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Abstract:



Comparative analyses of phenotypic and molecular traits of Arabidopsis thaliana grown under standardised conditions is still a challenge using climatic devices supplied with common light sources. These are in most cases fluorescent lights, which have several disadvantages such as heat production at higher light intensities, an invariable spectral output, and relatively rapid “ageing”. This results in non-desired variations of growth conditions and lowers the comparability of data acquired over extended time periods. In this study, we investigated the growth behaviour of Arabidopsis Col0 under different light conditions, applying fluorescent compared to LED lamps, and we conducted physiological as well as gene expression analyses. By changing the spectral composition and/or light intensity of LEDs we can clearly influence the growth behaviour of Arabidopsis and thereby study phenotypic attributes under very specific light conditions that are stable and reproducible, which is not necessarily given for fluorescent lamps. By using LED lights, we can also roughly mimic the sun light emission spectrum, enabling us to study plant growth in a more natural-like light set-up. We observed distinct growth behaviour under the different light regimes which was reflected by physiological properties of the plants. In conclusion, LEDs provide variable emission spectra for studying plant growth under defined, stable light conditions.
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1. Introduction


Light is the most important parameter for plant growth and development. Not only the intensity of light, but also the spectral quality has a great effect on many aspects of plant life such as photosynthetic performance, differentiation, and flowering [1]. Therefore, plants feature several sensors for light quantity, day length (photoperiod), and spectral quality [2]. These sensors (photoreceptors) are at the root of complex signalling networks, which control developmental, physiological, and morphological processes. The range of wavelengths that can be utilized by plants for different purposes ranges from 280 nm to 750 nm [3]. Within this spectrum, 380–730 nm covers the visible light, which is absorbed mainly by chlorophyll a, b, and carotenoids. Violet, blue, and red light play a great role in photosynthesis, whereas red and far-red light (730 nm) also influence germination, vegetative growth, budding, and flowering [4]. Several classes of photoreceptors have been described: phytochromes (in Arabidopsis there are five family members called phyA-phyE) absorb red and far-red light, whereas blue light is perceived by cryptochromes (cry.1 and cry.2), phototropins (phot.1 and phot.2), and Zeitlupes (ZKL, FKF1 and LKP2) [2]. UV-B radiation can be sensed via specific receptors called UVR8. Downstream signalling first and foremost leads to stress-related adaptations which results in the protective measures against the harmful UV-B radiation [5]. Virtually all processes within a life cycle of a plant are initiated and/or regulated by light via perception by photoreceptors and their downstream signalling cascades. This often involves the (de-) activation of transcription factors, which influence the expression of genes e.g., associated with hormone synthesis/transport.



One prominent example is the red and far red light-absorbing phytochrome family that is critically involved in photomorphogenesis, the developmental response of an organism to the information contained in light. This process includes slowed stem elongation, cotyledon/leaf expansion, and greening and straightening of the apical hook. Characteristically, phytochromes occur in an inactive (Pr) and active (Pfr) form, which are interconvertible via conformational changes upon absorption of red or far red light, respectively. Red light (R) induces the active conformation (Pfr), which is translocated to the nucleus, where phytochromes inhibit two different classes of repressive transcription factors. PIFs (phytochrome interacting factors) directly bind to Pfr forms of phytochromes upon which these are phosphorylated followed by ubiquitination and degradation by the proteasomal system. The removal of these and other repressive transcription factors allows the initiation of photomorphogenesis. The molecular details of the complex signalling cascades include massive differential gene regulation and are still not fully understood [6]. Further processes influenced by red/far red light are the shade avoidance response and flowering initiation [2]. Induction of shade avoidance is mediated by a lowered R:FR light ratio, which in fact represents reflected far red light by neighbouring vegetation. Since the red light amount remains constant, the ratio drops and that signals probable imminent shading to the receiving plant which then initiates the avoidance response [7].



Blue light acts via cryptochromes, which also control many developmental processes in plants, specifically de-etiolation, elongation, flowering, and maintenance of the circadian clock. Cryptochromes also play an important role in photomorphogenesis. They derive from ancient DNA repair enzymes known as photolyases. Though cryptochromes no longer fulfil DNA repair-related functions, they are structurally still very similar to their progenitors and have kept FAD as a co-factor. Illumination with blue light seems to induce continuous cycling between different redox states of FAD, which correlates with biological activity. In Arabidopsis, both cryptochrome isoforms (Cry.1 and Cry.2) were localised to the nucleus, but Cry.1 was also found in the cytosol where it seemed to be involved in different regulatory processes than the nuclear localised form [8].



Natural sun light covers the complete range of usable wavelengths, representing an ideal light source, whereas the usually applied illuminants in plant breeding and research are fluorescent, metal-halide, high-pressure sodium, or incandescent lamps. These not only contain wavelengths dispensable for the plant, mainly in the green light area, but also consume huge amounts of energy and generate a great measure of unwanted heat. In comparison, light-emitting diodes (LEDs) have several advantageous features, such as the possibility to control spectral composition and therefore mimic the natural light as closely as possible, a long lifespan, small mass and volume, and negligible heat emission combined with low energy consumption [9]. Though the first reports about the influence of LED light on plant growth appeared already two decades ago [10] and several studies on the topic were published over the years especially concerning legumes or crop plants [9,11,12,13,14], no comprehensive investigation on the behaviour of the model plant Arabidopsis thaliana grown under LED lights in comparison to fluorescent lights has been conducted to our knowledge.



In the present study, we aimed to compare the morphological and physiological traits of Arabidopsis thaliana Columbia 0 plants grown under LED lights of different intensity and spectral composition with plants cultivated under fluorescent lights in a climatic chamber. In addition, we performed gene expression analysis of all plants at day 18 after sowing (18 DAS). We observed extensive differential expression of many RNAs under different light intensities, which are partially correlated to the analysed phenotypic parameters. This in turn makes it quite clear that analysis of gene expression profiles is a good first step, but to clearly and unequivocally correlate this to phenotypic traits, in-depth biochemical investigations are mandatory.




