
This article is introductory to the series of works presented 
in this special issue on the homeostasis and the signaling roles of 
reactive oxygen species (ROS) in plants. Upper half of this article 
briefly describes the history of the ROS study in the field of plant 
immunity research initiated by the observation that the attacks by 
pathogenic microorganisms possibly stimulate the burst of ROS 
production in the plant tissues. The topics covered in the series 
of works presented here include the plants’ responses to abiotic 
oxidative stress (atmospheric ozone), regulation of seed germina-
tion, chemical interaction between parasitic and host plants and 
the draught tolerance, all controlled through homeostasis of ROS 
at biochemical and molecular biological levels. Lastly a discussion 
forum was proposed to further deepen our understanding of ROS 
behaviors in plants.

Introduction

In this issue, we are offering a series of works (mostly review 
papers) focusing on the signaling roles and synthesis of reactive 
oxygen species (ROS) in plants. The topics covered in this issue 
include the responses to atmospheric ozone through regulation of 
hormonal signaling cascades, the regulation of seed germination via 
scavenging and generation of ROS, the chemical interaction between 
parasitic and host plants involving ROS as the key signals, and the 
draught tolerance determined by ROS.

Dating Back to Early Days

Our original intention to plan the special issue focusing on the 
roles of ROS in plant (proposed by T.K., later assisted by H.Y. and 
F.B.), was to memorize the event for wining the recognition of the 
ROS plant biology by the Japanese public. In November, 2006, from 
the hands of his majesty Akihito (the 125th emperor of Japan), the 
Medal of Honor with Purple Ribbon was handed to Prof. Noriyuki 
Doke of Nagoya University for honoring his pioneering works 

(carried out since early 1980’s) leading to the discovery that members 
of ROS (especially superoxide anion, O2

‑) could be produced from 
the plant tissues challenged by the pathogenic microorganisms. We 
understand that the honor was also to the area of plant ROS biology 
that has emerged out and developed in the last two decades. In the 
below section, we would like to briefly look through the historical 
phase of the ROS studies in plants by focusing on the plant‑microbe 
interactions.

The production of ROS (mostly O2
‑, H2O2, HO.) at the cell 

surface well known as the “oxidative burst” is one of the earliest 
events detectable during the incompatible interactions between 
plants and pathogens. To date, multiple roles of ROS have been 
proposed in direct microbicidal actions, strengthening of cell wall 
through oxidative cross‑linking of glycoproteins, induction of intra‑
cellular signaling pathway such as the synthesis of salicylic acid (SA) 
and activation of mitogen‑activated protein kinase (MAPK) cascade, 
or activation of systemic acquired resistance (SAR) associated with 
systemic propagation of the oxidative burst.

In 1983, Dr. Noriyuki Doke, a plant pathologist in Nagoya 
University (retired in 2006) in Japan reported that the infection 
by Phytophthora infestans (late blight pathogen of potato) into 
potato tubers causes the generation of O2

‑ at the host cells’ plasma 
membrane, only in the incompatible interactions.1 His work demon‑
strated that the members of ROS possibly function as the chemical 
signals required for induction of hypersensitive responses (HR) as 
typified by host cell death. Apart from photosynthetic or photo‑
chemical reactions, this was the first report on the ROS generating 
activity in plants which is specifically responsive to the attacks by 
pathogenic microorganisms. Doke further reported that the treat‑
ment of potato tuber protoplasts with the cell wall preparation from 
P. infestans readily induces the ROS production, suggesting that 
chemical components derived from pathogenic microorganisms 
(elicitors) trigger the burst of ROS production in order to stimulate 
the plant defense mechanisms.2

In 1985, Doke and his coworkers have discovered that the 
membrane fractions isolated from the potato tubers inoculated with 
P. infestans produce the O2

‑ in an NADPH‑dependent manner, 
and thus suggested that the enzyme for the ROS production is 
the NADPH oxidase, closely resembling those known to be oper‑
ated in activated neutrophils.3‑5 Further report from this group 
provided information that inoculation with an avirulent isolate 
of P. infestans onto potato leaves causes biphasic oxidative bursts, 
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consisted of earlier phase peaking at initial 3 h followed by a massive 
continuous phase of ROS production.6 In the same year, the data 
correlating the systemic induction of resistance to P. infestans and the 
systemic regulation of ROS, i.e., activation of both the pro‑oxidative 
(O2

