
Reactive oxygen species (ROS) are involved in various cellular 
processes in plants. Among those, resistance to abiotic stress, defence 
mechanisms and cell expansion have been intensively studied during 
the last years. We recently demonstrated that ROS, in concert with 
auxin, have a role in cell cycle activation of differentiated leaf cells.1 
In this addendum we provide further evidence to show that oxida-
tive stress/ROS accelerate auxin-mediated cell cycle entry (G0-to-G1) 
and may have a positive effect on the plant cell cycle machinery. A 
generalized model for concentration-dependent synergistic effect of 
auxin and ROS on differentiated plant cells is also shown.

Cells of a developing multicellular organism have to exit from the 
cell division cycle before they can differentiate to fulfil a specialized 
function. However, cell cycle re-entry of differentiated cells may also 
occur in plants in many instances during normal development (e.g., 
during organ formation) or in response to environmental impacts 
(e.g., in response to wounding or pathogen attack). Moreover, 
somatic plant cells can readily be induced to re-enter the division 
cycle under in vitro conditions. While our knowledge considering 
the regulation of cell cycle progression in plants is continuously 
increasing, we know only little about the key molecular and cellular 
events governing cell cycle entry (G0-to-G1 transition) that precedes 
the activation of the core cell cycle machinery with cyclin-dependent 
kinase, CDK, complexes as central players (reviewed in refs. 2 and 
3). Dissection of G0 and G1 cell cycle phases is difficult in plants but 
using leaf protoplasts it could be clearly shown that dedifferentiation 
and cell cycle activation are two separate processes marked by char-
acteristic changes in the chromatin.4,5

Recently it was hypothesized that in animal cells a redox-

dependent signalling pathway controls the induction of cell division 
(G0-to-G1 transition) through the regulation of cyclinD1 expres-
sion.6 This hypothesis is in concert with numerous observations 
supporting the view that reactive oxygen species (ROS) may serve as 
signalling molecules at the crossroad of proliferation, differentiation 
and cell death (reviewed in ref. 7). On the other hand, ROS may 
also act as toxic metabolic by-products that inhibit cell division. 
This dual role of ROS is mainly dependent on concentration, pulse 
duration and site of action. The regulatory role of the cellular redox 
state acting at transcriptional and post-translational levels during cell 
cycle progression of animal cells is well demonstrated (reviewed in 
ref. 8). The negative effect of environmental stress and the cellular 
redox status on plant cell division and especially on the cell cycle 
machinery including core components such as cyclins and cyclin-
dependent kinases (CDKs) is also well documented,9-15 but there 
are only few reports on the opposite.1,16,17 There are accumulating 
experimental indications, however, on the important roles of reactive 
nitrogen species (RNS) during the re-entry of quiescent plant cells 
into the cell division cycle both in vivo (in the root meristem18) and 
in vitro (in cell cultures19).

Here we provide some additional evidence that moderate oxida-
tive stress/ROS may also accelerate cell division entry and affect the 
activity of the cell cycle machinery in cultured plant cells.

Moderate Oxidative Stress, Synergistically with Auxin, 
Accelerates and is Required for, G0-to-G1 Transition in 
Cultured Plant Cells

It is not so easy to define the G0 or “quiescent” state in plants 
where cell differentiation is much more flexible as compared to 
animals. For example, the cell division kinase (CDK) protein, one of 
the main enzymes of the cell cycle regulation machinery, is present at 
a relatively high level even in non-dividing differentiated plant cells, 
such as of young leaves, marking a specific “cell division competent” 
stage.20 Despite of this fact, the terminology of “quiescence” or “G0” 
are used in plant biology as well, and they are very useful to mark 
plant cells actually being out of the cell cycle with differentiated 
functions.

