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e Background and aims Plants are able to grow under phosphorus (P)-deficient conditions by coordinating Pi ac-
quisition, translocation from roots to shoots and remobilization within the plant. Previous reports have demonstrated
that cell-wall pectin contributes greatly to rice cell-wall Pi re-utilization under P-deficient conditions, but whether
other factors such as ethylene also affect the pectin-remobilizing capacity remains unclear.

e Methods Two rice cultivars, ‘Nipponbare’ (Nip) and ‘Kasalath’ (Kas) were cultured in the +P (complete nutrient
solution), —P (withdrawing P from the complete nutrient solution), +P+ACC (1-amino-cyclopropane-1-carboxylic
acid, an ethylene precursor, adding 1 pm ACC to the complete nutrient solution) and —P+ACC (adding 1 pm ACC
to —P nutrient solution) nutrient solutions for 7 d.

e Key Results After 7 d —P treatment, there was clearly more soluble P in Nip root and shoot, accompanied by
additional production of ethylene in Nip root compared with Kas. Under P-deficient conditions, addition of ACC sig-
nificantly increased the cell-wall pectin content and decreased cell-wall retained P, and thus more soluble P was re-
leased to the root and translocated to the shoot, which was mediated by the expression of the P deficiency-responsive
gene OsPT2, which also strongly induced by ACC treatment under both P-sufficient and P-deficient conditions.

e Conclusions Ethylene positively regulates pectin content and expression of OsPT2, which ultimately makes more
P available by facilitating the solubilization of P fixed in the cell wall and its translocation to the shoot.
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INTRODUCTION

Phosphorous (P) is a macro-element that is essential for plant
growth and development. It not only provides the backbone for
the biosynthesis of nucleic acids, phospholipids and the energy-
carrying molecule ATP, but also has a regulatory role in metab-
olism and signal transduction through phosphoryl group trans-
fer and protein activation (Marschner, 1995). However, its high
chemical fixation rate, slow diffusion rate and substantial frac-
tion of organically bound P render Pi (the form of P available
to plants) one of the least available nutrients for crops (Vance
et al., 2003; Wu et al., 2013). For this reason, crops are often
supplied with inorganic P fertilizers (Hammond et al., 2004).
However, the non-renewable nature of inorganic P fertilizers
means that cheap sources of P, such as phosphate rocks, will be
exhausted within the next 60-90 years (Runge-Metzger, 1995).
In addition, excessive P added to crops can pollute local
watercourses, contributing to the process of eutrophication
(Withers et al., 2001). Therefore, there is a need to develop
more P-efficient crops.

To cope with P deficiency, many plant species have devel-
oped two strategies (Zhu et al., 2014). One is based on maxi-
mizing P uptake from the soil. Production of more lateral roots,

root hairs and root biomass has been defined as one of the most
valuable P uptake mechanisms (Watanabe et al., 2006), while
accumulating evidence has also demonstrated the pivotal role
of the secretion of organic acids (Ae et al., 1990; Otani et al.,
1996; Zhu et al., 2012), phosphatases (Hall, 1969; Pammenter
and Woolhouse, 1975) and other substances (Otani et al., 1996)
in plant P-deficiency resistance. For instance, organic acids se-
creted from radish (Raghanus satiuvs L.) and rape (Brassica
napus L.) can release P from insoluble P sources in soil (Zhang
et al., 1997). A second strategy depends on the plant’s capacity
to utilize previously assimilated P. Phosphohydrolases, acid
phosphatase (APase), ribonuclease (RNase) can remobilize P in
established tissues, and this mobilized P can be translocated to
younger, growing tissues (Yun and Kaeppler, 2001; Gong
et al., 2011). Recently, Zhu et al. (2014) found that cell-wall
pectin, which has been shown to be a cation absorber, has a par-
ticularly high affinity for AI**, Fe*" and Cd*" (Blamey er al.,
1990; Chang et al., 1999; Zhu et al., 2012) and can facilitate
the remobilization of P deposited in the cell wall. Nevertheless,
whether other factors also affect the pectin remobilizing capac-
ity remains unclear.