‑ generating reaction) and anti‑oxidative mechanisms (superoxide 
dismutase and peroxidases) in potato plants were reported.7,8 Later, 
Park et al9,10 provided a similar set of evidence in support of the resis‑
tance‑mediating function of the oxidative burst in the distant area 
of potato tubers in the absence of phytoalexin accumulation. Above 
works suggested that the oxidative burst induced by pathogen‑de‑
rived signals may play a key role in systemic immunity development 
by activation of defense responses throughout the plants.11

In 1988, a possible role for the O2
‑ generating system in induc‑

tion of cell death (formation of necrotic lesions) in tobacco leaves 
infected with tobacco mosaic virus was first implied.12 In 1995, 
feature of the O2

‑ generating enzyme was investigated using isolated 
plasma membrane fractions5 or by pharmacological studies on 
the potato tubers.13,14 Following the finding that plants possess 
calcium‑binding proteins and other related signaling molecules,15 
ROS plant biology also went into the world of signal transduction 
studies.16 Some reports from Doke’s group also contributed to the 
development of ROS biology involving signal transduction, by 
providing the data on the required influx of Ca2+ into cytoplasm, and 
the regulation of NADPH oxidases, which are now known as RBOHs 
(respiratory burst oxidase homologs).17 The defense‑related RBOHs, 
which play a pivotal role in ROS production in response to pathogen 
signals, are transcriptionally regulated by MAPKs.18 The group also 
indicated that a calcium‑dependent protein kinase (CDPK) activates 
the RBOHs by direct phosphorylation of the N‑terminal regions.19 
A recent review article on the action of salicylic acid16 described that 
the ROS propagating pathway proposed by Doke and his colleagues 
involving RBOHs, MAPK cascade and calcium was described as 
one of the bridging paths between the early and late plant responses 
to salicylic acid in which oxidative burst may be amplified via dual 
cycles of (1) early signals → rboh activation → ROS increase →
activation of MAPK cascade + SIPK → rboh activation → ROS 
increase, and (2) early signals → rboh activation → ROS increase 
→increase in cytosolic Ca2+ → Ca2+ binding to rboh → enhanced 
ROS production.

The predicted signaling events for the oxidative burst and the 
following diverse defense responses are comprehensively summarized 
to date provided the opportunities for the researchers to challenge the 
hidden immune systems in higher plants through molecular identi‑
fication of the components required for generation of ROS and its 
regulations [17–20, etc.], by building up the foundation for modern 
plant pathology.

Future Development of the Ros Plant Biology

By aiming to further enhance the study in the area, here we 
intended to gather a series of articles in this issue, from several teams 
internationally collaborating and/or stimulating each other, focusing 
on the mechanisms how ROS members are produced and how they 
regulates the cellular activity and gene expressions through fine tuning 
of the signaling processes. Nowadays, a number of teams working 
on plant ROS biology are distributed worldwide and their studies 
concern numerous aspects of the plant physiology throughout the 
plants’ life cycle. ROS production is actually recognized as common 

denominator not only to biotic stress but also abiotic environmental 
stressful conditions such as high salinity, drought, high incident 
light and low or high temperature stresses that cause major crop 
losses worldwide. ROS are in fact, inevitably produced by‑products 
emerging as a consequence of normal metabolic reactions including 
mitochondrial respiration, photosynthetic processes and fatty acid 
metabolism (21–23, etc.). A common property of all ROS types is 
that they can cause oxidative damage to cellular components such 
as proteins, DNA, and lipids.24 However, they have the potential to 
be beneficial to living organisms in addition to their harmful action 
against cellular metabolism, depending on the conditions.25 The 
specificity of the biological response of living plant cells to ROS 
depends on the chemical identity of ROS, intensity of the signal, sites 
of production and developmental stages.26

Exposures to environmental stresses increase intra‑ and intercellular 
levels of H2O2 by modulating the finely elaborated ROS‑detoxification 
and regeneration networks, composed of ROS‑producing enzymes, 
antioxidant enzymes, and biosynthetic pathways for low molecular 
antioxidants all responsible for maintaining the homeostasis of 
ROS levels under tight control.18,26‑29 This allows ROS to serve 
as signaling molecules in regulation of plant metabolism and 
cellular signaling in response to environmental stresses (30, etc.). 
Emerging evidence suggests that hormonal signaling pathways are 
regulated through ROS production as observed for SA, abscisic acid, 
jasmonic acid and ethylene. Such ROS‑mediated hormonal regula‑
tions play key roles in the crosstalk between biotic and abiotic stress 
signaling.27,31,32 Although many components of the ROS signaling 
networks have recently been identified, the mechanisms for orches‑
trated controls of the diversified ROS production mechanisms at 
different cellular sites through fine tuning of ROS feedback control 
to meet the physiological requirements such as plant growth, devel‑
opment, stress adaptation and programmed cell death largely remain 
to be further elucidated.

