
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=tpps20

Plant Production Science

ISSN: 1343-943X (Print) 1349-1008 (Online) Journal homepage: http://www.tandfonline.com/loi/tpps20

Short-term evaluation of oxygen transfer from rice
(Oryza sativa) to mixed planted drought-adapted
upland crops under hydroponic culture

Morio Iijima, Yoshihiro Hirooka, Yoshimasa Kawato, Yoshinori Watanabe,
Kaede C. Wada, Nodoka Shinohara, Pamwenafye I. Nanhapo, Maliata A.
Wanga & Koji Yamane

To cite this article: Morio Iijima, Yoshihiro Hirooka, Yoshimasa Kawato, Yoshinori Watanabe,
Kaede C. Wada, Nodoka Shinohara, Pamwenafye I. Nanhapo, Maliata A. Wanga & Koji Yamane
(2017) Short-term evaluation of oxygen transfer from rice (Oryza�sativa) to mixed planted drought-
adapted upland crops under hydroponic culture, Plant Production Science, 20:4, 434-440, DOI:
10.1080/1343943X.2017.1379882

To link to this article:  https://doi.org/10.1080/1343943X.2017.1379882

© 2017 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

Published online: 27 Sep 2017.

Submit your article to this journal 

Article views: 455

Citing articles: 2 View citing articles 

http://www.tandfonline.com/action/journalInformation?journalCode=tpps20
http://www.tandfonline.com/loi/tpps20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/1343943X.2017.1379882
https://doi.org/10.1080/1343943X.2017.1379882
http://www.tandfonline.com/action/authorSubmission?journalCode=tpps20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=tpps20&show=instructions
http://www.tandfonline.com/doi/citedby/10.1080/1343943X.2017.1379882#tabModule
http://www.tandfonline.com/doi/citedby/10.1080/1343943X.2017.1379882#tabModule


Plant Production Science, 2017
Vol. 20, no. 4, 434–440
https://doi.org/10.1080/1343943X.2017.1379882

REGULAR PAPER

Short-term evaluation of oxygen transfer from rice (Oryza sativa) to mixed 
planted drought-adapted upland crops under hydroponic culture

Morio Iijimaa,b, Yoshihiro Hirookaa, Yoshimasa Kawatoa, Yoshinori Watanabea, Kaede C. Wadaa, Nodoka Shinoharaa, 
Pamwenafye I. Nanhapoa,c, Maliata A. Wangaa,d and Koji Yamanea

aGraduate School of agricultural Sciences, Kindai university, nara, Japan; bJSt/Jica, SatrePS, tokyo, Japan; cFaculty of agriculture and natural 
resources, university of namibia, oshakati, namibia; ddirectorate of research and training, Ministry of agriculture, Water and Forestry, Windhoek, 
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ABSTRACT
Mixed cropping is a cultivation method widely practiced in tropical regions. The newly developed 
close mixed planting technique mitigates the flood stress of drought-adapted upland cereal species 
by co-growing rice (Oryza sativa) plants under field flood conditions. We tested the hypothesis that O2 
was transferred from rice to upland crops using the model system of hydroponic culture. To confirm 
the hypothesis, the phenomena of O2 absorption and release by plants were evaluated in a water 
culture condition without soil. Experiments were conducted in a climate chamber to estimate the 
amount of O2 released from the roots of rice and pearl millet (Pennisetum glaucum) under both O2-
rich (20.0 ± .0% conc. in phase I) and O2-free dark (.8 ± .0% conc. in phase II) conditions. The total O2 
change (between the two phases) in a single planting of rice and pearl millet was significantly higher 
than that of the mixed planting of rice and pearl millet, which indicated that O2 was transferred 
from rice to pearl millet under a water culture condition. The result indicated that approximately 
7 μM O2 g fresh root weight−1 h−1 was transferred between the two plant species. O2 transfer was 
confirmed between the two plant species in a mix cultured in water, implying its contribution to the 
phenomenon that improved the physiological status of drought-adapted upland crops under field 
flood conditions.

