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Abstract

:

Two groups of Cistus creticus seedlings were grown in two chambers under controlled environmental conditions. In one of the chambers, a continuously emitting base unit of a wireless telephone was placed. After fifty days of culture, the two groups of plants were removed and thoroughly investigated and compared. The aboveground parts of the exposed plants were retarded in development while their roots exhibited increased biomass, compared to the controls. There was a minor decrease in the absorbance of the photosynthetic pigments in exposed plants, while an overproduction of Reactive Oxygen Species (ROS) ROS in their leaves and roots was detected. The expression of the L-Dopa decarboxylase (DDC) seemed to “erupt” following the exposure to radiation in both shoots and roots of the stressed plants, and their roots slow down their secondary development; strangely, the phenolic content is reduced in their leaves, the external topography of which indicates a rather xeromorphic response. We may suggest that Cistus creticus plants, forced by the radiation stress, can finely tune their metabolic pathways in a way that can be useful in the pharmaceutical industry.
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1. Introduction


The seasonally dimorphic subshrubs (phrygana, garrigue, or batha) and the evergreen sclerophyllous species (chaparral or maquis) which compose the two main plant formations in the Mediterranean region [1] are imposed into two severe, timely separated strains [2,3]: the unfavorable environmental conditions of the hot, arid summer and the brief but chilling temperatures of the winter [4]. All these plants have developed unique, interesting strategies to either evade or escape the stressing conditions [5]. On the poor soils of the Mediterranean terrain, many species of the Cistaceae family grow. Among them, the rock rose (Cistus creticus (The International Plant Name Index: Cistaceae, Cistus creticus L.—Sp. Pl., ed. 2. 1: 738. [Sep 1762] IPNI (2004)); synonym: Cistus incanus) [6] (Figure 1a), a small, woody, seasonally dimorphic shrub, distributed along the coast of the Central-Eastern Mediterranean, Northern Africa, and Western Asia, being absent in France and the Iberian Peninsula [7].



Information is available for C. creticus concerning the physiology of its leaves [8], its uses in traditional folk medicine [9], the antimicrobial, antioxidant, antitumor, antinociceptive, and analgesic effects of its leaf extracts [10,11,12,13], as well as their antiproliferative effect on human prostate cells [14]. Extracts and purified substances from C. creticus have been tested and proven to have selective activities against the influenza virus due to the bioactive secondary metabolites they contain, such as flavonoids, aromatic compounds, phenolics, and tannins [15,16]. The later have been investigated separately and C. creticus is considered as the plant with the most extensive accumulation of phenolic compounds in its leaves [12,13].



Concerning the morphology and the anatomy of this species, data are available on seasonal dimorphism [17], the leaf structure and the secreting activity of the trichomes [18,19], the constituents of the commercial labdanum oil [20,21], the types of trichomes [22], as well as on the variations between summer and winter leaves [23].



During the last decades, wireless networks and millions of mobile phone users have had a substantial contribution to the settled “cloud” of non-ionizing radiation, which imposes a non-intended, irradiated life on all organisms. The rapidly increasing use of the cellular technology and the consequent increase of a stress factor—the electromagnetic radiation in the atmosphere [24]—drastically affect the Earth’s natural radiofrequency environment. This change triggered a constantly expanding confrontation concerning the effects of this additional radiation to human life and environmental health [24,25,26,27]. Some concern was given to plant reactions as well [28,29,30]. Since radiofrequency seems to constitute a genuine environmental stimulus for plants and given that plants can exploit sunlight, they must also have some means of protecting their living cells from the damages [31]. Electromagnetic radiation can evoke specific responses, many of them being similar to those observed after a natural stress or an in vitro stressful treatment [32,33]. In addition, plants prove to be an outstanding model for studying such interactions since their architecture (high surface/volume ratio) optimizes their co-action with the environment. Plants remain exposed to radiation at a constant orientation within an electromagnetic field, due to their inability to move [34], while it is possible to easily document changes over time, such as disturbed cell structure, retarded growth, and yield shortage [33,35,36].



On the other hand, it has been well-documented that, among the escape reactions of the Mediterranean plants from the impact of combined environmental stresses, the production of certain secondary metabolites whose biosynthesis is shared by animals and plants seems to be of major significance [37,38,39].



