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Abstract

Flooding is an environmental stress that leads to a shortage of O2 that can be detrimental for plants. When flooded, 
deepwater rice grow floating adventitious roots to replace the dysfunctional soil-borne root system, but the features 
that ensure O2 supply and hence growth of aquatic roots have not been explored. We investigate the sources of O2 
in aquatic adventitious roots and relate aerenchyma and barriers for gas diffusion to local O2 gradients, as measured 
by microsensor technology, to link O2 distribution in distinct root zones to their anatomical features. The mature root 
part receives O2 exclusively from the stem. It has aerenchyma that, together with suberin and lignin depositions at the 
water–root and cortex–stele interfaces, provides a path for longitudinal O2 movement toward the tip. The root tip has 
no diffusion barriers and receives O2 from the stem and floodwater, resulting in improved aeration of the root tip over 
mature tissues. Local formation of aerenchyma and diffusion barriers in the mature root channel O2 towards the tip 
which also obtains O2 from the floodwater. These features explain aeration of floating roots and their ability to grow 
under water.
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Introduction

Flooding imposes restrictions on plant growth and devel-
opment that lead to severe crop losses worldwide (Tarlock 
and Chizewer, 2016; Olson et al., 2017; Chen et al., 2018). 
Flooding results in a slow gas diffusion rate and reduced light, 
both impairing photosynthesis and respiration (Colmer and 
Pedersen, 2008). Roots are most prone to become anoxic 
due to water-saturated soil and the competition for O2 with 
soil microorganisms. Lack of O2 limits or abolishes respir-
ation, the main source of energy in roots, and, as a conse-
quence, impairs uptake of nutrients and water with severe 

impact on growth and survival. Wetland plants have devel-
oped a variety of traits to alleviate the stresses caused by 
submergence. Rice (Oryza sativa L.) is a semi-aquatic plant 
with a strong tolerance to flooding. A number of adaptive 
traits in rice help maintain a functional root system during 
flooding (Pedersen et al., 2020). One of these is the replace-
ment of the primary root system by adventitious roots (ARs) 
that develop at the stem nodes. ARs grow into the upper soil 
layers or develop as floating roots when large portions of 
the stem are submerged (Zhang et al., 2017; Lin and Sauter, 
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2018). In rice, the formation of AR primordia at the stem 
nodes is genetically determined, allowing plants to rapidly 
form a secondary root system from existing AR primordia 
(Lorbiecke and Sauter, 1999). Triggering of AR emergence 
is controlled by ethylene (Sauter, 2013) that accumulates in 
submerged plant parts due to the slow gas diffusion in water 
(Armstrong and Drew, 2002).

Previous studies on Meionectes brownii and Alternanthera 
philoxeroides suggested that floating ARs have multiple 
sources of O2 (Rich et  al., 2013; Ayi et  al., 2016). O2 can 
derive from the atmosphere, from the shoot via underwater 
photosynthesis, and/or from the floodwater. Floodwater 
often contains more O2 than flooded soil due to a better 
aeration and underwater photosynthesis (Setter et al., 1987). 
Submerged leaves continue to photosynthesize when light 
and CO2 are available, which leads to production of O2 as a 
by-product. Uptake of O2 by ARs from the floodwater was 
shown for A. philoxeroides (Ayi et al., 2016), but the mechan-
istic features that ensure O2 supply of the growing root tip 
have not been studied in detail. In rice, O2, from aerial or 
underwater photosynthesis, is released in either air or water, 
or accumulates in the aerenchyma or stem cavity. In rice, 
as in other aquatic or semi-aquatic plants, aerenchyma is 
formed in leaves, stems, and roots in adaptation and acclima-
tion to their habitat. In addition, the cavity of cereal stems 
is an internal gas space and may facilitate diffusion of O2 
to ARs (Colmer, 2003; Mori et al., 2019). Aerenchyma not 
only facilitates fast O2 diffusion, it also decreases the number 
of O2-consuming cells (Yamauchi et al., 2013). While aeren-
chyma is constitutively formed in rice, this is not the case in 
maize (Zea mays) or wheat (Triticum aestivum) (Colmer and 
Voesenek, 2009). Studies on accessions of the wild relative 
of maize, teosinte (Zea nicaraguensis), indicated that consti-
tutive aerenchyma determines tolerance to flooding (Mano 
and Omori, 2013). During flooding, aerenchyma formation 
is further enhanced in rice and induced in non-wetland spe-
cies such as maize and barley (Hordeum vulgare), suggesting 
that aerenchyma formation is a universal flooding adapta-
tion. Aerenchyma is fully developed in the mature root zone, 
whereas the root tip, where cell division and cell elongation 
take place, does not possess aerenchyma (Yamauchi et  al., 
2017, 2019), raising the question of how the root tip with 
its high energy demand is supplied with O2 (Yamauchi et al., 
2018).