© 2017 the author(s). Published by informa uK limited, trading as taylor & Francis Group.
this is an open access article distributed under the terms of the creative commons attribution license (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited.
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Introduction

Mixed cropping is a major cultivation technique that is 
used to grow two or more plant species in the same field 
in the same year, and it is widely practiced in tropical 
regions (Ramert et al., 2002; Vandermeer, 1989). Although 
mixed cropping generally induces competition for light, 
moisture, and nutrients among the co-growing plants 
(Lithourgidis et al., 2011), it is a risk management prac-
tice against crop losses (Brooker et al., 2015; Wolfe, 2000). 
Moreover, it often exhibits compensatory interactions such 
as the supply of nitrogen nutrition from legumes to non- 
leguminous crops (Ehrmann & Ritz, 2014; Ramirez-Garcia  
et al., 2015). Close mixed planting is a newly proposed 
mixed cropping technique that enhances the flood stress 
tolerance of co-growing drought-adapted upland cereal 
crops (Awala et al., 2016; Iijima et al., 2016). Growing flood- 
and drought-adapted crops at the same time in the same 
field, as in close mixed planting, will be a new global chal-
lenge to overcome the effects of climate change. For exam-
ple, close mixed planting with rice (Oryza sativa) improved 

the photosynthetic rate, transpiration rate, and biomass of 
co-growing upland crops grown under O2-deficient solu-
tion culture conditions. In addition, the O2 concentration 
in the solution culture of upland crops was significantly 
increased by co-growing rice (Iijima et al., 2016). Even in 
field conditions, close mixed planting with rice mitigated 
the flood stress of upland cereals in terms of plant survival 
and grain production (Awala et al., 2016). These results sug-
gest that the flood stress of upland crops was mitigated by 
utilizing rhizosphere O2 that was released from rice roots. 
However, the O2 transfer between different plant species 
has never been analyzed before, even though mixed crop-
ping is widely practiced.

Aerenchyma formation is poorly developed in upland 
crops, and plant survival over longer periods under flood 
conditions is difficult. On the other hand, flood-adapted 
cereal crops such as rice have a fully developed aeren-
chyma, and the O2 received from the stomata of leaves 
and stems is transported to the roots (Armstrong, 1979). 
Because the barrier to radial oxygen loss (ROL) at the root 
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Materials and methods

Rice (O. sativa cv. Nipponbare) was used as the flood tol-
erant crop, and it is extensively used as an experimental 
material in Japan. Pearl millet (P. glaucum cv. Okashana 2) 
was used as the drought-adapted crop, which is the rec-
ommended cultivar in semiarid southern African coun-
tries. Rice and pearl millet seeds were surface sterilized 
with 2.5% (v/v) sodium hypochlorite for 5 min and rinsed 
in running water for 20  min. Rice seeds were soaked in 
distilled water, whereas pearl millet seeds were sown 
on paper towels in 23 × 23 cm Petri dishes. Seeds were 
pre-germinated in a dark incubator at 30 °C for 14 and 48 h 
for pearl millet and rice, respectively.