2. Results


2.1. Plants Grown under Different Light Regimes Show Distinct Phenotypes


We compared the growth behaviour of Arabidopsis thaliana Col 0 plants cultivated on soil under either fluorescent or LED lights at different intensities, as well as plants grown under LED light of diverse spectral composition (Figure 1b–f).


Figure 1. Arabidopsis thaliana shows distinct growth behaviour under different light and climate regimes. (a) Phenotypes of plants grown at either 100 µmol m−2 s−1 under white light-emitting diode (LED) light (LED100) or fluorescent light in a climatic chamber, or LED light at 200 µmol m−2 s−1 or 500 µmol m−2 s−1 LED red, LED blue or LED red/blue. Plants were grown on soil and photographed at 12, 16, and 18 days after sowing (DAS). The scale bar represents 1 cm; (b–f) Spectra of the different light regimes. Please note that the total light intensity represents the area below the spectral curves. Thus, the peak heights at the different wavelengths do not reach the value of the total output; (b) Spectrum of the fluorescent lamp in the climate chamber; (c) LED spectra at 100 (lower light grey curve), 200 (middle dark grey curve), and 500 µmol m−2 s−1 (upper black curve); (d) LED spectrum for LED100 with a raised portion of blue light (B); (e) LED spectrum for LED100 with a raised portion of red light (A); (f) LED spectrum for LED100 with a raised portion of red/blue light R/B).
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Please note that the total light intensity represents the area below the spectral curve. Thus, the peak heights at the different wavelengths do not reach the value of the total output. Pictures were taken at days 12, 16, and 18 after sowing (DAS) (Figure 1a). Our reference point in all experiments was LED100, where the wavelength distribution was adapted according to the sunlight emission spectrum as much as technically possible with our LED set-up (please refer to Figure 6b). Plants grown at the same light intensity of 100 µmol m−2 s−1 under fluorescent (Figure 1b, light grey line) or LED light in a climatic chamber (Figure 1b, dark grey line) do not show dramatically different phenotypes (Figure 1a, top and second row). Surprisingly to us, the development of plants cultivated under fluorescent lamps was faster, judged by the number of true leaves, which is significantly higher by 20–30% after 16 and 18 DAS, respectively (Figure 1a, row one and two, Figure 2c indicated by asterisks). The rosette area of plants grown in the climatic chamber differs even more at all days measured from plants cultivated in the LED chamber: 120% after 12 DAS, 160% after 16 DAS, and even 270% after 18 DAS (Figure 2a). However, the fresh weight was not significantly different from plants grown under fluorescent or LED light (Figure 2b), indicating that even though there are less leaves with a smaller area, their thickness is higher in plants grown under LED lamps, which could be due to the comparatively higher amount of blue light.


Figure 6. Arabidopsis grows better under completely controlled environmental conditions. (a) Phenotypes of plants grown under LED500 or outdoor. Plants were grown on soil and photographed at 18 DAS or, in case of the plant grown outdoor, 38 DAS, respectively. The scale bar represents 1 cm. Please note that the picture of LED500 is identical to Figure 1; (b) Emission spectra of LED500 (lower grey line) and natural light at sunny conditions (upper black line); (c) Emission spectrum of natural light at cloudy conditions.
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Figure 2. Physiological parameters of plants grown under different light regimes. (a) Mean rosette area in % compared to LED100 from n = 6 plants measured at 12, 16, and 18 DAS. The dotted line represents the value of plants grown at LED100 in all graphs; (b) Mean fresh weight (mg) from n = 6 plants at 12, 16, and 18 DAS; (c) Number of leaves in % compared to LED100 from n = 6 plants measured at 12, 16, and 18 DAS; (d) PSII yield from plants at 18 DAS in % compared to LED100; (e) Stomatal density given in number/mm2 from plants at 18 DAS. Significant changes compared to LED100 according to the student’s T test are indicated by an asterisk (*).
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Raising the light intensity in the LED chamber to 200 µmol or 500 µmol, respectively, under constant spectral distribution led as expected to faster development (more leaves, bolting visible) and growth (bigger leaf areas and higher fresh weight) (Figure 1a, third and fourth row, Figure 2a–c). Plants subjected to high light intensities accumulated much more fresh weight: in the case of LED200 about 600%, at LED500 even up to 1300% compared to LED100. To exclude any adverse effects of heat emitted by the LED lamps under high light intensities, we measured the temperature at the leaf level and found it to be at 23 °C, thus we can rule out that our observations on phenotypic or gene expression levels are caused by elevated temperatures.



In parallel, we analysed the effects of spectral quality while keeping the total light intensity at a constant 100 µmol. Therefore, white light (3 K) was lowered in all three conditions. To achieve a light quality with a relatively high portion of red light (for simplicity we call it “red, R”), the electrical output of the 660 nm LEDs was enhanced and the 730 nm LEDs were kept unchanged, while the UV (395 nm) and blue light (440 nm) LEDs were lowered in their output. To bring about a high portion of blue light (named “blue, B”), UV and blue LED output was raised, while red and far red light LEDs were lowered in their output. In a combination of both settings (we call it “red blue, RB”), we achieved spectral peaks at 440 nm as well as 660/730 nm. An overview about the spectral composition, measured as fluence rates, is depicted in Figure 1d–f. By this we ensured that the total light intensity (meaning the fluence rate) was kept at 100 µmol in all conditions. Plants grown under a combination of red and blue (RB) LED light compared to LED100 were growing very similarly (Figure 1a, top and fifth panel, Figure 2). Red light seemingly led to marginally slower growth, however this was not represented by significant differences in the measured phenotypical characteristics (Figure 1a and Figure 2). Blue light resulted in a more compact-appearing phenotype and shorter petioles, whereas neither rosette area nor fresh weight nor number of leaves were different from LED100. Thus, we could clearly demonstrate that by using LED lamps with distinct spectral characteristics we can influence the growth behaviour concerning the appearance of Arabidopsis plants.