Among these metabolites, some animal neurotransmitters are included, with a noted example being that of acetylcholine, in the stinging trichomes of the stinging nettle (Urtica spp.) [40,41,42]. Another secondary metabolite synthesized by both plants and animals [37,38] is the extremely toxic L-3,4-dihydroxyphenylalanine (L-DOPA) [43,44]. Plant cells rapidly eliminate L-DOPA, due to its toxicity, through an enzymatic conversion catalyzed by DDC. The product of this reaction is another renowned mammal neurotransmitter [45], the catecholamine dopamine [42]. Dopamine is a precursor of many alkaloids, regulates carbohydrate metabolism, and protects the plants against various pathogens [45]. Recently, an interesting review has been released, describing the biosynthesis and the functions of dopamine in plants as well as its role in plant growth and development [46].



Considering all of the above, as well as the fact that: (a) all plant species, investigated so far, appear to be seriously disturbed and/or deformed when exposed to mobile phone irradiation [33,35,36,47,48], (b) Cistus creticus is a seasonally dimorphic plant of high resistance to environmental stress, (c) many specific secondary metabolites of pharmaceutical interest are synthesized by this plant [49,50], (d) the DDC expression and dopamine conversion are boosted after exposure to various stressing factors, in many plant species so far investigated [39,44,48,51], and (e) the need to further investigate the effects of dopamine against environmental stresses, intending to improve the yield of eco-friendly crops and ensure food security, we launched this research to probe the overall response—including the expression of DDC—of a tolerant, highly appreciated pharmaceutical plant to an emerging “pollutant”, and add a piece of knowledge to this major, “hard-nut-to-crack” issue. Following this investigation, we suggest that Cistus creticus individuals, after long-term exposure to a wireless phone radiation, increase their ROS and present a significant increase of the DDC expression and a substandard accumulation of phenolics within the mesophyll cells. It seems that the exposed plants can finely tune the metabolic pathways within a stressing environment, a feature that can be exploited by the pharmaceutical industry.




2. Materials and Methods


2.1. Plant Material and Exposure Setup


Seeds of Cistus creticus were collected in late October 2020 from certain individuals growing wild on a north-facing slope of the “Ioulia and Alexandros Diomidis Botanical Garden”, west of Athens Metropolitan area (38°00′91.92′′ Ν, 23°64′75.86′′ E, at an elevation of 149 m). Scarification of seeds was performed by thermal treatment in boiling water for 10 s due to their water-impermeable hardy nature [52]. Then, they were placed in a petri-dish with 3 mL of distilled water and incubated at 20 °C (70% humidity) in the dark for about 4 weeks, until sprouting.



Sprouts, at the cotyledon stage, were sown in 80 × 80 mm, 400 mL pots, filled with damp Potgrond P medium (Klasmann–Deilmann, Geeste, Germany), at pH 6.0. Two young plants were accommodated in each pot (Figure 1b). Twelve pots, in two groups of six, were collocated in each of the two Faraday cages (40 × 40 × 25 cm, covered with 0.8 mm mesh, 0.1 mm stainless-steel wire). The cages were thoroughly checked, after their construction, for their ability to isolate any radiation either incoming or emitted from within. They had a built-in light source (Philips, Amsterdam, Netherlands, CorePro LED bulb, 11.5 W = 75 W, at 2700 K, 105 mA) producing 2500 lux radiation (photosynthetically active radiation = 60 μmol m−2 s−1) at the surface of the pots.



Both cages were placed in a ventilated, adjustable temperature, P-Selecta incubator (Model No. 2000238, Barcelona, Spain), where they remained at 25 °C for seven weeks (26 October to 14 December 2020) (experiment 1) (Figure 1c). In the middle of one of the cages, the base unit of a Digital Enhanced Cordless Telecommunications (DECT) telephone apparatus (General Electric, Boston, MA, USA, Model 123) was appropriately positioned (yellow arrow in Figure 1c,d). The DECT base was in a 24 h/7 days a week pulsed transmission mode, at 1882 MHz, as described elsewhere [53], while the light/dark program of the chamber was adjusted to a 16/8 cycle [47].



The experiment was repeated one more time for cross-checking the results (experiment 2; Figures 2–5 and 7). The setup was identical, and the incubation period remained the same (4 January to 22 February 2021).



