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� Background and Aims Rain-fed lowland rice commonly encounters stresses from fluctuating water regimes and
nutrient deficiency. Roots have to acquire both oxygen and nutrients under adverse conditions while also acclimating
to changes in soil-water regime. This study assessed responses of rice roots to low phosphorus supply in aerated and
stagnant nutrient solution.
� Methods Rice (Oryza sativa ‘Amaroo’) was grown in aerated solution with high P (200 mM) for 14 d, then
transferred to high or low (1�6 mM) P supply in aerated or stagnant solution for up to 8 d.
� Key Results After only 1 d in stagnant conditions, root radial oxygen loss (ROL) had decreased by 90% in
subapical zones, whereas near the tip ROL was maintained. After 4 d in stagnant conditions, maximum root length
was 11% less, and after 8 d, shoot growth was 25% less, compared with plants in aerated solution. The plants in
stagnant solution had up to 19%more adventitious roots, 24% greater root porosity and 26% higher root/shoot ratio.
Rice in low P supply had fewer tillers in both stagnant and aerated conditions. After 1–2 d in stagnant solution,
relative P uptake declined, especially at low P supply. Aerated roots at low P supply maintained relative P uptake for
4 d, after which uptake decreased to the same levels as in stagnant solution.
� Conclusions Roots responded rapidly to oxygen deficiency with decreased ROL in subapical zones within 1–2 d,
indicating induction of a barrier to ROL, and these changes in ROL occurred at least 2 d before any changes in root
morphology, porosity or anatomy were evident. Relative P uptake also decreased under oxygen deficiency, showing
that a sudden decline in root-zone oxygen adversely affects P nutrition of rice.

Key words: Aerenchyma, phosphorus deficiency, phosphorus uptake, radial oxygen loss, rain-fed lowland rice, respiration,
root morphology, root porosity, stagnant solution.

INTRODUCTION

Rain-fed lowland rice in Asia commonly encounters
stress conditions, most notably due to fluctuation in water
regimes in the root zone, and nutrient deficiency. In the
rain-fed lowlands, rice experiences intermittent anaerobic
and aerobic conditions in the root zone (Zeigler and
Puckridge, 1995). Deep root activity in aerobic soil is
supported by oxygen uptake directly from the air-filled soil
pores, whereas in anaerobic flooded soils oxygen supply is
via internal diffusion in aerenchyma (Armstrong, 1979).
Root acclimation to the changing water regimes may in
turn affect plant morphological features, physiological
function and nutrient uptake efficiency.

In waterlogged soil, roots acclimate by increasing the
internal supply of oxygen to the root tip from the
atmosphere, via formation of aerenchyma (Justin and
Armstrong, 1987; Drew et al., 1994; Drew, 1997). This
modification of the root cortex by aerenchyma formation
enhances longitudinal oxygen diffusion, but might also
decrease symplastic nutrient transport across the roots to
the stele (Drew and Saker, 1986; Kronzucker et al., 1998).
Furthermore, in order to minimize radial oxygen loss
(ROL) from the main axes of adventitious roots, rice forms
a barrier to gas diffusion near the root exterior (Colmer,

1998) believed to be related to increased suberization of
the exodermis (Ranathunge et al., 2004). Although such a
barrier might cause an inhibition of nutrient absorption by
roots (Koncalova, 1990), direct studies of this are few, and
the data available indicate that nutrient uptake might not
be affected (Rubinigg et al., 2002). Furthermore, it has
been proposed that the axial root with aerenchyma is
inefficient in nutrient uptake, and that new fine lateral roots
are induced for nutrient absorption (Kirk and Du, 1997;
Kirk, 2003). The fine lateral roots comprise the bulk of
the external surface, and the laterals are connected directly
into the main water and solute transport vessels in the
stele of the primary root (Matsuo and Hoshikawa, 1993).
Moreover, roots of rice acclimate to growth in anaerobic
condition by increasing the number of adventitious roots
per plant, which presumably also contributes to waterlog-
ging tolerance (Colmer, 2003b). Rice plants grown in
aerobic soils have a different structure of roots; maximum
root lengths are greater in aerobic than in anaerobic media,
and plants in aerobic media have fewer adventitious roots
and these have lower porosity and a much less pronounced
barrier against ROL (Colmer, 2003b).