In deoxygenated, stagnant nutrient solution (an experi-
mental condition mimicking waterlogging), the formation of 
a barrier to radial O2 loss (ROL) was reported for roots of 
rice, wheat amphiploids, and sea barleygrass (Hordeum marinum) 
(Colmer, 2003; Garthwaite et  al., 2006; Malik et  al., 2011). 
The barrier to ROL is formed at the walls of hypodermal/
exodermal cells (Armstrong et al., 2000; Garthwaite et al., 2008) 
and greatly restricts O2 diffusion from the root to the anoxic 
soil (Colmer et al., 1998; Soukup et al., 2007). Restricted gas 

diffusion is probably caused by suberin and/or lignin deposi-
tions (Kulichikhin et al., 2014). Both aerenchyma and barrier 
formation were shown to improve O2 supply to roots and to 
enhance overall root activity (Watanabe et al., 2017; Pedersen 
et al., 2020).

In this study, we analyzed the sources of O2 supply to floating 
ARs to understand the ability of these roots to undergo rapid 
growth and survival as a response to submergence. We tested 
the hypothesis that floating roots of rice form abundant aeren-
chyma in combination with a barrier to ROL in order to sus-
tain stem-derived diffusion of O2 to the growing root tip. We 
assessed the contribution of the hollow stem versus floodwater 
as sources of O2 to ARs and we visualized the tissue distribu-
tion of O2 along the AR using a microsensor, and related these 
concentration gradients to the presence of aerenchyma and a 
barrier to ROL. Our study reveals that the root anatomical 
traits are well suited to specifically improve the O2 status at 
the root tip. Our findings provide insight into the mechanisms 
that support root growth through improved O2 supply to the 
root tip during flooding, an insight that might be applicable 
in the effort of producing climate-smart crops for a changing 
environment.

Materials and methods

Plant material and submergence
Seeds of the near-isogenic line 12 (NIL12 cv Taichung 65)  were re-
ceived from Motoyuki Ashikari (Nagoya University, Nagoya, Japan). The 
deepwater quantitative trait locus 12 (QTL-12) of the deepwater rice 
variety C9285 was introgressed into the lowland rice cultivar Taichung 
65 to generate the NIL12 line (Hattori et al., 2009). QTL-12 promotes 
rapid stem elongation when plants are partially submerged and the for-
mation of floating ARs. Rice plants were grown in a 16 h, 360 µmol 
m–2 s–1 light, 27 °C/8 h dark, 19 °C cycle with a 30 min gradual light 
transition in the morning at 70% relative humidity. Plants were partially 
submerged in a 600 liter tank (Lorbiecke and Sauter, 1999; Sasidharan 
et al., 2017) for 10–14 d. Water O2 was measured with a microoptode 
(OP-MR, Unisense A/S) at a depth of 50 cm where plant material was 
collected. Measurements were taken at the onset and after 10 h of light.

O2 measurement in floating adventitious roots
An internode including the third youngest node (node 3) was collected 
with a cut 4 cm below node 3 and a cut 8 cm above it (Supplementary 
Fig. S1) (Lin et al., 2020). All ARs except for one thick root of 8–10 cm 
(Figs 1, 2) were pruned at node 3 with a blade. The upper end of the 
internode was connected to a gas cylinder with a tube via a metal T-piece 
(Supplementary Fig. S1A). The stem section with the remaining AR 
was mounted with rubber bands on a wire sheet (Supplementary Fig. 
S1A, B) and the wire sheet was fixed on a beaker in an aquatic tank 
(25  cm length×15  cm width×10  cm height) that was filled with tap 
water to completely cover the root. An O2 sensor in the tank monitored 
the water O2 concentration. A microsensor with a 25 µm tip diameter 
(OX25, Unisense A/S) was fitted on a motorized stage (1D Motorized 
MicroProfiling System, Unisense A/S), connected to a picoampere 
meter (Field Multimeter, Unisense A/S, Denmark) and the sensor signals 
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Fig. 1.  Aerenchyma formation, radial O2 profiles, and tissue O2 status of aquatic adventitious roots of rice. (A) Cross-sections stained with toluidine blue; 
arrows indicate positions at which O2 profiles were taken. (B) Percentage of aerenchyma formed at the positions indicated. Numbers are means (±SE) from 
three independent experiments with three different roots for each replicate (n=9, different letters indicate significant differences; P<0.05, Tukey test). (C) Radial 
O2 profiles at the three distances behind the root tip indicated in (A). The O2 microsensor was positioned 300 μm from the root surface and moved at steps 
of 25 μm until the tip of the sensor had passed the stele. The red arrow indicates the direction of gas diffusion; blue arrows point to the border between outer 
cell layers and the cortex. Green and magenta squares indicate the cortex and stele, respectively. (D) The lowest O2 level between outer cells, made up of 
four cell layers as shown in the cross-section, and cortex. The blue arrow points to the border between outer cell layers and the cortex. Results are means 
(±SE, P<0.05; Tukey test) from three floating adventitious roots analyzed at each position indicated. (E) Mean O2 levels in the cortex or the stele from three 
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were collected with a frequency of 1 Hz using data acquisition soft-
ware (Sensortrace Suite version 2.3.100, Unisense A/S). At the onset of a 
measurement, the sensor tip was placed at a distance of 300 µm from the 
root surface. The sensor was moved stepwise toward and into the root at 
25 µm per step, and O2 was measured at each step. The measurement was 
stopped at ~750 µm inside the root when the microsensor had passed the 
central cylinder of the root. Where indicated, the same root was measured 
at 20, 40, and 60 mm from the root tip.

