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Abstract This paper and its companion (Colmer et al., 2014) review research on

the adaptation of rice (Oryza sativa L.) to the wide range of semi-aquatic

environments in which it grows. The paper considers well-regulated flooding to

5–20 cm depth; the companion considers deeper flooding in rainfed conditions.

Flooded environments are dominated by the very slow diffusion of gases in water

and the resulting changes in soil chemical and biological conditions. Adaptations to

these potentially toxic conditions hinge on an optimum ventilation network in the

plant, providing O2 to the roots and rhizosphere, both being critical for favourable

nutrition and tolerance of reduced-soil toxins. Rice has become a model for

studying adaptation to flooded soils and flood-prone environments because of its

relatively simple genome and large genetic diversity, and its extreme tolerance of

flooded soils compared with other crop species.

1 Introduction

The review focuses on the mechanisms of adaptation of rice (Oryza sativa L.) to

wetland environments, where the slow diffusion of gases in water results in greatly

altered plant growth conditions. These mechanisms have been studied for many

decades by plant physiologists, biochemists, and biophysicists, as well as by soil

chemists, biologists, and physicists. Concurrently, there have been intensive agro-

nomic and genetic studies, and rice breeding. These streams are increasingly

coming together, particularly with the application of molecular genetics and bioin-

formatics. The great genetic diversity and relatively simple genome of rice have

made it well suited to research into the mechanisms of plant adaptation to flooded

environments.

This endeavour has been stimulated by the role of rice as a staple food for

millions across the globe. It is the only major food crop that is cultivated in a semi-

aquatic environment. Under controlled flooding and optimal management, the

potential grain yield of rice is equal to that of wheat (10–11 tons ha�1 in its main

agro-ecological zones—Fisher and Edmeades 2010). Rice has become one of the

best explored model systems for adaptation to flooded environments. Its genome

contains a multitude of adaptive mechanisms which have evolved naturally and

through intense human intervention.
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1.1 Rice in Wetland Ecosystems

Flooded environments are dominated by the influence of Fick’s first law of diffu-

sion: Fi ¼ �Di dCi/dx, where Fi is the flux of gas or solute i in a medium in which

it has concentration gradient dCi/dx and diffusion coefficient Di. Diffusion

coefficients in water are 10,000 times smaller than those in air (Armstrong 1979).

So rates of diffusion of respiratory gases into and out of flooded soils are extremely

slow. Thus, the flooded environment is a ‘different world’ to that of the well-aerated

soils in which all other food crops are grown.

The diverse ecology of wetlands used for agriculture has been reviewed by

Verhoeven and Setter (2010). Here we focus on rice and as appropriate we include

other species with particular tolerance mechanisms. Rice is grown in water depths

ranging from 5 to 20 cm in irrigated or rainfed paddy fields, to 0.5 to over 5 m in

flood-prone areas, with floods lasting weeks to months. All these environments

impose very restricted gas exchange on the submerged parts of the plant and low to

zero O2 concentrations in the surrounding soil.

Few plant species offer the opportunity to understand adaptation to low O2

environments. Rice has been a model for investigation because of its significance as

a food source and the resulting extensive collection and documentation of germplasm

that have taken place. Though most modern rices have a common ancestry, many

thousands of landraces have been catalogued from a wide range of flooding regimes.

Rice shares its ability to thrive in inundated regions with a large number of other

wetland plant species (Blom and Voesenek 1996). Other species of interest include

Echinochloa (barnyard grass), whose subspecies include some of the few effective

weeds of rice, possibly with superior ability to grow in anoxic soils (Kennedy et al.

1980; Ismail et al. 2012). Other wetland species that have been studied include

Phragmites australis, which ventilates its rhizomes via pressure flow as well as by

diffusion (Armstrong et al. 1992); some wild Oryza species are perennials, but it is

not clear whether these have a similar ventilation system to Phragmites. Another
intensively studied species is Rumex palustris, a dicotyledon native to European

flood plains; different Rumex species flourish in locations of very different water

regimes over short distances (Blom and Voesenek 1996). Others include various

water weeds, the best researched of which are Potamogeton species which have

turions that can survive for long periods in anoxic mud and develop shoots even

under anoxia (Jackson and Ram 2003; Ishizawa et al. 1999). Responses of these

species relevant to the present review are discussed in the appropriate sections.

A more general review is given by Colmer and Voesenek (2009).

1.2 Early Research on Rice Physiology and Soil Chemistry

This short historical account covers both the present and its companion paper.

Pioneering studies were on the ventilation essential to efficient root function, but

also to oxygenation of the rhizosphere to facilitate nutrient uptake and to protect the
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roots from the toxic compounds in the anoxic soil. This included ingenious studies

initiated during the Second World War by MH van Raalte in the Botanical Gardens

of Bogor in Java (van Raalte 1940, 1944). His results stimulated subsequent

intensive investigations by Armstrong and colleagues, in which experimental

observations were combined with modelling of O2 diffusion from the shoots to

the roots and to the rhizosphere (Armstrong 1979; Armstrong and Beckett 1987).

Tolerance to anaerobiosis was a second focus, with concentration on the ability

of germinating rice seedlings to develop a coleoptile (acting as a snorkel), even

during anoxia. Initially these studies were on mechanisms of extension growth

(Kordan 1974) and then complemented by biochemical investigations (Bertani and

Reggiani 1991; Perata and Alpi 1993; Ricard et al. 1994; Gibbs and Greenway

2003; Greenway and Gibbs 2003). Germinating rice became a productive model

system to elucidate mechanism of anoxia tolerance in plants. Functions of the

phytohormone ethylene were another research avenue (Kende et al. 1998; Colmer

et al. 2013).

The other main strand of research was on soil conditions, with emphasis on

redox reactions and their effects on nutrient availability and the concentrations of

toxic compounds (reviewed by Ponnaperuma 1972; Kyuma 2003; Kirk 2004).

The advent of molecular biology and the sequencing of the genomes of both

indica and japonica rice subspecies (Doi et al. 2008) has rejuvenated these earlier

endeavours. A logical dovetailing of genomic research with physiology, agronomy,

and plant breeding has occurred, integrating with molecular genetics techniques.

1.3 Outline of the Review

The two parts of this review concern the mechanisms of adaptation of rice to

its large range of environments, with special reference to the water regimes.

We discuss the intriguing features of rice adaptations to this hostile environment

with emphasis on aeration, gas exchange, nutrient uptake and tolerance to toxins,

and on the relevant biophysics, biochemistry and molecular biology. In the present

paper, we describe the ventilation network and the chemistry and physics of flooded

soils. The second paper (Colmer et al. 2014) concerns deeper floods and considers

water quality, underwater gas exchange, and elongation in deep water and longevity

during transient complete submergence. A third paper in preparation by some of

the present authors will consider the metabolic mechanisms of anoxia tolerance,

for which germinating rice, particularly the coleoptile, has become an excellent

model.
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2 Characteristics of Rice Ecosystems

2.1 Geography

The general features of rice flooding regimes depend on the regional and local

climate, and the soils and landforms, but modified to a great extent by artificial

levelling and bunding of individual fields, and irrigation (Moormann and van

Breemen 1978; Richardson and Vepraskas 2001). The main landforms are inland

valleys in upland areas, alluvial fans and terraces in foothills, active floodplains in

river basins, and coastal floodplains. There are three distinct types of hydrology in

these landforms, depending on the position in the landscape: fluxial lands, in which
water arrives wholly or in part from surface flow, such as in runoff or streams;

phreatic, in which water arrives from groundwater that rises to the soil surface for at

least part of the year; and pluvial, in which water arrives entirely from rainfall. In

fluxial lands, water flowing in from neighbouring upland and upper catchments

brings with it sediment and nutrients which are only slowly lost to deepwater areas

downslope. Because of the net inflow of nutrients, the abundance of water, and

beneficial changes in the soil resulting from chemical reduction under anoxia

(Sect. 3.2), fluxial wetlands are among the most productive ecosystems on Earth.

By contrast pluvial wetlands rely on nutrients brought in by rainfall or fixed

biologically from the atmosphere, and they therefore tend to be much less produc-

tive. Phreatic wetlands are intermediate.

2.2 Water Regimes

The terminology most widely used to define rice ecosystems is based on water

regime (deficit, excess, or optimum), drainage (poor or good), topography (flat or

undulating), and soil characteristics (with or without problems) (IRRI 1982). Four

major categories are distinguished as illustrated in Fig. 1.

2.2.1 Irrigated

Roughly 55 % of the harvested rice area is irrigated, producing 75 % of the world’s

rice (IRRI 2002). Irrigated rice is grown in levelled, bunded fields with good water

control. The crop is transplanted or direct seeded in puddled soil, and shallow

floodwater (5–20 cm deep) is maintained on the soil surface so that the soil is

predominantly anoxic during the rice growing season. One or more crops are grown

each year. In irrigatedwet-season rice, watermay be added as a supplement to rainfall,

generally early in the season or during mid-season dry periods. In dry-season rice,
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crops cannot be grown without irrigation. Cloud cover is minimal and therefore solar

radiation and hence yield potentials are greater than for wet-season rice.

2.2.2 Rainfed Lowland

Rainfed lowlands account for roughly 35 % of the harvested rice area globally but

less than 20 % of production (IRRI 2002). The rice is grown in level to gently

sloping, bunded fields that are flooded for at least part of the cropping season. Water

depths may exceed 20 cm. The crop is transplanted in puddled soil or direct seeded

on puddled or ploughed dry soil. The water supply is poorly controlled, with the soil

alternating between aerated and anoxic conditions, and both transient submergence

of the plants and drought may occur in the same season, requiring different varieties

and management strategies to irrigated systems.

