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and denitrification processes. These gasses can diffuse 
to the atmosphere via porous spaces in the soil. In low-
land flooded soils, however, the porous spaces in soils 
are filled with water and molecular diffusion of gases 
is highly impeded (diffusion coefficient of gases in air 
is 10,000-fold faster than in water; Armstrong 1979). 
Therefore, CO2 and methane (CH4) accumulate to high 
concentrations as a by-product of respiration by roots 
and microorganisms, and production of CH4 by anaero-
bic methane-producing bacteria. In flooded soils,  CO2 
and CH4 are mainly emitted to the atmosphere through 
plant-mediated diffusion (c. 90%) or via ebullition of gas 
bubbles from the soil (c. 10%) (Figs. 1 and 2; Holzapfel-
Pschorn et al. 1986; Schütz et al. 1989; Butterbach-Bahl 
and Rennenberg, 1997). Current rice cultivation accounts 
for 8% of the global anthropogenic CH4 emissions 

Introduction
Rice is the most important staple food, but current cul-
tivation practices promote the formation and emis-
sion of greenhouse gases (Fig. 1). Carbon dioxide (CO2) 
and nitrous oxide (N2O) can accumulate in upland, 
drained soils, planted with rice, as a by-product of res-
piration by roots and microorganism, and nitrification 

Rice

*Correspondence:
Juan de la Cruz Jiménez
juan.jimenezserna@bio.ku.dk
Ole Pedersen
opedersen@bio.ku.dk
1Department of Biology, University of Copenhagen, Universitetsparken 4, 
3rd floor, Copenhagen 2100, Denmark
2School of Agriculture and Environment, The University of Western 
Australia, 35 Stirling Highway, Crawley, WA 6009, Australia

Abstract
Rice production worldwide represents a major anthropogenic source of greenhouse gas emissions. Nitrogen 
fertilization and irrigation practices have been fundamental to achieve optimal rice yields, but these agricultural 
practices together with by-products from plants and microorganisms, facilitate the production, accumulation and 
venting of vast amounts of CO2, CH4 and N2O. We propose that the development of elite rice varieties should 
target root traits enabling an effective internal O2 diffusion, via enlarged aerenchyma channels. Moreover, gas 
tight barriers impeding radial O2 loss in basal parts of the roots will increase O2 diffusion to the root apex where 
molecular O2 diffuses into the rhizosphere. These developments result in plants with roots penetrating deeper 
into the flooded anoxic soils, producing higher volumes of oxic conditions in the interface between roots and 
rhizosphere. Molecular O2 in these zones promotes CH4 oxidation into CO2 by methanotrophs and nitrification 
(conversion of NH4

+ into NO3
-), reducing greenhouse gas production and at the same time improving plant 

nutrition. Moreover, roots with tight barriers to radial O2 loss will have restricted diffusional entry of CH4 produced 
in the anoxic parts of the rhizosphere and therefore plant-mediated diffusion will be reduced. In this review, we 
describe how the exploitation of these key root traits in rice can potentially reduce greenhouse gas emissions from 
paddy fields.
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(Saunois et al. 2020), and 10% of global agriculturally 
related cropland N2O emissions (Wang et al. 2019), and 
therefore the potential to reduce greenhouse gas emis-
sions from rice production systems is huge. We propose 
a strategy to reduce the carbon footprint from rice pro-
duction by targetting breeding for roots traits that i) 
restrict the flux of CH4 and N2O to the shoot to reduce 
plant-mediated diffusion and ii) enhance the O2 flux to 
the flooded soil to facilitate aerobic mineralization (with 
production of CO2 instead of CH4) and increased CH4 
oxidation. These root traits are the focus of the present 
review.