Alfalfa leaf cells and freshly prepared protoplasts constitute a 
reliably homogenous population of mesophyll cells, most of which 
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can be considered to be at the G0-phase of the cell cycle. Up to the 
moment of protoplast isolation, these cells are specialized for photo-
synthesis, with RUBISCO (ribulose-1,5-bisphosphate carboxylase/
oxygenase) comprising more than 70% of their protein content. 
As a consequence, majority of nuclear genes are switched off in 
these cells. Therefore, mesophyll cells and their protoplasts have 
compact nuclei with a diameter of 3.8–4.4 μm, containing a small 
nucleolus (diameter around 1 μm), and are characterized by highly 
condensed chromatin. In the presence of appropriate growth regula-
tors (auxin and cytokinin), these cells start to divide; that is preceded 
by the remodelling of the chromatin and the de novo synthesis of 
ribosomes, in order to allow the reorganization of the gene expres-
sion pattern and protein synthesis, respectively. These changes are 
reflected in the morphology and size of the nucleus and the nucleolus 
and in the amount of DNA/RNA-specific fluorescent dyes they can 
accumulate (Fig. 1).21 Therefore, these parameters can be well used 
as cellular markers of G0-to-G1 transition in plant21 as well as in 
animal cells.22

On Figure 1A it is shown that cell activation (increased size 
and fluorescence of PI-stained nuclei/nucleoli) is inhibited by the 
application of diphenyleneiodonium (DPI), an inhibitor of plasma 
membrane NADPH-oxidase, one of the potential source enzymes of 
ROS (superoxide and hydrogen peroxide). PM NADPH oxidase has 
been proposed to play a significant role in the proliferation of animal 

cells as well (reviewed in refs. 23–25). In contrast, at a limiting level of 
exogenous auxin, moderate oxidative stress (provoked e.g., by 50 μM 
CuSO4) promoted G0-to-G1 transition as indicated by the increased 
size and RNA-dependent fluorescence of nuclei/nucleoli (Fig. 1B). 
Although oxidative stress alone (e.g., copper-treatment, Fig. 1B) 
is also capable to increase RNA-dependent nuclear fluorescence, it 
may rather be associated with cell death-related changes in transcrip-
tion/chromatin organization as indicated by uneven nucleoplasm 
staining, and small and un-stained (no increased rRNA synthesis) 
nucleoli (Fig. 1B). Oxidative stress alone (in the absence of auxin) is 
not capable to enhance cell cycle entry in this type of cells.1

Similar treatments, low level of auxin combined with oxidative 
stress, have previously been shown to accelerate the entry of the cells 
into the S-phase of the cell cycle.17,19 Based on the above data, we 
hypothesize, however, that this acceleration is due to a shortened G0-
to-G1 transition rather than to an accelerated G1 phase.

The complex interaction of auxin and reactive oxygen/nitrogen 
species during plant development is not well known yet but more 
and more data accumulate indicating a mutual interaction that 
may be based on auxin transport inhibition and auxin-mediated 
ROS generation/removal what finally may converge on chromatin 
remodelling.16,26

Figure 1. Oxidative stress/ROS enhance and are required for G0-to-G1 transition in leaf protoplast-derived alfalfa cells as indicated by nuclear parameters. 
(A) Diphenylene iodonium (DPI; 1 μM) applied to leaf protoplasts prevents cell activation in the presence of auxin (1 μM 2,4-dichlorophenoxyacetic acid, 
2,4-D) and cytokinin (1 μM zeatin) as indicated by flow cytometric analysis (Part a) and microscopic investigation (Part b) of PI- stained (4 μg/ml; staining 
DNA as well as RNA) nuclei at four days of culture. (Part a) The histograms show the numbers of nuclei falling into fluorescence intensity groups (as defined 
by detection “channels”) depending on the amount and accessibility of nuclear DNA and RNA for staining. The fluorescence channels representing nuclei in 
G0 and G1 phases are indicated. (Part b) The sizes of nuclei and nucleoli in DPI-treated and control cells, as above. Increased sizes indicate active transcrip-
tion and rRNA synthesis. DPI-treatment kept the nuclei as they could be observed in leaf cells (data not shown). DPI- DPI + auxin, A- auxin. (B) Copper stress 
(50 μM CuSO4) enhanced cell activation in the presence of 1 μM 2,4-D (and 1 μM zeatin). Alfalfa leaf protoplasts were cultured without auxin and copper 
(P), with copper stress (Cu), or copper stress and auxin (A + Cu). Nuclei were subjected to flow cytometric analysis following propidium iodide (PI, DNA 
and RNA) staining without (Part a) or after RNase-treatment (Part b) as above. RNase treatment diminished the difference of nuclear fluorescence among 
the control and treated cells indicating the role of nuclear RNA accumulation in the fluorescence intensity differences. Microscopic observations (Part c) of 
stained (DAPI staining DNA, left; PI staining DNA and RNA, right) highlighted the differences among cells treated by copper in the presence or absence of 
auxin, especially in the size and RNA content (arrow) of the nucleoli and homogeneity of nucleoplasm staining.
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ROS may Enhance the Activation of a Plant CDK Complex 
During Cell Cycle Entry