2.2. Physiological Traits Differ in Plants Grown under Different Light Regimes


In addition to visual analyses, we investigated several physiological traits of the differently cultivated plants at 18 DAS (Figure 2d,e). The photosynthetic performance showed small but clear differences between the plant populations (Figure 2d). The PSII yield was higher in plants from LED200 and 500 and red light. Thus, the higher number of leaves and greater leaf area in the plants from the climate chamber with fluorescent lights does not result in a higher photosynthesis rate compared to plants from the same light intensity under LED lamps. Consequently, these leaves seem to feature either a lower number of photosystems per area or less active ones. In contrast, high light intensity leads to overall bigger plants and better photosynthetic performance.



Since stomata development is known to be light dependent [15], we analysed the stomatal density in plants from all conditions at 18 DAS (Figure 2e). LED200 and LED500 plants had an evidently higher stoma density (140 and 130% of LED100, respectively). All other plants were similar to the ones from LED100 concerning the number of stomata, indicating that for this physiological trait light fluence rate is more important than wavelength composition. This observation is in line with previously reported data that high irradiation increases the stomatal density [16]. It was found in the same study that monochromatic red light also influences this trait, but probably since we did not apply monochromatic light, but rather increased the portion of red light with still white and blue light present, we did not detect a similar effect.




2.3. Affymetrix Analysis Reveals Differentially Regulated RNA Expression


In an attempt to correlate the monitored morphological and physiological features with gene expression, we performed Affymetrix analysis with RNA isolated from leaves harvested at 18 DAS. Genes were defined as differentially regulated the if the p-value was lower than 0.05. As for the data in Figure 2, LED100 was applied as the reference point in all evaluations. We then compiled separate groups for comparative analyses: 1. climate chamber with fluorescent lamps and LED lights; 2. LED200 and LED500 as well as 3. R, B, and RB (Figure 3, Figure 4 and Figure 5). For each group except the first, we generated Venn diagrams of total, up- and down-regulated genes (Figure 4a–c and Figure 5a–c), respectively. We executed MapMan analyses for all groups in which the bins are represented as bar charts (Figure 3, Figure 4d,e and Figure 5d,e).


Figure 3. Comparative gene expression analysis of RNA isolated from plants grown in LED100, climate chamber. Bar chart of up (black bars) and down (grey bars) regulated genes from plants grown in the climate chamber.
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Figure 4. Comparative gene expression analysis of RNA isolated from plants grown in LED100, LED200 and LED500. (a–c) Venn diagrams of a total differentially expressed; (b) up regulated; (c) down regulated genes; (d) Bar chart of up (black bars) and down (grey bars) regulated genes from plants grown in LED200; (e) Bar chart of up (black bars) and down (grey bars) regulated genes from plants grown in LED500.
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Figure 5. Comparative gene expression analysis of RNA isolated from plants grown in LED100, LED R, LED B, LED RB. (a–c) Venn diagrams of a total differentially expressed; (b) up regulated; (c) down regulated genes; (d) Bar chart of up (black bars) and down (grey bars) regulated genes from plants grown LED R; (e) Bar chart of up (black bars) and down (grey bars) regulated genes from plants grown in LED B; (f) Bar chart of up (black bars) and down (grey bars) regulated genes from plants grown in LED RB.
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For the first group (climate chamber with fluorescent lights compared to LED100), we found about 200 genes differentially expressed with a fold change (FC) >2 (Supplemental Table S1). We can, however, not completely exclude that some effects on gene expression between plants in the climate chamber with fluorescent lamps and plants in the chamber with LED lights are due to the different climate chambers. These are of extremely similar build, volume, and set-up, but not of identical make.



Noticeably, the highest number of genes regulated is to be found in the MapMan bin RNA regulation and transcription, indicating that gene expression in general is clearly influenced by the different light quality. Apart from that, many genes in the groups of transport, protein homeostasis, and enzymes are differentially expressed, though no single pathway stands out. Since the appearance of the plants is so similar, this indicates that diverse expression of genes is not necessarily reflected in a distinctive visible phenotype. Nevertheless, one needs to be aware that applying different light sources leads to fundamental changes in the transcriptome, even though the overall characteristics of plants grown under disparate types of lamps are not easily distinguishable.



In the second group, comprising plants from the different light intensities LED200 and LED500 (Figure 4), a total of 9500 RNAs is differentially expressed compared to LED100, demonstrating that many physiological activities are altered under higher light intensities, which is clearly reflected by the pronounced growth of the plants. From these, 1454 genes are down regulated in LED200 (Figure 4c) as well as in LED500 (Figure 4b) and 1481 are up regulated in both categories. In inference, this means that 2754 RNAs are less-expressed solely in plants from LED500, and 156 RNAs from LED200. Down-regulated exclusively in LED500 were 3485 genes, restricted to LED200 were 186 genes (Figure 4a–c). Thus, higher light intensity leads in general to a greater response in RNA level. The fact that about 30% of all genes are regulated under both conditions with the FC bigger at higher intensities demonstrates the reproducibility of our approach. Concerning the distribution of these genes across the MapMan bins, the picture is somewhat different from the first group (Figure 4d,e). Focussing on genes with a FC > 2 (Supplementary Table S1) reveals that most differentially expressed RNAs belong to the bin proteins. The largest portion of up regulated RNAs from this bin code for proteins involved in the processes of degradation, followed by modification. This implicates that under higher light intensities protein turnover might be faster. Surprisingly, among the lower expressed RNAs, most can be assigned to the class of synthesis of ribosomal proteins, which suggests that while plants grown under higher light intensities perform protein degradation to a larger extent, they do not counteract that by increasing the translation machinery to produce more proteins de novo. Since these plants clearly develop faster and have significantly more biomass, the phenotypic observations seem quite contradictory to the RNA expression patterns. However, it may well be that the ribosomal proteins are protected against degradation and are simply more stable than many other proteins. Thus, this RNA expression pattern does not necessarily indicate a lower protein synthesis activity per se. The highest fold change can be observed for BAM5 under LED500 which codes for a putative ß-amylase (FC = 157), while other genes from the starch degradation pathway are less drastically but still prominently up-regulated (FC = 4–13). Considering the accelerated growth under the applied conditions, this nicely reflects the elevated need for carbohydrates. In the same line, we can interpret the increased expression of genes related to transport functions, since many metabolites need to be transported within the plant to ensure growth. Since plant growth, among many other complex processes includes cellular expansion, the up-regulation of auxin-related genes fits into this picture [17]. High light intensities of especially 500 µmol also lead to increased generation of reactive oxygen species, consequently we find RNAs belonging to the bins stress and redox at a higher expression level in plants from LED200 and LED500. Since the plants have a generally healthy appearance, this up-regulation does not necessarily indicate stress, but acclimation mechanisms to prevent stress-related damage.