Ethylene, a well-known phytohormone, is
from methionine

produced
through  S-adenosyl-L-methionine and
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1-aminocyclopropane- 1-carboxylic acid (ACC), via reactions
catalysed by ACC synthase (ACS) and ACC oxidase (ACO),
respectively (Kende, 1993). ACS and ACO are encoded by
multigene families and regulated by many biotic and abiotic
factors (Wang et al., 2002). Ethylene controls many physiologi-
cal and developmental processes in higher plants, including rip-
ening of fruit, abscission and senescence. Ethylene production
in plants is very low under normal conditions, but increases un-
der a variety of stresses (Lieberman, 1979). For instance, ethyl-
ene production is induced in roots by P deficiency in bean
(Phaseolus vulgaris L.) (Li et al., 2009) and Medicago
(Medicago falcata L.) (Borch et al., 1999). The application of
ACC (an ethylene precursor) to roots of several P-sufficient
plants promoted root hair formation (Tanimoto et al., 1995), in-
dicating a role for ethylene in mediating this P-deficiency re-
sponse. However, the mechanism underlying ethylene
biosynthesis in response to P deficiency remains elusive.

Rice is one of the most important cereal crops. It accounts
for approx. 21 % of the caloric supply for the world’s popula-
tion, and almost 80 % in some South-East Asian countries (Wu
et al., 2011). We used two typical rice cultivars, the more effi-
cient P utilization cultivar ‘Nipponbare’ (Nip) and the less effi-
cient P utilization cultivar ‘Kasalath’ (Kas) (Zhu et al., 2014),
which showed an opposite trend in their P uptake efficiency in
the soil due to the existence of the PHOSPHORUS
STARVATION TOLERANCE 1 (PSTOLI) gene in Kas, which
can improve root growth and increase yield by as much as 20 %
in phosphorus-deficient soils (Gamuyao et al., 2012). Thus, to
exclude the advantage of PSTOLI, all experiments were per-
formed hydroponically, and we demonstrated a correlation be-
tween ethylene production and cell-wall P re-utilization. We
then further verified this relationship by studying their pectin
content, which served as an indicator of cell-wall P reutilization
efficiency. This study therefore represents the first evidence of
a novel regulatory mechanism for remobilization of the P de-
posited in the cell wall by pectin under P-deficient conditions.

MATERIALS AND METHODS
Plant materials and growth conditions

Rice (Oryza sativa) subsp. japonica ‘Nipponbare’ (Nip) and
subsp. indica ‘Kasalath’ (Kas) were used in this study, with sub-
sequent study of 11 additional rice cultivars: ‘Shuitianhuagu’,
‘Luopinglanhangu’, ‘Zhonghua8’, ‘Xiangjiangnuo’, ‘Jinyuan45’,
‘Haoyaowen’, ‘BaiXXzigu’, “Wuyunjing’, ‘Lindao 4’, “Wubie’
and “Yangdao6’. Seeds were transferred to an incubator at 25°C
for germination. Germinated seeds were transferred to the fol-
lowing treatments: +P (complete nutrient solution), —P (with-
drawing P from the complete nutrient solution), +P+ACC
(adding 1 pm ACC to the complete nutrient solution) and
—P+ACC (adding 1 um ACC to —P nutrient solution). The
nutrient solution contained 114-25 mg L~!' NH,NO;, 50-375 m%
L~ NaH,PO,2H,0, 89-25mg L~' K,SO,, 110-75mg L~
CaCl,, 405mg L™ MgSO,-7H,0, 1-875mg L' MnCl,-4H,0,
0:0925mg L' (NH,)¢Mos0s, 1:1675mg L~ H;BOs,
0-04375mg L' ZnSO,7H,O, 0.03875mg L' CuSO,,
34.75mg L' FeSO,-7H,0 and 46-53mg L' EDTA-Na,. The
solution was renewed every 3 d. All experiments were conducted
in a growth chamber with a 14-h/26°C day and a 10-h/23°C
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night regime, light intensity of 400 umol m > s~ ' and relative
humidity of 60 %. All experiments in this study were conducted
independently at least twice.

Determination of soluble Pi concentrations

Roots and leaves of rice were weighed and homogenized
with a mortar and pestle in liquid nitrogen. The inorganic phos-
phate (Pi) was extracted with 4 mL of 5 % (v/v) sulphuric acid
(5 m) solution. After centrifugation at 16 800 g, 400 pL superna-
tant was transferred and mixed with a 200- pL aliquot of 15 %
(w/v) fresh ascorbic acid (pH 5-0) dissolved in ammonium mo-
lybdate. The mixture was incubated at 37 °C for 30 min and the
absorbance at 650 nm was recorded. Pi concentration was cal-
culated by normalization to the fresh weight (Zheng er al.,
2009).