In animal cells it is already well accepted that low level of ROS 
promotes cell proliferation in various cell types (reviewed in refs 8 
and 28). It has also been proposed that G0-to-G1 transition, the only 
cell cycle phase transition not governed by cyclin-dependent kinases, 
rests on redox-dependent signal transduction pathways that finally 
converge on cyclinD1 expression6. D-type cyclins are also important 
regulators of G0/G1-to-S cell cycle phase transition in plants, and 
they are also hypothesized to mediate external signals towards the 
cell cycle machinery (reviewed in ref. 2). Although the redox-depen-
dent expression of D-type cyclin genes has not been established yet 
in plants, the activation of CycD3;1 transcription by nitric oxide 
during cell cycle activation has already been described in different 
experimental systems.18,19 In the same studies, the enhanced tran-
scription/activity of the cyclin-dependent CDKA1 protein kinase 
has also been demonstrated.18,19

Here we provide evidence that oxidative stress/ROS might also 
play a role in CDKA1 activation during the re-entry of cultured 
plant cells into the cell division cycle. Alfalfa stationary phase (11 
days without subculture) suspension cultured cells were transferred to 
fresh media and the cell cycle re-entry was monitored in the absence 
and presence of 30 μM CuSO4, as an inducer of mild oxidative 
stress, and 1 μM DPI as NADPH oxidase inhibitor. The treatments 
were applied directly at subculture. On Figure 2 it can be observed 
that the stress treatment transiently enhanced the CDK activity at 
24–48 hours after subculture that was prevented by parallel DPI 
application. DPI alone resulted only in a slightly decreased CDK 
activity but still inhibited cell division as indicated by the decreased 
growth rate of the cultures (Fig. 2).

Conclusions

The redox control of cell division is well established in animal 
cells but has hardly been investigated in plants. It is plausible 
to hypothesize that similarly as in animal cells reactive oxygen 
and nitrogen species have dual role in regulating cell division; 
depending on their concentration, pulse duration and site of 
action they may promote or inhibit cell proliferation (Fig. 3). Cell 
cycle entry (G0-to-G1) transition may represent a regulatory node 
where the cellular redox status has a central role. Whether ROS/
RNS-mediated CDK activation is exerted through the activation 
of Cyclin D expression in plants, similarly as in animals, is still a 
question to be answered.
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Figure 3. The scheme of potential interactions determining cellular response to oxidative stress. ROS/RNS are formed in the cells as the part of normal 
metabolism as well as in response to environmental stresses. ROS/RNS themselves as well as growth regulators regulate scavenging pathways to keep 
ROS/RNS levels low (for simplicity, only auxin is shown as beeing the main growth regulator implicated in cell cycle activation). In case net ROS/RNS 
production exceeds a limit due to increased production or decreased removal, differentiated cells will die. In contrast, a transient and moderate increase in 
ROS/RNS level may enhance cell activation in concert with auxin action.