Radiation was measured in the two cages with the NARDA SRM3000 (Narda Safety Test Solutions, GmbH, Pfullingen, Germany) spectrum analyzer while the DECT device was transmitting within one of them. Τhe corresponding electrical field intensity (average and peak), in each experimental setup, was measured for a 6 min period according to ICNIRP [54] guidelines, as follows:



	CAGE
	Average
	Maximum



	Control
	73.67 mV/m
	548 mV/m



	Exposed
	2.072 V/m
	11.32 V/m








Supplementary measurements were performed, in the control cage, with a broadband field meter (TES-92, 50 MHz–3.5 GHz, electromagnetic radiation detector—TES Electrical Electronic Corp., Taipei, Taiwan) at the value of 490.1 mV/m. In the nearby cage (exposed), radiation reached the value of 27.46 V/m (27.460 mV/m, at 1882 MHz) (55-fold higher).




2.2. Microscopy


At the end of each experiment (Figure 1d), the pots were removed from the cages, and the culture medium was smashed in the water to release the young plants which were then washed to remove any remnants of the Potgrond P medium from the roots. Free from the medium debris, they were placed on a filter paper (Figure 2) to dry at 60 °C, for three days. All plants were weighed for their aboveground part and their root system. A small part from the center of the leaf, adjacent to the mid-vein, was removed from three leaves taken at random, cut into small pieces (1 × 1 mm), and fixed in phosphate buffered 3% glutaraldehyde (Merck KGaA, Darmstadt, Germany) (pH 6.8) at 0 °C for 2 h [55]. A few pieces were dehydrated in graded acetone series, critical point dried, coated with gold, and viewed with a JEOL (Tokyo, Japan) JSM-6360 Scanning Electron Microscope. The rest of the tissue was post-fixed in 1% osmium tetroxide (Merck KGaA, Darmstadt, Germany) in phosphate buffer, dehydrated in graded ethanol series, and embedded in Durcupan ACM (Fluka, Steinheim, Switzerland). Semi-thin sections obtained from a LKB (LKB-Produkter AB, Bromma, Sweden) Ultrotome III were placed on glass slides and stained with 0.5 toluidine blue O (in 1% borax solution) (Merck KGaA, Darmstadt, Germany), as a general stain, for light microscopic observations.



The same fixation, dehydration, and embedding process was followed (a) for small pieces of roots dissected from the elongation zone of numerous primary roots, about 1 cm above the apical meristem, and (b) for C. creticus leaves detached from plants growing wild in a nearby Mediterranean formation of seasonal dimorphics, at the western slope of mount Hymettus (east of Athens: 37°57′58.1′′ N, 23°47′15.5′′ E, altitude 220 m), since it seems crucial to compare the attributes of the wild-growing leaves to those of the leaves from the cultured plants.



Fixation was repeated after each experiment and the embedded tissues were sectioned and observed for cross-checking the results. Literature for double fixation is cited in detail in [56].




2.3. Pigments Protocol


Chlorophyll pigments were extracted and measured for their spectral absorbance using a VWR 1200 VIS Spectrophotometer (VWR International GmbH, Darmstadt, Germany) according to the protocol described in detail in [57]. The absorption of chlorophylls was measured considering the leaf mass, and all measurements were normalized per 50 mg of leaf fresh weight (average absorbance of 4 weighed leaf samples, each one originating from a different individual, for each experiment—control and exposed).




2.4. Protein Extraction and Determination of Protein Concentration


After weighing the mass of the fresh plants, four mature leaves were detached from four plants (the older leaf on the stem) out of each group (control and exposed). These plants were picked at random. The leaves were separately ground, immediately after being detached, in liquid nitrogen. Protein extraction was performed using RIPA lysis buffer (Thermo Fisher Scientific Inc.—Waltham, MA, USA), samples were centrifuged (12,000× g, 30 min, 4 °C), and the supernatants were stored at −20 °C. Total protein concentration was determined according to the method of Bradford [58], using Bovine Serum Albumin (BSA-Merck KGaA, Darmstadt, Germany) as a standard.