The intermittently waterlogged conditions that occur in
soils of the rain-fed lowland rice ecosystem are likely to
have adverse effects on phosphorus nutrition of rice on low
P soils, due to changes in P availability with different water* For correspondence. E-mail nedins@hotmail.com
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regimes (Huguenin-Elie et al., 2003; Seng et al., 2004) and
possibly due to adverse effects of soil oxidation/reduction
cycles on root function. The adaptations of plants for
increased P acquisition include mycorrhizal symbioses,
rhizosphere modification by secretion of organic acids
(Gardner et al., 1983; Lipton et al., 1987; Lu et al., 1999)
and proton release (Kirk and Du, 1997). Moreover, roots
also increase surface area by root hair elongation and
proliferation (Bates and Lynch, 1996; Ma et al., 2003). For
rice in anaerobic root conditions, low P supply enhanced
adventitious root elongation and lateral root development
and elongation (Kirk and Du, 1997). Fan et al. (2003)
reported that in maize roots, aerenchyma formation can
be induced by low P status, and this in turn reduced respi-
ration and P requirement in the roots. A similar decline
in respiratory costs of root growth in rice with low P
may enhance its adaptation to P-deficient flooded soils.
However, the adaptation of rice roots in low P soils to the
transitions from aerobic to anaerobic conditions and vice
versa has not been studied. This study evaluated the early
responses of morphology and physiology in rice to changes
in oxygen and P supplies, and how these in turn affect P
uptake and plant growth.

MATERIALS AND METHODS

Three experiments were conducted in a glasshouse at
Murdoch University, Western Australia. During the two
main experiments reported here, minimum/maximum
temperatures and day lengths were 25/30 �C, 13 h and
35/42 �C, 12 h, respectively. Rice plants were harvested
after 0 (i.e. initial), 1, 2, 4 and 8 d of treatments.

Plant culture

Seeds of rice (Oryza sativa L. ‘Amaroo’) were imbibed
in deionized water for 48 h at room temperature.
Germinated seeds were incubated on moist paper in the
laboratory. After 3–7 d, seedlings were transferred onto
a mesh screen on full-strength nutrient solution in a
glasshouse for 2 weeks. Seedlings were transplanted to pots
containing 12 L of aerated full-strength nutrient solution
for a further 2 weeks before treatments were imposed (each
pot held six seedlings, one plant was randomly taken for
each harvest). Seven levels of P supply were tested in a
preliminary experiment, to select 200 and 1�6 mM P as
adequate (high) and deficient (low) levels for use in the
experiments, respectively. The stagnant nutrient solution
contained 0�1% (w/v) agar to prevent convective move-
ment in the pots (Wiengweera et al., 1997). Stagnant
solution, however, does not fully simulate the sink for
oxygen that exists in waterlogged soil. Reduced iron (Fe II)
in flooded soil is a strong sink for ROL (Kirk, 2004). Thus,
the role that ROL plays in the soil by diminishing toxicity
of iron (Green and Etherington, 1977) and other soil toxins
(Colmer, 2003a, and references therein) is absent in
stagnant solution culture.

The composition of the full-strength nutrient solution
(mol m�3) was: NO3

�, 4�375; K+, 3�95; SO4
2�, 1�90; Ca2+,

1�50; NH4
+, 0�625; Mg2+, 0�40; H2PO4

�, 0�20; Na+, 0�20;

H4SiO4, 0�10; and the micronutrients (mmol m�3) Cl, 50;
B, 25; Mn, 2; Zn, 2; Ni, 1; Cu, 0�5; Mo, 0�5; Fe-EDTA,
50. The pH was adjusted to 6�5 using KOH or HCl. All
chemicals used were of analytical grade. The nutrient
solution was renewed every 7 d. Four treatments were
used: high P level in aerated (A HP) or stagnant (S HP),
and low P level in aerated (A LP) or stagnant (S LP)
nutrient solutions.

Root and shoot growth measurements

An initial harvest was taken at the time treatments were
imposed (day 0), and plants were then harvested after 1, 2,
4 and 8 d of treatment. The length of the longest individual
root, numbers of root and numbers of tiller were recorded
for each plant. Shoots and roots were excised and oven
dried at 70 �C for 72 h, before root and shoot dry weights
were determined.

Root porosity and aerenchyma measurements

At each harvest, the roots of one plant were cut into
50-mm segments for porosity measurement. Porosity
(% gas spaces per unit tissue volume) of roots from each
plant was evaluated by measuring root buoyancy before
and after vacuum infiltration of the gas spaces in the roots
with water (Raskin, 1983), using modified versions of the
equations given by Thomson et al. (1990).

