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Abstract 

Arabidopsis roots are routinely exposed to light both during their cultivation within 

transparent Petri dishes and during their confocal microscopy analysis. Here we report 

that illumination of roots which naturally grow in darkness, even for a few seconds, 

induces an immediate and strong burst of reactive oxygen species (ROS). Plant scientists 

studying roots should pay great attention to the environment of living roots, and keep them 

in darkness as long as possible. Results obtained using illuminated roots during in vivo 

microscopic analysis should also be interpreted with great caution. 

 

 



Introduction 

Plant roots in nature grow within soil in more-or-less complete darkness. This conventional 

wisdom seems to be forgotten in the contemporary plant sciences. In the former studies, 

attention to root part has not been sufficient, partly because many plant scientists believe 

that as roots always grow in the full darkness underground, the roots are ‘ignorant’ of any 

light either during their growth in natural situation, or in the laboratory conditions, as well 

as in their evolutionary history. Nevertheless, the fact is that plant roots are extremely 

sensitive to light1 and that this sensitivity is important for their optimal performance if 

grown outside in soil. 2 Ever since Arabidopsis has been brought to laboratories and showed 

that it can be grown in the transparent Petri dishes by George P. Rédei some fifty years 

ago,3,4 Arabidopsis roots are routinely exposed to light during preparation for their analysis 

without comparing data obtained from the ‘dark-grown’ controls. As a consequence, 

almost all studies published using Arabidopsis thaliana have used roots illuminated during 

seedling growth. These roots have been obtained using Arabidopsis seedlings grown in 

transparent Petri dishes placed within plant growth chambers with a 16h/8h light/dark 

regime. This light exposure of roots is potentially stressful not only for roots but also for 

the seedlings, as ROS-based stress signals accomplish rapid and systemic transfer throughout 

the whole plant body.5,6 Arabidopsis roots respond to diverse stressful situations with 

increased growth rates,7 so called ‘escape tropism’ strategies8-10 affecting data obtained 

with illuminated roots. For example, in the dark-grown roots, the auxin efflux facilitator 

PIN proteins11 are not polarly localized at the plasma membrane but accumulate within 

endosomes/vacuoles.7 Blue-light signaling is required for the plasma membrane targeting 



of these proteins7 critical for growth, polarity, development, and morphogenesis of plants.11 

Plant cells execute tight control of their redox homeostasis.12 They possess an array of 

antioxidant mechanisms to cope with high rates of ROS production. Almost any stress 

results in rapidly enhanced productions of ROS due to disrupted balance of the cellular 

redox status.12 In this report, the instant production of ROS after the illumination to 

Arabidopsis root was documented and this light-induced ROS induces root escape via 

negative root phototropism. 

 

Results and Discussion 

As figure 1A shows, dark-grown shoot starts to grow quicker for seeking for the light 

source, which is a well known phenomenon of ‘skotomorphogenesis’.13,14 On the other 

hand, illumination of roots stimulates their growth as roots try to escape from light, 

resulting in imbalance of the root-shoot ratio which in normal physiological situation is 

approximately 1:1. This light-induced increase in the root growth, combined with the 

negative root phototropism, can be regarded as a physiologically relevant response, as it 

would, outside in the nature, allow the illuminated roots to get back into darkness (soil). 

Importantly in this respect, the soil grown Arabidopsis seedlings (having their roots within 

more-or-less complete darkness) show 1:1 root-shoot ratio. This increased root growth 

rate combined with negative root tropism can be considered for the root ‘escape tropism 

(negative phototropism)’ (Figure 1B). This suggests that roots have powerful mechanism 

to increase their growth rate or movement direction in response to ambient light. When the 

seedlings are cultivated in soil, the proportion of shoot and root is almost 1:1 (Figure 1C), 



suggesting that the high speed of root growth is not required in their natural environment.  

In Figure 1E, newly designed ‘split Petri dish system’, in which the lower part of petri 

dish is covered by black tape and aluminum foil is shown. The motivation for designing 

this system is to accomplish an ideal growing situation in laboratory by keeping only the 

root part in darkness. As a result, skotomorphogenesis of shoot and increase of root length 

has not been observed by this split system. However, this system is still not optimal and 

slight amount of light (~10 µmol m-2 s-1) penetrates into the root part of darkenned Petri 

dishes and stimulates light responses of roots. It should be improved further. In addition, 

it was observed that expression level of certain protein, such as annexin AnnAt4, is altered 

dramatically in soil-grown instead of light-grown Arabidopsis roots grown in transparent 

Petri dishes.15 Besides visible light, roots are very sensitive also to UV-B light with root 

apex being the most sensitive part of plant roots.16-19 Recent study has reported that UVR8 

protein is the UV-B receptor both in roots and shoots.20 

 

In Figure 2, the generation of hydrogen peroxide stained by DAB in the root apex region 

after 60 min of both white and blue light illumination. While very low intensity of DAB 

staining was observed in the root apex without illumination, the results showed that 

hydrogen peroxide was produced rapidly under root illumination. In addition, precipitation 

of formazan in root apex region was observed after 15 min blue light illumination by 

NBT-staining (data not shown). 