2.5. SDS-Polyacrylamide Gel Electrophoresis and Immunoblotting


SDS-polyacrylamide gel electrophoresis (PAGE) and immunoblotting was performed on a “Biorad Mini Protean” electrophoresis apparatus, as described by Laemmli [59], using a 12% (w/v) polyacrylamide slab gel. Electrophoresis was carried out at 120 V for 140 min at room temperature. Following electrophoresis, samples were transferred onto nitrocellulose membrane [60]. Immunological detection of the proteins was performed according to Batteiger’s method [61] using the antibody described below. For monitoring protein separation during SDS-PAGE and estimation of proteins’ molecular weight, the BlueStar pre-stained protein marker (Nippon Genetics Co., Tokyo, Japan) was used. The chromogenic alkaline-phosphate detection method was performed on the nitrocellulose membrane. Nitro Blue Tetrazolium/5-Bromo-4-Chloro-3-Indolyl Phosphate (NBT/BCIP-Merck KGaA, Darmstadt, Germany) substrate was used as the detection method.




2.6. Antibodies


The specific anti-DDC antibody (against the last 22 C-terminal amino acids of human DDC) was raised in the laboratory of Dr D. Vassilacopoulou. The secondary antibody (MFCD00162782) was purchased from Sigma-Aldrich™, Milan, Italy.




2.7. Quantification


The software “Image Pro Plus” v.10.0 (Media Cybernetics, Rockville, MD, USA) was employed for the quantification of the immunodetection bands. The intensity of each band was measured 5 times to obtain the statistically needed repetition for the standard error of the mean, and data (in pixels) were illustrated in bar graphs, using the software “OriginLab Pro” v.9.0 (Northampton, MA, USA).




2.8. Total Reactive Oxygen Species (ROS) Estimation


ROS levels were measured using the oxidant-sensitive fluorescent acetyl ester CM-H2DCFDA (5-(and-6)-chloromethyl-2′,7′-dichloro-dihydro-fluorescein diacetate—Merck KGaA, Darmstadt, Germany), as described in detail in [39]. Total ROS were expressed as fluorescent units/μg of protein extracts [62].




2.9. Total Phenolic Content


Phenolics are more than abundant in the leaves of the Mediterranean plants. Biosynthesis of phenolics, some of them of great pharmaceutical importance, seems to be a “Mediterranean habit”. The adopted extraction method was introduced as the most effective since it was repeatedly tested in numerous physiological and pharmaceutical investigations [63,64,65]. Total phenolic content was determined using the Folin–Ciocalteu method, based on the reduction of phosphor-wolframate-phosphomolybdate complex by phenolics to a blue product [66,67]. Then, 0.1 g from dry leaves’ tissues was pulverized and 10 mL of 50% methanol solution was added. The samples were incubated in a water bath at 40 °C for three hours, and afterwards, the samples were filtered. Then, 0.25 mL (v/v) of Folin–Ciocalteu reagent (Merck KGaA, Darmstadt, Germany), diluted 100 times, was mixed with 0.75 mL of saturated sodium carbonate (20% w/v), and 50 μL of the samples (filtered samples) were added. Afterwards, the mixture was heated for 30 min at 45 °C and left to cool at room temperature prior to the absorbance measurement at 765 nm using the UV/Vis spectrophotometer (Shimadzu PC-1800, Kyoto, Japan). The results were calculated by comparing a standard curve (μg gallic acid—98% gallic acid/mL) to the absorbance curve of each sample gallica acid was purchased from Merck KGaA, Darmstadt, Germany).



Three biological replicates were performed.




2.10. Statistical Analysis


All numerical data, being subject to statistical analysis, were processed using the SPSS v.21.0 software (SPSS Inc., Chicago, IL, USA). The analysis was performed by employing paired t-tests comparing control samples to each one of the exposed samples. Data were previously checked for their normality. Data were expressed as mean ± standard error of the mean. The differences were considered statistically significant when p < 0.05 (*). N: number of biological samples, and n: number of biological experiments.





3. Results


Considering the biomass of the cultured plants from both experiments, we observed, at a first glance, that the two groups of plants looked rather similar (Figure 2). However, the biomass of the aboveground part of the control, compared to that of the exposed plants, seemed to differ significantly. In the first experiment, the exposed plants failed to match the productivity of their control counterparts, presenting a yield of 12% inferior for the aboveground parts, but it seems that they shifted their biomass production towards the root. The exposed plants produced 37% more biomass for their belowground parts (first experiment) (Figure 3) compared to the control plants. The corresponding values, for the second experiment, were −14% for the stem and +20% for the roots.