2.2.3 Flood-Prone

Flood-prone areas account for less than 5 % of the global harvested rice area (IRRI

2002), but where they occur they may be vital for the local economy. They are

distinguished from rainfed lowlands by the depth (>50 cm) and duration (between a

few days and 3 weeks) of complete submergence in flash-flood areas, to deep partial

flooding in stagnant and deepwater areas, or by soil problems related to flooding

(e.g. salinity, sodicity, acid sulphate, peat soil). Fields are flooded to at least 50 cm

depth and often much more for periods from weeks to months. Varieties must be

adapted to flash floods where the water rises rapidly but drains within 2 weeks, or to

more gradual but prolonged flooding to depths exceeding 100 cm, requiring the

Fig. 1 Characteristics of rice ecosystems (IRRI 1993). Rice ecosystems are characterised by

water and land resources. Irrigated rice can occur at any point in the toposequence; the others occur

as shown. See text for definitions. Reproduced by permission of IRRI
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plant to elongate to reach the surface (deepwater/’floating’ rice of over 5 m long is

also represented here).

2.2.4 Upland

Upland rice accounts for only a few per cent of global production (IRRI 2002). It is

grown in level to steeply sloping fields that are rarely flooded or waterlogged. No

effort is made to impound water as for other rice ecosystems and the crop is direct

seeded on ploughed dry soil or dibbled in wet, non-puddled soil.

2.3 Genetic Diversity of Rice

The genus Oryza originated about 130 million years ago from a common ancestor

followed by introgressions of wild marsh grasses into modern rice (Khush 1997)

domesticated around 9,000 years ago in Asia (Molina et al. 2011). Two distinct

subspecies of O. sativa, japonica and indica, arose from independent populations

more than 100,000 years ago (Sweeney and McCouch 2007), followed by a series

of introgression, selection, and diversification events that occurred naturally before

human intervention. Subsequent changes to the genetic composition of O. sativa
have been enhanced by human activity (Vaughan et al. 2005) to produce some half

a million identifiable landraces and commercial varieties of O. sativa, of which
about 20 % are curated at the International Rice Research Institute (Sackville-

Hamilton 2006). The contribution of continuing introgression to rice evolution has

been argued (Ge and Sang 2007), but regardless of the accepted model, rice remains

a dynamic species whose genetic improvement will accelerate through biotechnology

(Hirochika et al. 2004; Jung et al. 2008). Within O. sativa, vast genetic potential

remains to be exploited (Xu et al. 2012).

Relatively few rice genotypes have been investigated at the gene level, despite

the japonica genome having been mapped more than a decade ago and in spite of

intensive genomics addressing key evolutionary questions (Ge and Sang 2007). A

seminal study of individual genes including a shattering gene and a pericarp colour

gene has been used to establish domestication of O. sativa from various progenitors

that include O. rufipogon and O. nivara (Sweeney and McCouch 2007). With this

significant speciation, we speculate that many genes that confer tolerance to

flooding regimes remain in modern rice cultivars. Even though at most 20 % of

genetic diversity in the genus Oryza is found within the two subspecies of O. sativa
(Zhu et al. 2007), enormous potential for tolerance to flooding regimes exists, as

demonstrated in this review. This is particularly the case because of the diverse

flooded habitats to which most rice species are habituated.

In addition to O. sativa and O. glaberrima, which have been domesticated for

thousands of years in Asia and Africa, respectively, there are more than 20 wild

Oryza species that remain largely unexploited. Six species share the AA genome
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with the two domesticated rice species and are therefore candidates for genetic

improvement of cultivated rice (Sweeney and McCouch 2007; Doi et al. 2008;

McNally et al. 2009). Reciprocal crosses reveal a cytoplasmic contribution to

fertility that will need to be accommodated if wild germplasm is to enrich

domesticated rice, with O. nivara the most compatible species with O. sativa
(Naredo et al. 1997). Species such as O. rufipogon which grow as perennial

weeds in wetlands are potential sources of flood tolerance genes, especially for

deepwater conditions. Crosses between O. sativa and O. rufipogon demonstrate the

potential for the wild relative as a donor of yield-related genes (Septiningsih et al.

2003; Sabu et al. 2009); this heritability gives hope for transfer of flood tolerance

genes from the O. rufipogon gene pool.

Identification and transfer of genes conferring flood tolerance from the wild

Oryza species to domesticated rice will, however, require exhaustive genomics

approaches and cytogenetic techniques to facilitate introgressions of small chro-

mosome regions containing critical genes or target QTLs (Doi et al. 2008). The

search for useful alleles will accelerate as collections of wild rice relatives are

screened and reproductive barriers are surmounted (Doi et al. 2008). Rapid genetic

progress will specifically come from a deeper understanding of transcriptional

control, as demonstrated with the Sub1A gene (Xu et al. 2006). Mazzucotelli

et al. (2008) point out the importance of transcriptional regulation in developing

genotypes that can tolerate thermal stresses and drought. Liu et al. (2010) report a

number of anaerobically responsive motifs in O. sativa that are candidates for

transcriptional control of flood tolerance genes. As critical QTLs for flood tolerance

and the identities of key alleles are identified in O. sativa, tolerance genes will also
be revealed in wild relatives, particularly as genome sequences become public.

Specifically, improved tolerance of domesticated Oryza species to contrasting

flooding regimes will require consideration of an array of gene � environment

interactions. There will also be benefits for flood tolerance in more susceptible

cereals because of the synteny that allows targeting of genes in related grass

genomes (Xu et al. 2012).

3 Characteristics of Flooded Environments

3.1 Impaired Gas Transport

In all rice ecosystems, except upland, there is standing water on the soil surface

for most of the growing season (Fig. 2). In irrigated rice, the water depths range

from 5 to 20 cm. In rainfed rice much greater depths occur during flooding,

and sometimes these floods last several months, in which case deepwater

rices are grown. The concentrations of dissolved gases in the floodwater depend

on the growth and respiration of photosynthetic algae, aquatic weeds, and

non-photosynthetic organisms in the water (Roger 1996). Roger (1996) found that
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in irrigated rice fields with 15 cm water depth photosynthesis can lead to O2

concentrations of 0.31–0.62 mM (34–68 kPa), while at night, dissolved O2 concen-

tration can fall to near zero. Opposite diurnal cycles occur for CO2, with associated

changes in pH, which increases when CO2 decreases and vice versa. For example,

Mikkelsen et al. (1978) found the floodwater pH in an irrigated rice field rose as

high as 10 during the day as CO2 was removed but fell by 2 or 3 pH units at night.

In the soil beneath the floodwater, low rates of diffusion and the absence of

turbulence cause O2 concentrations to drop to zero within a few hours of flooding as

O2 is consumed by plant tissues and microorganisms (Ponnaperuma 1972). Anaer-

obic soil microbes then use alternative electron acceptors in their respiration.

Dissolved CO2 formed in the respiration of these organisms escapes only slowly,

so it tends to accumulate. Ponnaperuma (1972) reported CO2 pressures of

18–38 kPa in flooded soils without plants at 3 weeks after the start of flooding.

There are also increases in ethylene: for example Trought and Drew (1980) found

ethylene reached 0.4 Pa in a waterlogged wheat soil and Setter et al. (1988) found

ethylene reached 2.5–4.5 Pa in soils in deepwater rice fields.
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Fig. 2 Schematic profile of a flooded rice field (Kirk 2004)
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3.2 Changes in the Soil Following Flooding

3.2.1 Soil Physical Changes

Following flooding, air trapped in soil pores becomes compressed and further

compression develops as volatile products of organic matter decomposition accu-

mulate in the pores and as 2:1 type clays swell (Greenland 1997). As a result, large

soil aggregates tend to rupture, and further rupture occurs as organic matter and

oxide coatings that bind aggregates dissolve. The soil permeability declines as

disaggregation proceeds and as pores become clogged with dispersed clay and

other debris.

The practice of puddling the soil during land preparation for rice causes further

disaggregation. The aim of puddling is to reduce losses of water through percola-

tion, both to conserve water and to control weeds, and to facilitate transplanting.

Puddling results in near complete destruction of water-stable aggregates and dis-

persion of fine clay particles. Some flow-through of water should be maintained so

that the soil does not become entirely anoxic and toxins are washed out. Also, if the

structure is completely destroyed the soil will dry only very slowly following the

rice crop, and this will delay the establishment of a following dryland crop.

Puddling decreases percolation rates by up to three orders of magnitude. It gener-

ally leads to an increase in total porosity because the destruction of aggregates

decreases intra-aggregate pores but increases inter-aggregate and inter-domain

pores. In the absence of puddling, the flooding of intra-aggregate pores results in

large volumes of anaerobic conditions within aggregates, while near atmospheric

O2 concentrations occur between the aggregates when the soil drains.

Repeated working of the soil for rice often results in permanent physical changes

that mask the soil’s original character. Gross changes are caused by levelling,

terracing, and puddling of the soil. Over time a ‘traffic’ pan of compacted soil

often develops, 5–10 cm thick at 10–40 cm depth. This has a greater bulk density

and is less permeable than the overlying surface soil, but has similar texture. Over

time, the surface soil often becomes more coarse-textured, possibly because of

weathering of clay under alternating flooding and drainage (Moormann and van

Breemen 1978). Clay may also be lost from the surface during puddling by

movement downslope with surface water. But equally clay may be added from

upslope.

3.2.2 Soil Chemical and Biological Changes

Because O2 is excluded by submergence, soil organisms must use other soil

constituents as electron acceptors (oxidising agents) in deriving energy from the

oxidation of organic matter. This typically occurs in the sequence (see Kirk 2004

for a full discussion): NO3
� to N2, Mn(IV) manganese to Mn(II), Fe(III) iron to

Fe(II), and then SO4
2� to S2�. Subsequently organic matter is oxidised by
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methanogenic bacteria to CO2 and CH4. This sequence is predicted by

thermodynamics.