Cell-wall extraction and fractionation

Extraction of crude cell-wall materials and subsequent frac-
tionation of cell-wall components were carried out according to
Zhong and Lauchli (1993) with minor modifications according
to Yang et al. (2011). Roots were ground with a mortar and pes-
tle in liquid nitrogen, homogenized with 75 % ethanol for
20min in ice-cold water, and then centrifuged at 6200 g for
10 min. The supernatant was removed, and the pellets were ho-
mogenized and washed with acetone, methanol/chloroform
with a ratio of 1: 1, and methanol for 20 min each, with all su-
pernatant was removed after each centrifugation. The remaining
pellet, i.e. the cell-wall material, was dried and stored at 4°C
for further use.

Pectin was extracted from the cell-wall material (about 2 mg)
by three rounds of extraction with 1 mL hot water at 100 °C for
1h each, and the supernatants were combined in a 5-mL tube
after centrifugation at 13 800 g for 10 min.

Uronic acid and total polysaccharide measurement

The uronic acid content in pectin was assayed according to
Blumenkrantz and Asboe-Hansen (1973) using galacturonic
acid (Sigma, St Louis, MO, USA) as a standard. Briefly,
200 pL pectin extracts were incubated with 1mL of 98 %
H,SO, (containing 0-0125 M Na,B40,-10H,0) at 100°C for
Smin. After chilling, 20 uL. M-hydro-dipheny (0-15 %) was
added to the solution, which was incubated for 20 min at room
temperature before the absorbance was measured spectrophoto-
metrically at 520 nm.

P retention in the cell-wall materials

To determine the P retention in the cell wall under P defi-
ciency, a total of 5mg of cell wall material was placed into a
2-mL Eppendorf tube with 2 m HCL. The solution was shaken
on a rotary shaker for 3 d. After treatment, samples were centri-
fuged at 16 800 g and the supernatant was collected for concen-
tration determination by inductively coupled plasma atomic
emission spectroscopy (ICP-AES; Fisons ARL Accuris,
Ecublens, Switzerland). The P adsorption ability of cell-wall
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material was calculated according to the ratio of P concentra-
tion in the —P plants to that in the +P plants.

Gene expression analysis

Plants were grown under the same conditions used for solu-
ble Pi content measurements. Root tissues were collected 24 h
after treatments and immediately frozen in liquid nitrogen be-
fore total RNA extraction. Total RNA was isolated from roots
using TRIzol (Invitrogen, Carlsbad, CA, USA). The cDNA was
prepared from 1 pg total RNA using the PrimeScript RT re-
agent kit (Takara, Shiga, Japan). For the quantitative analysis of
gene expression, 1 pL. 10-fold-diluted cDNA was used for real-
time PCR performed with SYBR Premix ExTaq (Takara) and
OsPT2 gene-specific primers (forward: 5-GACGAGACCG
CCCAAGAAG-3'; reverse: 5'-TTTTCAGTCACTCACGTC
GAGAC-3'), OsPT6 gene-specific primers (forward: 5'-TATA
ACTGATCGATCGAGACCAGAG-3; reverse: 5'-TGGATAG
CCAGGCCAGTTATATATC-3') and OsPT8 gene-specific pri-
mers (forward: 5-AGAAGGCAAAAGAAATGTGTGTTA
AAT-3'; reverse: 5-AAAATGTATTCGTGCCAAATTGCT-
3). Each ¢cDNA sample was run in triplicate. Expression data
were normalized to the expression level of the actin gene (for-
ward: 5-AAGTTCTGGGAAGTGGTT-3'; reverse: 5'-CTCC
CAATGAGTGACAAA-3) (Jia et al., 2011; Wu et al., 2011).