The O2 transfer between rice and pearl millet was 
analyzed by growing the seedlings in a nutrient solution 
(Miyamoto et al., 2001) without soil that might disturb 
root respiration measurements. The nutrient solution con-
tained .09 mM (NH4)2SO4, .05 mM KH2PO4, .05 mM KNO3, 
.03 mM K2SO4, .06 mM Ca(NO3)2, .07 mM MgSO4, .11 mM 
Fe-EDTA, 4.6  μM H3BO3, 1.8  μM MnSO4, .3  μM ZnSO4, 
.3 μM CuSO4 (pH 5.5–6.0). The seedlings were grown in a 
plant growth room with a 28/23 °C day/night temperature, 
a 14 h photoperiod, and a 318 ± 2 μmol m−2 s−1 photo-
synthetically active radiation (PAR) on the top of the can-
opy. The PAR value is almost same as those in previous 
reports to evaluate oxygen release (root respiration) in the 
laboratories for growing Phragmites australis (Armstrong  
et al., 2000), O. sativa (Rubinigg et al., 2002), and Zizania 
latifolia (Nakamura et al., 2013). Pre-germinated rice seeds 
were sown on a screen mesh and placed on the bottom of 
each plastic seedling tray compartment (37 × 37 × 46 mm, 
length  ×  width  ×  height) and then covered with a thin 
plastic filling to avoid seed drying and light penetration 
into the root system. They were then placed in a plastic 
container (300  ×  210  ×  50  mm for 0–7 d after sowing 
(DAS); 410 × 290 × 60 for 7–14 DAS) filled with aerated 
deionized water. The averaged day water temperature 
was 30.5 °C and the night water temperature was 27.5 °C 
during the plant growth period. From 5 DAS, the seedlings 
were grown in the nutrient solution dissolved in deionized 
water. At 14 DAS, the seedlings were transferred to another 
plastic container (295 × 130 × 240 mm) and grown until the 
measurement. The solution was renewed every 2–3 d, and 
the pH was adjusted to 6.0. The 4- and 3-week-old rice and 
pearl millet were sampled, and their shoot bases were fixed 
tightly in silicon lids on top of individual root chambers 
made of glass (Figure 1; 118 × 47 mm, height × diame-
ter) and placed inside a gas exchange chamber (Figure 2; 
750 × 450 × 450 mm). The root growth chamber was filled 
with 150 mL of distilled water. This chamber was equipped 
with a fiber optic O2-sensing probe (FireSting O2 Fiber-
Optic O2 Meter with the OXROB3, PyroScience GmbH, 

surface is not formed near the root apex, O2 from the shoot 
system leaks into the rhizosphere (Colmer, 2003; Yamauchi 
et al., 2013). Oxygen release from the root apex affects 
soil biological environments under field conditions. For 
example, the O2 release from rice made the rhizosphere 
with high specific rates of various microbial transforma-
tions under field condition (Revsbech et al., 1999). In a 
real rice paddy field, these microbial activities will hinder 
the estimation of oxygen release from crop species, and 
therefore, the measurement of O2 release will be usually 
conducted under the laboratory conditions. Exposing the 
aboveground part of a plant to atmospheric N2 prevents 
O2 transport from the atmosphere to the roots through 
the aerenchyma, generating a condition where ROL does 
not occur (Lee, 2003). Maricle and Lee (2007) applied the 
method to evaluate internal O2 transport by measuring the 
difference between oxygen absorption when ROL did or 
did not occur. Their method enabled us to assess a possi-
ble O2 transfer phenomenon that could mitigate the flood 
stress of drought-adapted upland crops.

The objective of this study was to confirm whether O2 
can be transferred from rice to upland crops through their 
roots at the stage examined using the model system of 
hydroponic culture. For this purpose, the experiment was 
conducted in a climate chamber to estimate the amount 
of O2 transferred between rice and pearl millet (Pennisetum 
glaucum) roots. We verified the O2 transfer between rice 
and pearl millet at least in our experimental system based 
on differences in O2 concentration between single and 
mixed planting measured by a fiber optic O2-sensing 
probe.