During measurements, the water in the tank was bubbled with air to 
increase gas diffusion between the root and the water. To analyze the gas 
exchange between the root tip and the water, the stem was supplied with 
100% O2 or 100% N2 starting 40 min prior to the measurement and O2 
was monitored with an O2 sensor placed in the T-piece (Supplementary 
Fig. S1A). A microsensor was placed 20 mm from the root tip that traced 
O2 starting at 250 µm from the root surface to ~800 µm inside the root, 
past the central cylinder, in 25 µm steps as described.

To investigate whether O2 supplied through the internode altered O2 
in the root, a microsensor was inserted in the cortex of the mature root 
zone 6.4 cm from the root tip at a depth of 150 µm. Water was bub-
bled with N2 until the O2 in the water reached 7.5 kPa (~100 mol l–1). 
Subsequently, the internode was supplied with 100% O2 and measure-
ment continued until the O2 in the root was saturated. Then, the inter-
node was supplied with 100% N2 until the O2 in the root was stable. 
Finally, the internode was supplied with air and measurement continued 
until the root O2 was stable.

To analyze gas diffusion through nodes, a stem section was cut from the 
first internode to 4 cm below node 3. Gas was supplied through the first 
internode so that the gas had to pass two nodes before it reached the root 
at node 3 (Fig. 5A). After each measurement, stems were cut longitudin-
ally to ensure that no water had leaked inside the stem (Supplementary 
Fig. S1B). A cross-section of the root was cut at the site of measurement 
to visualize the microsensor track (Supplementary Fig. S1C).

Aerenchyma, calculations of O2 fluxes, and permeability test
Roots were embedded in 5% (w/v) agar to obtain 100 µm cross-sections 
with a vibratome (HYRAX V50, Zeiss). Sections were stained with 1% 
(w/v) toluidine blue, washed three times with distilled water, and visual-
ized (Nikon H600L, Japan). Aerenchyma was calculated by dividing the 
aerenchyma area by the total cortex area.

O2 fluxes were calculated according to Henriksen et  al. (1992). O2 
fluxes between roots and floodwater were calculated based upon the con-
centration gradients in the diffusive boundary layer enveloping the roots. 
Positive fluxes indicate ROL to the floodwater and negative fluxes indi-
cate radial O2 consumption (ROC) from the floodwater. The calculations 
used the equation from Henriksen et al. (1992):

J =
Di

r0

c100 − c0
ln(r100/r0)

where J (mol m–2 s–1) is the flux, Di is the diffusion coefficient at 25 °C of 
O2 (2.2×10–9 m2 s–1; Ferrell and Himmelblau, 1967), r0 (m) is the radius 
of the root, r100 (m) is the radius of the root+100 µm (=0.0001 m), c0 is 
the dissolved O2 (mol m–3) at the root surface, and c100 is the dissolved O2 
concentration (mol m–3) 100 µm away from the root surface. The values 
of dissolved gas concentrations at the two positions within the diffusive 
boundary layer were derived from the linear regression of the O2 data 
from profiling conducted using microsensors.

Permeability of epidermal cells was tested with 0.1% (w/v) of the 
apoplastic tracer periodic acid. After 1 h, a reducing solution (1 g of KI 
and 1 g of Na2S2O3 in 50 ml of distilled water acidified with 5 M HCl) 
was applied overnight to remove excess stain. Schiff ’s reagent revealed 
periodic acid in purple.

Cellulose, suberin, lignin, and sclerenchyma staining
Sclerenchyma were visualized with toluidine blue. Cross-sections of 
nodes were stained for cellulose with 1.5% (w/v) astrablue for 5 min and 
washed twice with distilled water. Subsequently, the sections were stained 
with 0.5% (w/v) safranin for 5 min and washed twice with 70% ethanol 
to visualize lignin in pink. Suberin was visualized in cross-sections after 
incubation in 0.1% (w/v) fluorol yellow 088 in the dark for 1 h and two 
washing steps in 75% glycerol under UV light (BX41, OLYMPUS). Lignin 
was stained in cross-sections and roots with 1% (w/v) phloroglucinol for 
1 h, followed by dipping in 6 M HCl for 10 min.