A Forum for Ros studies Planned

Here, in this issue, we have access to five good articles on 
plant stress biology involving ROS, including two original articles 
(Ishibashi et al. and El‑Maarouf‑Bouteau et al.) and three review 
articles (Tamaoki; de Carvalho; El‑Maarouf‑Bouteau and Bailly). 
These works altogether contribute to enhance and deepen the discus‑
sion in the field.

To further bring more meaningful and intense discussion and 
to share the knowledge among the researchers in the international 
community, we are planning to have a ROS‑relate forum at the 
Plant Neurobiology 2008, the 4th International Symposium on 
Plant Neurobiology (PNB2008), to report and discuss the up‑to‑date 
experimental data on the ROS‑mediated signaling in plant cells in 
June 2008, in Fukuoka, Japan. We are expecting to have a lively 
symposium with intensive discussion on hot topics in a friendly 
atmosphere there (for details, please refer to following URL:

http://www.env.kitakyu‑u.ac.jp/ja/PNB2008/).

154 Plant Signaling & Behavior 2008; Vol. 3 Issue 3



Discovery of oxidative burst

References
 1. Doke N. Involvement of superoxide anion generation in the hypersensitive response of 

potato tuber tissues to infection with an incompatible race of Phytophthora infestans and to 
the hyphal wall components. Physiol Plant Pathol l983; 23:345‑57.

 2. Doke N. Generation of superoxide anion by potato tuber protoplasts during the hypersensi‑
tive response to hyphal wall components of Phytophthora infestans and specific inhibition of 
the reaction by suppressors of hypersensitivity. Physiol Plant Pathol 1983; 23:359‑67.

 3. Doke N. NADPH‑dependent O2
‑ generation in membrane fractions isolated from 

wounded potato tubers inoculated with Phytophthora infestans. Physiol Plant Pathol 1985; 
27:311‑22.

 4. Doke N, Chai HB. Activation of superoxide generation and enhancement of resistance 
against compatible races of Phytophthora infestans in potato plants treated with digitonin. 
Physiol Plant Pathol l985; 27:323‑34.

 5. Doke N, Miura N. In vitro activation of NADPH‑dependent O2
‑ generating system in 

isolated plasmamembrane‑rich fraction of potato tuber tissues by treatment with an elicitor 
from Phytophthora infestans and digitonin. Physiol Mol Plant Pathol 1995; 46:17‑28.

 6. Chai HB, Doke N. Activation of the potential of potato leaf tissue to react hypersensi‑
tively to Phytophthora infestans by cystospore germination fluid and the enhancement of the 
potential by calcium ion. Physiol Mol Plant Pathol 1987; 30:27‑37.

 7. Chai HB, Doke N. Superoxide anion generation: A response of potato leaves to infection 
with Phytophthora infestans. Phytopathology 1987; 77:645‑49.

 8. Chai HB, Doke N. Systemic activation of an O2
‑ generating reaction, superoxide dismutase 

and peroxidase in potato plant in relation to systemic induction of resistance to Phytophthora 
infestans. Ann Phytopathol Soc Jpn 1987; 53:585‑90.

 9. Park HJ, Doke N, Miura Y, Kawakita K, Noritake T, Komatsubara H. Induction of a sys‑
temic oxidative burst by elicitor‑stimulated local oxidative burst in potato plant tissues: A 
possible systemic signaling in systemic acquired resistance. Plant Sci 1998; 138:197‑208.

 10. Park HJ, Miura Y, Kawakita K, Yoshioka H, Doke N. Physiological mechanism of a 
sub‑systemic oxidative burst triggered by elicitor‑induced local oxidative burst in potato 
tuber slices. Plant Cell Physiol 1998; 39:1218‑25.

 11. Fobert PR, Després C. Redox control of systemic acquired resistance. Curr Opin Plant Biol 
2005; 8:378‑82.

 12. Doke N, Ohashi Y. Involvement of O2
‑ generating system in the induction of necrotic 

lesions on tobacco leaves infected with tobacco mosaic virus. Physiol Mol Plant Pathol 
1988; 32:163‑75.

 13. Miura Y, Yoshioka H, Doke N. An autophotographic determination of the active oxygen 
generation in potato tuber disks during hypersensitive response to fungal infection or elici‑
tor. Plant Sci 1995; 105:45‑52.