Gum and
parafilm seal

Plant
Oxygen probe

Air bubbling

Exhaust tube

Glass tube

Stirrer bar

Plastic spacer

Plastic mesh

Distilled water

Roots

Silicone lids

Air Temperature
sensor

Figure 1.  Schematic diagram of the root chamber. For root 
chamber, an air-bubbling inlet tube and an exhaust tube were 
placed to relieve the pressure during air-bubbling. the distilled 
water was continuously stirred using a magnetic stirrer.
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Germany) and a temperature sensor (K320, Takeyama 
Kagaku, Japan) which was placed at about 5 mm below 
the root system. Further, an air-bubbling inlet tube and an 
exhaust tube were placed to relieve the pressure during 
air-bubbling. The distilled water was continuously stirred 
using a magnetic stirrer. The water temperature inside the 
root chamber was precisely controlled using a water bath 
equipped with a cooler connected to a pump (9 L min−1), 
and the water was circulated using four mini-pumps at 
4 L min−1 (Table 1). Air in the gas exchange chamber was 
mixed continuously by two fans (Table 1). The CO2 concen-
tration was monitored using a portable photosynthesis 
analyzer (LCpro SD, ADC BioScientific, UK). The O2 release 
from the plant roots was evaluated during the following 
two continuous phases (Lee, 2003; Maricle & Lee, 2007):

Phase I–Light (photosynthetically active radiation of 
168.9 ± 1.6 μmol m−2 s−1) and ambient air conditions were 
maintained in a normal state to allow photosynthesis for 
30 min. Distilled water inside the root chamber was con-
tinuously air-bubbled, starting from setting up the root 
system until the beginning of phase I, and the dissolved O2 
concentration was then measured continuously for 30 min 
(Figure 3). In all of the measurements, phase I started at 
1300 h of the day. Phase II–The gas exchange chamber O2 
level was reduced to less than .8% by pumping N2 into 

the chamber at 50 L min−1 for 10 min before the start of 
phase II at 1400 h of the day (Figure 3); subsequently, the 
flow rate was reduced to 5 L min−1 for the entire phase. 
Photosynthesis was stopped by creating darkness by cov-
ering the chamber with plastic shedding (photosyntheti-
cally active radiation of .1 ± .0 μmol m−2 s−1), and CO2 was 
removed continuously from the column. Other conditions 
were the same as in phase I. After the O2 transfer meas-
urements, fresh weight of shoots and roots, number of 
leaves, and tillering number of the plants were measured. 
Several investigators including Colmer et al. (1998) used 
root surface area-based concentration; however, they used 
only single root axis not whole root system for the estima-
tion of root surface area. The majorities of studies dealing 
with whole root system used root fresh/dry weight-based 
concentrations, and thus, the root surface area was not 
measured. All statistical analyses were performed using 
Excel Statistics Version 2012 software (SSRI).

Results and discussion

O2 transfer between mixed plants

Awala et al. (2016) reported that the productivity in 
drought-adapted crops of close mixed planting with rice 
was higher than that of normal single planting under 

Rice

Mixed
Rice/Pearl millet

Pearl millet

Magnetic stirrer

Pump

Fan

Watre bath

Shading

N2 flow

N2 out

Pump

Water 
cooler

Root chamber

Pump

CO2 trap column

Figure 2. Schematic diagram of the gas exchange chamber. the water temperature inside the root chamber was precisely controlled 
using a water bath, and the water was circulated using four mini-pumps at 4  l  min−1. air in the gas exchange chamber was mixed 
continuously by two fans.

Table 1. air temperature in a gas exchange chamber and water temperature in a root chamber.

notes: Values are means ± standard error.

Phase I Phase II

Maximum Minimum Mean Maximum Minimum Mean

Temperature (°c)

air 32.3 ± .1 31.9 ± .1 32.1 ± .1 31.6 ± .1 31.1 ± .1 31.3 ± .1
Water 29.6 ± .0 29.0 ± .0 29.3  ± .0 29.6 ± .1 29.1 ± .1 29.3 ± .1
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is smaller (Figure 4, Single pearl millet) compared to rice. 
The O2 released from rice roots is most probably absorbed 
by the neighboring upland species due to their higher 
O2 demand caused by a lower O2 supply from shoots. O2 
released by pearl millet may be absorbed by rice as well. 
In order to accurately compare O2 absorption/release 
between single planting and mixed planting, we com-
bined the two single-species crops of rice and pearl mil-
let immediately before the experiment (defined as mixed 
planting in this study). The only difference between sin-
gle planting and mixed planting was whether the roots of 
the two different species stayed together during the short 
period of measurement or not. For this purpose, plants 
with similar agronomical traits (fresh weight of shoot and 
root and the number of leaf and tiller) were selected (Table 
2) for both single- and mixed- planting crops. Thus, the 
morphological characteristics [e.g. ROL barrier formation 
near the root tips (Shiono et al., 2011)] of mixed planting 
should be equivalent to those of single planting.