Management practices, climatic conditions, soil prop-
erties and plant characteristics directly influence the 
production rate of CH4 and N2O in rice paddies. Inter-
estingly, production of CH4 and N2O in the soil is not 
facilitated by the same parameters. For example, CH4 
production is reduced by draining flooded soils, but is 
increased by application of organic matter (mostly bio-
char), by N fertilization, in soils with a low bulk density 
and by rainfall during the growing season (Bo et al. 2022). 
In contrast, N2O production in a paddy soil is stimulated 

by drainage of the flooded soil, N fertilization and high 
soil bulk density (Bo et al. 2022), making it difficult to 
formulate a management plan aiming at reducing the 
net warming potential of paddy rice. Nevertheless, it is 
generally agreed that management schemes aiming at 
reducing water use also reduce greenhouse gas emis-
sions from rice production systems. Discontinuous flood-
ing schemes including direct seeding, alternative wetting 
and drying, intermittent irrigation and midseason drain-
age effectively reduce CH4 emissions with only few or 
no penalty on yield compared with continuous flooding 
conditions (Belder et al. 2004; Linquist et al. 2015). In 
fact, CH4 emissions have been predicted to decline by 
54% using discontinuous flooding schemes, whereas N2O 
emissions almost double, but the net warming potential 
obtained by using discontinuous flooding schemes will 
still represent a reduction in 56% (Bo et al. 2022). Based 
on the above, changes in management practices have a 
large potential to reduce greenhouse gas emissions from 
rice production systems. However, in order to acceler-
ate the reduction in emissions, we suggest to also focus 
on root traits that either enhance oxidation to prevent 

Fig. 1  Overview of main greenhouse gases produced, and the pathways of emission from cultivated rice in a well-drained soil (left) or flooded paddy soil 
(right). In drained conditions, the porous spaces in the soils are gas-filled and contain molecular O2. CO2 and N2O are produced as a by-products of respira-
tion, nitrification and denitrification. These gasses can easily diffuse from the soil to the atmosphere via the gas-filled pores. In flooded soils however, the 
porous spaces are water-filled and molecular diffusion of gases is highly impeded. CO2 and CH4 produced in respiration by roots or microorganism and 
in methanogensis accumulate to high concentration due to the slow diffusion. These greenhouse gases are primarily vented to the atmosphere through 
plant-mediated diffusion or to a lesser extent via ebullition. Created with BioRender.com.
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formation of CH4 and N2O, or reduce the penetration of 
these gases into the root system with subsequent plant-
mediated diffusion via the root-shoot continuum of gas 
spaces (see section on aerenchyma below and Fig. 2).

Rice is well-adapted to flooded soils. When growing in 
flooded soils, rice develops new adventitious roots with 
increased aerenchyma as well as barriers in the outer 
part of the root to impede radial O2 loss (ROL; see sec-
tion below) in the basal parts of the roots (Fig. 3). These 
characteristics enable an effective internal aeration sys-
tem allowing O2 diffusion from shoot to the root tip and 
therefore facilitating root respiration (Armstrong 1979), 
soil oxidation (Revsbech et al. 1999) and methanotrophy 
(Damgaard and Revsbech 1997). In contrast, flooding-
sensitive plants, unable to maintain root growth and 
survive prolonged floodings, are characterised by having 
roots with only little aerenchyma and a weak, or absent, 
barrier to ROL (i.e., wheat, McDonald et al., 2002; maize, 
Abiko et al., 2012; Urochloa spp, Jiménez et al. 2021a). 
Consequently, high root porosity in combination with 
a tight barrier to ROL in the basal parts of the roots are 
considered the most important root adaptations allowing 
root grow in flooded, anoxic soils (Pedersen et al. 2021a).

In this review, we focus on the root morphological 
and anatomical changes of rice roots growing in flooded 
soils, which can be exploited to reduce the produc-
tion and plant-mediated diffusion of greenhouse gases 
from paddy fields. We propose an innovative approach, 
through enhanced soil oxidation and reduced gas diffu-
sion from soils into roots (Fig. 4), to reduce greenhouse 
gas emissions. Our focus is on greenhouse gas emissions 
via plant-mediated diffusion rather than passive diffu-
sion or ebullition from soils as the former accounts for 
the vast majority of total emissions (Holzapfel-Pschorn 
et al. 1986; Schütz et al. 1989; Butterbach-Bahl and Ren-
nenberg, 1997). The wider effect of rhizosphere oxidation 
by O2 released from roots and its effect on reduced met-
als and formation of metal plaques is not emphasized in 
depth (see Ponnamperuma 1972; Kirk 2004). Likewise, 
emphasis is given to an eco-physiological approach and 
not genetic regulations of such root traits as this has 
been the focus of previous reviews (Rebouillat et al. 2008; 
Meng et al. 2019).