Measurement of ethylene production

Ethylene production in the roots of treated seedlings was ana-
lysed by placing detached roots into 15-mL glass vials contain-
ing 1 mL of water and rapidly sealing them with a gas-proof
septum in accordance with Wu et al. (2011). The sealed vials
were incubated in a dark growth chamber for 4h at 30°C. Gas
(ImL) was withdrawn from the airspace of each vial using a
gas-tight syringe (Focus GC, Thermo, Waltham, MA, USA)
and injected into a gas chromatograph (Focus GC, Thermo)
equipped with a capillary column (CP-carboPLOT P7, Varian,
Palo Alto, CA, USA) and flame-ionization detector for ethylene
determination. Ethylene production was calculated on the basis
of fresh weight (f. wt) of root samples.

Statistical analysis

Each experiment was repeated at least three times. Data were
analysed by one-way analysis of variance (ANOVA) and the
means were compared by Duncan’s multiple range test.
Different letters on the histograms indicate that the means were
statistically different at the P < 0-05 level.

RESULTS

To investigate the effect of ethylene on the re-utilization of P in
the rice roots, we tested a typical P utilization efficient japonica
variety, ‘Nipponbare’ (Nip), and a typical P utilization less effi-
cient indica variety, ‘Kasalath’ (Kas) (Zhu et al., 2014), which
was further confirmed by the relatively better performance of
the Nip in the hydroponics for 5 weeks (Supplementary Data
Fig. S1). One-week-old rice seedlings were transferred to —P
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nutrient solution, and root and shoot samples were collected af-
ter 1 week for the analysis of soluble Pi content and ethylene
production. There was clearly more soluble P in Nip root
and shoot compared with Kas under —P conditions (Fig. 1A,
B), which is in accordance with our previous study (Zhu ez al.,
2014). Interestingly, the P-starved Nip plants showed greater
ethylene production in the roots compared with P-starved
Kas plants (Fig. 1C), implying that ethylene may be involved in
the different P re-utilization efficiency in these two rice
cultivars.

We next examined whether the observed enhanced ethylene
production under P deficiency in Nip was due to regulation of
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FiG. 1. Soluble Pi content and root ethylene production in rice cultivars Nip and
Kas. Seedlings (after germination) were subjected to P-deficient/sufficient nutri-
ent solution for 1 week, and the root (A) and shoot (B) soluble Pi contents and
root ethylene production (C) were measured. Data are means = s.d. (n = 4).
Columns with different letters are significantly different at P < 0-05.
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FiG. 2. Effect of P deficiency on expression of genes for ethylene biosynthesis

enzymes. Seedlings were transferred to P-depleted (—P) or P-supplied (+P) nu-

trient solution for 1 week. After treatment, total root RNA was subjected to

gRT-PCR using gene-specific primers. Data are means * s.d. (n = 4). Asterisks
indicate a significant difference from Nip at P < 0-05.

the expression of members of the ethylene-biosynthesis gene
families ACS and ACO. There are six putative ACS genes and
seven putative ACO genes in the rice genome (Rzewuski and
Sauter, 2008; Wu et al., 2011). However, OsACS6 and
OsACO6 were excluded from this analysis because OsACS6 is
the closest orthologue of ArTACS10 and AtACS12, which display
aminotransferase activity instead of ACS activity (Yamagami
et al., 2003; Iwai et al., 2006; Wu et al., 2011) while OsACO6
is a pseudogene (Rzewuski and Sauter, 2008). Quantitative re-
verse transcription PCR (qQRT-PCR) analysis showed that P de-
ficiency resulted in down-regulation of OsACSI, OsACS2,
OsACS3, OsACOI, OsACO3 and OsACO7 in Kas compared
with Nip (Fig. 2). This down-regulation mirrored changes in
ethylene levels (Fig. 1C), suggesting that these ACS and ACO
genes may be responsible for the decreased ethylene biosynthe-
sis in roots under P deficiency in Kas.

To evaluate the role of ethylene in P homeostasis in rice
plants, 1-week-old seedlings were transferred to P-deficient nu-
trient solution supplemented with 1 um ACC. The resulting in-
creased ethylene level was accompanied by elevated
transcription of OsACOI and OsACO7 in both Nip and Kas
(Fig. 3), suggesting that OSACO! and OsACO7 may play piv-
otal roles in the conversion of exogenously applied ACC to eth-
ylene under P deficiency.