The CO2 level was adjusted to 527 ± 6 μmol mol−1 by 
using a soda lime absorbent column at the start of phase 
I (Table 3). O2 transfer between the two species can be 
evaluated by measuring O2 changes in the water culture 
when shoots were grown under O2-rich (20.0 ± .0% conc. in 
phase I) and O2-free dark (.8 ± .0% conc. in phase II) condi-
tions (Figure 5). In phase I, the plants absorb dissolved O2 in 
the water for root respiration and the roots simultaneously 
release O2 as normal diffusion from aboveground to water 
due to the O2-rich condition in the shoot system (Figure 
4). Thus, O2 changes in phase I in the cultured water can 
be expressed as follows;

 

In phase II, the plants absorb dissolved O2 from the water 
as was noted in phase I, and the shoots simultaneously 
release O2 as reverse diffusion from water to aboveground 
due to the O2-poor conditions in the shoot system (Figure 

(1)O2 changes (phase I) = nD − R

flooding condition in the field experiment. The mitigation 
effects of rice on flood stress for drought-adapted crops 
would most probably be attributed to the relatively O2 rich 
environments and/or O2 transfer when pearl millet was 
closely grown with rice (Iijima et al., 2016). To confirm the 
hypothesis, O2 transfer was evaluated under a water culture 
condition without soil. Figure 4 illustrates the phenomena 
of O2 absorption and release by plants in a water culture. 
O2 normal diffusion (nD) from aboveground to water, O2 
reverse diffusion (rD) from water to aboveground, and root 
respiration (R) are the factors that affect O2 concentration 
in a water culture. In addition to these factors, O2 transfer 
(T) between different neighboring species can be consid-
ered to exist under mixed planting conditions. Rice roots 
are known to release O2 from the shoot system via the 
aerenchyma (Yamauchi et al., 2013). Upland crop species 
also release O2 (Maricle & Lee, 2007), although the amount 

Figure 3. dynamics of temperature and gas concentrations in a 
gas exchange chamber (1) and a root chamber (2).

phase I phase II

O2 from
water

O2 from
above-ground

Single rice

Root
chamber

RR

Rice Pearl millet

Mixed

T

T

nD’

nD’

rD
rD

R
nD

rD

R

rD

nD

Single pearl millet

Figure 4.  illustration of o2 absorption and release by rice and pearl millet roots in the root chamber. the solid line and broken line 
represent the o2 movement in phase i and phase ii, respectively. R, respiration; nd, normal diffusion; rd, reverse diffusion; T, transfer.
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Equation (3) can be expressed by the total single planting 
of rice and pearl millet (Total single) and mixed planting 
(Mix), respectively, as follows;

 

where r is rice and p is pearl millet.
 

where mix is mixed planting of rice and pearl millet.
As mentioned above, in this experiment, morphological 

characteristics of mixed planting during the short period of 
measurement were not quantitatively different from that 
of single planting. Because the two plants were combined 
just before the experiment, rD was assumed to be the spe-
cies characteristic value, and the total rD of single planting 
rice and pearl millet {rD (r + p)} was not different from that 
of mixed planting {rD (mix)}. Therefore, (Equations (4)−(5)) 
can be expressed as follows;