Statistical analysis

Statistical analyses were performed using Minitab. Comparison of means 
was performed for statistical significance with an ANOVA Tukey test or 
two-sample t-test. Constant variance and normal distribution of data 
were verified before statistical analysis. The P-value was set to P<0.05.

Results

The mature root zone relies on O2 supply from the 
stem whereas the root tip can also obtain O2 from the 
floodwater

Our model plant NIL12 is a near-isogenic line of rice with a 
deepwater rice trait introduced in paddy rice promoting stem 
elongation in response to flooding (Hattori et al., 2009). NIL12 
also grows substantially more ARs compared with the paddy 
rice (Supplementary Fig. S2A) and consequently NIL12 serves 
as an excellent model to study tissue aeration of floating ARs 
as an adaptation to deep water. For a better comparison of in-
ternal aeration and anatomical features, all experiments were 
performed on 8–10 cm long and thick ARs (Supplementary 
Fig. S2B) as a root model.

To assess the O2 diffusion capacity of the root, we de-
termined aerenchyma formation from cross-sections at 20, 
40, 60, and 80 mm behind the tip (Fig. 1A, B). At 20 mm, 
the cortex was intact, whereas at 40 mm, aerenchyma had 
formed in the middle cortex cell layers occupying 19% of 
the cross-sectional cortex area (Fig. 1B). At 60 mm, aeren-
chyma extended to the outer cortex cells, reaching 37%, 
and at 80 mm, aerenchyma reached 58%, in agreement with 
a similar study on aerenchyma development in rice roots 
(Yamauchi et al., 2019).

Root tissue O2 status was obtained with high spatial resolution 
at positions 20, 40, and 60 mm behind the root tip of floating 

floating adventitious roots analyzed at each position. Upper case letters indicate the statistical difference between the cortex at three positions (P<0.05, Tukey 
test). Lower case letters indicate the statistical difference between the stele at three positions (P<0.05, Tukey test). Asterisks indicate the statistical difference 
between the cortex and the stele at each position (P<0.01, ANOVA with Student t-test). Different letters indicate significant differences; P<0.05, Tukey test).
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Fig. 2.  The growing tip of aquatic adventitious roots receives O2 from the stem and the water. (A) The cut end of the internode was supplied with 100% O2 and 
the radial O2 profile was determined at 20 mm behind the root tip. The red arrow indicates the direction of O2 diffusion. Green and magenta squares indicate the 
cortex and stele, respectively. (B) The cut end of the internode was supplied with 100% N2 and the radial O2 profile determined at 20 mm behind the root tip. 
The red arrow indicates the direction of O2 diffusion. Green and magenta squares indicate the cortex and stele, respectively. (C) Mean O2 levels in the cortex or 
the stele resulting from the manipulated gas supply to the cut end of the stem as extracted from (A) or (B). Asterisks indicate statistically significant differences 
(means± SE, n=9, P<0.01, ANOVA with Student t-test). (D) Scheme indicating that the root tip can obtain O2 from the internode and from the surrounding water 
depending on predominant O2 gradients. (E) Growth of ARs supplied with O2 from the stem and the water, from the water only, or with no O2 (for setup and 
absolute growth data, see Supplementary Figs S5 and S6). Growth rates were normalized to the values obtained with O2 supply to the stem and water at each 
time point for better comparison. Different letters indicate statistical differences between treatments over time (n=18–23, ANOVA with Tukey test, P<0.05).

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/72/5/1879/5988954 by guest on 10 April 2024

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraa542#supplementary-data


1884  |  Lin et al.

ARs using O2 microsensors mounted on a micromanipulator 
(Supplementary Fig. S3). O2 concentrations were recorded 
starting 300 µm away from the root surface in the floodwater, 
taking measurements at steps of 25  µm until the tip of the 
sensor had passed the central cylinder (Supplementary Figs 
S1C, S3). In the submergence tanks used to trigger forma-
tion of floating ARs, the O2 partial pressure was on average 
22.1 kPa in the light period (Supplementary Fig. S4). To mimic 
floodwaters, we used air-bubbled tap water to maintain O2 at 
20.6 kPa in the experimental tank and we continuously re-
corded floodwater O2 with a separate O2 sensor (Fig. 1C; 
Supplementary Fig. S3). At 60 mm, the O2 partial pressure at 
the root surface was similar to that of the floodwater. In con-
trast, the O2 partial pressure at the root surface declined at 
40  mm and even more so at 20  mm, suggesting that water 
O2 was consumed by the root (Fig. 1C). At 20 mm, the O2 
concentration in the water declined close to the root surface, 
resulting in a ROL of –737 nmol m–2 s–1 (Table 1), confirming 
that O2 diffused from the floodwater into the root tip. In the 
outer cell layers, within the first 100 µm, the O2 partial pressure 
decreased to 0.7 kPa at 60 mm, to 3.1 kPa at 40 mm, and to 
7.3 kPa at 20 mm (Fig. 1C, D), confirming that O2 can diffuse 
through these cell layers with much lower resistance at the tip 
compared with the base. In the cortex, the O2 partial pressure 
was 12.0 kPa at 60 mm, 9.7 kPa at 40 mm, and 9.8 kPa at 
20 mm (Fig. 1C). Even though the differences were not statis-
tically significant (Fig. 1E), they are in accordance with the ob-
servation that aerenchyma development is more pronounced 
in the mature part, facilitating O2 diffusion from the shoot. The 
O2 partial pressure in the stele approached 0 kPa at 60 mm, was 
3.9 kPa at 40 mm, and 6.8 kPa at 20 mm (Fig. 1C, E), revealing 
a better O2 supply at the root tip compared with the base.