 

The data shown in Figure 3A documents instant ROS production after 10 seconds of 



blue light illumination detected by the fluorescence probe, Peroxy-Yellow 1 Methyl Ester 

(PY1-ME), which allows sensitive detection of intracellular hydrogen peroxide.21 Since 

PY1-ME shows very high resolution and reactivity,21 almost instant production of ROS 

was detected using this probe in roots of Arabidopsis. The intensity of PY-1 fluorescence 

diminished at 5-10 min after 10 seconds of root illumination. After the fluorescent signal 

has vanished, only few seconds of illumination can provoke the ROS-generation again. 

In addition, the results of treatment with several ROS-related enzyme-inhibitors and 

scavengers shown in Figure 3B suggested the generation of superoxide after illumination 

of roots. The exposure of roots to diphenyliodonium (DPI) results effective inhibition of 

NADPH oxidase which is located on the plasma membrane and produces the superoxide 

by reducing oxygen. Diethyldithiocarbamate (DCC) inhibits superoxide dismutase (SOD) 

which converts superoxide to hydrogen peroxide. Since both inhibitors reduced PY1-ME 

fluorescence, superoxide emerges as a possible ROS species generated after illumination 

of roots. Moreover, both 4-hydroxy-TEMPO, which is broadly used as the spin trap agent 

for electron spin resonance (ESR) and tiron, was used for scavenging superoxide22 and 

induced the reduction of PY1-EM fluorescence. Salicylic hydroxamic acid (SHAM), 

inhibitor of peroxidase, showed no effect on ROS production after root illumination, 

suggesting that peroxidase have no relationship with these rapid root responses to light. 

2′, 7′-Dichlorofluorescein diacetate (DCFH2-DA) is conventionally used for detecting 

intracellular hydrogen peroxide (emission: 488nm and excitation: 525nm). We have also 

observed instant production hydrogen peroxide, already after 10 seconds of blue light 

illumination, using this probe (Fig. 3C). In Figure 3D, we used GUS line of Arabidopsis 



DJ-1 (AtDJ-1) which was identified as a homologue of Human DJ-1 PARK7.23 Mutation 

of human DJ-1 causes Parkinson’s disease resulting in neuronal death. It was previously 

reported that endogenous AtDJ-1 level in leaf was increased after treatment with stress 

factors, such as strong light, H2O2, methyl viologen and copper sulfate.23 DJ-1 supports 

the cellular redox homeostasis by subserving a SOD-activity in both mammalian and 

plant cells.23 Here we have found, following the GUS staining protocol of Vitha et al., 24 

increased DJ-1::GUS expression in root apices of Arabidopsis in response to short (30 min) 

blue light exposures (Figure 3D). Taken together, hypothetical mechanism of the ROS 

production after the illumination of roots is summarized in Figure 4. Since DPI inhibits 

not only NADPH oxidase but also general flavoproteins including photoreceptors such 

as phototropins, cryptochromes and so forth; the exact source of superoxide cannot be 

pointed out here. Therefore, it is still obscure how superoxide is produced in the root apex 

by light. 

 

Even extremely short (in fact few seconds, Figure 3AC) light exposure of roots induces a 

stress situation for these delicate plant organs as evidenced by the immediate burst of 

ROS production. It has been suggested that the ROS may play an important role as 

primary cellular signal molecule in plants. In fact, it might represent the driving force 

for escape of roots from unfavorable light conditions.8-10 Recently, it has been reported 

that ROS balance among superoxide and H2O2 in the root apex region control cell 

proliferation and elongation, respectively.25 These ROS signals are known to be transported 

rapidly and systematically from roots to shoots26 as well as throughout the plant tissues 



and organs.5,6,27 In conclusion, plant scientists should pay great attention to the environment 

of living roots, keeping them in darkness as long as possible. If results are obtained with 

illuminated roots due to handling procedures and/or in vivo microscopic analysis, they 

should be interpreted with a great caution, keeping in mind that only a few seconds of 

illumination induces immediate and abundant ROS production in Arabidopsis root cells 

(Figure 3). It is essential to perform proper dark-grown control by exposing to the usual 

16/8 light/dark cycles only the shoots, keeping the roots in darkness (optimally in growing 

the Arabidopsis seedlings in pots, having all roots within soil). Data obtained using the 

illuminated Arabidopsis roots in the last three to four decades should be carefully 

re-interpreted. 