Fig. 2  Plant-mediated diffusion of greenhouse gases from flooded soils to the atmosphere. Rice develop aerenchyma spaces in roots, internodes, and 
leaf blades, forming a low-resistance pathway (continuum of gas spaces), that facilitates the bidirectional diffusion of O2 from the atmosphere down to 
the flooded soil, and CH4, CO2 and/or N2O in the opposite direction, from the rhizosphere to the atmosphere. Asterisk keys in cross-sections from roots, 
internodes, and leaf blade tissues, indicate aerenchyma spaces. Created with BioRender.com.
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The Root System
Worldwide, 75% of rice production occurs in flooded 
soils (Bouman et al., 2007). Upon flooding, the gases in 
the pore spaces of the soil are replaced by water, and O2 is 
rapidly consumed by roots and aerobic microorganisms, 
limiting root respiration, growth and nutrient uptake 
of flood-sensitive plants (Colmer et al. 2014; Kirk et al. 
2014). Root anatomical modifications enabling effective 
internal O2 diffusion from above-water tissues to the 
submerged roots sustain rice growth and production in 
flooded soils (Colmer et al. 1998; Colmer 2003a, b; Figs. 2 
and 3). Anatomical, eco-physiological and genetic stud-
ies underpin our current understanding on how rice 
responds and adapts to flooded soils, and these studies 
have been pivotal for developing rice cultivars that are 
better adapted to flooded soils or even complete submer-
gence (Mackill et al. 2012). Moreover, the evaluation and 
characterization of undomesticated wild rice species (i.e., 
Ejiri and Shiono 2020; Tong et al. 2023) increases our 
chances to breed high-yielding elite cultivars with desir-
able characteristics and reduced environmental foot-
print, including a reduction in greenhouse gas emissions.

Rice plants display a characteristic monocotyledon-
ous fibrous root system containing seminal, adventi-
tious (crown) and lateral roots (Freschet et al. 2021). The 
seminal root originates from the embryo allowing ini-
tial nutrient uptake and anchorage, but the root system 

is later dominated by adventitious roots emerging from 
nodes on the stem and tillers (Rebouillat et al. 2008). 
Both seminal and adventitious roots develop secondary 
lateral roots. These lateral roots are classified into short-
type (S-type) or long-type (L-Type; Yamauchi et al. 1987). 
Seminal and adventitious roots are usually longer and 
thicker than lateral roots, but due to the high number of 
lateral roots, their contribution to total root lengths and 
root external surface is often higher than that of seminal 
and adventitious roots (Kirk 2003).

Root architecture is altered when rice grow in flooded 
soils compared with a drained soil. The emergence of 
adventitious roots is highly stimulated upon soil flooding 
(Mergemann and Sauter 2000; Colmer 2003a). Numer-
ous adventitious roots (either formed below soil surface 
or as aquatic adventitious root developed from nodes 
above the soil surface) functionally replace seminal and 
old adventitious roots, which are no longer capable of 
maintaining root growth and nutrient uptake due to 
insufficient respiratory O2 supply in the anoxic soil. New 
adventitious roots formed after flooding are usually 
devoid of S-type lateral roots, and display bigger diam-
eters and higher aerenchyma spaces (see section below) 
in comparison with roots formed prior to flooding. The 
new adventitious roots enable anchorage and sustain 
nutrient uptake (Zhang et al. 2017), and in the case of 
aquatic adventitious roots they also take up O2 from the 

Fig. 3  Anatomical characteristics of adventitious roots of rice grown in a well-drained soil (left) or in a flooded soil (right). Rice roots develop constitutive 
aerenchyma and its amount increases significantly when growing in a flooded soil. Suberization of exodermal and lignification of sclerenchyma cell walls 
are incipient in adventitious roots of rice growing in well-drained conditions, but the deposition of these polymers significantly increases when plants 
grow in flooded soils, forming complete suberized and lignified lamellae. These two polymers act as an apoplastic barrier impeding radial O2 loss. In 
roots growing in well-drained conditions, barriers to radial O2 loss are not constitutively formed, therefore, radial diffusion of O2 occurs along the root. In 
contrast, roots growing in flooded soils develop tight barriers to radial O2 loss in their basal parts, thus O2 effectively diffuses towards the root tip where 
O2 leaks into the rhizosphere since a barrier is not formed in this part of the root. Asterisk keys indicate aerenchyma spaces; arrowheads and arrows point 
to lignified and suberized cells, respectively. Created with BioRender.com
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floodwater (Ayi et al. 2016; Lin et al. 2021). Evaluating a 
set of different rice types (i.e., paddy, upland, and deep-
water rice), it was found that the number of adventitious 
roots per plant growing in flooded soils increased 1.1-
2.5-fold in comparison with their respective drained con-
trols (Colmer 2003a). New adventitious roots can develop 
L-type lateral roots, and these can further develop S-type 
lateral roots. Therefore, the formation of thick, aerenchy-
mous adventitious roots with barriers to impede radial 
O2 loss to the soil (see section below) allowing O2 diffu-
sion to both the apical parts and the lateral roots repre-
sent the best compromise for growth and nutrient uptake 
in paddy fields (Kirk 2003).