Autofluorescence of cells in root cross-sections

Fresh ‘thick’ adventitious roots (100–120mm in length)
were sampled. Roots were sectioned by hand at 10, 20 and
70mm behind the apex, using a razor blade. Roots were
sampled at 0 and 8 d. Root cross-sections were viewed
under blue excitation U-MNB2 (excitation BP 460–490 nm,
barrier filter IF 520, dichromatic mirror 500) using an
Olympus BX51 photomicroscope and photographed with
an Olympus DP70 camera. Autofluorescence can be attri-
buted to walls impregnated with phenolic compound or
lipid complexes and hence is an indicator of lignin, suberin
and/or other phenolic compounds in cell walls (O’Brien
and McCully, 1981; Yeung, 1998). The relative intensity of
autofluorescence of cell walls in the layer of sclerenchy-
matous fibres on the outer side of the root cortex was
scored on a three-point scale: 0, when intensity of auto-
fluorescence of the walls in the sclerenchymatous layer was
equal to that of the cell layers on either side of it; 1, when
intensity of autofluorescence was greater than that in cell
walls of cell layers on either side of it and the thickness of
the walls was equal to the walls of cell layers on either side
of it; 2, when the intensity of autofluorescence was greater
than those in cell walls of the cell layers on either side of it
and cell walls were thicker than those of cell layers on
either side of it. Scores for autofluorescence intensity were
made on three replicates (each replicate was a cross-section
from an individual root) for cross-sections at 10, 20 and
70mm behind the root tip.

ROL measurements

ROL was measured for two replicate plants (an
adventitious root on an individual plant was one replicate)
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in both experiments, to provide a total of four replicates.
Intact 101–127-mm adventitious roots were selected for
ROL measurements in an O2-free root medium using
cylindrical root-sleeving O2 electrodes (Armstrong and
Wright, 1975) in a temperature-controlled room (30 �C)
with a photosynthetically active radiation at shoot height of
150mmol m�2 s�1. Root systems of intact plants were
immersed in a transparent chamber (50 · 50 · 250mm;
breadth · width · height) of 0�1% (w/v) agar solution with
5�0mol m�3 KCl and 0�5mol m�3 CaSO4. The shoots were
in air and the stem base was held with wet cotton wool in a
rubber lid sealed onto the top of the chamber. An intact
adventitious root was selected and gently guided through a
root-sleeving O2 electrode (height 5mm, internal diameter
2�25mm) with guides to keep the root located towards the
centre of the cylindrical electrode. ROL measurements
were taken at 10, 20, 30, 40, 50 and 70mm behind the root
tip. Root diameters at these positions along the roots were
measured using a microscope with a calibrated eyepiece
reticule.

Root oxygen consumption measurements

Roots in aerated solution culture at both high and low P
supply were measured for oxygen consumption rates.
Adventitious roots were separated into the 0–20-mm tip
and 20–40-mm zone from the tip. The 20–40-mm zone
contains expanded cells, whereas the 20-mm tip contains
expanding and dividing cells, as well as some expanded
cells. Locations further behind the tip were not used as
lateral roots are present and/or the outer cell layers can
have low permeability to oxygen; both situations would
complicate interpretations of the data from these measure-
ments. Each zone of root was cut into 5-mm segments for
the measurements, which lasted at most 30min; small root
segments minimize the influence of boundary layers. The
5-mm root segments were placed in a sealed cuvette of
known volume, which contained air-saturated treatment
solutions (composition as used in the growth medium) with
rapid mixing via a magnetic stir-bar. The rate of oxygen
consumption was measured at 30 �C using the polaro-
graphic technique and equipment as described in Lambers
and Steingrover (1978) and Lambers et al. (1993).

Phosphorus analyses

After root and shoot dry mass were determined, tissues
were ground and ashed at 535 �C for 8 h. The ash was
dissolved in 0�1 N HCl, and P was then determined using a
colorimetric assay and a spectrophotometer (Murphy and
Riley, 1962). Relative P uptake (total P uptake per unit root
mass; mg P g�1 root dry weight) was calculated after
subtracting the initial P content (at day 0).

Statistical analyses

Data on root and shoot growth, root porosity, ROL, root
oxygen consumption rate and tissue P were analysed using
linear models as general analyses of variance (ANOVA) to
determine the main effects and interactions among
treatments. Effects of treatments at each harvest time

were analysed as separate experiments. Means were
compared using least significant differences (l.s.d.) at
P = 0�05.