Taken together, our results showed that the epidermal cells 
and the stele are better supplied with O2 at the root tip than in 
the mature root zone. The improved O2 supply of the root tip 
in part results from O2 diffusing into the tissue from the sur-
rounding floodwater. To obtain a more comprehensive under-
standing of the mechanisms behind O2 supply to the root tip, 
we next studied the gas exchange between ARs and internodes 
or floodwater in more detail.

O2 exchange between the root tip and floodwater is 
determined by tissue O2 status

The fine details of O2 exchange between the root tip and 
floodwater were visualized by supplying the hollow stem with 
pure O2 (Fig. 2A; Supplementary Fig. S3A). After the cut end of 
the stem had been exposed to 100% O2 for 40 min, tissue O2 
status at the root tip was greatly elevated. However, the radial O2 
profile showed a very similar pattern to the one observed previ-
ously (Fig. 1); O2 in the epidermal cell layers and in the stele was 
much lower than in the cortex (Fig. 2A). The O2 concentration 
in the water close to the root surface increased over the ambient 
water O2 concentration (Fig. 2A), clearly showing that O2 dif-
fused from the root into the floodwater, as further confirmed by 
the calculated ROL flux (4827 nmol O2 m

–2 s–1, Table 1).
We next exposed the cut end of the stem to pure N2 to re-

duce O2 concentration in the pith cavity in the root (Fig. 2B). 
This treatment resulted in a substantial reduction in O2 in the 
outer cell layers of the root and generated a severely hypoxic 
core within the stele while the cortex maintained 1 kPa O2 
(Fig. 2C). With this treatment, the O2 concentration at the root 
surface decreased compared with ambient water O2, indicating 
that O2 diffused from the floodwater and into the root tip (Fig. 
2C) as confirmed by the calculated ROL of –1104 nmol m–2 
s–1, which was significantly higher than the flux that occurred 
with supply of 21% O2 to the cut end of the stem (Table 1).

Under natural conditions, the O2 concentration in the 
floodwater depends on various environmental conditions 
(Pedersen et al., 2017), thereby exposing floating roots to varying 
O2 levels that can range from higher than normoxia to hypoxia 
(Rich et al., 2013; Loreti et al., 2016). Tissue O2 gradients within 
the ARs were similar but at vastly different amplitudes when the 
stem was supplied with either 100% O2 or 100% N2.

To test if O2 uptake through the root tip was sufficient to 
support root growth, we compared root growth rates under 
conditions where O2 was supplied (i) from the stem and the 
floodwater; (ii) exclusively from the floodwater; or (iii) with 
no O2 at all (Fig. 2E; Supplementary Figs S5, S6). The results 
revealed an intermediary growth rate in ARs supplied with O2 
from the floodwater to the root tip with higher growth rates 
when the stem also provided O2 and lower growth rates in 
roots not receiving O2. In conclusion, the root tip was able to 
benefit from O2 in the floodwater when supply from the inter-
node was limited, revealing a mechanism by which growth can 
be sustained by O2 supply to the growing root tip either from 
the shoot or from the floodwater depending on the environ-
mental conditions (Fig. 2D).

Suberin and lignin depositions increase in the outer cell 
layers during root maturation and are likely to form a 
barrier for radial O2 loss

To compare the permeability at the root tip with that of ma-
ture root zones, the apoplastic tracer periodic acid was em-
ployed. At 60 mm and 40 mm from the tip of floating ARs 

Table 1.  Oxygen flux between water and the root tip

Stem treatment Radial oxygen loss (nmol m–2 s–1)