 

Materials and Methods 

Plant materials 

Arabidopsis (Arabidopsis thaliana L.) seeds were soaked the sterilizing solution 

containing 10% sodium hypochlorite and 0.1% Triton X-100 for 15 min and washed 

several times by sterilized distilled water. Sterilized seeds were planted on the 

phytagel-fixed half-strength of Murashige-Skoog medium. Petri dishes were covered 

with aluminum foil and incubated vertically at 23 C° for 4 days. 

 

Root illumination procedure 

For very short illumination times, seedlings were laid on a glass slide and illuminated 

with the light source of confocal microscope (using blue filter, 80µmol m-2 s-1). For long 



time illumination, seedlings placed between slide and cover glass were vertically fixed 

and illuminated with the halogen lamp (Phillips 20 MR 16, New Jersey, USA) passed 

through glass filters (Corning #5032) for blue light illumination and without filters for 

white light illumination. 

 

The visualization of ROS with DAB and PY-1 

Diamino benzidine (DAB) was dissolved in water as a stock solution, concentration was 

at 500 mg/ml. DAB solution (final concentration at 1 mg/ml) was infiltrated into seedlings 

under darkness with vacuum for 5 min. Seedlings were then illuminated for 60 min by 

following the procedure described as above. H2O2-sensing fluorescent probe, PY-1 ME 

(Peroxy Yellow-1 Methyl-Ester) was developed and gifted to us by Christopher J. Chang 

from the California Institute of Technology, Pasadena, USA.21 The esterified form of the 

oxidant-sensing fluorescent probe PY1-ME passes diffusely through the cell membrane 

and is then de-esterified by the cellular esterase. PY1-ME is trapped inside the cytosolic 

space and reacts with intracellular H2O2 resulting in the observed pattern of fluorescence.21 

10 mM of PY1-ME was dissolved in DMSO and stored in -20 C° freezer as stock solution. 

Dark grown etiolated seedlings were incubated in half-strength MS liquid medium for 30 min 

to minimize any background of ROS. Seedlings were then transferred into new medium 

containing 10 µM PY-1 and incubated for 10 min. After treatment of PY-1, seedlings were 

washed three times in fresh medium. Fluorescence signal in roots were observed under 

the laser scanning confocal microscope (Fluoview, Olympus, Japan) with excitation at 

514 nm and emission at 540 nm. All procedures were accomplished in a dark environment. 



Inhibitors and scavengers 

500µM SHAM (Salicylic hydroxamic acid); peroxidase inhibitor, 10µM DPI 

(Diphenylene iodonium); flavoprotein inhibitor including NADPH oxidase and 

photoreceptors binding flavin molecules, 1mM DDC (Diethyldithiocarbonate); 

superoxide dismutase inhibitor, 4-OH-TEMPO 

(4-hydroxy-2,2,6,6-tetramethyl-piperidine-1-oxyl); superoxide scavenger, 5mM Tiron 

(1,2-dihydroxybenzene-3,5-disulfonic acid); superoxide scavenger. For the treatment of 

inhibitors and scavengers, seedlings were pre-incubated with each chemical for 10 min 

before the treatment of PY-1. All chemicals used here was purchased from 

Sigma-Aldrich (St. Louis, MO, USA) 
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Figure Legends 

Figure 1 

A. Dark grown (etiolated) seedling. B. Light-grown seedling. C. Soil-grown seedling. D. 

Comparison of root length. Light and Dark cycle is 16 hours/ 8 hours. Each bar indicates 

standard error (n=12). E. Comparison of root length between light-grown (n=23) and 

only root part covered (n=80) using split Petri dish system. Difference of length was 

significant by t-test. 

Figure 2 

A. DAB staining with 60 min illumination. BL; Blue light illumination, WL; White 

light illumination. B. Comparison of DAB-staining intensity between darkness, blue 

light and white light illumination. Each bar indicates standard error (n=6). Scale bar 

indicates 100 µm. 

Figure 3 

A. Immediate ROS production after 10 sec Blue light illumination detected by PY-1 

(peroxy-yellow 1) B. Treatment of enzyme inhibitors and ROS scavengers. Each bar 

indicates standard error (n=3). Asterisk indicates significant difference. C. Increase of 

DCF fluorescence after 10 seconds blue light illumination. D. Up-regulation of DJ-1:GUS 

expression following 30 min blue light illumination. Scale bars indicate 25 µm. 

Figure 4 

Hypothetical mechanisms of light induced ROS (superoxide)-generation in roots. 
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