Despite an increased number of adventitious roots 
formed in flooded anoxic soils, these roots are usually 
shorter than the ones formed in a drained soil (Colmer 
2003a; Colmer et al. 2006; Kotula et al. 2009). The slower 
growth rate is mainly owing to O2 deficiency as the tip 
grow further from the O2 source (Armstrong 1979), 
although chemically reduced compounds produced in 
flooded soils can also impair root growth (e.g., H2S, Arm-
strong and Armstrong 2005; organic acids, Colmer et al. 

2019). Root penetration into a flooded soil is determined 
by its internal capacity to diffuse O2 from the shoot to the 
root tips; the root extension of rice is reduced or ceases 
completely below a critical O2 partial pressure ≤ 0.8  kPa 
(Armstrong and Webb 1985). Rice genotypes with higher 
capacity for internal O2 diffusion can grow faster and 
produce longer roots in flooded soils (Colmer 2003a). 
An effective internal O2 diffusion system has also a sig-
nificant influence on lateral root development, as lat-
eral roots rely on the O2 available from the aerenchyma 
within the main axis. Newly developed adventitious roots 
and laterals in flooded soils are major sources of O2 loss 
(cf. Kirk 2003), contributing to CH4 oxidation. Hence, the 
development of large oxic zones in the interface between 
roots and bulk soil will also favour nitrification of the 
NH4

+ diffusing in from the neighbouring anoxic soil (Kirk 
2004). As the soil oxygenation increases proportionally to 
the number of roots produced, rice genotypes with big-
ger root systems (i.e., longer roots, higher root dry mass 
and volume) and/or increased porosity have been asso-
ciated with low CH4 emissions (Jiang et al. 2017; Chen 
et al. 2019; Ding et al. 2021). A bigger root system in 

Fig. 4  Young rice plant growing in a paddy field with flooded soil (left) and details of the biogeochemical reactions in the rhizosphere (right). Left: forma-
tion of new adventitious roots with enhanced aerenchyma spaces and tight barriers to radial O2 loss enables deep rooting in the flooded soil resulting 
in rhizosphere oxidation, especially in regions near the root tip where the barriers to radial O2 loss are rarely formed (see Fig. 3). Right: oxic zones in the 
interface between roots and rhizosphere facilitate aerobic mineralization with formation of CO2 (1), CH4 oxidation to CO2 (2) but still with CH4 produc-
tion in the surrounding anoxic soil (3). The oxic zones also support nitrification (conversion of NH4

+ into NO3
−) (4) with some of the NO3

− feeding into 
denitrification (5) or aerobic methanotrophy (6). The barrier to radial O2 loss formed on the basal parts of the roots restricts inward radial diffusion of CH4 
(*) preventing plant-mediated diffusion of CH4 (Fig. 2). Diffusion in or out of the oxic zones are indicated by stippled lines, and greenhouse gases are 
indicated in orange colour font. Created with BioRender.com.
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flooded soils will allow for higher resource exploitation 
and rhizosphere oxidation but will also increase the CO2 
production due to higher root respiratory activities.