 14. Miura Y, Yoshioka H, Park HJ, Kawakita K, Doke N. Plasma membrane perturbation 
in association with calcium ion movement followed by fungal elicitor‑stimulated oxida‑
tive burst and defense gene activation in potato tuber. Ann Phytopathol Soc Jpn 1999; 
65:447‑53.

 15. Muto S, Miyachi S. Properties of a protein activator of NAD kinase from plants. Plant 
Physiol 1977; 59:55‑60.

 16. Kawano T, Furuichi T. Salicylic acid as a defense‑related plant hormone: Roles of oxidative 
and calcium signaling paths in salicylic acid biology. In: Hayat S, Ahmad A, eds. Salicylic 
Acid ‑ A Plant Hormone. Dordrecht: Springer, 2006:277‑321.

 17. Yoshioka H, Sugie K, Park HJ, Maeda H, Tsuda N, Kawakita K, Doke N. Induction of 
plant gp91 phox homolog by fungal cell wall, arachidonic acid, and salicylic acid in potato. 
Mol Plant‑Microbe Interact 2001; 14:725‑36.

 18. Yoshioka H, Numata N, Nakajima K, Katou S, Kawakita K, Rowland O, Jones JDG, Doke 
N. Nicotiana benthamiana gp91phox homologs NbrbohA and NbrbohB participate in H2O2 
accumulation and resistance to Phytophthora infestans. Plant Cell 2003; 15:706‑18.

 19. Kobayashi M, Ohura I, Kawakita K, Yokota N, Fujiwara M, Shimamoto K, Doke N, 
Yoshioka H. Calcium‑dependent protein kinases regulate the production of reactive oxygen 
species by potato NADPH oxidase. Plant Cell 2007; 19:1065‑80.

 20. Doke N, Miura Y, Sanchez LM, Park HJ, Noritake T, Yoshioka H, Kawakita K. The oxida‑
tive burst protects plants against pathogen attack: Mechanism and role as an emergency 
signal for plant bio‑defence‑a review. Gene 1996; 179:45‑51.

 21. Møller IM. Plant Mitochondria and oxidative stress: Electron transport, NADPH turnover, 
and metabolism of reactive oxygen species. Annu Rev Plant Physiol Plant Mol Biol 2001; 
52:561‑91.

 22. Baker A, Graham IA, Holdsworth M, Smith SM, Theodouloue FL. Chewing the fat: 
b‑oxidation in signalling and development. Trends Plant Sci 2006; 11:124‑32.

 23. Noctor G, De Paepe R, Foyer CH. Mitochondrial redox biology and homeostasis in plants. 
Trends Plant Sci 2007; 12:125‑34.

 24. Møller IM, Jensen PE, Hansson A. Oxidative modifications to cellular components in 
plants. Annu Rev Plant Biol 2007; 58:459‑81.

 25. Apel K, Hirt H. Reactive oxygen species: Metabolism, oxidative stress, and signal transduc‑
tion. Annu Rev Plant Biol 2004; 55:373‑99.

 26. Del Río LA, Corpas FJ, Sandalio LM, Palma JM, Gómez M, Barroso JB. Reactive oxygen 
species, antioxidant systems and nitric oxide in peroxisomes. J Exp Bot 2002; 53:1255‑72.

 27. Kawano T. Roles of the reactive oxygen species‑generating peroxidase reactions in plant 
defense and growth induction. Plant Cell Rep 2003; 21:829‑37.

 28. Kotchoni SO, Gachomo EW. The reactive oxygen species network pathways: An essential 
prerequisite for perception of pathogen attack and the acquired disease resistance in plants. 
J Biosci 2006; 31:389‑404.

 29. Bolwell GP, Bindschedler LV, Blee KA, Butt VS, Davies DR, Gardner SL, Gerrish C., 
Minibayeva F. The apoplastic oxidative burst in response to biotic stress in plants: A 
three‑component system. J Exp Bot 2002; 53:1367‑76.

 30. Gechev TS, Van Breusegem F, Stone JM, Denev I, Laloi C. Reactive oxygen species as 
signals that modulate plant stress responses and programmed cell death. Bioessays 2006; 
28:1091‑101.

 31. Ströher E, Dietz KJ. Concepts and approaches towards understanding the cellular redox 
proteome. Plant Biol 2006; 8:407‑18.

 32. Mori IC, Schroeder JI. Reactive oxygen species activation of plant Ca2+ channels. A signal‑
ing mechanism in polar growth, hormone transduction, stress signaling, and hypothetically 
mechanotransduction. Plant Physiol 2004; 135:702‑08.

www.landesbioscience.com Plant Signaling & Behavior 155