In the last group, we compared gene expression in plants grown under red light, blue light, or a combination of red and blue, all supplemented with white light at 25% of the default intensity LED100, thereby ensuring a total intensity of 100 µmol m−2 s−1. In contrast to our expectations, very few genes were differentially expressed compared to LED100 (Figure 5). It has been known for some time that red light induces the phytochrome system, whereas blue light results in the induction of phototropins and cryptochromes (for review, see [2]). However, all these previous studies were conducted after implementing pulses of the respective wavelengths, immediately followed by gene expression analysis, while we grew the plants continuously under the indicated spectral regimes for 18 days. This obviously leads to long-term acclimation and thereby results in a different pattern of gene expression, when the peak of light-induced expression might already have flattened. A total of only 121 RNAs was regulated in expression in relation to LED100 (Figure 5a). A single gene is commonly up-regulated in all conditions which belongs to the signalling bin. Nothing more is known about its function, though it is annotated as a receptor kinase (Supplementary table). This gene was found to be significantly regulated in many conditions, thus it’s questionable if this represents a specific effect. 38 RNAs appear at a higher level solely in blue light, most of them distributed among the bins signalling, transcription, protein degradation, enzymes, and redox (Figure 5e). Expressed at a lower level, we found RNAs mainly concerning photosynthesis-related functions, which is surprising in view of our PSII yield measurements that show a slightly higher, though not significantly, activity of photosystem II (Figure 2d). Since the effected genes are coding for PSI, PSII, and NDH complex components, the RNA expression level obviously does not correspond to process performance in this case. Support for this conclusion comes from studies of translational activity compared to gene expression, which is not necessarily coupled [18]. Other down-regulated genes primarily participate in protein synthesis, transcription, stress, and cell wall metabolism (Figure 5e).



Red light leads to the elevated expression of genes from development, signalling, protein synthesis, transcription, miscellaneous enzymes, stress/acclimation, secondary metabolism, lipid metabolism, and cell wall and CHO metabolism (Figure 5d). Less transcribed under red light are predominantly genes belonging to the category of photosynthesis, concerning specifically PSII constituents (Supplementary table), which in this case is in line with the pulse-amplitude modulations (PAM) measurements (Figure 2d). The remaining down-regulated genes are involved in transport, signalling, protein synthesis, transcription and RNA processing, enzymes, and secondary and CHO metabolism.



Combining red and blue light results in a revocation of effects from red or blue light on gene expression level. While the plants phenotypically more resemble the ones cultivated under only red light, differential RNA synthesis overlaps with red and blue light treatment (Figure 5f). Interestingly, the number of genes that are regulated here is lower than under red or blue light, respectively (Figure 5a). The respective genes appear consistently as differentially expressed throughout all conditions analysed, indicating that these might represent key genes regulated upon specific treatments with red and blue light.





3. Discussion


Altogether, we can conclude that growth behaviour of Arabidopsis thaliana Col 0 is clearly influenced by light quantity and quality (Figure 1). This in itself is not a novel concept, but our conditions for plant growth were quite unusual, in that we did not treat the plants with short periods of different wave lengths and look for short-term effects, but kept them under high portions of red, blue, or red/blue light throughout the whole experiment.



Provided with sufficient nutrients to build cellular material, high light intensities led to about ten-times faster growth and development (LED500 compared to LED100). In spite of the high radiation, plants cultivated at 500 µmol appeared healthy and were obviously not stressed, which would have been reflected in anthocyanin accumulation and thus a reddish colour [19]. One should keep that in mind when analysing the effect of high light on plant physiology, so that general stress reactions are not confused with high light specific acclimatory processes.



Exposing the plants to higher doses of blue light also had visible effects on their phenotypes: it led to more stunted growth with short petioles but more leaves. In a combination of red and blue light, the effect of red light prevails and plants looked very similar to those raised under red light only. It was shown in several physiological studies that for the fine-tuning of light responses, the photoreceptors for red and blue light act synergistically [20,21]; under the conditions applied in our study, signalling from red light receptors seems to have a dominant effect.



Though LED light still has profound consequences for gene expression, phenotypically the plants are not dramatically different. This observation is in line with a previous publication where several laboratories strived to achieve comparability in their plant growth setups and found that, especially on the gene expression level, the variation was already quite high between individual plants from the same growth cabinet which seemed to originate from changes in the microenvironment [22]. Gene expression obviously reacts much faster than phenotypic appearance, which one needs to take into consideration upon interpreting gene expression data in correlation to phenotype or biochemical activity.



Plants incubated under 100 µmol m−2 s−1 LED light displayed slightly slower growth compared to plants from the climate chamber equipped with fluorescent lights (Figure 1a). Considering that the LED light features a nearly optimal wavelength composition with regard to comparability to the natural sun light and in contrast to the spectral distribution provided by fluorescent lamps (Figure 1b–d), we would have anticipated accelerated development under LED light. However, on closer scrutiny of the spectra and super-positioning of both emission curves (Figure 1b,c), it becomes clear that the very narrow but high peaks emitted by the fluorescent lamps in the blue and red light range cover a very similar area as the broader but lower peaks from the LED lights. This probably results in roughly the same or even higher amount of photosynthetically active radiation emitted by the fluorescent lamps at 100 µmol m−2 s−1 compared to our setup of the LEDs. Thus, in a next step we will further vary the spectral distribution of the LED lights at 100 µmol m−2 s−1 and compare those to fluorescent lamps.