High variation in root angles exist within rice geno-
types (Lafitte et al. 2001; Uga et al. 2012). Provided that 
root growth into a flooded soil solely rely on internal O2 
diffusion from the shoot, the potential benefits for a spe-
cific root phenotype with shallow or steep root angles 
is not obvious. Interestingly, rice genotypes with steep 
angles (deeper roots) are better adapted to droughts (Uga 
et al. 2013) compared with genotypes with shallow angles 
(superficial roots), but the latter genotypes have shown 
better performance during soil compaction (Ramalingam 
et al. 2017) or when exposed to salinity stress (Kitomi et 
al. 2020). Development of superficial roots near the soil 
surface could benefit from layers with higher O2 avail-
ability (Pedersen et al. 2021a), however, higher oxida-
tion of chemically reduced compounds could also slow 
growth as some nutrients (e.g., Fe and P) are less avail-
able in oxidized soils. Genotypes with steeper root angles 
resulting in deep rooting and enhanced diffusion of O2 
down to the deep anoxic layers in the soil should there-
fore be targeted to increase CH4 oxidation and thereby 
reduce emissions.

Root Aerenchyma
Aerenchyma starts forming in the cortex when the 
roots grow in flooded soils. Aerenchyma in rice roots is 
enlarged gas-filled spaces formed via programmed cell 
death that facilitates diffusion of gases (Yamauchi et al. 
2019a). In rice, aerenchyma tissues develop in roots, 
internodes, sheaths, leaf lamina midrib and leaf blades 
(Matsukura et al. 2000; Colmer and Pedersen 2008; Stef-
fens et al. 2011), forming a continuum of gas spaces that 
accelerates diffusion of all gases (e.g., O2, CO2, CH4, 
N2O and ethylene) between the rhizosphere and the 
atmosphere above (Fig. 2). Aerenchyma is constitutively 
formed in the cortex of rice roots, but its proportion sig-
nificantly increases when roots are formed in flooded 
soils due to formation of inducible aerenchyma (Colmer 
et al., 1998; 2003a; Yamauchi and Nakazono 2022). Total 
root porosity (including aerenchyma and small intercel-
lular spaces) of adventitious roots of different rice geno-
types increased from 12 to 38% in aerated conditions to 
22–48% when growing in anoxic substrates (Colmer et 
al. 1998; McDonald et al. 2002; Colmer 2003a; Tong et al. 
2023). In adventitious roots of rice, porosity is higher in 
the basal parts near the root-shoot junction and declines 
towards the root tip (porosity was c. 34% or 43–54% at 
60  mm behind root tip but decreased to c. 0% or 0–9% 
at 10  mm behind the root tip for roots growing in aer-
ated or anoxic conditions, respectively, Kotula et al. 2009; 
Yamauchi et al. 2019b). Similarly, aerenchyma declined 
from 12 to 32% at 50 mm behind the root tip to 8–14% at 

20 mm behind the root tip for L-type lateral roots devel-
oped in aerated or anoxic conditions, respectively (Noor-
rohmah et al. 2020). Interestingly, aerenchyma does not 
form in S-type lateral roots (Noorrohmah et al. 2020). 
Importantly, although increased aerenchyma formation 
allows for higher O2 diffusion from shoot to roots, green-
house gases produced in flooded soils can diffuse via this 
low-resistance pathway in the opposite direction, i.e., 
from flooded soils to the atmosphere (Henneberg et al. 
2012; Kirk et al. 2019; Fig. 2).

Compared with the widely studied O2 diffusion 
through aerenchyma spaces, little is known about diffu-
sion of greenhouse gases through plant tissues. Oxygen 
can diffuse longitudinally (axially) and radially through 
and across the roots (Armstrong and Beckett 1987). 
Internal O2 diffusion from the shoot and down to roots 
in flooded soils is determined by root anatomical and 
physiological characteristics including root porosity, root 
length, stele and cortex diameters, cellular respiration, 
and cell wall composition (Armstrong et al. 1983; Arm-
strong and Beckett 1987; Colmer 2003b, Pedersen et al. 
2021a; Jiménez et al. 2021a). However, the diffusion of 
other gases (including CO2, CH4 and N2O) from the rhi-
zosphere into and along the roots, and the root charac-
teristics influencing such gas diffusion processes, remain 
largely unknown, although some attempts to understand 
this process have been done for CH4 (Nouchi et al. 1990; 
Beckett et al. 2001). Most experiments published succeed 
to quantify fluxes of greenhouse gases emitted from soils 
or plant tissues under specific circumstances but fail to 
relate these fluxes with the anatomical and/or physiologi-
cal root characteristics governing internal gas diffusion. 
Significant variation in root aerenchyma development 
among rice genotypes exists (Colmer 2003a), and the 
identification and characterization of wild rice species 
with contrasting root anatomical characteristics (Tong 
et al. 2023) pave the way for studies on the influence of 
root traits in the production, oxidation and/or emission 
of greenhouse gases from flooded paddy soils.