RESULTS

Root and shoot growth

Overall, plants in stagnant solution had shorter roots than
those in aerated solution (Table 1). After 4 d of treatments,
the longest adventitious roots in aerated solution were 7%
longer at low P than at high P. By contrast, in stagnant
solution the longest root at low P supply was 8% shorter
than at high P. The differences in adventitious root lengths
were more clearly distinguished after 8 d of treatments
(Table 1).

Stagnant culture for 8 d increased the number of
adventitious roots per plant by 12–19% (Table 2).
However, P treatments did not influence the number of
adventitious roots per plant in either stagnant or aerated
solutions (Table 2). Tiller numbers were 20–33% greater

TABLE 1. Lengths of longest roots of rice (‘Amaroo’) grown
in aerated solution with high P (200mM ) and then transferred to
aerated or stagnant nutrient solution at high and low (1.6 mM )

P supply for 4 and 8 d

Lengths of longest roots (cm)

P level Culture Initial 4 d 8 d

Low P Aerated 34.8 6 0.59 40.3 6 2.17 45.2 6 1.42
Stagnant 34.8 6 0.59 32.7 6 0.67 32.5 6 3.87

High P Aerated 34.8 6 0.59 37.4 6 2.42 40.7 6 4.87
Stagnant 34.8 6 0.59 35.6 6 1.50 37.1 6 0.95

F-test O · P* O · P*

Values are means of three replicates6 standard errors.l.s.d. for solution
aeration and P interaction effects: 4 d, 3�04; 8 d, 2�62.
*Significant atP < 0�05 forO ·P based onF-test for solution aeration and

P interaction effects.

TABLE 2. Adventitious root and tiller numbers of rice
(‘Amaroo’) grown in aerated solution at high P (200 mM )
(initial condition) and then transferred to aerated or
stagnant nutrient solution at low (1.6 mM ) or high P

(200 mM ) supply for 8 d

Condition

Adventitious root
numbers (roots

per plant)
Tiller numbers
(tillers per plant)

Initial 55 6 2.1 3.9 6 0.3
Low P Aerated 142 6 18.4 10.0 6 0.9

Stagnant 161 6 9.8 6.7 6 0.6
High P Aerated 143 6 24.0 12.0 6 1.0

Stagnant 176 6 7.5 8.0 6 0.0
F-test O* O* and P*

Values are means of three replicates6 standard errors. l.s.d. for solution
aeration effects: adventitious root numbers, 22�52; tiller numbers, 0�71,
and for P effects on tiller numbers, 0�71.
*Significant at P< 0�05, O and P based on F-test for solution aeration and

P effects, respectively.
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in plants in aerated solution compared with those in
stagnant solution. Moreover, tiller numbers were decreased
by low P supply under both root oxygen treatments.
Likewise, the low oxygen treatment decreased shoot dry
weight and low P also resulted in lower shoot dry weights
(Table 3). The differential effect of stagnant conditions on
root and shoot growth resulted in higher root/shoot ratio in
stagnant than in aerated solution (Table 3).

Porosity of adventitious roots

Porosity of the whole root system increased within 8 d
after transfer from aerated to stagnant solution, from 23�6
to 28�8% at low P supply and to 30�6% at high P supply
(Fig. 1). The porosity of roots in aerated solution at low P
supply was maintained at 23�6% and slightly decreased to
21�1% at high P supply in aerated solution. Transverse
sections were also taken to examine the percentage of root
cross-sectional area occupied by aerenchyma. At 20mm
from the tip, aerenchyma formation in the roots of plants
grown in stagnant solution was increased by 18%. Rice
roots grown in stagnant solution had two-fold greater

aerenchyma formation at 70mm than in aerated roots (data
not shown). The observed increase in aerenchyma
supported the trends of increased root porosity of rice in
stagnant culture (Fig. 1).

Autofluorescence in walls of outer cell layers in roots

The relative intensity of autofluorescence indicates the
secondary thickened walls or walls impregnated with
phenolic compounds or lipid-complexes in the layer of
fibre cells, as well as in the hypodermal layer and the layer
immediately inside the fibre cells, in response to stagnant
solution treatment for 8 d (Table 4). In aerated solution, the
intensity of autofluorescence of cell walls in these outer
cell layers remained unchanged during the 8 d of the
experiment. The greatest increase in autofluorescence of
cell walls in these outer cell layers for roots in stagnant
compared with aerated solution was evident in root sections
at 70mm, rather than 20mm, from the tip (Fig. 2).