In this study, we could clearly show that manipulation of the wavelengths and/or intensity of the applied light source can influence the growth behaviour and gene expression of Arabidopsis plants. By using LEDs, it is possible to roughly mimic the natural light conditions and study plant growth of different genotypes as closely as possible to what would happen in the field. This is a considerable advantage of LEDs over other commercial light sources, which feature fixed emission spectra. Furthermore, fluorescent lamps exhibit changes in emission quality after a relatively short life time, whereas LEDs provide stable light quality and quantity over extended time periods. In addition, using LEDs avoids the added stress factor of excessive heat produced by commercial lamps, which drastically influences gene expression and development. This is currently a common problem when studying plant response to high light treatment, because it leads unavoidably to a higher leaf temperature. In our setup, the temperature at leaf level was constantly 23 °C under 500 µmol LED light. Furthermore, the energy consumption of LEDs is much lower than that of any other available light source, thus substantially reducing the running costs of climate chambers/greenhouses.




4. Materials and Methods


4.1. Plant Materials and Growth Conditions


All experiments were performed on Arabidopsis thaliana ecotype Columbia 0. Seeds of Arabidopsis were sown on soil and vernalized for two days at 4 °C. Then, the plants were transferred to environmentally controlled growth chambers under different light treatments: climatic chamber (CC) refers to a growth chamber equipped with fluorescent lights and LED refers to a growth chamber supplied with light emitting diodes. In addition, the spectral output of the fluorescent lamps was determined for a new lamp compared to one of about six months of age (Supplemental Figure S1) to provide an idea of when to change lamps for comparable experiments.



The LED lights had the following specifications: OSRAM Osslon SSL Far red 730, OSRAM Osslon SSL Deep blue 450, OSRAM Osslon SSL hyper red 660, OSRAM Osslon SSL light colour 3.000 K (Osram, Munich, Germany), Edison Federal 3535-UVA 395–410 (LED-Tech, Moers, Germany). Environmental conditions in the chambers were set at a 22 °C/18 °C day/night temperature, air relative humidity of 50–65%, and a 16 h photoperiod. In total 50 seedlings per condition and light treatment were used. Plants were watered by subirrigation and fertilised upon every second watering, usually every 2 to 3 days, depending on the growth stage. The spectral distributions for the seven light treatments are shown in Figure 1b–f and were determined using a calibrated OceanOptics (Duiven, Netherlands ) spectrometer at the day of sowing. In short, we programmed the desired light intensities into the software of the LED chamber. The actual output is controlled by a built-in sensor within the chamber. The spectra were recorded at the setting for absolute intensities (µW/cm2/nm), which is the most precise method. Therefore, we could monitor the total light output at the same time as the distribution over the wavelength spectrum.




4.2. Phenotypic Analysis


To closely monitor the growth of Arabidopsis plants under different light conditions, a detailed phenotypic analysis was conducted. For visual monitoring, eight plants per condition were photographed in two-day intervals. Depicted in Figure 1 are exemplary plants from 12 DAS, 16 DAS, and 18 DAS.




4.3. Spectroscopic Analysis


Chlorophyll a fluorescence of Arabidopsis leaves was measured using a pulse-modulated fluorimeter (Imaging PAM Mini; Walz) and the PSII yield was determined according to the manufacturer’s instructions.




4.4. Stomata Density


Three fully-expanded rosette leaves from 3 individual plants were collected into 70% ethanol, cleared from chlorophyll overnight at room temperature, and stored at 4 °C as needed and then further cleared in chloral hydrate solution (chloral hydrate:water:glycerol (8:2:1, w/v/w)). Differential Interference Microscopy (DIC) images of the abaxial surface were captured with a Leica DM1000 microscope (Leica Microystems, Wetzlar, Germany)at 40× magnification. Stomatal density (mm2) was manually counted for all pictures and all leaves.




4.5. Fresh Weight Determination


Total fresh weight data were obtained by carefully removing all of the leaves including petioles from six Arabidopsis plants from each light condition. All of the individual leaves were immediately weighed to obtain fresh weight data. Data were subjected to statistical analyses (Student’s t Test).




4.6. Rosette Area Determination


Rosette areas from eight plants per condition were determined graphically with ImageJ and the data were statistically evaluated by Student’s t Test.




4.7. Transcriptomic Profiling Using Affymetrix ATH1 Microarray


For microarray analysis, leaves of 18-day-old Arabidopsis plants were used. To provide biological replicates, three samples were harvested from 10 individual plants. Total RNA was extracted using the Plant RNeasy Extraction kit (Qiagen, Hilden Germany). RNA concentration, purity, and integrity were determined. The purified RNA (200 ng) was used to produce biotinylated cRNA probes by using an Affymetrix 3′-IVT Express kit (Affymetrix, High Wycombe, UK) according to the manufacturer’s instructions. A total of 12 µg biotinylated cRNA was fragmented and hybridized to GeneChip Arabidopsis ATH1 arrays containing 22,810 probe sets. Washing and staining were done on an Affymetrix GeneChip Fluidics Station 250. The array chips were scanned using an Affymetrix GeneArray Scanner 3000. Raw signal intensity values (CEL files) were computed from the scanned array images using the Affymetrix GeneChip Command Console 3.0 (Affymetrix, Santa Clara, USA). For quality checking and normalisation, the raw intensity values were processed with Robin software [23] using default settings. Specifically, for background correction, the robust multiarray average normalization method [24] was performed across all arrays. Statistical analysis of differential gene expression was carried out using the linear model-based approach developed by Smyth [25]. The obtained p values were corrected for multiple testing using the strategy described by Benjamini and Hochberg [26] separately for each of the comparisons made. Genes that showed a p-value lower than 0.05 were considered significantly differentially expressed. The normalised log2 values where then used to compare the transcriptomic changes using MapMan. Based on MapMan BINs [27] the significantly expressed genes were functionally annotated. In total, we analysed the following comparisons: LED100 versus Climate chamber, LED100 versus LED500, LED100 versus LED200, LED100 versus LED RB, LED100 versus LED R, and LED100 versus LED B.