Similarly, the total amount of released O2 was also assumed 
to be the species characteristic value. The O2 released from 
the roots by mixed planting can be classified into two 
categories: that remaining in the cultured water (residual 
component, indicated as nD’ in Figure 4) and that trans-
ferred to different neighboring species (O2 transfer compo-
nent, indicated as T in Figure 4). On the other hand, the O2 
released from the roots by single planting is represented 
only by normal diffusion. Thus, the sum of O2 released by 
the two single-species seedlings {nD (r + p)} will be equiv-
alent to the total O2 released by the mixed two seedlings 
{nD’ (mix) + T (mix)} as follows;

 

Equation (7) is substituted into (6) as follows;
  

(4)
Total-single-O2 changes (phase I − II)

= nD (r + p) + rD (r + p)

(5)
mix − O2 changes (phase I - II) = nD�

(mix) + rD (mix)

(6)
O2 changes (phase I - II) (Total single - mix)

= nD (r + p) − nD�
(mix)

(7)nD (r + p) = nD �
(mix) + T (mix)

(8)
O2 changes (phase I - II) (single total - Mix)

= {nD’ (mix) + T (mix)} − nD’ (mix)

= T (mix)

4). According to Lee (2003), the root respiration (R) during 
Phase I can be assumed to be similar to that in phase II. 
Thus, the O2 changes in phase II in the cultured water can 
be described as,

 

Therefore, (Equations (1)–(2)) is,
 

The difference in O2 changes between phase I and phase II 
indicates the sum of normal diffusion and reverse diffusion. 

(2)O2 changes (phase II) = − rD − R

(3)O2 changes (phase I − II) = nD + rD

Table 3. o2 and co2 gas concentrations in a gas exchange cham-
ber.

notes: Values are means ± standard error.

Phase I 　 Phase II

Start End 　 Start End

Gas concentration
o2 (%) 20.0 ± .0 20.0 ± .0 .8 ± .0 .6 ± .0 
co2 (ppm) 527 ± 6 474 ± 16 　 20 ± 1 11 ± 1 
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Figure 5. dissolved o2 concentration of the distilled water in the 
root chamber (Figure 1) where plant roots were situated (n = 21) 
during the two 30-min consecutive phases: o2-rich light phase 
(Phase i) and o2-poor dark phase (Phase ii) shoot environment. 
in order to accurately compare o2 absorption/release between 
single and mixed, the two single plants of rice and pearl millet 
were combined immediately before the experiment to measure 
o2 transfer.

Table 2. Growth traits of plants used for o2 transfer measurements.

notes: Values are means ± standard error. ns, no significant difference by Student’s t-test.
n represents the sample size.

Fresh weight (g plant−1)

Shoot Root Leaf no. Tiller no. n 
rice Single 1.40 ± .08 ns .57 ± .03 ns 7.6 ± .1 ns 2.3 ± .2 ns 21 

Mixed 1.34 ± .08 .57 ± .03 7.6 ± .1 2.5 ± .3 21 

Pearl millet Single 6.41 ± .37 ns 1.73 ± .13 ns 9.4 ± .1 ns .0 ± .0 ns 21 
Mixed 6.30 ± .26 1.74 ± .11 9.6 ± .1 .1 ± .1 21
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of the experiments; however, the root respiration rates of 
the drought-adapted upland species used in this study 
were significantly reduced under such a low O2 concen-
tration range within 30 min. Thus, estimating O2 release 
at low O2 concentrations was considerably difficult. In this 
study, seedlings grown in the water culture without a soil 
medium were used for the estimation of O2 transfer; this 
might be different from the actual O2 released by a tangled 
root system grown in soil. In the case of mixed planting, the 
root surface sorption zone was partly disturbed by the mix-
ing of different species, whereas that of the tangled root 
systems of the close mixed seedlings grown in soil would 
be significantly disturbed by the mixed species during 
growth. For example, the root hairs of epidermal cells of the 
two species may become entangled with each other and 
with soil particles. Thus, the living sloughed root cap cells 
on the root surface during root penetration (Iijima et al., 
2000, 2004) will also interact with those from the mixed 
neighboring species. Further study using a real soil system 
is required to confirm this phenomenon in fields.
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