly, the IAA concentration decreased by approx.
58 % at the root tip and increased by approx. 28 % in the LI and LE
zones with localized PNN compared with NH4

+ alone. Due to a
small proportion of the actual size for the root tip relative to the
size of the LR zone, NO3

2-reduced IAA concentration at room tem-
perature did not affect enhanced IAA concentration in the root of
‘Nanguang’ compared with NH4

+ alone. IAA concentration
changed in the ‘Elio’ root zones in the same manner in both N treat-
ments due to this cultivar’s insensitivity to the 25 % NO3

2 supplied
in the PNN treatment.

The effect of PNN on the distribution of auxin was further
investigated using transgenic ‘Nanguang’ plants expressing the
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DR5::GUS construct (Fig. 4). Localized PNN treatment changed
the histochemical localization of GUS activity relative to loca-
lized NH4

+ treatment in the DR5::GUS transgenic plants.
Although the maximum IAA concentration in the root tip was
similar under both N treatments, the IAA distribution was
more restricted in the root tip in response to PNN than to NH4

+

alone. Between 4 and 8 cm from the root tip, IAA was more
widely distributed in response to localized PNN compared

with localized NH4
+ alone mainly due to greater LR density.

Between 8 and 12 cm from the root tip, similar IAA distributions
were observed under both N treatments.

The effect of NPA on IAA transport in response to both N treat-
ments was visualized by DR5::GUS activity in the roots
(Fig. 4G–L). When NPAwas applied at the root–shoot junction,
GUS activity was restricted to the root tip and decreased GUS ac-
tivity was observed in the LRs between 4 and 8 cm and between 8

PNN
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and 12 cm from the root tip for both N treatments. NPA applica-
tion at the root–shoot junction significantly inhibited LR initi-
ation (Fig. 4H, I, K, L–N) due to inhibition of polar auxin
transport from the shoot to the root.

[3H]IAA transport

To monitor changes in auxin levels in rice roots, we measured
auxin transport using radiolabelled IAA. Plants were assayed
using the split-root system after 1 d of treatment. The IAA trans-
port from the shoot to the root (acropetal) was determined in re-
sponse to PNN and NH4

+ treatments and IAA transport in the two
halves of the split-root system was compared (Fig. 5). Partial
NO3

2 nutrition enhanced auxin transport in the LR initiation,
emergence and elongation zones, and decreased auxin transport
at the root tip compared with the NH4

+ treatment (Fig. 5A).
Basipetal (away from the root tip) transport of IAA was substan-
tially reduced in PNN-treated roots (Fig. 6). Independent meas-
urement of acropetal transport was possible because the roots
were excised for the assay. This result confirmed the increased
acropetal IAA transport by PNN shown in Fig. 2.

Expression of OsPIN genes, OsAUX1 and OsAXR4

The expression patterns of seven rice PIN genes that have root-
specific expression (Wang et al., 2009) were analysed in the LI
and LE zones of roots. RT–PCR analysis showed that the expres-
sion levels of OsPIN1a, OsPIN1b, OsPIN5a and OsPIN9 genes
were unaffected by PNN or NH4

+ treatments in either of the

cultivars (Figs 7 and 8). Partial NO3
2 nutrition enhanced

OsPIN1c expression in the LE zone and OsPIN2 expression in
both root zones in both cultivars relative to the NH4

+ treatment.
Partial NO3

2 nutrition enhanced expression of OsPIN5b in both
root zones in ‘Nanguang’ but not in ‘Elio’ relative to NH4

+ alone.
Expression of the OsAUX1 and OsAXR4 genes was higher in

the LI zone of ‘Nanguang’ roots in response to PNN than to
NH4

+ alone (Fig. 7). Expression of OsAUX1 was higher in the
LE zone in the roots of both cultivars in response to PNN than
to NH4

+ alone (Fig. 8).

DISCUSSION

A significant feature of root architecture is its plasticity in response
to nutrient supply. One of the best known examples of the plasti-
city of root development is the localized stimulation of LR
growth in the roots of many plant species when exposed to a loca-
lized source of NO3

2. In upland species such as maize and arabi-
dopsis, the primary effect of a localized NO3

2 treatment was to
stimulate LR elongation compared with NO3

2 starvation (Zhang
and Forde, 1998; Guo et al., 2005) although Linkohr et al.
(2002) showed that LR density in arabidopsis was also affected
by localized NO3

2 supply. Wang et al. (2002a) showed that loca-
lized NO3

2 supply also stimulated LR elongation in rice compared
with an NO3

2-free nutrient supply. In whole-plant culture,
however, elongation of LRs was induced by NO3