Interestingly, under P-sufficient conditions, the root soluble
P contents with or without ACC supply were similarly high
(Fig. 4A, C) although the shoot soluble P content was higher
under the +P+ACC treatment compared with the +P treat-
ment, indicating that ACC applied exogenously resulted in
transfer of more P to the shoot under P-sufficient conditions
(Fig. 4B, D). By contrast, under P-deficient conditions, both the
root and the shoot soluble P contents in the seedlings of
the —P+ACC treatment were significantly higher than that of
the —P treatment (Fig. 4). These findings indicate that ethylene
is involved in the re-utilization of P when there is no available
P in the nutrient solution. As ethylene has a similar effect on
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the root and shoot soluble P content in Nip and Kas, we per-
formed all of the following experiments in Nip.

We next set out to determine the source of the available P un-
der the —P4+ACC treatment compared with —P treatment. As
nearly 50 % of the total P is accumulated in the cell wall of rice
and the high cation attracting/holding capacity of pectin may al-
low P in insoluble forms with cations to be released as the cat-
ions are bound by pectin (Zhu et al., 2014), we extracted the
cell wall and measured the P retained in it. Notably, less P accu-
mulated in the cell wall under —P+ACC treatment (Fig. 5A),
implying that ACC facilitates the release of P from the cell
wall. Although the cell wall is composed of a polysaccharide
matrix mainly including cellulose, hemicellulose and pectin,
only pectin was found to contribute greatly to the pool of P re-
leased from the cell wall (Zhu et al., 2014). In the present study,
we found more pectin in the root cell wall under —P+ACC
treatment compared with the —P treatment (Fig. 5B), and the
higher pectin content allows more P to be released from the
root cell wall. Thus, more soluble P is available under the
—P-+ACC treatment, which is in accordance with the results of
our previous study.

The above described changes in ethylene and cell-wall P
content upon P starvation suggest a possible relationship be-
tween the two. To test this possibility, first, to confirm the con-
tribution of P in the cell wall to whole plant P including that in
the main organic fractions (ribosomal RNA, phospholipids, free
nucleotides, phosphorylated intermediates), cell-wall P and root
total P content in Nip when under P-sufficient conditions were
measured. As shown in Fig. 6A, there was about 1-88 ug P in
the Nip cell wall (1 mg) extracted from the fresh roots (1 g of
fresh root can provide about 100 mg cell wall), and thus about
188 ug P in the cell wall of 1g of fresh root. However, there
was about 380 pg total P in this 1 g of fresh root (Fig. 6A), thus
indicating that about 49 % of the total P was stored in the cell
wall, which is in accordance with our previous study (Zhu
et al., 2014). Second, an array of 11 different rice cultivars
were used, and a general positive correlation between root cell-
wall P content and root total P content was found (Fig. 6B).
Last, a relationship was also observed between ethylene and
cell-wall P content (Fig. 6C), suggesting that for more total P in
the roots, more is stored in the cell wall and ethylene can re-
lease the P retained in the cell wall.

To determine whether ethylene participates in P translocation
from root to shoot under P-deficient conditions, the expression
of genes typically induced in response to P deficiency and in-
volved in P translocation from root to shoot were analysed by
gRT-PCR in Nip roots grown in normal or P-deficient medium
supplemented with 1 pm ACC. Under P-sufficient conditions,
expression of the P deficiency-responsive gene OsPT2 was
strongly induced by ACC treatment (Fig. 7). Although P defi-
ciency induced the transcription of OsPT2, OsPT6 and OsPT8,
the addition of ACC further increased the expression of OsPT2
(Fig. 7). However, there was down-regulation of OsPT6 under
—P+ACC treatment compared with —P (Fig. 7B). This incon-
sistency may be attributable to the dual role of OsPT6, which
not only acts as the P uptake transporter, but also can translo-
cate P from the root to shoot.