Concomitant with these redox reactions, there are important changes in the soil

pH and alkalinity, and in the concentration of CO2 dissolved in the soil solution.

Protons are consumed in the various reduction reactions and the solution pH

therefore tends to increase. Initially the pH may decrease following submergence

because CO2 formed in aerobic respiration escapes only very slowly, and it

therefore accumulates. As CO2 continues to accumulate during anaerobic respira-

tion and fermentation, large partial pressures develop, typically in the range

5–20 kPa (Ponnamperuma 1972). The accumulation of CO2 lowers the pH of

alkaline soils and curbs the increase in pH of acid soils. As a result the pHs of all

soils tend to converge following submergence in the range 6.5–7 (Ponnamperuma

1972).

As the partial pressure of CO2 increases, the concentration of HCO3
� in the soil

solution increases and therefore the concentration of balancing cations in solution

increases. The Mn2+ and especially Fe2+ ions formed in soil reduction displace

exchangeable cations into solution. Also, the changes in pH cause changes in the

charges of variable-charge clays and organic matter; thus the cation exchange

capacity of acid soils tends to increase and that of alkaline soils tends to decrease.

The floodwater standing on the soil surface is usually sufficiently shallow, well

mixed by wind and thermal gradients, and oxygenated by photosynthetic organisms

that it is essentially aerobic (Roger 1996). However transport of O2 into the

underlying soil is too slow for more than a thin layer to be aerobic (Bouldin

1968; Patrick and Delaune 1972). In this aerobic layer the concentrations of

reduced species are negligible, and CO2 is the main end product of microbial

respiration. In the underlying anaerobic soil, only a few millimetres away, the

concentrations of Fe2+ and the various organic products of anaerobic respiration

can be very large. Thus conditions change dramatically over a very short distance.

The most visible change associated with these processes is the reduction of the

red and brown compounds of Fe(III) iron to blue-grey compounds of Fe(II) iron.

Subsequent translocation of soluble Fe2+ to zones where O2 enters the soil—such as

at the soil surface or near plant roots—produces reddish-brown mottles of insoluble

Fe(III) oxides. Likewise there may be movement and re-oxidation of Mn(II)

forming black Mn(IV) compounds.

Though there are exceptions—notably acid sulphate soils—a feature of flooded rice

soils is that they tend not to become acidic after continuous cultivation (Kirk 2004). In

upland soils, acidification occurs chiefly because of the leaching of NO3
� accompanied

by base cations. But in general, little or no NO3
� is leached from flooded soils, any

NO3
� entering the soil or formed in it being either absorbed by the crop or denitrified, so

this process does not occur. Further, the anaerobic processes causing pH changes

following flooding are reversed upon drainage and re-oxidation of the soil. Thus, unless

there has been substantial movement of acid or base out of the soil during flooding, as

generally there will not have been, the pH changes are reversed.

Nor do rice fields tend to become saline, except in arid or semi-arid areas

(Greenland 1997). In land that is flooded for part of the year but drains naturally
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after the floodwater recedes, accumulated salt is removed with the draining water

and there is a natural renewal of the land. Percolation and lateral drainage at the

start of the following rainy season, but before the land is re-flooded, also wash out

accumulated salt, as in coastal areas.

4 Root Aeration

4.1 Root Anatomy

4.1.1 Aerenchyma and Porosity

Growth of vascular plants in flooded soils requires an efficient internal aeration

system to deliver O2 to submerged organs, with the additional benefit of venting

CO2 produced in the roots and soil to the atmosphere. Rice and other wetland

plants contain extensive longitudinally interconnected gas-filled channels—

aerenchyma—which provide a low-resistance pathway for gas-phase diffusion

between shoots and roots (Barber et al. 1961; Armstrong 1979). Figure 3 shows

aerenchyma in different root tissues of rice.

The aeration network is mainly based on aerenchyma, though in certain parts of

the root system lacking lacunae, there may be regions with relatively high porosity

due to cubic packing of cells; for example, between the end of lacunae and root

apices, and in root laterals (Justin and Armstrong 1987). Maximum porosity with

cubic packing if adjacent cells are perfectly spherical and only in ‘point contact’ is

21.5 %, compared to 9 % for hexagonal packing (Justin and Armstrong 1987). In

practice these values are smaller in real root tissues because neighbouring cells

have much more than just point contact. An example is given by Armstrong (1971)

who found the porosity of the 1–2 cm zone behind the apex in rice roots grown in

drained soil was 9 %, the roots not having aerenchyma and all the porosity being

due to extracellular spaces between the cubically packed cells.

In a study of 41 wetland species in flooded compost, rice roots (cv. Norin 36)

were eighth most porous (Justin and Armstrong 1987). At 35 % porosity rice was

similar to other well-known wetland species such as Spartina anglica and Juncus
effusus, but less porous than Phragmites australis (52 %) and Juncus inflexus
(52 %). Porosity in the basal parts of rice roots reached approximately 45 %

whereas values were approximately 10 % at 1 cm behind the apex where large

aerenchyma channels are absent, but the cubical arrangement of cortical cells

provides gas-filled spaces (Armstrong 1971). Moreover, rice genotypes differ in

root porosity; Colmer (2003a) found a range of 29–41 % in 12 genotypes grown in

stagnant deoxygenated agar. Armstrong (1971) found root porosity of rice was

approximately 20 % in drained soil but 43 % in waterlogged soil. Similar findings

were obtained for rice in aerated nutrient solution and in stagnant agar (Colmer

2003a). High porosity within roots in flooded anoxic soil is important because root
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growth depends on internal diffusion of O2 to the apex (Armstrong and Webb

1985). The capacity for this supply determines maximum rooting depth and

together with a barrier in the outer cell layers of roots (Sect. 4.1.2) influences radial

O2 loss and rhizosphere biogeochemical processes (Sect. 6).

Root aerenchyma are connected to lacunae at the shoot base, through which O2

enters from the atmosphere above. In a study in which porosity was measured in

leaves, sheath bases, and roots of rice (cv. Calrose), Colmer and Pedersen (2008)

found porosity was 26 � 2 % (v/v) in roots, 40 � 4 % in sheaths (basal 100 mm),

and 29 � 2 % in leaf blades including the mid-rib, with the largest lacunae in leaf

blades being in the mid-rib. The importance of the shoot as the O2 source for the

roots in an O2-free medium was demonstrated in experiments in which O2 was

manipulated (either exogenously by gas mixtures or endogenously via light/dark

periods) and dynamic tissue O2 concentrations monitored using O2 micro-

electrodes and root-sleeving electrodes. A low-resistance pathway for O2 move-

ment was present from leaf mid-rib to sheath base to roots (Colmer and Pedersen

2008). Oxygen movement along submerged shoots can also occur within surface

gas films (see Colmer et al. 2013). For rice in shallow water, the very high O2

concentrations in the floodwater (0.31–0.62 mM—Sect. 3.1) may increase the O2 in

the adjoining shoot tissue well above ambient, in which case the source of O2 for

diffusion into the roots would be greater than ambient.

Rice genotypes also differ in the extent of shoot aerenchyma (e.g. sheaths,

Parlanti et al. 2011; stems, Steffens et al. 2011) and there are differences between

growth stages and development patterns. Some aerenchyma formation in shoots is

‘constitutive’, as it is in roots (Steffens et al. 2011). Ethylene signalling has been

implicated in the flood-induced enhancement of aerenchyma formation in both root

(Justin and Armstrong 1991; Colmer et al. 2006) and shoot tissues, with involve-

ment also of H2O2 in the programmed cell death that forms the lacunae in shoots

(Parlanti et al. 2011; Steffens et al. 2011).

Fig. 3 Cross sections of primary rice roots (Butterbach-Bahl et al. 2000). (a) Radial section close

to tip showing intercellular spaces (I), central cylinder (CC), and rhizodermis (RH). (b, c) Radial

sections of younger (39 days) and older (72 days) basal parts showing exodermis (E), sclerenchy-

matous cylinder (SC), parenchyma of cortical cells (P), and aerenchyma (AE). Reproduced by

permission of the authors
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That transport of O2 within aerenchyma is by diffusion was first demonstrated by

van Raalte (1940), who measured concentration profiles of O2 from rice shoots to

roots in semi-stagnant solution using micro-manometers. Oxygen concentrations

(means of two rice cultivars) were 12.5 % near the base of the root, 6.6 % in the

middle, and 4 % at the tip. Subsequently, Armstrong and co-workers have

elucidated the processes of internal aeration in plant roots by use of mathematical

models integrated with experimental data on axial and radial O2 profiles in maize

roots and the rhizosphere, obtained with root-sleeving electrodes and micro-

electrodes (Armstrong 1979; Armstrong and Beckett 1987; Gibbs et al. 1998;

Darwent et al. 2003). These studies demonstrate the importance of aerenchyma in

providing a low-resistance pathway for diffusion of O2 and other gases within the

roots.

In addition to their large gas-filled porosity, roots of rice also contain a barrier to

radial O2 loss (ROL) in the basal zones (Sect. 4.1.2). The barrier restricts O2 loss

from the root, and thereby permits a greater length of root to be aerated by diffusion,

resulting in a higher apical O2 concentration and an aerobic rhizosphere around the

root tip (Armstrong 1979). In contrast to the data available on internal aeration and

anoxia tolerance in rice, there is little information on metabolism as related to

spatial and temporal differences in O2 supply. In spite of the ventilation system, the

various root tissues will experience a range of O2 concentrations, as a function of

their position along the diffusion path, and the external sink for O2.