TABLE 3. Root and shoot growth of rice (‘Amaroo’) in aerated solution at high P (200mM ) (initial condition) and then transferred
to aerated or stagnant nutrient solution at low (1.6 mM ) or high P (200 mM ) supply for 8 d

Condition
Root dry matter
(g per plant)

Shoot dry matter
(g per plant)

Relative growth rate
(g g�1 d�1)

Root/shoot
ratio

Initial 0.17 6 0.01 0.65 6 0.03 - 0.26 6 0.010
Low P Aerated 0.83 6 0.03 3.23 6 0.12 0.159 6 0.002 0.26 6 0.001

Stagnant 0.77 6 0.09 2.19 6 0.27 0.137 6 0.013 0.35 6 0.002
High P Aerated 0.80 6 0.09 3.24 6 0.30 0.171 6 0.011 0.25 6 0.004

Stagnant 0.91 6 0.04 2.66 6 0.03 0.173 6 0.004 0.34 6 0.012
F-test n.s. O* O* O*

Values are means of three replicates 6 standard errors. l.s.d. for solution aeration effect on: shoot dry matter, 0�35; relative growth rate, 0�018;
root/shoot ratio, 0�014.

*Significant at P < 0�05; O indicates F-test for solution aeration effects. n.s., no significant difference.
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(‘Amaroo’) grown in aerated solution with high P and then transferred to
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TABLE 4. Score for autofluorescence in the layer of
sclerenchymatous fibre cells in rice roots when grown in
aerated solution at high P (200 mM ) and then transferred to
aerated or stagnant nutrient solution at low (1.6 mM ) or high P

(200 mM ) supply for 8 d

Distance of
sections from the
root apex (mm)

Score of autofluorescence of sclerenchymatous fibre
cells in rice roots*

Low P High P

Aerated Stagnant Aerated Stagnant

10 1.00 6 0.00 2.00 6 0.00 1.00 6 0.00 1.67 6 0.33
20 1.33 6 0.33 1.50 6 0.41 1.33 6 0.33 1.67 6 0.33
70 2.00 6 0.00 2.00 6 0.00 1.33 6 0.33 2.00 6 0.00

Values are means of three replicates 6 standard errors.
*The relative intensity of autofluorescence of cell walls in the layer of

sclerenchymatous fibres on the outer side of the root cortex was scored on a
three-point scale: 0, when intensity of autofluorescence of the walls in the
sclerenchymatous layerswasequal to thatof thecell layersoneither sideof it;
1,when intensityof autofluorescencewasgreater than that in cellwalls of cell
layers on either side of it and the thickness of the walls was equal to the walls
of cell layerson either sideof it; 2,when the intensityof autofluorescencewas
greater than those in cell walls of the cell layers on either side of it and had
thicker walls than those of cell layers on either side of it.
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Radial oxygen loss measurements

Only 1 d after transfer of aerated roots to stagnant
solution, rates of ROL were unchanged at 10mm behind
the root tip, but had decreased markedly to low rates in the
more basal positions measured at 20–70mm behind the tip
(Fig. 3). The ROL rates from the roots in stagnant solution
were not affected by P treatment. For plants from aerated
solution, those at high P supply had higher ROL rates
(when transferred to the oxygen-free root medium for the
ROL measurements) than the adventitious roots of plants
grown in aerated solution at low P supply.

Two days after transfer, the ROL rates at 10mm behind
the tip of roots of plants grown in stagnant culture were
higher than for roots of plants grown in aerated solution.
During the first 2 d, low P supply decreased ROL rates for
roots of plants in aerated culture compared with those at
high P, but this difference was no longer present at later
times. Furthermore, the ROL rates along the adventitious
root axis for all plants gradually decreased with time, to be
lowest after 8 d (Fig. 3). Although ROL rates from the roots
on day 8 in aerated culture were decreased five-fold from
the first day in treatments, these were still much higher than
the ROL rates measured from roots of plants in stagnant
solution, except at 10mm behind the tip. The stagnant
culture after 8 d decreased the ROL rates to almost zero
along the basal positions measured at 30–70mm behind the

tip, whereas ROL near the tips was still relatively high
compared with rates at earlier times (Fig. 3d).