The occurrence of ethylene-responsive elements (EREs) in
the promoters of the selected OsPT2, OsPT6 and OsPT8 genes
was investigated to provide additional indirect evidence of their



Zhu et al. — Ethylene affects cell-wall Pi remobilization 649
3.0
] P a] P e © -
H Il -P+ACC Il -P+ACC
~ 30 Il -P+ACC 2.5 1.5 |
e £ 20 8
= X
= o5 £ c
“— r [ c
— Qo L kel
< 20t g 3
Q () I E<J
< a © 1.0 e
= = 2
S 151 T £05 1 .
i [} o
L T o5t i
== ="
0 R N R S NI
Nip Kas o' O 0° O & 9 © 0" O 0° O & 9 ©
ROIROURURINCR e NORCUIRIRC NN

FiG. 3. Effect of ACC on root ethylene production (A) and the expression of genes for ethylene biosynthesis enzymes (B, C). Seedlings were transferred to P-de-
pleted (—P) nutrient solution in the presence or absence of ACC for 1 week. After treatment, total root RNA was subjected to qRT-PCR analysis using gene-specific
primers. Data are means = s.d. (n = 4). Asterisks indicate a significant difference from the absence of ACC at P < 0-05.

ethylene regulation. An 8-bp AWTTCAAA motif has been
identified as an ERE in the promoter region of several ethyl-
ene-induced genes (Montgomery et al., 1993; Itzhaki et al.,
1994; Tapia et al., 2005; Garcia et al., 2010). Although no pre-
dicted ERE was identified in the promoter of OsPT6, the pro-
moters of OsPT2 and OsPTS each contained one AWTTCAAA
motif, located 1222 and 1869 bp, respectively, upstream of the
transcription start site (Fig. 8). In addition, the OsPT2 promoter
contains 12 GCCGCC motifs located in the region 2435-
2043 bp upstream of the transcription start site (Fig. 8). The
GCCGCC motif is a target sequence for members of the ethyl-
ene-responsive element-binding factor (ERF) transcription fac-
tor family (Chakravarthy er al., 2003), implying that ethylene
may be involved in the transport of P from root to shoot by reg-
ulating the expression of OsPT2, which was further confirmed
in Kas (Supplementary Data Fig. S2)

DISCUSSION

Marked ethylene production has been widely observed in vari-
ous plant species in response to nutrient deficiency in general
(Lynch and Brown, 1997) and P deficiency in particular (Borch
etal., 1999; Li et al., 2009). Root cell-wall polysaccharides, es-
pecially pectin, possess the ability to remobilize the insoluble P
during P starvation (Nagarajah et al., 1970; Ae et al., 1996;
Gessa et al., 1997; Zhu et al., 2014). However, the relationship
between ethylene production and cell-wall P re-utilization un-
der P deficiency remains unclear. In the present study, by using
two rice cultivars differing in their cell-wall P remobilization
capacity and by exogenous application of ACC, we not only
confirmed the positive effect of ethylene on rice cell-wall P re-
utilization under P deficiency, but also uncovered the underly-
ing physiological and molecular mechanism.

P deficiency has detrimental effects on plant growth, devel-
opment and reproduction; thus, any approaches leading to in-
creased P uptake and translocation or re-utilization of the
soluble/insoluble P from the soil or the plant itself are beneficial

to the yield of crop plants. When there was no soluble/insoluble
P in the hydroponic solution in our present study, the plants
were rendered more resistant to P deficiency by increased re-
utilization of P stored in root cell walls. This is particularly rele-
vant as nearly 50 % of total P is present in the cell walls of Nip
(Fig. 6A; Zhu et al., 2014) and root total P content correlates
positively with root cell-wall P content through a further analy-
sis of 11 rice cultivars (Fig. 6B). Cell walls are composed of a
matrix of polysaccharides such as cellulose, hemicellulose and
pectin. Among them, pectin is the main source of the negative
charge of the cell wall, and is generally considered to be re-
sponsible for the binding of cations such as Al (Eticha et al.,
2005; Yang et al., 2008). In a previous study, we found that
pectin can remobilize the cell-wall-deposited P, but its upstream
regulatory mechanism was unknown.

Ethylene has been demonstrated to be a key intermediate sig-
nal molecule in P deficiency (Borch et al., 1999; Li et al.,
2009). Here, our results further confirmed that ethylene is in-
volved in the P-deficiency response. More ethylene was pro-
duced in the Nip cultivar, which showed much better
performance in terms of cell-wall P re-utilization (Fig. 1). The
higher ethylene concentration in Nip was accompanied by
higher root and shoot soluble P content (Fig. 4) and lower P re-
tention in the cell wall (Fig. 5A), indicating that ethylene can
enhance cell-wall P reutilization, which is further confirmed
through analysis of the another 11 rice cultivars (Fig. 6C).
Furthermore, the pattern of ethylene production was consistent
with the expression pattern of OsACSI, OsACS2, OsACS3,
OsACO1, OsACO3 and OsACO?7, indicating that lower expres-
sion of these ACS and ACO genes may underlie the lower ethyl-
ene biosynthesis in Kas roots under P depletion (Fig. 2).
Moreover, ACC treatment induced the ethylene production con-
comitantly with the up-regulated expression of OsACO! and
OsACO?7 in both Nip and Kas (Fig. 3), suggesting that OsACO1
and OsACO7 may play pivotal roles in the conversion of exoge-
nously applied ACC into ethylene.