4.1.2 The Barrier to O2 Loss

The barrier to radial O2 loss (ROL) from the root is located in the outer cell layers of

the main axis of the roots. This has been shown for various wetland plants

(Armstrong 1979; Colmer 2003a) and rice (Armstrong 1971; Colmer 2003b;

Shiono et al. 2011). In the relatively few rice varieties investigated so far, the

barrier starts at 1–1.5 cm behind the root tip and has a very low permeability to O2;

ROL from the main axis in the basal regions was more than two orders of

magnitude less than at the root tip—despite the higher expected internal

concentrations in the basal zones (Armstrong 1971; Colmer 2003b). In roots of

rice, the barrier to ROL is inducible, forming in stagnant or waterlogged conditions,

but not (or only weakly) in aerated conditions (Colmer et al. 1998, 2006; Colmer

2003a; Shiono et al. 2011). Many wetland species have a ROL barrier in their roots;

some species constitutively form such ROL barriers even in aerated conditions

whereas in others it is induced by growth conditions (Colmer 2003b), but there are

also notable exceptions such as Rumex palustris. The ROL barrier in R. palustris is
rather weak by comparison with rice, as shown by the similar rates of ROL between

root base and root tip (Visser et al. 2000). With no barrier at all, diffusion models

predict a hyperbolic decrease in O2 concentration within the aerenchyma towards

the root tip, and a similar profile for ROL to the medium (Armstrong 1979).

One advantage of the barrier to ROL is the potential for a greater rooting depth

(Armstrong 1979). The importance of the barrier becomes less as root porosity
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increases, unless roots are in highly reduced substrates, which contain large

concentrations of organic or inorganic toxins produced by anaerobic bacteria.

Having longer roots presumably enables exploration of a greater volume of soil

from which nutrients can be absorbed. However, the acclimative advantage of

having a barrier to ROL may depend on soil type, with the greatest importance

presumably being in highly reducing soils (Sect. 5.4). In a study with 12 genotypes

of rice in stagnant agar, the barrier did not form in two of the seven upland

genotypes included in the study (Colmer 2003a). So, genotypic variation for this

trait within rice should allow further study of the importance of the barrier in soils

with different redox potentials.

4.2 The Root O2 Budget

4.2.1 Oxygen Loss from Lateral Roots

Short, fine lateral roots account for a large proportion of the absorbing root surface

in rice (Matsuo and Hoshikawa 1993) and these roots leak more O2 on a per plant

basis than the adjacent primary root. Contributory factors are that these laterals

have no impermeable wall layers (except under exceptional circumstances—

Armstrong and Armstrong 2005) and they have a large surface area to volume

ratio (Armstrong et al. 1990; Kirk 2003). Evidence for preferential loss of O2 from

laterals includes measurements of Fe oxide coatings on roots placed in deoxygen-

ated agar containing Fe(II) (Trolldenier 1988); changes in redox potential as roots

grew across rows of platinum electrodes in anaerobic soil (Flessa and Fischer

1993); and the abundance of methane oxidising bacteria, which are obligate

aerobes, along rice lateral roots in anaerobic soil (Gilbert et al. 1998).

Kirk (2003) developed a simple model of root aeration in rice in relation to root

architecture and concluded that the basic architecture of current rice genotypes

provides the best compromise between the need for internal aeration and the need

for the largest possible absorbing surface per unit root mass. This architecture

consists of coarse, aerenchymatous primary roots with gas-impermeable walls

conducting O2 to short, fine, gas-permeable laterals.

As in rice, some other wetland species develop prolific laterals near the root base

(i.e. just below the shoot–root junction) which conduct substantial amounts of O2 to

the waterlogged soil. In Phragmites australis, for example, these basal laterals

conduct 70–100 times more O2 to the soil than the main axes (Armstrong et al.

1990). In Phragmites, redox potentials near the root were between 200 and 600 mV,

while the bulk soil was�280 mV (Armstrong et al. 1990). The O2 movement to the

rhizosphere from these shallow laterals, emerging from near the root base, as

opposed to deeper laterals, would mitigate drops in the O2 gradient within the

aerenchyma of the main axis, in view of the short distance between the O2 source

and the soil sink (Armstrong 1979). Hence substantial amounts of O2 can be

released to the soil without compromising aeration of deeper root portions.
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Nonetheless, in an emergent aquatic plant, Eleocharis sphacelata, models assuming

a 30 cm long root and 6 kPa at the root–rhizome junction indicated that ROL from

laterals could lower cortical O2 concentrations at 10 cm from the rhizome–root

junction from approximately 5.5 down to 1.5 kPa (Sorrell 1994).

Experiments in sterile versus non-sterile media show that the degree of

oxygenation can vary substantially with the presence of bacteria: Hojberg and

Sorensen (1993) found the O2 concentration at the surface of a barley root was

9 kPa in an otherwise O2-free sterile gel medium but only 2–4 kPa when

non-sterilised soil extract had been added to this medium. In this latter medium,

the rhizosphere respired 30–60 times faster than the bulk medium (Hojberg and

Sorensen 1993).

4.2.2 Oxygen Consumption in Root Tissues

A long-standing question is the effect of different volumes of aerenchyma on the

relative apportioning of O2 to the root tissues and the rhizosphere. One factor

determining O2 concentration in the root tip is respiratory consumption by the

root tissue along the pathway. It has been suggested that degradation of the cortex to

form aerenchyma would not only decrease the physical resistance for gas-phase

diffusion but also have the added benefit of reducing the amount of respiratory

tissue (Williams and Barber 1961). However, using an electrical analogue and data

for wetland and non-wetland plant roots, Armstrong (1979) concluded that the role

in the decreased diffusional resistance for O2 provision via the aerenchyma was

dominant.

Armstrong (1979) found that the length of non-wetland roots reached 6 cm and

that of rice roots 10 cm under his standard conditions. The O2 concentrations at

6 cm from the root–shoot junction in rice were 15.2 kPa, decreasing to 12.0 kPa

when the analogue assumed that both respiratory demand and radial O2 loss were as

high as in a dryland-type root. By contrast, for a non-aerenchymatous dryland-type

root, O2 at 6 cm from the root–shoot junction only increased from 2.3 to 5 kPa when

the model assumed low radial O2 loss and a typical respiratory demand for a

wetland plant, but with no aerenchyma.

Armstrong and Beckett (1987) extended the modelling of O2 transport and

consumption within roots to include differences between tissue cylinders in the

radial direction. This indicated that the various tissues across roots differ in O2

availability, and these differences become substantial in roots receiving a limited

O2 supply, particularly in the most distal parts of the roots. These ‘multi-shell

models’ predict energy deficits developing in two crucial tissues, which both have a

very low porosity and a high metabolic activity. These tissues are the root tip, which

is at the end of the longitudinal path of O2 from the shoot base, and the stele which,

at least in maize, may display anaerobic catabolism even earlier than the root tip

(Armstrong and Beckett 1987). These observations led to the hypothesis that, in an

anoxic stele, loading of nutrients into the xylem is inhibited, leading to a substantial

decrease in nutrient flow to the shoots (Gibbs et al. 1998; Colmer and Greenway

230 G.J.D. Kirk et al.



2011). For a vigorously growing crop like rice, such inhibition of nutrient transport

to the shoots might be quite detrimental (but see Sect. 5.2).

4.2.3 Mechanism of Gas Movement: Diffusion or Pressure-Driven

Mass Flow?

Some wetland species have an aeration potential far in excess of that provided by

diffusion: bulk through-flows of “air”, described by Dacey (1980) as ‘internal winds’,

are driven by real pressure differences from emergent living shoots/leaves/leaf

sheaths into submerged rhizomes and the ‘exhaust’ gases escape from other emergent

parts (Armstrong et al. 1991, 1992; Brix et al. 1992). AlthoughOryza sativa does not
have rhizomes, the tillers are connected and it is conceivable that bulk gas flows could

be generated between tillers having differential potentials for pressure generation.

However, there is no evidence for this and in the following three truly rhizomatous

Oryza species, no pressurisation or through-flow has been detected (Armstrong and

Armstrong, unpublished data): O. rhizomatous (from Sri Lanka; IRGC Accession

no. 105448), O. australiensis (IRGC Accession no. 103303), and O. longistaminata
(from West Africa). It should be tested whether there is through-flow in any of the

other wild Oryza species that possess true rhizomes.

An important controversy has been whether in rice there is a substantial contri-

bution of mass flow to O2 provision from the atmosphere via gas films on the

submerged parts of the shoots (suggested by Raskin and Kende (1983), based on

short-term observations). However, mass flow along partially submerged rice

shoots will not substantially enhance total O2 supply, because in the absence of a

through-flow pathway, such mass flow merely replaces rather than augments flow

by diffusion (Beckett et al. 1988).

4.2.4 Testing Models of Root Aeration

Experimental support for models of root aeration is equivocal. Predicted rooting

depths in anoxic media as determined by gas-filled porosity influencing O2 move-

ment to root tips are broadly in agreement with experimental data. For example,

Thomson et al. (1992) found good agreement of actual root lengths with those

predicted by Armstrong’s (1979) ‘root length model’, with the length of rice roots

with 42 % porosity reaching 24 cm, compared to wheat roots with 22 % porosity

reaching only 14 cm. These calculations did not allow for ROL, which would be

much greater in wheat than in rice; however, the earlier referred to model by

Armstrong (1979) showed in non-wetland roots the O2 concentration at 6 cm

from the root–shoot junction would only rise from 2.3 to 5 kPa when a ROL

value typical of rice was used, so its effect on maximum root length might be rather

hard to pick up experimentally.