Root oxygen consumption

Root oxygen consumption rates for root tissues of plants
grown in aerated solution at low or high P supply for 4 d
were measured for two zones of the roots (0–20mm and
20–40mm behind the tip). The 0–20-mm tips had 44–52%
higher oxygen consumption rates on a fresh weight basis
than the 20–40-mm segments. Root oxygen consumption
rates on a fresh mass basis in both tissue zones were not
affected by P supply (Table 5).

Phosphorus uptake

Two days after transition to stagnant culture, relative P
uptake was decreased by 90% at low P supply (Fig. 4). At
4 d, relative P uptake in stagnant plants declined also at
high P compared with plants in aerated nutrient solution.
Relative P uptake also declined in aerated solution at low P
during the last 4 d in treatments.

Phosphorus content (i.e. milligrams per plant) of plants
after 1 d did not differ among treatments (Table 6).
Thereafter, P content for plants grown in stagnant solution
at low P supply declined relative to aerated plants, so that
after 8 d values were approx. 40% lower than in plants in

Epidermis Hypodermis

Sclerenchymatous
fibres

A C

B D

200 µm200 µm

200 µm 200 µm

F I G . 2. Typical transverse sections of rice roots showing autofluorescence of thewalls in the outer cell layers at 20mm (A) and 70mm (B) from the apex or in
stagnant nutrient solution at 20mm (C) and 70mm (D). Plants were grown for 8 d after transfer to high P level (200mM) in aerated nutrient solution. Increased
autofluorescence in response to the stagnant treatment was evident for the walls of the sclerenchymatous fibres, as well as those in the hypodermal cell layer

and the cells to the immediate interior of the fibre cells. Average scoring of sections in triplicate is given in Table 4.
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aerated solution. The low oxygen also affected the P
content for plants at high P supply, by halving P content in
stagnant culture. At 8 d, the low P treatment decreased the
P accumulation in plants grown in both aerated or in
stagnant solution culture by 37% (Table 6).

DISCUSSION

Oxygen effect

The roots of plants grown in aerated solution had a porosity
within the range found previously in 12 rice cultivars
(20–26%) grown in aerated solution culture for 35 d
(Colmer, 2003b), and had high rates of ROL from basal
zones when measured in an oxygen-free medium. Before
transfer into stagnant solution, plants had been grown in
aerated solution until early tillering (average 3�9 tillers per

plant). After roots were exposed to stagnant culture for
only 1 d, ROL declined markedly in basal zones. However,
near the tips of the roots, ROL did not decline after transfer
to stagnant solution, indicating that oxygen supply was not
limiting to the distal portions of these roots. The decreasing
ROL rates from basal zones of roots of rice, and many
other plant species, have been interpreted in terms of a
physical barrier to restrain radial oxygen diffusion from the
root (Armstrong, 1979; Colmer, 1998, 2003a, b; McDonald
et al., 2002). The barrier can enhance longitudinal oxygen
transport via the aerenchyma to the root tip, by reducing
losses to the rhizosphere. The rapid decline in ROL from
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standard errors. l.s.d. (P < 0�05) for effect of different root part, 0�97. f. wt,
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basal zones preceded the increase in aerenchyma develop-
ment for plants in stagnant culture. Root porosity was
only slightly changed after 2 d in stagnant culture, but after
4–8 d more aerenchyma formation in roots was evident
as an increase in the porosity (Fig. 1). This study is the first
to demonstrate that the barrier to ROL can be induced in
existing roots, an important addition to earlier work that
showed induction of the barrier in roots that had formed in
a stagnant medium (Colmer, 1998, 2003b).

Roots of rice contain a layer of sclerenchymatous fibre
cells (with thickened secondary walls) on the outer side of
the cortex that becomes the outermost layer when the two
outer cell layers (epidermis and exodermis) are lost, at least
in soil-grown roots (Clark and Harris, 1981). Cross-
sections of roots taken immediately before treatments were
imposed showed that autofluorescence of cell walls in this
layer was evident at 70mm from the apex, whereas at 10
and 20mm the walls of the immature fibres exhibited very
little autofluorescence (Table 4). Autofluorescence in the
cell walls in this layer increased after 8 d in roots that
had been in stagnant solution, suggesting impregnation of
cell walls with phenolic compounds or lipid-complexes
(e.g. lignin and/or suberin or other phenolic compounds).
The walls of cells in the hypodermal layer (layer
immediately exterior to the fibres) and those cells in
the layer to the immediate interior of the fibres also
showed increased autofluorescence, again indicating
impregnation of materials also into these walls. Whether
the barrier to the ROL relates directly to the intensity of
autofluorescence in the layer of sclerenchymatous fibre
cells, or to that for the adjacent cell layers, requires further
work using more specific histochemical stains to assess
anatomical changes in these layers within the same 2-d
time frame after transfer to stagnant solution when ROL
had already decreased.