The pigment absorbance also seemed to be affected. The graphs of the pigment absorbance after the first experiment indicate that the leaves of the exposed plants presented reduced absorbance. This probably happens because the strain reduces their photosynthetic pigments through the damage of chloroplasts by active oxygen species [68] (Figure 4a). The same is true, to a higher extent, for the second experiment (Figure 4c).



A careful investigation of the oxidative stress, in the form of ROS, indicated that both the shoots and the roots of the exposed plants sustained severe oxidative stress. In the first experiment, the shoots of the exposed plants presented a statistically significant increase of the oxidative stress at a value of about 30% compared to the control plants (Figure 4b, left). A significant increase at a value of about 40% was recorded for the roots of the exposed plants, respectively (Figure 4b, right). The corresponding values were 36% (stems) and 45% (roots) for the second experiment (Figure 4d).



Finally, the immunodetection of DDC in the leaf samples of control and exposed plants indicated that, after the exposure, the levels of DDC protein expression rose remarkably in both the shoots and the roots. The immunodetected enzymes for the exposed plants, compared to the corresponding from the control ones, differed significantly in both experiments (Figure 5a,b), a fact clearly demonstrated by the quantification of the bands (Figure 5a,b, lower). Interestingly, the obtained data indicated the presence of two DDC immunoreactive signals in every sample tested. The presence of the higher MW DDC immunoreactive band could represent a yet unknown DDC isoform or post-translational modification. The same is true for the roots of the exposed plants (Figure 5a,b, roots). The upper band in all specimens (Figure 5a,b) probably indicates a weak expression of another transcript of the DDC, with an about similar molecular weight.



Observations of leaf cross-sections revealed some major differences among the two leaf types. Both leaf types (Figure 6a) were of limited thickness, with sized epidermal cells and mesophyll tissues loosely kept apart. This is a structure far from typical for a xeromorphic plant, probably because water stress does not exist in the culture chambers. The “control” leaves exhibited smaller cells in the adaxial epidermis, numerous cells accumulating condensed, osmiophilic phenolics, a few idioblasts with crystals, weak mechanical tissue, and stomata on both surfaces.



On the contrary, the “exposed” leaves (Figure 6b) were more or less similar in thickness, with thinner epidermal cells, distinct but single-layered palisade, and loose spongy parenchyma. Many mesophyll cells seem to accumulate loose, granular phenolic contents, while the mechanical tissue escorting the conductive bundles is hardly developed. Both leaf types possessed stomata on both surfaces: they were numerous on the surface of the “exposed” leaves, and thus could be observed even on the upper epidermis, in cross-sections of the leaves (red arrow in Figure 6b). Paradermal sections confirmed the fact that “control” leaves, although not exposed to the radiation stress, compared to their “exposed” counterparts, appeared to accumulate large quantities of condensed phenolics in the vacuoles of their mesophyll cells (compare Figure 6c,d).



Considering the biosynthesis of secondary metabolites as an interesting aspect of “plant life” when the primary metabolic pathways are unable to operate, mainly due to unfavorable environmental conditions, we assessed the phenolic content of both leaf types. It seems rather controversial, but it is totally true that the leaves of the non-stressed “control” plants seemed to accumulate as much as almost double the phenolics located in the leaves of the exposed plants, in both experiments (compare Figure 7a,b).



To establish the differences in the various attributes of the leaves after the seven weeks of culture and distinguish the effects of radiation on the exposed plants, we carefully observed the surfaces (adaxial and abaxial epidermis) of the leaves from wild-growing plants. This approach would provide some pieces of information on the effect the almost favorable conditions could have in the culture plants and verify the true effect of radiation on the exposed, cultured individuals.



The dorsiventral, hairy leaves of the wild-growing plants of Cistus creticus exhibited certain xeromorphic characteristics and have been thoroughly studied regarding their secretory trichomes and the difference of the mesophyll structure, the secretive function, and the secondary metabolites’ accumulation between the summer and the winter leaves of the plant [19]. The epidermal features of these leaves indicate the stress they sustain from the environment. The adaxial surface is wavy, with deep fissures and numerous, multicellular, spiny hair (Figure 8a). The abaxial surface is characterized by the projections of the leaf nerves, and the large number of trichomes which can be either spiny, multicellular-protective, or short, multicellular-secretive. The hair cover of the abaxial surface is thick (Figure 8b).