The adequacy of the internal aeration system for roots of rice can be tested by O2

measurements in root tissues such as the stele and particularly towards the tips near
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the end of the longest diffusion pathway. Additional data on soil oxygenation

especially near lateral roots are also needed. Experience with roots of maize and

P. australis has shown that, though valuable, such measurements cannot easily be

used to decide whether O2 concentrations are adequate for aerobic catabolism. So,

one way forward would be to dovetail these O2 measurements with checks on

metabolism and root functioning in energy-dependent ion transport. One powerful

approach would be the concurrent measurements of O2 concentration profiles and

O2 fluxes along with ion fluxes for roots under defined conditions, using micro-

electrodes, as Pang et al. (2006) have done with roots of barley. (Note: in applying

such methods, interpreting O2 fluxes into roots when the shoot system is also

supplying O2 can be very difficult and can lead to erroneous conclusions.) There

are now also CO2 micro-electrodes (e.g. Anjos and Hahn 2008), but these have not

yet been used in studies on rice or other plants.

One key question is whether the earlier mentioned O2 of 34–68 kPa (i.e.

approximately two to three times higher than ambient) in the shallow floodwater

of rice paddies during the day (Sect. 3.1) would substantially influence the O2

regimes of the root. Similarly, the near zero O2 concentrations at night may lower

the O2 concentration at the root–shoot junction, and thus also within roots. If so,

there might be diurnal fluctuations in root elongation and the thickness of the

oxygenated rhizosphere. This complex situation needs to be explored by modelling

dovetailed with experiments (e.g. with micro-electrodes in the field, as recently

achieved with rice when completely submerged (Winkel et al. 2013)).

4.3 The Root CO2 Budget

The aeration network also plays an important role in controlling CO2 partial

pressures in roots in flooded soil, despite the high CO2 levels that at times develop

in the surrounding soil (Greenway et al. 2006). There are few experimental data on

CO2 partial pressures within roots in flooded soils. However Greenway et al. (2006)

modelled CO2 concentrations as being dependent on the removal of CO2 through

root aerenchyma for given rates of CO2 production in root tissues and entry from

the rhizosphere. They calculated that in 10 cm long roots with 0.6 mm diameter,

35 % porosity, and 40 kPa CO2 in the soil, the CO2 partial pressure in the root would

not rise above approximately 13 kPa because there would be continuous venting to

the atmosphere. The model also assumed that gas exchange between soil and root

was restricted to the 10 mm tip. Greater CO2 would occur with narrower and/or

longer roots (Greenway et al. 2006).

Another approach to predict CO2 partial pressures in roots in flooded soils is

based on observed O2 partial pressures in the roots, by making the simplifying

assumption that the only way to ventilate the CO2 produced by the plant roots is via

the aerenchyma to the overlying atmosphere. It is reasonable to assume that the CO2

production at least equals the O2 consumption, i.e. that the respiratory quotient

(CO2/O2) is one. Now, if the root contains 10 kPa O2, which is a rather high value
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for much of the roots of rice in anoxic soil, then the CO2 partial pressure would also

be about 10 kPa, because equal amounts of O2 and CO2 would have to diffuse

through the aerenchyma, albeit in opposite directions, and so they would require

similar concentration gradients. The CO2 pressure in the root may be even greater if

there is ethanol fermentation (and hence additional CO2 release). The restriction

that ventilation would be only via the aerenchyma is likely for roots in many rice

soils, since 10 kPa CO2 in these flooded soils is a modest value (Ponnaperuma

1972).

Even the modest CO2 partial pressure of 10 kPa may have profound

consequences for the root tissues. Taking the cytoplasmic pH to be 7.5, there

would be 75–90 mM HCO3
� in the cytoplasm (Greenway et al. 2006). This

HCO3
� load could be coped with in three ways: (1) decarboxylation of endogenous

organic acids, providing cations to balance the HCO3
�, but to a maximum of the

prevailing concentration of organic anions, usually approximately 35 mM (Green-

way et al. 2006); (2) increases in K+ concentration in the cytoplasm, with the risk

that the K+ concentration becomes excessive; and (3) allowing a decrease in pH of

the cytoplasm, which would greatly decrease the HCO3
�equilibrium concentration

(a decrease of 45 % for a decrease in pH of only 7.5 down to 7.3).

The HCO3
� load may be even more acute in root tips, which can grow with

internal O2 lower than 1 kPa (measurements in de-oxygenated agar solution,

Armstrong and Webb 1985). So, depending on the CO2 partial pressure in the

soil and still assuming a respiratory quotient of one, internal CO2 might rise to

approximately 20 kPa. Thus, we suggest that at least in some rice soils, it is hard to

predict whether the roots would suffer from O2 deficiency, excess CO2, or both. As

one example, soils high in organic matter develop large CO2 concentrations after

flooding and that would tend to increase the CO2 partial pressure within roots

(Greenway et al. 2006). The opposite would be the case for soils low in CO2

because outward diffusion could mitigate the internal rise in root CO2 caused by

root respiration and perhaps ethanolic fermentation. However exit of CO2 would

also depend on the permeability of the outer cell layers of the roots which in rice

contain a gas-diffusion barrier.

5 Root Function

5.1 Root Elongation

The limiting factor in root elongation of completely submerged rice is probably the

O2 concentrations in the root apex. Evidence for this includes the very quick

cessation of elongation when lights are switched off for submerged rice, when

ROL from just behind the root tip rapidly dropped to zero (Waters et al. 1989).

When subsequently light was again provided, both ROL and root extension

resumed rapidly. Consistently, in rice, manipulation of O2 around the shoots

Adaptation of Rice to Flooded Soils 233



showed that root elongation slowed when O2 at the root tip dropped to 1 kPa and

only ceased altogether when O2 at the tip dropped to 0 kPa (Armstrong and Webb

1985). The simplest explanation for the cessation of elongation is that the root tips

come under a severe energy crisis, so the limited energy produced is spent on

maintenance, i.e. directed towards survival, rather than to growth.

Further experimentation with rice, using manipulations of O2 around the shoots,

would be revealing, both for more detailed testing of the responses of extension and

particularly of nutrient uptake, which as far as we know has not been done for any

species.

5.2 Metabolism

Presently, there are only very few data available on metabolism in different parts of

roots subjected to O2 deficiency, and as far as we know none of these is for rice.

Hence we discuss first the case of maize roots, for which some data are available,

and then consider under what conditions similar events may occur in rice roots.

Metabolic evidence for the effect of the O2 gradient from the root–shoot junction

to the root tip of intact maize plants with roots in an anoxic medium was presented

decades ago (Drew et al. 1985). The ATP/ADP ratios at 0–100 mm from

the root–shoot junction were about four in both aerenchymatous and non-

aerenchymatous roots, while these ratios in the root tip, at 155–200 mm from the

shoot–root junction, were approximately 1.7 and 0.71 in aerenchymatous and

non-aerenchymatous roots, respectively (Drew et al. 1985). Further support for

O2 deficiency in the root tip, even though at least the cortex in most of the root still

receives plenty of O2, is sketchy. However when whole maize roots were exposed

to 0.6 mM O2 in the nutrient solution, alanine in the tip increased from 4 to 33 mM

(Gibbs et al. 1998). Alanine is a reasonable indicator of O2 deficiency as it

accumulates to high concentrations in anoxic rice coleoptiles and several other

tissues (Gibbs and Greenway 2003).

Turning to possible O2 deficiency in the stele, in maize at locations where the

cortex was at 4.3 kPa O2, O2 was below detection levels in most of the stele (Gibbs

et al. 1998). Consistently, Cl� transport into the xylem was 50 % lower than in

aerated roots (Gibbs et al. 1998). These observations led to the hypothesis that

anoxia in the stele inhibits the transporters which load ions into the xylem vessels

(Colmer and Greenway 2011). Thus, after the initial energy-dependent uptake by

the cells of the epidermis and the cortex, which still receive adequate O2, the

subsequent transport of ions to the xylem would become dependent on diffusion

and/or bulk flow as water moves to the xylem (Colmer and Greenway 2011).

Radial gradients of O2 concentration between cortex and stele were also present

for aerenchymatous maize roots (Darwent et al. 2003). Further, early stelar anoxia

was suggested for the emergent aquatic species Eleocharis sphacelata, since the

roots ceased elongating, though there should have been high enough O2 pressures at

the root tip. Interestingly, this paper suggested that stelar anoxia was more
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widespread when the endodermis was lignified (Sorrell 1994). Oxygen deficiency

in the stele of maize was further supported by metabolic measurements, such as

concentrations of ethanol and the higher active state of the key enzyme of ethanol

formation pyruvate decarboxylase in the stele than in the cortex (Thomson and

Greenway 1991).

Overall these data suggest a large effect of root anaerobiosis on nutrient trans-

port to the shoots, so it is worth exploring to what extent the events in maize occur

in rice. No data on O2 concentrations in stele versus cortex are available for rice.

However anoxia in the stele of rice roots is less likely than in maize roots because

rice has a narrow stele, i.e. a high ratio of absorbing interface between stele and

cortex to volume of respiring tissue of the stele. The higher the ratio the less likely

the stele will suffer O2 deficiency. In the following, we have calculated this ratio

from the areas given in publications (NB circumference � height / volume gives

units mm2/mm3 ¼ mm�1). Data of McDonald et al. (2002) for adventitious rice

roots give a ratio of 19 mm�1, both under aerated and stagnant conditions, whereas

data of Gibbs et al. (1998) for primary maize roots give a ratio of 6.1 mm�1. In

general, wetland plants often have narrow steles: in the data of McDonald et al.

(2002) for adventitious roots, seven out of ten wetland plants had ratios of 10 mm�1

or greater and all three non-wetland plants tested had ratios of 5.2–6.1 mm�1. So,

impairment of ion transport to the xylem in rice is less likely than in maize. From

model calculations (Armstrong and Beckett 1987), anaerobiosis in the stele of rice

roots would only occur when O2 availability becomes very restricted, either when

the soil is very reducing and therefore becomes a strong competitive sink for O2, or

in distal root parts (e.g. stele just behind root apices and also the apices themselves).