0% O2 –1103.7±96.6 a
21% O2 –737±85.2 b
100% O2 4827±615.6 c

O2 flux at 20 mm behind the root tip was measured with O2 in air 
equilibrium in the floodwater and supplying the cut end of the internode 
with 100% N2, 21% O2+79% N2, or 100% O2. Positive values indicate O2 
diffusion from the root to the water (radial oxygen loss) and negative values 
indicate O2 diffusion from the water into the root. Different letters indicate 
significant differences between treatments (means ±SE, P<0.05, Mann–
Whitney test).
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Fig. 3.  The outer cell layers of aquatic adventitious roots of rice have lower suberin and lignin levels and are more permeable at the root tip than in the 
mature root zone. (A) The diffusion barrier increases from root tip to base. Cross-sections reveal diffusion of periodic acid in the apoplast at the distance 
behind the root tip indicated. Red arrows point to the outermost layer of cortex cells. The blue arrow points to patches of cells with thickened cell walls. 
Scale bar=20 µm. (B) Lignification of the outer cell layers and the central cylinder is visible at 40 mm and further enhanced at 60 mm, but is not observed 
at all at 20 mm behind the root tip. Lignin is stained pink and indicated by pink arrows. Scale bar=20 µm. (C) The formation of suberin increases from root 
tip to base in the outer cell layers and the stele. Suberin lamellae are visualized in yellow-green color indicated by green arrows. Yellow arrows point to 
cell wall autofluorescence. Scale bar=20 µm.
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of partially submerged plants, the tracer permeated only the 
outermost cell layer, whereas at 20 mm all four epidermal cell 
layers were permeable, indicating that the mature root zones 
but not the root tip possess an apoplastic barrier that blocks 
radial diffusion (Fig. 3A).

Since the root tip but not the mature root zones were per-
meable to O2 and periodic acid, we next asked whether a bar-
rier for ROL was formed at the basal part of the root that 
restricted O2 diffusion between root and floodwater. Suberin 
and lignin are two main components of barriers to ROL that 
were described previously (Shiono et al., 2014) and we there-
fore analyzed suberization and lignification of the root (Figs 
3B, C). Cross-sections were prepared at 20, 40, and 60 mm, 
and stained with phloroglucinol for lignin (Fig. 3B). No lignin 
was detected at 20 mm behind the root tip. At 40 mm, weak 
staining appeared at the outer root cell layers and in the central 
cylinder. At 60 mm, strong staining was detected in the outer 
cells, most predominantly in the third outermost cell layer that 
had sclerenchymatous walls (Supplementary Fig. S7). In the 
fourth cell layer, cells occasionally developed thick, lignified 
walls (Fig. 3B). In addition to the root surface, lignin was also 
detected in cell walls of the endodermis and central cylinder 
at 60 mm. The heavy lignification of the stele may explain the 
very low O2 concentration measured inside the stele (Fig. 1C).

Fluorol yellow 088 was used to visualize suberin lamellae as 
a yellow-green stain (Fig. 3C). At 20 mm, suberin was detected 
in walls of the second outermost cell layer, and suberin staining 
appeared stronger at 40  mm and 60  mm. Suberin-derived 
fluorescence was also seen in the central cylinder (Fig. 3C) 
where it was weak at 20 mm, increased at 40 mm, and further 
increased at 60 mm, and was mainly present in the endodermis. 
Analysis of AR primordia and emerged ARs showed that no 
suberin or lignin was deposited at these early developmental 
stages (Supplementary Fig. S8) in accordance with the finding 
that root tips are highly permeable.

In conclusion, our results revealed increasing deposition of 
suberin and lignin in the outer cell layers of the root and in the 
stele from tip to base. The increasing degree of cell wall modi-
fication inversely correlates with the root permeability to O2 
in the epidermal cell layers and in the stele.

The O2 status in the mature root zone is determined by 
the O2 supply from the internode

The rice internode is a hollow structure with a central cavity 
enabling fast diffusion of O2 in gas phase (Stünzi and Kende, 
1989) (Fig. 5B). We tested the importance of the internode 
for O2 supply to ARs by measuring O2 profiles of ARs at 
65 mm from the root tip in the mature root zone that had 
well-developed aerenchyma (Fig. 4A). An O2 microsensor was 
placed in the cortex 150 µm from the root surface (Fig. 4B) 
and the floodwater was bubbled with 100% N2. This treat-
ment decreased the O2 partial pressure in the water from 20.4 
kPa to 7.5 kPa whereas the O2 level inside the root did not 