Root Apoplastic Barriers
Rice can form barriers in the outer parts of the roots to 
impede radial O2 loss to the flooded, anoxic rhizosphere 
(Colmer 2003a). These barriers enable an effective longi-
tudinal O2 diffusion from the basal parts of roots to the 
growing tips (Fig. 3). The formation of barriers to radial 
O2 loss coincide with increased impregnation of suberin 
and lignin in the cell walls of the exodermis and scleren-
chyma, respectively (Kotula et al. 2009; Ranathunge et al. 
2011). In addition to restrict the O2 loss from root to rhi-
zosphere, the barriers can also reduce the entry of gases 
in the opposite direction, i.e., from rhizosphere and into 
the root (shown for H2, Peralta Ogorek et al. 2021and 
H2S, Peralta Ogorek et al., 2023). The barrier to radial O2 
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loss in adventitious roots of rice is induced by different 
environmental cues including reduced Fe (Mongon et 
al. 2014), sulfides (Armstrong and Armstrong 2005) and 
low molecular mass organic acids (Colmer et al. 2019). 
However, the barrier is not formed in roots in aerated 
conditions (except for some wild rice species that consti-
tutively form a barrier to radial O2 loss; Ejiri et al. 2020). 
Higher basipetal radial O2 loss rates decreasing towards 
the root tip are characteristic patterns of roots with no 
or only a weak barrier to radial O2 loss, while lower rates 
of radial O2 loss along basal zones but increasing towards 
the highly permeable root tip, indicate the presence of a 
tight barrier (see Fig. 1 in Jiménez et al. 2021b for char-
acteristic radial O2 loss patterns from roots of rice with 
or without barriers to radial O2 loss). There is significant 
phenotypic variation in the ´tightness` (i.e., permeance to 
O2 through exodermal/hypodermal cell layers) of the bar-
rier to radial O2 loss in adventitious roots of rice (Colmer 
et al., 1988; Colmer 2003a; Tong et al. 2023). Moreover, 
the barrier to radial O2 loss can also be formed in L-type 
lateral roots while these never form in the S-type (Noor-
rohmah et al. 2020). Radial O2 loss into anoxic soils often 
results in characteristic plaque formation on the root 
surfaces. Root plaques derive from oxidation of reduced 
metals such as Mn2+ and Fe2+ resulting in metal oxides 
such as ferrihydrite and goethite that can completely 
cover the root epidermis forming a sheath (Hansel et al. 
2001). These plaques can enhance nutrient uptake (Jiang 
et al. 2009), but they can also serve a role as an alternative 
barrier to radial O2 loss in roots of wetland plants that 
are unable to deposit suberin or lignin in the outer cell 
walls (Møller and Sand-Jensen 2008).

The formation of barriers to impede radial O2 loss 
enable root growth into flooded soils. Mathematical mod-
elling computing root anatomical characteristics indi-
cated that the maximum root length attained in flooded 
soils may increase from 230 to 590  mm in adventitious 
roots of rice without or with barriers to radial O2 loss, 
respectively (Pedersen et al., 2021a). Moreover, modelling 
showed that lateral roots of Zea nicaraguensis can grow 
to a maximum length of 74 mm with a barrier, but only 
to 33  mm without a barrier to radial O2 loss (Pedersen 
et al., 2021b). An extensive root system will translate into 
bigger zones with appropriate conditions for CH4 oxida-
tion, particularly close to the highly permeable root tips. 
Moreover, a considerable O2 loss can come from newly 
formed, short adventitious roots (Colmer et al. 2006; 
Shiono et al. 2011; Ejiri et al. 2021)  and lateral roots of 
rice (Noorrohmah et al. 2020) that do not develop barri-
ers to radial O2 loss. In addition, the occurrence of ´win-
dows´ without suberin or lignin impregnation in the cell 
walls near the sites for lateral root emergence in adven-
titious roots can potentially be active sites for radial O2 
loss (Armstrong et al., 2000; Soukup et al. 2002; Ejiri and 

Shiono 2020; Jiménez et al. 2021c). However, increased 
radial O2 loss from several sites along roots, or in spe-
cific types of roots, can come with drawbacks as these 
hotspots can also be sites of increased inward diffusion 
of greenhouse gases from the flooded soil. Interestingly, 
no study has so far addressed these pros and cons of diffu-
sional O2 loss to the flooded soils and the possible impact 
on plant-mediated diffusion of CO2, CH4 or N2O with 
subsequent emission into the atmosphere.