Further exploration of these issues will not be as easy as in maize, since in that

species the stele can be stripped readily from the cortex (Gibbs et al. 1998;

Thomson and Greenway 1991). Apart from measuring ion fluxes to the shoot,

suitable methods would be using micro-electrodes for membrane potentials, cyto-

plasm pH, and ion fluxes in the roots. Advantages of micro-electrodes are that the

measurements can be on very specific tissues and will often respond very rapidly to

a change in conditions. For example, in root hairs of Medicago sativa the imposi-

tion of anoxia depressed the pH of the cytoplasm by 0.5 within 2 min and shifted the

plasma membrane potential from �160 to �125 mV (Felle 1996). Complementary

measurements may be on key anaerobic metabolites and/or changes in gene expres-

sion, which are sensitive indicators of an energy deficit. Use of laser micro-

dissection followed by analysis of different tissues using, for example microarrays

(e.g. Rajhi et al. 2011) and other micro-assays, would also be revealing.

5.3 Nutrient Uptake

It has been speculated that the barrier to radial O2 loss may impede nutrient uptake

(Armstrong 1979; Colmer 2003a). Experiments with rice roots indicate that the

ROL barrier itself, however, does not substantially impede nutrient uptake.
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Rubinigg et al. (2002) grew rice in stagnant agar to induce the barrier and then

measured uptake under aerobic conditions to exclude direct inhibitory effects of

O2 deficit on uptake. They found that NO3
� net influx from 0.1 mM NO3

� in the

externalmedium,measured using aNO3
�-specificmicro-electrode,was 3–5 μmol g�1

fresh weight h�1 in roots with and without the barrier. In the former the 20–50 mm

section had at most 6 % of the ROL of roots without the barrier. So, although nutrient

uptake under anoxia was not tested, this experiment shows that at least if the degree

of barrier formation in soil-grown roots was similar to that in the deoxygenated agar,

then it would be no hindrance to uptake in flooded soil that is drained and re-aerated,

as in rainfed rice.

An impermeable barrier can still have some ‘passage areas’ (‘windows’), as

observed in Phragmites when O2 at the root surface was 2–2.5 kPa compared to the

main adjoining areas which were close to zero O2 (Armstrong et al. 2000).

Armstrong et al. (2000) postulated that the windows in the barriers might facilitate

emergence of laterals or nutrient uptake, or both. The former might be important

when the barrier is strong. However, the suggestion on the facilitation of transport

has the problem that the fraction of these passage areas relative to the total root

surface area would have to be either substantial, in which case the function of the

barrier to prevent O2 loss would be compromised, or the nutrient uptake across the

passage areas would have to be many fold faster than that usually encountered for

root cells. However, it is possible that the cells of the passage areas have an

unusually high uptake capacity, as, for example, in salt glands and in cells loading

ions into the xylem.

Having excluded the possible impedance to nutrient influx by the barrier per se,

the intriguing question remains whether in roots in flooded soils the epidermal cells

outside the barrier to ROL can absorb nutrients even though these would be exposed

to very low O2. Alternatively, diminished rates of absorption by roots with the

barrier may be compensated for by greater uptake in zones without the barrier, and

by lateral roots. Calculations of the extent to which N uptake by rice in flooded soil

is limited by root uptake properties versus transport through the soil to root surfaces

suggest that it is the fine laterals that are responsible for the bulk of the uptake (Kirk

and Solivas 1997).

Colmer (2003a) found dry weights of shoots and roots in nine of 11 rice cultivars

were the same or 20 % greater in waterlogged than in drained soil. Thus, either the

root sections with the barrier to radial O2 movement took part in the required

nutrient uptake, or other parts of the root system compensated for decreased

nutrient intake in the sections with the barrier or restricted rooting depth or both.

Similarly, net N uptake rates did not differ between roots of rice grown in stagnant

deoxygenated agar or in aerated, nutrient solution (Rubinigg et al. 2002).

Kronzucker et al. (1998a) studied the effects of hypoxia on NH4
+ fluxes in rice

roots in nutrient culture using a 13 N tracer technique. They found little impairment

of uptake capacity over 7 days of exposure to O2 concentrations equivalent to 15 %

of air saturation. Half-lives for NH4
+ exchange with sub-cellular compartments,

cytoplasmic NH4
+ concentrations, and efflux (as percentage of influx) were unaf-

fected by hypoxia, but there were differences in the relative amounts of N allocated
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to assimilation and the vacuole versus translocation to the shoot. Measurements of

influx with NH4
+ concentrations in the high-affinity transporter range (2.5–500 μM)

and varying O2 saturation showed that the maximum influx (Vmax) varied with the

degree of hypoxia, but the affinity for NH4
+ (Km) was unchanged.

Most experiments testing responses to anoxic media have been made at high

nutrient levels, but, as shown below, the outcome at lower levels may be different.

Testing response to phosphate in stagnant solution (0.1 % agar), Insalud et al.

(2006) found that relative growth rates were depressed at 1.6 μM, but not at

200 μM. This growth reduction was associated with a 90 % lower P uptake at

1.6 μMPi, but only a 50 % reduction at 200 μMPi in stagnant compared to turbulent

solution. Evidently the high-affinity P transporters that operate at lower P concen-

tration were more affected by hypoxia. Similarly, Kotula et al. (2009a) found that

rice in stagnant agar grew poorly compared to aerated solutions (photographic

evidence only). This inhibitory response contrasted with the better growth and

nutrient uptake in stagnant agar found by Rubinigg et al. (2002) and Colmer et al.

(2006). The simplest explanation is the low nutrient concentrations used: Pi,

0.05 mM and 0.15 mM N in Kotula et al. (2009a), but 0.2 mM P and 5 mM N

(7:1, NO3
�:NH4

+) in Rubinigg et al. (2002) and Colmer et al. (2006). Similarly, K

and N concentrations were in the 0.15 mM range in Kotula et al. but 1 mM or higher

in Colmer et al. (2006). In stagnant agar, limitations to nutrient uptake may be due

to either O2 deficiency or impeded nutrient diffusion (Wiengweera et al. 1997). The

relative importance of these factors can be resolved by increasing the O2

concentrations around the shoots and so elevating the O2 concentrations in the

root as has been used for root elongation by Wiengweera and Greenway (2004), as

well as by nutrient dose–response experiments.

Further elucidation of mechanisms of root aeration, nutrient acquisition, and

growth under less optimum conditions, for example under low levels of mineral

nutrition, should be a focus of future research. In addition, understanding of the

importance of root growth and proliferation of laterals to access nutrients of low

solubility such as phosphate (Sect. 6.2.2), and implications of root functioning in

soils with fluctuating water levels (drained–flooded–drained cycles), will be impor-

tant avenues for understanding of limitations for rice productivity in these

conditions.

5.4 Exclusion of Toxins

The second important function of the barrier to radial O2 loss might be prevention

of influx of toxic elements that are present in soil of low redox potential. Armstrong

and Armstrong (2005) found that increased root cell wall suberisation, induced by

high sulphide concentrations in stagnant nutrient culture, caused decreased absorp-

tion of Fe2+. Kotula et al. (2009b) found the barrier to ROL greatly decreased the

diffusion of Cu2+ through the apoplast. These results do not contradict unimpaired

NO3
� net uptake in the presence of the barrier (Sect. 5.3) because the uptake would
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be mainly by the epidermis, with subsequent flow through the symplast. Further-

more, energy-dependent NO3
� uptake would have a high ratio of flux to external

concentration compared with Fe2+ uptake along a free energy gradient.

However, where this function of the barrier to block toxin entry is important (i.e.

in highly reduced soil), the uptake of essential elements by the zones with the

barrier may also decline markedly, because the metabolism of the epidermal cells

will be inhibited even if the concentration of the soil toxin is not lethal to the

epidermal cells. The lignification/suberisation of the outer cell layers can become

much more intense in the presence of reduced-soil toxins, to the extent that

the physical barrier prevents emergence of laterals and they grow upwards within

the parent adventitious root (Armstrong and Armstrong 2005). This would result in

a smaller root surface area for nutrient absorption.

5.5 Hydraulic Conductivity

Colmer and Greenway (2011) have recently reviewed the few data on this issue.

The evidence is inconclusive but one positive finding was that in rice roots, the

large volume of aerenchyma is unlikely to add to the hydraulic resistance since

water flowed along the rim of the living cells of the strands connecting the outer

root with the stele (Miyamoto et al. 2001).

Kotula et al. (2009a) have shown that the permeability of the outer cell layers in

roots of rice to water was 10-fold smaller than that for O2. However, these authors

emphasised that in transpiring plants this slow diffusion is irrelevant, since the

hydraulic conductivity was 600–1,400 times greater than the diffusive conductivity.

These data were for roots of aerated plants, so it remains important to establish the

effect of the barrier to O2 loss on hydraulic conductivity.

6 The Rhizosphere

6.1 Root-Induced Changes in the Soil

As a result of O2 loss from the root, and other root-induced changes, conditions in

the rhizosphere 1–2 mm from the root surface can be greatly different from those in

the anoxic bulk soil. This has important consequences for the concentrations and

uptake of nutrients and toxins. The main processes are as follows (Fig. 4; see Kirk

2004 for a fuller discussion).
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6.1.1 Oxygenation

As discussed in Sect. 4, some of the O2 diffusing down through the aerenchyma

leaks out into the soil where it is consumed in biotic and abiotic processes. Mobile

inorganic reductants in the soil are oxidised, particularly Fe2+ which is precipitated

as Fe(OH)3 on or near the root. As a result the concentration of Fe2+ near the root

falls and more Fe2+ diffuses in from the bulk soil. This is then oxidised resulting in a

zone of Fe(OH)3 accumulation near the root. Hence reddish-brown deposits of

ferric oxide are frequently observed on the older parts of rice roots.