2 deficiency
rather than NO3

2 supply (Wang et al., 2002a). Due to the different
nitrification activities in the rhizosphere, which are dependent on
rice genotype and the intermittent flooding cultivation practices of
Chinese farmers, NH4

+ and NO3
2 are unevenly distributed within

the soil horizon under field conditions. In the whole-root system,
PNN enhanced LR formation and adventitious root initiation
after 5 weeks compared with NH4

+ alone in ‘Nanguang’, which
has a high NO3

2 response, but not in ‘Elio’, which has a low
NO3

2 response (Song et al., 2011). With localized PNN, signifi-
cant enhancement in LR root length was observed 7 d after treat-
ment due to enhanced emergence of LR primordia at 5 d (Table 1)
and LR density at 7 d (Fig. 1). The inconsistency between these
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results and those of Wang et al. (2002a) may be due to different
growing environments. When part of the root system is supplied
with sufficient NO3

2 while another part suffers N starvation, the re-
sponse to the localized NO3

2 supply occurs in a background where
half of the root system presumably continues to emit an NO3

2 star-
vation signal (Wang et al., 2002a). However, in our experiment,
differences in LR development occurred in the two halves of the
split-root system even with exposure to different N forms at the
same concentration. Our results also showed that the emergence
of LRs (Fig. 1) rather than adventitious roots (data not shown)
was found when ‘Nanguang’ was cultured at 7 and 9 d. The
change in the development of adventitious roots was not observed
in ourexperiments,which might result from the shortercultivation
time than that used by Song (2011). Similar results have been
observed in other plant species, such as arabidopsis. Linkohr
et al. (2002) observed changes in primary root length in
18-day-old-plants over a range of NO3

2 concentrations, while
Zhang and Forde (1998) did not observe such changes in
14-day-old-plants.

Although .70 arabidopsis genes have been shown to affect
LR development, auxin and its polar transport have emerged as
central regulators of LR development (Benková et al., 2003;
De Smet et al., 2006). The dynamic, differential distribution of
auxin within the LR zone regulated by basipetal and acropetal
auxin transport controls LR initiation and elongation, which
tailor root morphology to environmental conditions such as
NO3

2 supply (Grieneisen et al., 2007; Vanneste and Firml,
2009; Kourk et al., 2010). Auxin levels in roots are reduced
with increasing NO3

2 supply using uniform NO3
2 treatment in

soybean (Caba et al., 2000), arabidopsis (Walch-Liu and
Forde, 2008) and maize (Tian et al., 2008). Although modulating
auxin transport clearly affects LR growth under low NO3

2 treat-
ment (Kourket al., 2010), the role of auxin distribution and trans-
port in localized NO3

2-induced LR growth remains unclear. Liu
et al. (2010) found that local application of NO3

2 reduced acrop-
etal and basipetal transport compared with N-free treatment and
decreased auxin distribution in the LR zone to a level more suit-
able for LR elongation in maize. In addition, localized treatment
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with NH4
+ also reduced IAA levels, to about the same extent as in

the localized NO3
2 treatment, but did not stimulate LR growth.

Therefore, the results in maize showed that the change in auxin
transport in response to two localized N forms was not coincident
with the change of LR growth (Guo et al., 2009; Liu et al., 2010).

Song et al. (2011) found that a uniform PNN treatment
increased auxin synthesis and auxin transport from the shoot to
the root relative to an NH4

+ treatment only in rice with a high
NO3

2 response. The split-root system was used here to better
account for the effect of a local PNN treatment on auxin transport
form the shoot to root and auxin distribution in roots. After cul-
tivation for 5 d, auxin transport from the shoot to root was
enhanced in response to PNN relative to NH4

+ alone only in
‘Nanguang’ (Fig. 3). This indicates that both uniform and loca-
lized PNN enhanced auxin transport from the shoot to root.
Radiotracer experiments using [3H]IAA further showed that
localized PNN enhanced auxin acropetal transport; however, it

decreased auxin basipetal transport compared with NH4
+ treat-

ment (Figs 5 and 6). These results were inconsistent with the
results in maize (Liu et al., 2010). Many studies showed that
the change of auxin distribution in roots might reflect N status
in the plants rather than a specific response to a localized NO3

2

supply (Walch-Liu et al., 2006; Bao et al., 2007; Tian et al.,
2008; Liu et al., 2010). The main reason for this discrepancy
was probably a result of N sufficiency in the other half of the
rice root in the present study and N deficiency in the other half
of the maize root (Liu et al., 2010). However, more experiments
are needed to explain where the increased auxin in the LR initi-
ation and elongation zones came from.