Fig. 4.  The mature part of floating adventitious roots of rice is mainly 
supplied with O2 from the internode. (A) Scheme showing the experimental 
setup to measure O2 supply from the internode to a root submerged in 
water, indicating the position of the microsensor that was inserted into 
the cortex at a depth of 125 μm. Treatments were continued until the O2 
level in the root had reached a new quasi-steady-state. The cross-section 
at the position analyzed reveals a highly developed aerenchyma. (B) The 
root was exposed to an alternating O2 regime that is indicated by Roman 
numerals: I, water flushed with 100% N2; II, internode supplied with 100% 
O2; III, internode supplied with 100% N2; IV, internode supplied with air. 
The quasi-steady-state O2 levels are indicated by Arabic numerals. 1, O2 
in the root with the internode supplied with air; 2, O2 in the root when the 
water is flushed with N2; 3, O2 in the root when the internode is supplied 
with 100% O2; 4, O2 in the root when the internode is supplied with 
100% N2; 5, O2 in the root when the internode is supplied with air. (C) O2 
levels following the treatments described in (B). Different letters indicate 
significant differences (P<0.05, one-way ANOVA with Tukey test).
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change significantly (Fig. 4C). The fact that tissue O2 does not 
respond to declining external O2 is consistent with our obser-
vation that a barrier to ROL is formed at the root base (Fig. 
3) that effectively prevents O2 from diffusing from the root 
into the water, or vice versa. Subsequently, the internode was 
supplied with 100% O2 which resulted in a rapid increase in 
root O2 to almost 100 kPa, indicating that O2 diffused freely 
from the internode to the root. When the O2 level in the root 
reached an equilibrium, the internode was supplied with 100% 
N2 which caused an immediate decline in root O2 level that 
reached close to 0 kPa after 1 h. In the final step of the gas ma-
nipulation, the internode was supplied with ambient air which 
brought the root O2 level back to 15 kPa within 15 min. Taken 
together, the O2 concentration in the basal part of the root 
closely followed the O2 level in the internode which is the 
major source of O2 for the mature root zone.

In flooded deepwater rice, a vertical O2 gradient develops, 
with higher O2 levels in the upper internode compared 

with lower internodes (Stünzi and Kende, 1989), raising 
the question of whether gas diffusion between internodes 
is limited by the nodes that separate them (Fig. 5A). To ex-
plore whether longitudinal gas movement in the rice stem 
is restricted by nodes that consist of a spongy tissue (Fig.5B, 
C), we supplied gas to internode 1 and analyzed O2 in a 
root that grew from node 3 (Fig. 5A). When the internode 
was supplied with 100% O2, the root O2 rapidly increased 
to a similar level in the root cortex (Fig. 5D, E). Supply of 
N2 to the internode caused a rapid drop in root O2 to near 
zero, while supply with air led to a recovery of the root O2 
to ~19 kPa (Fig. 5D, E). In conclusion, the results show that 
nodes have a high gas permeability and are not restricting 
O2 supply from the shoot to the ARs. Our observations fur-
ther support the conclusion that the internode is the main 
source of O2 for the mature zone of the floating ARs. The 
sources and diffusion paths of O2 in aquatic rice ARs are 
conceptualized in Fig. 6.

Fig. 5.  Nodes do not restrict O2 diffusion from internode to internode. (A) Scheme showing the experimental setup. A stem with two nodes was used 
and gas was provided to the cut end of the upper internode (internode 1), and the microsensor was inserted 125 μm into the cortex at 65 mm behind 
the tip of a root emerging from the lower node (node 3). (B) Cross-sections of an internode with leaf sheath and nodes. The dashed line in the nodal 
cross-sections delimits the spongy center. (C) Astrablue staining of cellulose (blue) and safranin staining of lignin (pink) revealed little cell wall differentiation 
in the spongy center of the node delimited by a dashed line. (D) O2 level in the cortex under the treatments indicated by Roman numerals: I, internode 
supplied with 100% O2; II, internode supplied with 100% N2; III, internode supplied with air. The O2 measurements were performed when O2 was at a 
quasi-steady-state: 1, O2 in the root without treatment; 2, O2 in the root when the upper internode was supplied with 100% O2; 3, O2 in the root when 
the upper internode was supplied with 100% N2; 4, O2 in the root when the upper internode was supplied with air. (E) Average (means ±SE, n=3, P<0.05; 
one-way ANOVA with Tukey test) O2 levels in the root after treatments indicated in (D) were determined from three independent experiments. Statistically 
significant differences are indicated by different letters.
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Discussion

Rice responds to submergence by growing a large number of 
ARs from submerged stem nodes. The sources of O2 for these 
floating ARs were not previously known. The present study 
revealed that O2 from the stem primarily sustains the mature 
zones of the roots, whereas the immature, growing root tip 
obtains O2 from the stem and the floodwater. Below, we discuss 
these findings in further detail with emphasis on the mechan-
isms behind O2 supply of the growing root tip.