The flux of O2 across a particular portion of the root depends not only on the rate

of O2 transport through the root (Sect. 4.1) but also on the strength of the sink

presented by the external medium. In soil, the sink strength depends on the rate of

O2 diffusion into the soil, its rate of consumption by microbes and reaction with

mobile reductants such as Fe2+, and the rate of Fe2+ diffusion towards the oxidation

zone (Bouldin 1968). There are also differences along the root length, and between

primary roots and laterals (Sect. 4.2.1). As a root grows through a portion of soil, a

zone of Fe2+ depletion arises where oxidation is intense in the region of the root tip,

but is rapidly filled in when the O2 supply decreases as the less permeable parts

of the root grow past. Re-reduction of Fe(III) is slow compared with oxidation of

Fe(II). Hence the root tips are generally white and free of ferric oxide deposits,

whereas the older parts are coloured orange brown.

Measured fluxes of O2 from the roots of rice and other wetland species vary

greatly, depending on the method used and experimental conditions. Sorrell and

Armstrong (1994) discuss the difficulties in making these measurements. Methods

include the use of polarographic electrodes to measure fluxes from sections of

individual roots (Armstrong 1979); measurements of O2 release into continuously
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Fig. 4 (a) Processes in the rice rhizosphere. (b) Profiles of ferrous and ferric iron and pH in blocks

of a reduced soil in contact with a planar layer of rice roots for 12 days (Kirk and Bajita 1995)
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replenished, de-oxygenated solutions bathing whole root systems (Bedford et al.

1991; Kirk and Du 1997); measurements of Fe(II) oxidation in the rhizosphere near

planar layers of roots in reduced soils (Begg et al. 1994; Kirk and Bajita 1995); and

use of O2 micro-electrodes to measure gradients of O2 concentration near roots

growing in field soils (Revsbech et al. 1999). The differences between methods

reflect the various complexities listed above, and particularly the importance of

differences between different parts of the root and root system, and differences over

time. From the point of view of processes in the rhizosphere, the fluxes of O2 from

root tips and laterals are of a similar magnitude to fluxes of nutrient ions into

roots—of the order of a few nmol dm�2 root s�1—and, given the effects of radial

geometry, these fluxes are sufficient to greatly alter the soil chemistry and biology

close to root surfaces.

6.1.2 Acidification

The oxidation of inorganic reductants generates protons:

4Fe2þ þ O2 þ 10H2O ¼ 4FeðOHÞ3 þ 8Hþ

so the pH in the oxidation zone tends to fall. Further, because the main form of

plant-available N in anaerobic soil is NH4
+, the root absorbs an excess of cations

over anions. Consequently H+ is released by the root to maintain electrical neutral-

ity, further decreasing the soil pH. Note that if N is taken up as NO3
� as a result of

nitrification of NH4
+ in the rhizosphere, the net acid–base change is the same

because, although the root exports 2 mol less H+ for each mol of NO3
� replacing

a mol of NH4
+, 2 mol of H+ are formed in the nitrification of each mol of NH4

+.

Note also that Si, which is taken up in large quantities by rice plants, crosses the root

as the uncharged H4SiO4 molecule (pK1 ¼ 9.46 at 25 �C).
The net effects of these processes will depend on the rate of H+ generation versus

the rate at which H+ moves away by acid–base transfer. In flooded soils, acid–base

transfer tends to be fast, both because soil diffusion coefficients increase with water

content and because the high concentration of dissolved CO2 results in a high

concentration of the acid–base pair H2CO3–HCO3
�. Hence protons are transferred

by reaction with HCO3
� and diffusion of more HCO3

� into the acidification zone

from the bulk soil. Modelling and experimental results (Begg et al. 1994; Kirk and

Bajita 1995) show that over realistic ranges of conditions the rice rhizosphere will

be acidified by up to 0.5 pH units as a result of these processes, and in certain

circumstances by more than 1 pH unit.
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6.1.3 CO2 Uptake

Because very large concentrations of dissolved CO2 develop in flooded soil

(Sect. 3.2.2), in spite of root respiration the CO2 pressure outside the root may be

greater than that inside it, resulting in a flow of CO2 from the soil to the atmosphere

through the aerenchyma. The consequences for root physiology are discussed in

Sect. 4.3. Net removal of CO2 by the root decreases the concentration of the acid

H2CO3 near the root, and this may offset the acidity produced in oxidation and

excess cation uptake (Begg et al. 2004).

6.2 Consequences for Nutrients and Toxins

6.2.1 Ammonium Versus Nitrate Nutrition

The principal form of plant-available N in chemically reduced, flooded soils is

NH4
+, formed from the mineralisation of organic matter or from mineral fertilisers.

This contrasts with well-aerated soils, where the principal form is generally NO3
�.

Because NH4
+ is adsorbed on soil surface, both as a freely exchangeable cation and

in more tightly held forms within clay lattices, much smaller concentrations

develop in the soil solution than of NO3
� in well-aerated soils. Rates of transport

to roots by mass flow and diffusion are correspondingly slower and potentially limit

uptake. Kirk and Solivas (1997) examined this question with a model and

experiments, and concluded that in well-puddled flooded soil rates of transport

will generally not limit NH4
+ uptake rates for typical rice rooting densities.

Potentially more important are the consequences of NH4
+ nutrition for plant

physiology. Plant growth and yield are generally better when plants absorb their N

as a mixture of NH4
+ and NO3

� rather than as either on its own (Hawkesford et al.

2012). The reasons are not fully understood, but may involve the need to provide

carbon skeletons for NH4
+ assimilation in roots, compared with NO3

� assimilation

in shoots, and the need to balance charges for electrical neutrality (Britto and

Kronzucker 2002; Balkos et al. 2010). Some NO3
� may be formed by nitrification

of NH4
+ in the oxygenated rhizosphere and at the floodwater–soil interface.

Kronzucker et al. (1998a, b, 1999, 2000) have found that lowland rice can be

exceptionally efficient in absorbing NO3
� compared with other species, raising

the possibility that rice growing in flooded soil may absorb significant amounts of

NO3
� formed in the rhizosphere. This is important both because of the potential

physiological benefits to the plant, and because NO3
� formed in the rhizosphere is

otherwise lost through denitrification in the soil bulk.

Three lines of evidence from Kronzucker et al. (1999, 2000) suggest unusually

efficient NO3
� absorption. First, steady-state influx of NO3

� and NH4
+ followed

Michaelis–Menten kinetics over the relevant concentration range, and Vmax for

NO3
� was some 40 % larger than that for NH4

+ (8.1 versus 5.7 μmol g�1 h�1) and
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Km 50 % smaller (26 � 6 versus 51 � 18 μM). Second, induction of the root NO3
�

transporters following its re-supply to plants deprived of NO3
� for 24 h was

exceptionally rapid, peaking within 2 h. For comparison, in barley—which is

considered one of the most efficient NO3
� users—full induction takes up to 24 h

(Kronzucker et al. 1997). Third, sub-cellular pool sizes and fluxes, estimated from

the kinetics of 13N efflux out of labelled roots, indicated highly efficient NO3
� use:

while similar proportions of incoming NH4
+ and NO3

� were channelled into

assimilation and to the vacuole, the proportion of NO3
� translocated to the shoot

was larger than for NH4
+ and that lost through efflux out of the roots was smaller.

The extent of NO3
� absorption by soil-grown plants will depend on its rate of

formation and loss in the rhizosphere. Kirk and Kronzucker (2005) have shown

with a model that substantial quantities of NO3
� can be produced and taken up

through nitrification in the rice rhizosphere. Their model considers rates of O2

transport away from a root and its simultaneous consumption in biotic and abiotic

processes; transport of NH4
+ towards the root and its consumption in nitrification

and uptake at the root surface; and transport of NO3
� formed from NH4

+ towards

the root and its consumption in denitrification and uptake by the root. A sensitivity

analysis showed that rates of NO3
� uptake can be comparable with those of NH4

+

under realistic field conditions. Also rates of denitrification and subsequent loss of

N from the soil remain small even where NO3
� production and uptake are

considerable.

As a result of losses by volatilisation, recoveries of N from mineral fertilisers

applied to flooded rice fields are very variable, ranging from 20 to 60 %, with

average recoveries between 30 and 40 % in most areas (Peng et al. 2010).

Volatilisation occurs by conversion of NH4
+ to NH3 in the floodwater linked to

high floodwater pHs induced by algae (Sect. 3.1), and by nitrification–denitri-

fication. Recoveries are greatly improved if fertiliser applications are split carefully

to match crop demands, as is necessary to realise agronomic yield potentials (Peng

et al. 2010).

6.2.2 Phosphorus

In general the changes in soil physico-chemical conditions following flooding result

in P becoming more soluble, and so P availability rarely limits rice growth, at least

in irrigated systems (Dobermann and Fairhurst 2000; Kirk 2004). In rainfed rice,

rapid drying and re-oxidation of the soil can result in the P becoming very insoluble

(Brandon and Mikkelsen 1979; Willett 1979; Huguenin-Elie et al. 2003).

Re-oxidised Fe(II) compounds may be precipitated in poorly crystalline forms

with large specific surface areas, on and in which P becomes immobilised. Hence

upland crops grown in rotation with rice frequently suffer P deficiency even though

crops on similar soils not used for rice grow healthily. The problem is in part also

due to disruption of mycorrhizal networks during flooding (Ellis 1998).