The polarity of auxin transport is determined by the asymmet-
ric localization of the AUX1 and PIN auxin influx and efflux
facilitators (Kramer, 2004). Genetic studies suggest that AXR4
functions in the same pathway as AUX1. Loss of AXR4 resulted
in abnormal accumulation of AUX1 in the endoplasmic

b
a

a
b

b

a

b

b

a

a

a

b

a

b

a

a

ab
b

b

a

a

a

ab

a

b

a

0

0·5

1·0

1·5

2·0

R
el

at
iv

e 
ex

pr
es

si
on

OsPIN1a OsPIN1b OsPIN1c OsPIN2 OsPIN5a OsPIN5b OsPIN9

; LI

PNN; LI 

; LE

PNN; LE

C

a

b

a

b

a

b

a

a

0

0·4

0·8

1·2

1·6

R
el

at
iv

e 
ex

pr
es

si
on

OsAXR4 OsAUX1

LELI

OsAXR4

OsAUX1

OsPIN1a

OsPIN1b

OsPIN1c

OsPIN2

OsPIN5a

OsPIN5b

OsPIN9

OsACT

35C

27C

35C

35C

35C

30C

35C

35C

35C

27C

A BPNNPNNNH4
+ NH4

+

NH4
+

NH4
+

FI G. 8. RT–PCR analysis of OsAXR4, OsAUX1 and OsPIN family genes in the cultivar ‘Elio’. OsACT was used as a control. (A) Expression patterns of OsAXR4,
OsAUX1 and OsPIN family genes (semi-quantitative RT–PCR) in lateral root initiation and emergence (LI) and elongation (LE) zones of ‘Elio’ plants under sole NH4

+

and partial NO3
2 nutrition (PNN) in a split-root system. The number of PCR cycles is given on the right. ‘Elio’ seedlings were cultured under sole NH4

+ nutrition for 1
week from germination and supplied with nutrient solution containing sole NH4

+ and PNN for 24 h. Total RNA was isolated from two root sections. (B, C) Relative
mRNA levels for individualgenes relative to OsACT. Values are shown with mean+ s.e. (n ¼ 5). Different letters indicate significant difference at P ,0.05 of the same

gene between four treatments.

Song et al. — Auxin distribution and nitrate in roots of rice 1391



reticulum of epidermal cells, indicating that the axr4 agravitropic
phenotype is caused by defective AUX1 trafficking in the root
epidermis (Dharmasiri et al., 2006). Expression of AUX1 was
high in arabidopsis roots treated with low NO3

2 (Bao et al.,
2007). Wang et al. (2002b) showed that expression of the
auxin efflux carrier REH1 increased rapidly and peaked after
4 h in response to localized NO3

2 supply. Therefore, we hypothe-
size that a localized NO3

2 supply regulates the expression of
auxin influx and efflux transporters and causes an uneven
auxin distribution in rice roots. Higher expression of OsAXR4
was observed in the LI and LE zones in ‘Nanguang’ but not in
‘Elio’ in response to PNN, which corresponded to the higher
OsAUX1 expression within the same root zones. Higher
OsAUX1 expression was also observed in the LI and LE zones
in ‘Nanguang’. Partial NO3

2 nutrition enhanced OsPIN1c ex-
pression in the LE zone and OsPIN2 expression in the LI and
LE zones in both cultivars relative to NH4

+alone. Partial NO3
2 nu-

trition enhanced expression of the OsPIN5b gene in the LI and
LE zones in ‘Nanguang’ but not in ‘Elio’. One of seven root-
specific PIN genes, OsPIN1c, was expressed predominantly in
the stele of seminal roots and specifically expressed in LR prim-
ordia (Wang et al., 2009). Increased OsPIN1c expression in re-
sponse to PNN was observed in the LR zone in both cultivars.
Wang et al. (2009) reported that OsPIN5b was primarily
expressed in the meristem. However, increased OsPIN5b expres-
sion was observed in the LI and LE zones in ‘Nanguang’ but not
in ‘Elio’. These results indicated that localized PNN increased
the expression of auxin influx (OsAUX1 and OsAXR4) and
efflux (OsPIN5b) carriers, creating a robust auxin flux to the
LR zones and enhanced LR initiation.

In conclusion, PNN enhanced auxin polar transport from the
shoot to root and induced greater auxin flux into the LR zone
and enhanced LR proliferation in the high NO3

2-responsive
‘Nanguang’. These results indicate that stronger NO3

2 responses
are associated with greater auxin accumulation in the LR zone
and a higher rate of LR initiation in ‘Nanguang’.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of Table S1: primers used for semi-
quantitative RT–PCR of OsAXR4, OsAUX1 and OsPIN genes.
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