The tip of floating adventitious roots acquire O2 from 
the water

Many wetland plants develop floating ARs, including the 
halophyte Tecticornia pergranulata (Pedersen et  al., 2006) and 
the semi-aquatic wetland plant Meionectes brownii (Rich 
et al., 2013). In both species, the root O2 status closely fol-
lowed that of the surrounding water during the night-time 
whereas daytime root O2 was of photosynthetic origin from 
the shoot (T.  pergranulata) or from green photosynthetic 
roots (M. brownii), with no indication that aquatic roots had 
formed a barrier to ROL. In contrast, the mature zone of 
aquatic rice ARs developed a barrier to ROL in long-term 
flooding. The walls of the four cell layers of the hypodermis/

exodermis gradually deposit suberin and lignin during AR 
differentiation. Suberin is suggested to reduce the gas perme-
ability, whereas the gas permeability of lignin has not been 
tested (Watanabe et al., 2013). In the central cylinder, suberin 
accumulated in endodermal cell walls and lignin accumulated 
in the endodermis and throughout the stele, indicating that 
floating roots develop two diffusion barriers while maturing, 
one at the root–water interface and one at the cortex–stele 
interface. Barrier formation was inversely related to the O2 
concentration in the central cylinder and led to a steep O2 
gradient between cortex and stele in the mature root. The 
root tip showed minor suberin and no lignin accumulation, 
and the O2 level in the stele reached ~7 kPa, revealing that, 
despite the lack of aerenchyma, the root apex was better oxy-
genated than the mature root.

Local barrier formation has an impact on O2 supply. The ma-
ture root zone receives O2 exclusively from the shoot, whereas 
the tip receives O2 from the shoot and the floodwater (Fig. 6). 
The internal and external diffusion barriers, the aerenchyma in 
the mature root zone and porosity at the root tip, channel O2 
to the root tip (Armstrong, 1971; Colmer, 2003). When supply 
of ARs with O2 from the stem is limited due to low photo-
synthetic activity in muddy waters or at night, O2 influx from 
the water may occur at the root tip which then contributes to 
improved aeration of the root apex over the mature root zone 

Fig. 6.  Conceptual model of O2 supply to floating adventitious roots of rice. O2 sources of the stem of deepwater rice have recently been identified by 
Mori et al. (2019) and were therefore not included in the present study. In brief, these authors showed that O2 can diffuse from the floodwater and into the 
leaves and further into the stem; the diffusion is enhanced in the presence of leaf gas films. Moreover, snorkelling (the shoot emerging partially into the air) 
further enhanced O2 supply to the submerged part of the stem. The mature zone of the floating AR relies exclusively on O2 diffusing from the stem. Root 
tips receive O2 from the stem and rely on O2 dissolved in the floodwater that diffuses into the tissue in the absence of a diffusion barrier.
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(Ayi et al., 2016). O2 uptake at the root tip is in fact sufficient to 
support root growth and possibly other root functions.

While dryland crops, such as wheat, maize, and barley, do 
not form aerenchyma unless they are flooded (Yamauchi et al., 
2013; Zhang et  al., 2015), aerenchyma constitutively forms in 
rice roots, which, to some extent, determines its flooding toler-
ance (Yamauchi et al., 2017, 2019). However, even though soil 
roots develop aerenchyma, flooding induces the emergence of 
ARs from the stem nodes, suggesting that the investment made 
in generating floating ARs is worthwhile for the plant presum-
ably because these support or replace the primary root system 
(Jackson and Drew, 1984; Colmer and Greenway, 2011; Zhang 
et al., 2017). Unlike water-saturated soil, floodwater is generally 
oxygenated depending on temperature, water depth, O2 con-
sumption, and underwater photosynthesis (Setter et  al., 1987; 
Phan-Van et al., 2008; Ayi et al., 2016). In our experimental setup, 
water O2 reached up to 20 kPa in the light, suggesting that O2 
uptake from the water can occur under common environmental 
conditions and contribute to the O2 supply of the ARs which 
may be a decisive advantage over soil-borne roots.

O2 diffusion is not restricted at the stem nodes

Unlike the stem that develops aerenchyma, nodes contain vas-
culature and root primordia embedded in spongy tissue, but 
no aerenchyma (Fig. 5C) (Steffens et al., 2011; Yamaji and Ma, 
2014). Nonetheless, the O2 of the internode equilibrates rap-
idly with the root even across nodes, indicating that O2 diffu-
sion is not limiting. The O2 in the internode is dynamic and 
can vary depending on environmental conditions and adaptive 
plant features. It follows a diurnal pattern, with lower O2 in 
the dark due to respiration and higher O2 in the daytime as a 
result of photosynthesis (Stünzi and Kende, 1989; Mori et al., 
2019). Internodal O2 is further determined by the water level 
(Mori et  al., 2019) and can differ between partial and com-
plete submergence. Consequently, O2 supply of aquatic roots 
by the stem varies depending on environmental conditions. 
Unlike the mature root, the root tip can partially compen-
sate for limited O2 supply from the stem by O2 uptake from 
floodwater.

In conclusion, flooding induces growth of aquatic ARs that 
is supported by O2 supplied to the apex from the shoot and 
from the floodwater. Funnelling of O2 from the root base to 
the tip is facilitated by aerenchyma that favors longitudinal dif-
fusion and by diffusion barriers that prevent radial loss of O2 
in the mature root zone. O2 exchange between the water and 
the root occurs at the root tip, thereby providing an alternative 
source of O2 to the growth region.
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