5. Conclusions


While plant growth under fluorescent lights leads to acceptable results and healthy plants, the spectral distribution provided by those lamps is far from comparable to natural sun light. If we strive to observe and analyse our plants as close as possible to the conditions outside in their natural habitat, we need to apply variable light sources such as LED lights where single wavelengths can be adjusted and freely combined. As a further subject for thought, in addition to our study conducted with plants cultivated in climatic chambers, we grew Arabidopsis outside under completely natural conditions (Figure 6a). These plants are obviously smaller and more compact than the plants from climatic chambers, while the leaf phenotypes concerning petiole length and leaf area are quite similar to the plants grown at LED500. The spectral distribution of LED500 was adjusted as close as technically possible to full sun light (Figure 6b). Of course, one needs to keep in mind that the plants grown in the field were subjected to constantly changing humidity and temperature as well as very variable light conditions due to weather changes, which we didn’t monitor continuously. As depicted in Figure 6b,c, the intensity alone changed immensely from cloudy conditions to full sun light. Thus, the divergent growth behaviour is not solely due to different spectral quality. With the use of LED lights, we can move forward towards our goal of observing plant growth and behaviour under conditions mimicking those occurring in nature—especially when further technical advance will allow us to synchronise light conditions from outside with those in climatic chambers.
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The following are available online at www.mdpi.com/2223-7747/6/2/24/s1, Figure S1: Comparison of the spectral output of a new fluorescent lamp (blue line) with one approximately six months old (red line), Table S1: Gene Expression.





Acknowledgments


We thank K. Hoefig for critical reading of the manuscript. F.S. was financially supported by Rhenac Green Tec AG (Hennef, Germany) for some time of the conducted study.




Author Contributions


Franka Seiler did all the experimental work and analysed data, Jürgen Soll and Bettina Bölter analysed data and wrote the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	LED
	light emitting diode



	DAS
	days after sowing



	R
	high portion of red light



	B
	high portion of blue light



	RB
	high portions of red and blue light







References


	1. 
Smith, H. Light quality, photoperception, and plant strategy. Annu. Rev. Plant Physiol. 1982, 33, 481–518. [Google Scholar] [CrossRef]

	2. 
Kami, C.; Lorrain, S.; Hornitschek, P.; Fankhauser, C. Chapter two—Light-regulated plant growth and development. In Current Topics in Developmental Biology; Marja, C.P.T., Ed.; Academic Press: Cambridge, MA, USA, 2010; Volume 91, pp. 29–66. [Google Scholar]

	3. 
Pocock, T. Light-emitting diodes and the modulation of specialty crops: Light sensing and signaling networks in plants. HortScience 2015, 50, 1281–1284. [Google Scholar]

	4. 
Singh, D.; Basu, C.; Meinhardt-Wollweber, M.; Roth, B. Leds for energy efficient greenhouse lighting. Renew. Sustain. Energy Rev. 2015, 49, 139–147. [Google Scholar] [CrossRef]

	5. 
Jenkins, G.I. The uv-b photoreceptor uvr8: From structure to physiology. Plant Cell 2014, 26, 21–37. [Google Scholar] [CrossRef] [PubMed]

	6. 
Xu, X.; Paik, I.; Zhu, L.; Huq, E. Illuminating progress in phytochrome-mediated light signaling pathways. Trends Plant Sci. 2015, 20, 641–650. [Google Scholar] [CrossRef] [PubMed]

	7. 
Pierik, R.; de Wit, M. Shade avoidance: Phytochrome signalling and other aboveground neighbour detection cues. J. Exp. Bot. 2014, 65, 2815–2824. [Google Scholar] [CrossRef] [PubMed]

	8. 
Wu, G.; Spalding, E.P. Separate functions for nuclear and cytoplasmic cryptochrome 1 during photomorphogenesis of arabidopsis seedlings. Proc. Natl. Acad. Sci. USA 2007, 104, 18813–18818. [Google Scholar] [CrossRef] [PubMed]

	9. 
Lin, K.-H.; Huang, M.-Y.; Huang, W.-D.; Hsu, M.-H.; Yang, Z.-W.; Yang, C.-M. The effects of red, blue, and white light-emitting diodes on the growth, development, and edible quality of hydroponically grown lettuce (lactuca sativa l. Var. Capitata). Sci. Hortic. 2013, 150, 86–91. [Google Scholar] [CrossRef]

	10. 
Brown, C.S.; Schuerger, A.C.; Sager, J.C. Growth and photomorphogenesis of pepper plants under red light-emitting diodes with supplemental blue or far-red lighting. J. Am. Soc. Hortic. Sci. 1995, 120, 808–813. [Google Scholar] [PubMed]

	11. 
Barreiro, R.; Guiamét, J.J.; Beltrano, J.; Montaldi, E.R. Regulation of the photosynthetic capacity of primary bean leaves by the red:Far-red ratio and photosynthetic photon flux density of incident light. Physiol. Plant. 1992, 85, 97–101. [Google Scholar] [CrossRef]

	12. 
Johkan, M.; Shoji, K.; Goto, F.; Hahida, S.; Yoshihara, T. Effect of green light wavelength and intensity on photomorphogenesis and photosynthesis in lactuca sativa. Environ. Exp. Bot. 2012, 75, 128–133. [Google Scholar] [CrossRef]

	13. 
Li, Q.; Kubota, C. Effects of supplemental light quality on growth and phytochemicals of baby leaf lettuce. Environ. Exp. Bot. 2009, 67, 59–64. [Google Scholar] [CrossRef]

	14. 
Nanya, K.; Ishigami, Y.; Hikosaka, S.; Goto, E. Effects of Blue and Red Light on Stem Elongation and Flowering of Tomato Seedlings; International Society for Horticultural Science (ISHS): Leuven, Belgium, 2012; pp. 261–266. [Google Scholar]