These findings bring up the question of whether ethylene
is the closest signal molecule to affect the cell-wall P
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re-utilization. Pectin has been demonstrated to be a key inter-
mediate material in cell-wall P re-utilization, and it responds to
multiple environmental stimuli. For instance, Yang et al.
(2008) and Xiong et al. (2009) found that exposure of rice to Al
and Cd led to an increment of pectin content in root. Yang
et al. (2010) reported that osmotic stress inhibited Al accumula-
tion in root apices of the Al-sensitive genotype VAX1, an effect
that was attributed to a lower cell-wall pectin content and its de-
gree of methylation. Zhu ef al. (2012, 2014) demonstrated that
exposure of Arabidopsis and rice cultivar Kas to P deficiency
conditions led to a decrement of pectin content while this effect
was diminished in rice cultivar Nip. Furthermore, they found
that pectin contributed to the cell-wall P re-utilization in
Arabidopsis and rice during P deficiency, which means that a
higher pectin content allows for more cell-wall P re-utilization.
Changes in the pectin content might depend on plant cultivar,
culture conditions and physiological stress. Here, our results
further confirmed that P deficiency has no effect on the pectin

content in Nip (Fig. 5B), which is in agreement with previous
reports, but we found that exogenous application of ACC in-
creased the pectin level under P deficiency, increased the com-
petition of pectin to the Fe/Al, which existed as FePO, or
AIPOy,, and as consequence, reduced P retention in the cell wall
(Fig. 5A). This allowed more P to be re-utilized, and thus there
were higher root and shoot soluble P contents in Nip (Fig. 4).
Together, these findings demonstrate that ethylene involvement
in the regulation of root phosphorus remobilization is associated
with cell-wall pectin and that pectin acts downstream of ethyl-
ene in this regulatory pathway.

Up-regulation of multiple Pi transporters that mediate Pi
translocation acts as another effective way for plants to cope
with P deficiency. As expected, ACC treatment in the presence
or absence of P significantly enhanced the expression of OsPT2
(Fig. 7 and Supplementary Data Fig. S1), which is expressed
mainly in the stele of primary and lateral roots under Pi-defi-
cient conditions (Ai et al., 2009). These results indicated that
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transcription initiation site was examined. The predicted ethylene-responsive elements AWTTCAAA and GCCGCC are represented by triangles and oval symbols,
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ethylene might be involved in the transport of P from root to
shoot by regulating the expression of OsPT2. This hypothesis
was further supported by the indirect bioinformatic analysis of
the OsPT2 promoter, which was found to harbour the ethylene-
responsive elements AWTTCAAA and GCCGCC (Fig. 8).
However, although P deficiency also induced the expression of
OsPT6 (expressed in the epidermis, cortex and stelar tissue un-
der Pi-deficient conditions) and OsPT8 (expressed constitu-
tively and functioning in P haemostasis) (Wang et al., 2014),
ACC applied exogenously did not further increase their expres-
sion, which is in accordance with our promoter analysis (Figs 7
and 8 and Supplemental Data Fig. S2). These findings rule out
the possibility that OsPT6 and OsPTS are transcriptionally reg-
ulated by ethylene under P-starvation conditions.

In conclusion, we identified the physiological and molecular
pathway underlying ethylene-induced cell-wall P remobiliza-
tion in rice under P deficiency. Our results support a model in
which increased production of ethylene results in the increment
of pectin content and up-regulation of OsPT2, which ultimately
makes more P available by facilitating the solubilization of P
fixed in the cell wall and its translocation to the shoot.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxfordjour
nals.org and consist of the following. Figure S1: phenotype of
rice cultivars Nip and Kas. Figure S2: effect of ACC on the ex-
pression of Pi translocation-related genes in Kas.
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