The electrochemical changes and dissolution of soil solid phases in redox

reactions following flooding tend to make P more soluble. An interesting question
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is how access of P to the root is affected by iron oxide precipitation on and near the

root. Amorphous Fe(OH)3 has a large adsorbing surface and might be expected to

immobilise P, impeding its access to the root. However, acidification of the

rhizosphere might be expected to make P more soluble. Saleque and Kirk (1995)

measured concentration profiles of P and other root-induced changes near planar

layers of rice roots growing in a highly weathered P-deficient soil. They found that

90 % of the P taken up was drawn from acid-soluble pools, probably associated with

Fe(II) carbonates and hydroxides. There were also narrow zones of P accumulation

in an alkali-soluble pool which coincided with zones of Fe(OH)3 accumulation near

the roots. The zone of P depletion coincided with a zone of acidification. Kirk and

Saleque (1995) showed with a model that the acidification and the P-solubilising

effect of acidity in the soil were sufficient to account for the P mobilised and

absorbed by the roots. This is an extreme example, involving particularly large pH

changes. But it indicates the magnitude of the effects that are possible.

Phosphorus deficiency is more prevalent in rainfed rice and aerobic soil

conditions. Wissuwa and colleagues (Wissuwa and Ae 2001; Chin et al. 2011;

Gamuyao et al. 2012) have explored the genetics and mechanisms of rice tolerance

of P-deficient aerobic soils. They identified a major quantitative trait locus (QTL)

for tolerance, Pup1. Pup1 is largely absent from irrigated rice varieties but

conserved in varieties and breeding lines adapted to drought-prone environments

(Chin et al. 2011). It appears to facilitate root growth under P stress by blocking the

response to P stress that results in decreased root growth (Gamuyao et al. 2012).

6.2.3 Zinc

The changes in soil chemistry following flooding result in Zn being immobilised in

very insoluble forms, even though total Zn contents are generally non-limiting

(Kirk 2004; Impa and Johnson-Beebout 2012). This may be linked to high soil pH

and excess bicarbonate, such as in the calcareous soils of the Indo-Gangetic plains

of India and Bangladesh, but it also occurs in perennially wet, young

non-calcareous soils, and in peats and coastal saline soils (Kirk 2004). After N,

Zn deficiency is the second most important nutrient disorder in rice, affecting up to

50 % of rice soils globally (Dobermann and Fairhurst 2000). Zinc deficiency in

human populations subsisting on rice is also widespread (IRRI 2010).

There is large variation in the rice germplasm in tolerance of Zn-deficient soils

(Quijano-Guerta et al. 2002; Wissuwa et al. 2006). At least three mechanisms,

operating together or separately, confer tolerance of seedling-stage Zn deficiency:

(1) enhanced Zn uptake by secretion of Zn-chelating phytosiderophores (Arnold

et al. 2010; Widodo et al. 2010; Ptashnyk et al. 2011); (2) maintenance of new root

growth under low Zn and high HCO3
� concentrations (Widodo et al. 2010; Rose

et al. 2011); and (3) prevention of root damage by oxidative stress linked to high

HCO3
� concentrations (Frei et al. 2010; Rose et al. 2011, 2012).

The role of phytosiderophores (PS) in Fe uptake by grasses is well established,

but their involvement in Zn uptake is debated (Suzuki et al. 2008). Three lines of
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evidence support the PS mechanism in rice. Firstly, Widodo et al. (2010) found

enhanced secretion of the PS deoxymugineic acid (DMA) by a Zn-efficient rice line

from a QTL mapping population. The tolerant line took up 50 % more Zn in

Zn-deficient soil and this coincided with increased expression of putative ligand-

efflux genes in the roots. Second, Arnold et al. (2010) found evidence supporting

the PS mechanism based on differences in Zn stable isotope fractionation in the

same tolerant and intolerant rice lines. They found a preference for heavy 66Zn in

the tolerant rice line grown in soil, but not in the intolerant line; among alternative

explanations, this could only be explained by a Zn-complexation process and

uptake of complexed Zn by the roots. By contrast, rice grown in nutrient culture

showed a slight Zn bias, consistent with kinetic fractionation during membrane

transport of free Zn2+ ions (Weiss et al. 2005). Third, Ptashnyk et al. (2011)

developed a mathematical model of PS-mediated Zn uptake, allowing for root

growth, inter-root interaction, diurnal variation in PS secretion, decomposition of

the PS in the soil, and the transport and interaction of the PS and Zn in the soil. It

showed that (a) measured PS secretion rates were sufficient to explain measured Zn

uptake rates and differences between rice genotypes and (b) there was an important

interaction with rooting density, but (c) diurnally varying PS secretion had little

effect on uptake.

6.2.4 Iron Toxicity

Iron toxicity is peculiar to flooded soils. It is a syndrome of disorders associated

with the occurrence of Fe2+ in the soil solution. It happens over a wide range of Fe2+

concentrations, from 1,000 mg L
�1 to only 10 mg L

�1 in soils with poor nutrient

status—especially of P or K—or with respiration inhibitors such as H2S (van

Mensvoort et al. 1985; Sahrawat 2004; Becker and Asch 2005). The effects include

internal damage of tissues due to excessive uptake of Fe2+; impaired nutrient

uptake, especially of P, K, Ca, and Mg; and increased diseases associated with

imbalanced nutrition. Three main groups of Fe toxic soils are distinguished (van

Mensvoort et al. 1985): acid sulphate soils, in which extremely large concentrations

of Fe2+ in the soil solution arise as a result of the soils’ peculiar mineralogy; poorly

drained sandy soils in valleys receiving interflow water from adjacent higher land

with highly weathered sediments; and more clayey, acid, iron-rich soils in

sediments derived from highly weathered soils and which develop iron toxicity

without interflow. Where Fe toxicity is associated with interflow the concentrations

of dissolved Fe in the upwelling water have been found to be too small to account

for the large concentrations of Fe2+ in the root zone, and most of the Fe2+ is

apparently formed in situ. Therefore the interflow aggravates toxicity by some

mechanism other than bringing in Fe2+, possibly involving depletion of other

nutrients and upsetting the plant’s ability to exclude Fe.

In iron toxic soils, oxidation of Fe2+ in the rhizosphere is an important means of

excluding it from the root. However, in acid soils with small pH buffer powers, the

acidification accompanying Fe2+ oxidation may result in impaired access of

244 G.J.D. Kirk et al.



nutrient cations to roots (Kirk and Bouldin 1991; Razafinjara 1999). This is because

the overall concentration of the soil solution in a flooded soil depends largely on the

concentration of HCO3
� buffered by dissolved CO2. Therefore, if the pH close to

the root decreases below about 6.0, the concentration of anions in solution also

decreases and so the concentration of cations in solution and hence their rate of

diffusion to roots must decrease. Bouldin (1989) gives calculations of this effect.

High rates of Fe2+ oxidation and associated H+ generation result in a low pH in the

rhizosphere, especially if the soil is already acid or has a small pH buffer power.

Hence the need to exclude toxic Fe2+ from the root may impair the absorption of

nutrient cations by the root. Consistent with this the symptoms of iron toxicity are

often alleviated by applications of K salts.

A further complication is that the lowering of the rhizosphere pH and consequent

depression of HCO3
� mean that any Fe2+ entering the root will be accompanied by

a proportion of Cl� or SO4
2� rather than HCO3

�. When Fe2+ enters with HCO3
�,

the acidity generated in Fe2+ oxidation in the plant is neutralised by conversion of

HCO3
� to CO2, which is assimilated or lost. However when Fe2+ enters with a

non-volatile anion, Fe2+ oxidation will produce the equivalent amount of free H+ in

the plant, with damaging effects on plant tissues (van Mensvoort et al. 1985).

7 Conclusions

The present and companion (Colmer et al. 2013) papers emphasise genotype-by-

environment interactions in Oryza sativa resulting in adaptation to a huge range of

flooded soil conditions. The remarkable adaptability of Oryza sativa to a large

range of taxing environments is presumably related to allelic diversity in its small

genome, allowing subtle variation in responses to water regimes ranging from free

draining to floodwaters many metres deep. This diversity can be employed in

mechanistic studies, as well as in plant breeding. The rice gene pool, so eminently

adapted to flooded environments, is the key to elucidating the mechanisms of

adaptation. It is far better suited to this than the relatively flooding-intolerant

species Arabidopsis thaliana, which is often the default choice for molecular

studies of adaptive mechanisms.

This chapter has considered the most universal feature of the various rice

ecosystems: reduced anoxic soils with their large range of inorganic and organic

toxins. After 70 years of research we now have a coherent picture of the essential

ventilation of the plants roots and its associated rhizosphere, as well as an under-

standing of acquisition of essential nutrients and prevention of entry of toxic

compounds. Whether the ‘avoidance’ of O2 deficiency in either tissues or rhizo-

sphere is always effective is less clear. Even in solution culture, O2 deficiency

might occur in root tips and no data are available to evaluate possible O2

deficiencies of roots in soils of very negative redox potential. To what extent

nutrition is dependent on lateral roots needs further elucidation. Similarly, further

work is needed on whether the barrier to O2 loss, along most of the primary root
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system, restricts nutrient uptake and how effectively it excludes toxins derived from

the anoxic, reduced soil.

The extreme redox gradient across the rhizosphere of rice and other wetland

plants means that the soil the root ‘sees’ has a much higher redox potential (i.e. less

negative) than the bulk soil. This has important consequences for the

transformations and uptake of nutrients and toxins. Experimental and modelling

studies over the past few decades have provided a good understanding of these

processes and their consequences. This understanding is beginning to be exploited

in rice breeding programmes for tolerance of mineral deficiencies and toxicities.

Here again the sequenced rice genome and other genetic resources in rice make it a

model plant for future work.
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