Potential for Mitigation of Greenhouse Gases via 
Manipulation of Key Root Traits in Rice
Increased aerenchyma together with the formation of 
barriers to impede radial O2 loss in basal parts of the 
roots act synergistically to enhance internal O2 diffusion 
(Armstrong 1979; Colmer 2003b; Fig.  3). The exploita-
tion of these traits appears as a solution to reduce the 
production, plant-mediated diffusion, and emission of 
greenhouse gases from flooded rice paddies. Roots of 
rice with increased aerenchyma formation and tight bar-
riers to radial O2 loss releasing O2 to the deep layers of 
the submerged soils will enable higher rhizosphere CH4 
oxidation and nitrification of NH4

+; while the entry of 
greenhouse gases into the basal parts of the root is lim-
ited given the very low permeability of the root cell walls 
to gases (Fig. 4). We therefore propose that screening for 
rice genotypes with high aerenchyma formation and tight 
barriers to radial O2 loss by breeding programs is a prom-
ising way to increase the soil oxidizing power of new rice 
varieties.

Oxygen loss from roots to flooded, anoxic soils pro-
mote a favourable habitat for CH4  oxidizing microor-
ganisms (Jiang et al. 2017; Chen et al. 2019) but can also 
favour conditions for enhanced coupled nitrification-
denitrification (Risgaard-Petersen and Jensen 1997; Kirk 
2004; Kirk and Kronzucker 2005). Modern rice genotypes 
must therefore display specific root traits that can pro-
vide a soil redox potential in a range that maintains both 
N2O and CH4 emissions low (e.g., + 200 to -100 mV, Hou 
et al. 2000). Interestingly, the oxic zones near the root 
tips of rice roots has also been shown to display char-
acteristic diurnal patterns with spatial expansion during 
the daytime due to net O2 production in photosynthesis 
and shrinkage during darkness due to net O2 consump-
tion (Larsen et al. 2015). To our knowledge, it has not 
yet been studied in detail how such spatial fluctuations 
in molecular O2 influence the production of, e.g., N2O, 
but it is known that sudden restrictions in O2 availability 
promotes N2O production both during nitrification and 
denitrification (Wrage et al. 2001).

Some efforts have been done to understand the influ-
ence of rice roots characteristics on greenhouse gases 
emissions from flooded soils (e.g., root aerenchyma and 
CO2 venting, Kirk et al. 2019; total root volume and root 
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areas on CH4 emissions, Ding et al. 2021), but several 
aspects limit our capacity to produce elite rice cultivars 
with a reduced carbon footprint. To date, these limita-
tions include: i) lacking information on the permeabil-
ity of roots to CO2, CH4 and N2O, ii) lack of knowledge 
on greenhouse gases dynamics within aerobic roots, 
iii) lacking knowledge on spatial and temporal in-vivo 
dynamics for greenhouse gases in oxidized or reduced 
areas of soils, and iv) lack of understanding of the influ-
ence of root anatomical as well as root chemical charac-
teristics on diffusion of greenhouse gases from soils and 
throughout and along roots.

Conclusions
Considering the existent phenotypic variability in root 
traits of rice genotypes, we propose that the development 
of new rice cultivars exhibiting an effective internal O2 
diffusion system, through enhanced aerenchyma forma-
tion and development of tight barriers to impede radial 
O2 loss along the basal parts of the roots will increase 
CH4 oxidation as well as promote nitrification, reducing 
the production of greenhouse gases and benefitting plant 
nutrient uptake. Moreover, the development of roots 
with tight barriers to impede radial O2 loss, would also 
limit the radial diffusional entry of greenhouse gases into 
roots and further reduce the plant-mediated diffusion of 
these gases from paddy fields.
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