	15. 
Klermund, C.; Ranftl, Q.L.; Diener, J.; Bastakis, E.; Richter, R.; Schwechheimer, C. Llm-domain b-gata transcription factors promote stomatal development downstream of light signaling pathways in Arabidopsis thaliana hypocotyls. Plant Cell 2016, 28, 646–660. [Google Scholar] [CrossRef] [PubMed]

	16. 
Casson, S.A.; Franklin, K.A.; Gray, J.E.; Grierson, C.S.; Whitelam, G.C.; Hetherington, A.M. Phytochrome b and pif4 regulate stomatal development in response to light quantity. Curr. Biol. 2009, 19, 229–234. [Google Scholar] [CrossRef] [PubMed]

	17. 
Lavy, M.; Estelle, M. Mechanisms of auxin signaling. Development 2016, 143, 3226–3229. [Google Scholar] [CrossRef] [PubMed]

	18. 
Oelze, M.-L.; Muthuramalingam, M.; Vogel, M.O.; Dietz, K.-J. The link between transcript regulation and de novo protein synthesis in the retrograde high light acclimation response of Arabidopsis thaliana. BMC Genom. 2014, 15, 320. [Google Scholar] [CrossRef] [PubMed]

	19. 
Mouradov, A.; Spangenberg, G. Flavonoids: A metabolic network mediating plants adaptation to their real estate. Front. Plant Sci. 2014, 5, 620. [Google Scholar] [CrossRef] [PubMed]

	20. 
Mohr, H. Coaction between pigment systems. In Photomorphogenesis in Plants; Kendrick, R.E., Kronenberg, G.H.M., Eds.; Springer Netherlands: Dordrecht, The Netherlands, 1994; pp. 353–373. [Google Scholar]

	21. 
Usami, T.; Matsushita, T.; Oka, Y.; Mochizuki, N.; Nagatani, A. Roles for the n- and c-terminal domains of phytochrome b in interactions between phytochrome b and cryptochrome signaling cascades. Plant Cell Physiol. 2007, 48, 424–433. [Google Scholar] [CrossRef] [PubMed]

	22. 
Massonnet, C.; Vile, D.; Fabre, J.; Hannah, M.A.; Caldana, C.; Lisec, J.; Beemster, G.T.S.; Meyer, R.C.; Messerli, G.; Gronlund, J.T.; et al. Probing the reproducibility of leaf growth and molecular phenotypes: A comparison of three arabidopsis accessions cultivated in ten laboratories. Plant Physiol. 2010, 152, 2142–2157. [Google Scholar] [CrossRef] [PubMed]

	23. 
Lohse, M.; Nunes-Nesi, A.; Krüger, P.; Nagel, A.; Hannemann, J.; Giorgi, F.M.; Childs, L.; Osorio, S.; Walther, D.; Selbig, J.; et al. Robin: An intuitive wizard application for r-based expression microarray quality assessment and analysis. Plant Physiol. 2010, 153, 642–651. [Google Scholar] [CrossRef] [PubMed]

	24. 
Irizarry, R.A.; Hobbs, B.; Collin, F.; Beazer-Barclay, Y.D.; Antonellis, K.J.; Scherf, U.; Speed, T.P. Exploration, normalization, and summaries of high density oligonucleotide array probe level data. Biostatistics 2003, 4, 249–264. [Google Scholar] [CrossRef] [PubMed]

	25. 
Smyth, G.K. Linear models and empirical bayes methods for assessing differential expression in microarray experiments. Stat. Appl. Genet. Mol. Biol. 2004, 3, 3. [Google Scholar] [CrossRef] [PubMed]

	26. 
Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. Stat. Soc. 1995, 57, 289–300. [Google Scholar]

	27. 
Usadel, B.; Poree, F.; Nagel, A.; Lohse, M.; Czedik-Eysenberg, A.; Stitt, M. A guide to using mapman to visualize and compare omics data in plants: A case study in the crop species, maize. Plant Cell Environ. 2009, 32, 1211–1229. [Google Scholar] [CrossRef] [PubMed]



















© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  plants-06-00024


  
    		
      plants-06-00024
    


  




  





media/file8.jpg
¢

"wv_' 'U'H'u

I‘]

o






media/file11.png
Absolute intensity (WW/cm?/nm)

Absolute intensity (WW/cm*/nm)

4000 —

3000 —

2000 —

1000 —

1500 —

1000 —

500

LEDSO0O

outdoor

T T T
550 600 650

Wavelength (nm)

L]
500 550 600

Wavelength (nm)






media/file6.jpg
E;,Lr_,__ ] ;____:_;.L bk






media/file1.png
LED100

CC

LED200

LEDS500

LED RB

LED red

LED blue

Absolute intensity (WW/cm?/nm)

12 DAS

LED100 R
30 -
20 -
10 -
I 1 1 1 I | 1 I
400 450 500 550 600 650 700 750

Wavelength (nm)

- Fluorescent light
= 801
£
E
L
= 604
=
2
‘@
& 401
=
i)
=
ng 204
e}
<
| =
T T I T T 1 T T
400 450 500 550 600 650 700 750
Wavelength (nm)
£ 100 - LED100/200/500
=
5 80
=
=
> 60 A
B
=
o
£ 40 A
&
=
2 20
=
<
| I 1 I 1 | I
400 450 500 550 600 650 700 750
Wavelength (nm)
A LED100 B
£ 30
E
KS)
%20
=
@
5]
= 10
L
=
3
T 1 1 T T L) T T
< H‘J4OO 450 500 550 600 650 700 750
Wavelength (nm)
£ LED100 RB
£ 301
=
2
=
=
> 204
‘B
=
L
£
@
S 104
o
w
]
<C
T T T T L] L T L]
\‘_/400 450 500 550 600 650 700 750

Wavelength (nm)






media/file10.jpg
s o

LED500

outdoor






media/file7.png
d

a Iransport

Development
Totally differentially expressed genes SRR

Signaling

Protein glycosylation

LED 500

LED 200

Protcin folding

Protein degradation
Posttranslational modification
Protein synthesis

Protein targeting

6223 2951 326 Protein amino acid activation
(85.5%) (31.1%) (3.4%) DNA synthesis/ repair
RNA regulation of transcription
RNA binding