Root acclimation to oxygen deficiency was reflected in
changes in root morphology, but not until 4 d after transfer
to stagnant solution. The morphological responses, which
included decreases in root elongation and new adventitious
root production and increased root porosity, occurred too
late to explain changes in ROL on days 1–2; nevertheless,

these changes might be significant for functioning of the
root system in the longer term. The increased root porosity
is essential for oxygen transport to tips of roots in anoxic
media, especially as roots extend deeper into an oxygen-
free medium (Armstrong, 1979). New adventitious roots
help to offset the decreased root depth (restricted by the
distance that internal oxygen can diffuse along roots;
Armstrong, 1979) by adding to total root length and surface
area for water and nutrient absorption. These new roots are
therefore presumed to be of importance for longer term
growth of rice in waterlogged soil. Even when these new
roots form a barrier to ROL in basal parts of the main axis,
water (Ranathunge et al., 2004) and nutrient (Rubinigg
et al., 2002) uptake should still proceed near the root tips,
and presumably even more so if lateral roots are formed
(Kirk, 2003).

Phosphorus–oxygen interaction

After only 1 d at low P in aerated solution, ROL rates at
all positions measured along roots were decreased (plants
transferred into an oxygen-free root medium for measure-
ments), but only temporarily for the first 2 d, after which
the P effect disappeared (Fig. 3). The disappearance of the
P effect on ROL rate may result from changes in sinks for
oxygen in the root due to P deficiency. It is not expected to
be due to the formation of a barrier to ROL, as the roots
were aerated. Similarly, increased porosity in low P roots
of aerated solution should have decreased the oxygen
consumption in the cortex for respiration (Fan et al., 2003),
as well as enhancing internal oxygen transport due to
the decreased physical resistance to gas diffusion
(Armstrong, 1979). Both the decreased resistance and the
lower respiratory consumption of oxygen would be
expected to increase oxygen supply to individual roots.
However, on a whole-plant basis, low P also increased root/
shoot ratio in aerated solution, which may have increased
the overall requirement for oxygen in root respiration from
day 4 onwards.

Oxygen deficiency depressed P uptake in the first 2–4 d
and continued to do so for the last 4 d at both low and high

TABLE 6. Phosphorus content in whole rice plants grown in aerated solution at high P (200mM ) and then transferred to aerated or
stagnant nutrient solution at low (1.6 mM ) or high P (200 mM ) supply for 1, 2, 4 and 8 d

Time (day
after transition)

Phosphorus content (mg per plant)

Low P High P

Aerated Stagnant Aerated Stagnant F-test

Initial 0.62 6 0.03 0.62 6 0.03 0.62 6 0.03 0.62 6 0.03 n.s.
1 0.66 6 0.07 0.66 6 0.06 0.66 6 0.09 0.62 6 0.06 n.s.
2 0.86 6 0.06 0.65 6 0.05 0.81 6 0.07 0.93 6 0.01 O · P*
4 1.28 6 0.08 0.69 6 0.10 1.10 6 0.12 0.89 6 0.04 O · P*
8 1.36 6 0.04 0.82 6 0.11 2.16 6 0.12 1.31 6 0.06 O* and P*