RNA Processing

»us enzyme families

C1 metabolism

Nucleotide metabolism

Polyamine synthesis

Up regulated genes Re dox

Stress

Led 500 Led 200

Tetrapyrrole synthesis
Vitamine metabolism
Hormone metabolism

Se

Metal handling

S-assimilation

Amino acid metabolism

Nitrogen metabolism
Lipid metabolism

Cell wall metabolism

1wondrial electron transport

TCA

OPP cycle

Gluconeogenesis
Down regulated genes Fomsonesion

Glycolyis

LED 500 Led 200 Minor CHO Metabolism

Major CHO Metabolism

Photosynt hesis

Transport

lopment
Cell organization
Signaling

Protein degradation

Posttranslatic

nal modification
Protein synthesis

Protein targeting

n amino acid activation

DNA synt

s/ repair
RNA regulation of transcription
RNA binding

RMNA Processing

Miscellaneous enzyme families
C1 metabolism

Nucleotide metabolism

Polyamine synthesis

Re dox

Tetrapyrrol

Vitamine metabolism

Hormone metabolism
Secondary metabolism
Metal handling
S-assimilation
Amino acid metabolism

Nitrogen metabolism

Lipid metabolism

Cell wall metabolism

chondrial elec

OFP cycle

Glucon

Ferme

ntation

Glycolyis
Minor CHO Metabolism

Major CHO Metabolism

ynthesis

No. of Down-Regulated Genes under LED200 light conditions

o

[I[r"'r[[‘rl'[l[r' [ LI [rl T |i|

50 100 150 200 250

| No. of Up-Regulated Genes under LED200 light conditions

Tt HI |

-

[[[rffll|||‘|‘r|

S

250 300 350 400 450

s under LED 500 light conditions m No. of Up-Regulated Genes under LED 500 light conditions

500

300






media/file9.png
Blue

Blue

Transg

opm

Cell organizatio

Signa

Frotein degradation

Posttranslaticonal modification

Protein synthesis
Protein targeting

Protein amino acid activation
DNA synthesis/ repair

RNA regulation of transcription

L

RMNA Processing

Miscellansous enzyme families

rapyrrobe s

Vitamine m

Hormmone metabolism

ondary me
A

handling
S-assimilation
Amino acid metabolism

Nitrogen metabolism

srm

Lipid metabolis

Cell wall metabolism

Mitochondrial electron transg

CHO Metabolism

T
re——a

T ——
1
—_—
) 1

® No. of Down-Hegulated Genes undaer red light conditions

a 5 7

W No. of Up-Regulated Genes under red light conditions

zation

inding

et
rotel ——
OtNA 3
!
i —————
RMNA, Processing
Miscellancouws enzyme families
<1 ab
w synthesis
Redox
—— synthesis
vitamine matahatism
Hoernooe me tabolism
Secondary me 108 ST
Metal handling
S-assamilation
Aming acikd me tabolsmm
MNitrogen me tabolism
Lipid me tabokism
1wl e .

Glycolyis

Maijcr CHO Metabolsm

Minor CHO Metahol

Phot osynthesis

a 1 2 a

or B light cond

- o of

gulate

Transport

) O
Cell organization
Signaling

Protein degradation
Posttranslational madification
Protein synthesis

Protein targeting

Protein amino acid activation
DNA synthesis/ repair

RNA regulation of transcription

Miscellaneous enzyme families
C1 metabolism

Nucleotide metabolism
Polyamine synthesis

Redox

Stress

Tetrapyrrole synthesis
Vitamine metabolism

alism

Hormone meta
Secondary otab g
Metal handling

S-assimilation
Amino acid metabolism
Nitrogen metabolism

Lipid metabolism

Cell wall metabolism
Mitaochondrial electron transpor

CA

OPP cycle
Gluconecgenesis
Fermentation

Glycolyis

Minor CHO Metabolism
Major CHOD Metabolism
Photosynthesis

o 0,5 1

0,5

B No. of Down-Ragulated Genas under RB light conditions

HNo. of Up-Regulated Genes under RE light conditions






media/file5.png
Transport

Dev

opment
Cell organization
Signaling

Protein degradation

on

Protein synthesis

Protein targeting
Protein amino acid activation

DNA synthes

repair
RNA regulation of transcription
RNA b

RNA Processing

ding

Miscellaneous enzyme families
C1 metabolism
Nucleotide metabolism

Polyamine

Tetrapyrrole sy
Vitamine metabolism

Hormone metabolism

idary metabolism
Met al handling
S-assimilation

Amino acid metabolism

Cell wall me
Mitochondrial electron transport
TCA

OPP cycle

Gluconeogenesis

Ferme ntation

Gly yis
Minor CHO Metabolism

Major

CHO Met

bolism

Photosynthesis

No. ©

n-Regulated Genes under CC light conditions

——
—

=

o

=

L

g
|
L

(S

) 10

0 20 30 40 50 60

| No. of

Up-Regulated Genes under

CC

70 80

light conditions

90






media/file3.png
Q

Rosette area in % of LED100

o

No. Of leaves in % of LED100

Stomatal density (no/mm?) % of LED100 ¢p

800
700
600
500
400
300
200

100

180
160
140
120
100
80
60
40
20

12 DAS

W 16 DAS
W 18 DAS

i %

— %

LED100 RB LED 100 R

LED100 B

Freshweight (mg) in % of LED100

12 DAS

M 16 DAS
W 18 DAS

[

LED 100 RB LED 100 R

LED 100 B

PSll yield in % of LED100

LED100 RB LED 100R

LED 100B

1600

1400

1200

1000

800

600

400

200

120

100

80

12 DAS
B 16 DAS
B 18 DAS

LED 100 RB LED 100 R

H %

LED 100 RB LED 100R

LED 100 B

LED 100 B






media/file4.jpg
e






media/file0.jpg
12DAS  16DAS 18 DAS
LED100

cc

LED200

LEDS00

LED R

LED red

LED biue






media/file2.jpg