Values are means of three replicates 6 standard errors. l.s.d. for solution aeration and P interaction effects on phosphorus content in whole plants: 2 d
after transition, 0�13; 4 d after transition, 0�28; l.s.d. for solution aeration effects on P content in whole plants at 8 d after transition, 0�19; and for P effects
on phosphorus content in whole plants at 8 d after transition, 0�19.
*Significant atP < 0�05,O, P andO ·P indicateF-test for solution aeration, P and solution aeration and P interaction effects. n.s., no significant difference.
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P supply (Fig. 4). By contrast, in aerated solution P uptake
remained higher until day 8 even at low P. One possible
cause of the lower P uptake at low P in stagnant solution is
the formation of a P depletion zone around the roots.
Depletion of P in the rhizosphere is well known in soil
(Kirk and Saleque, 1995) due to P uptake by the root and
slow diffusion of P to the root surface. Stagnant solution
culture is designed to minimize convective movement of
solution. Wiengweera et al. (1997) also reported that
stagnant solution can limit nutrient uptake by wheat due to
the formation of depletion zones. Such depletion zones
would be expected to develop more quickly at low P
concentrations and this is consistent with the earlier decline
in the P uptake at low P than at high P for plants in stagnant
solution in the present study. A second possibility
for declining P uptake is the formation of the barrier to
ROL: the barrier to ROL has been suggested by several
authors to decrease nutrient uptake (reviewed in Colmer,
2003a, although conversely other authors have suggested
such effects might not occur, see Rubinigg et al., 2002).
Moreover, Kirk (2003) argued that nutrient uptake by rice
in an anoxic medium is mostly by fine lateral roots, and
these normally remain permeable to oxygen, except
under unusual rhizosphere conditions such as sulphide
toxicity (Armstrong and Armstrong, 2005). Nevertheless,
we consider that depletion zones adjacent to roots in
stagnant agar probably were the major cause of decreased
P uptake.

ROL in stagnant solution does not fully simulate
processes affecting P uptake that occur in soil. In soil,
ROL causes oxidation of ferrous iron, which acidifies the
rhizosphere and increases the pool of plant-available P
(Saleque and Kirk, 1995). Hence, in anoxic soils, ROL
might increase solubilization of soil P in the rhizosphere.
Stagnant solution contains no pool of P that can be
solubilized by rhizosphere acidification.

Root morphological changes can be important adapta-
tions to improve P uptake under low P supply in anoxic
condition (Kirk and Du, 1997). In the present study, the
morphological changes in roots under low P included
reduced root elongation and increased number of adven-
titious roots, but these changes were observed at 4–8 d
and hence followed the decrease in P uptake in stag-
nant solution. The morphological changes in roots will
presumably be significant for the longer term adaption of
rice to P acquisition in low P anoxic soil. Fine lateral roots
on adventitious roots are considered to be the dominant
surface for nutrient uptake (Kirk, 2003). Lorenzen et al.
(2001) found the plants in low oxygen solution had reduced
root length at low oxygen, which they suggested may have
a negative effect on nutrient acquisition. However,
increased numbers of adventitious roots under low P may
offset the decrease in maximum root length under anoxic
conditions, and hence increased numbers of adventitious
roots should help to maintain or increase root surface area,
which is important for P uptake under low P conditions
(Wissawa, 2003).

Based on the results of Fan et al. (2003) with maize and
bean, it was expected that low P in stagnant solution would
increase root porosity. However, in the present study, P had

no consistent effect on root porosity. Rice differs from dry
land crops such as maize and bean in that it has high root
porosity even under aerated conditions. Hence, the benefits
of lower respiratory costs in roots has already been
captured by aerated rice and may explain why low P failed
to increase root porosity further in rice roots under stagnant
solution. Moreover, Armstrong (1979) clearly showed
that most benefit from increased root porosity is
derived from the reduced resistance to internal oxygen
diffusion, with the decreased demand for oxygen being a
secondary benefit. The present study also examined root
porosity over a short period of 8 d compared with 12–42 d
as reported by Fan et al. (2003). Indeed, Lu et al. (1999)
found no effect of low P on root porosity in three rice
cultivars at 14 d and an increase in root porosity for two out
of three cultivars at 28 d. Hence, it would appear that
increased aerenchyma in rice roots under low P supply is a
longer term acclimation of plants, or possibly a secondary
response, to P deficiency.

In summary, only 1 d after transfer to stagnant condi-
tions, rice roots had apparently formed a barrier to ROL,
which decreased ROL by 90% in subapical root zones, but
not at the root tip. After 4 d in stagnant conditions, plants
also showed increases in numbers of adventitious roots,
root dry mass and root/shoot ratio. By contrast, maximum
root length and shoot growth were decreased in stagnant
conditions. Only 4 d after transition to stagnant conditions,
relative P uptake declined, especially at low P supply. In
aerated solutions, roots increased relative P uptake until 8 d.
The effect of P deficiency was more severe on rice growth
and relative P uptake of plants in stagnant than in aerated
nutrient solution culture. In conclusion, roots responded
rapidly to oxygen deficiency with decreased ROL in
subapical root zones, at least 2 d before any change in root
porosity or morphology was evident. Relative P uptake also
decreased under oxygen deficiency, showing that a sudden
decline in root-zone oxygen adversely affects P nutrition
of rice.
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