Among the cultured plants, the leaves of the “control” individuals seemed to retain a xeromorphic structure, yet their adaxial (upper) surface had few trichomes of rather simple structure (Figure 8c) compared to those of the leaves from the wild-growing plants. The same is true for the abaxial (lower) epidermis, which was rather flat, with no projection of the leaf nerves (Figure 8e). Both surfaces of the “control” leaves appeared to be less xeromorphic than those of the naturally growing plants. Concerning the “exposed” leaves, we easily observed the increased pubescence (Figure 8e,f), especially on the lower surface (Figure 8f), although trichomes appeared simple and fragile as in the “control” plants, being significantly different compared to those on the leaves of the wild-growing plants. An interesting difference between the “control” and the “exposed” leaves is the stomatal density.



The number of stomata at the surfaces of the “control” leaves was 17 ± 6 mm2 for the upper and 52 ± 9 mm2 for the lower epidermis (Figure 8c,d). In the exposed plants, the stomatal frequency rose significantly at the value of 89 ± 10 mm2 for the upper and 121 ± 12 mm2 for the lower epidermis (Figure 8e,f). This could somehow be considered as a reaction towards a xeromorphic assembly.



A detailed observation and counting of stomata on the lower (abaxial) surfaces from both the “control” and the “exposed” plants easily confirmed the significant difference in the number of stomata (circles in Figure 9a,b). The increase in stomatal frequency of the exposed plants was about 420% for the adaxial and 130% for the abaxial (Figure 9a,b) epidermis. Similar results were recorded in the second experiment (384% and 118% increase of stomatal frequency for the adaxial and abaxial surfaces, respectively).



Concerning the primary roots, sectioned at exactly the same length (2 mm) from the root tip and after numerous observations, we revealed that the roots of the exposed individuals seemed to delay their secondary development, although they finally surpassed the biomass of the roots from the “control” plants. As depicted in Figure 10, in all roots—main and lateral—of the “control” plants (Figure 10a), the development of the secondary xylem, and the secondary structure in general, appeared closer to the root tip. However, all the roots of their “exposed” counterparts (Figure 10b) seemed to retain their primary structure within a longer length above the root tip. This is an interesting observation to be discussed in the next section. Both root types appeared to be lined with a layer of phenolic-containing cells just where the endodermis and the pericycle are expected to be located.




4. Discussion


Prior to the discussion on the results of the current investigation, we must point out that the culture conditions within each of the chambers, compared to the normal Mediterranean environment, were far from being stressful concerning temperature, light intensity, and water availability, and thus, the plants were able to proceed with their development, adopting a more mesomorphic structure. This turnaround was primarily reflected in the most malleable organs of the plant, the leaves. The differences of the leaf structure of the cultivated plants, when compared to the wild-growing plants [19], were significant. However, in one of the chambers, despite the favorable growing conditions, a stressing environmental factor emerged: the radiation emitted from the base unit of the DECT apparatus.



The comparison of the biomass between the two groups of plants revealed an interesting response. At a first glance, the “phenotype” for both plant groups seemed similar, but when it comes to biomass (dry weight), interesting differences were revealed. Reduced leaf compactness of the stressed plants may be responsible for that. In the case of C. creticus, the aboveground biomass was reduced in the exposed plants, in both experiments, while the roots of these plants exhibited significantly higher development. The decrease of the aboveground biomass had a mean value of about −12.5% in both experiments, while the increase of the root biomass was about +37%. This is not a common phenomenon. In previous investigations for the effect of the non-ionizing radiation on plant species from various taxa (pinophyte, monocots, eudicots), the exposed plants exhibited lower biomass for both their aboveground parts and their roots [33,35]. An exception was reported for Zea mays, of which the exposed plants exhibited higher root biomass than their control counterparts [36]. The significant increase of the root biomass of the exposed plants may suggest that certain metabolic pathways responsible for the stem growth are retarded by radiation, while the roots take advantage of the protection offered within the soil micro-environment. Since this interpretation cannot be attributed to the plants mentioned above and reported in previous investigations, we can assume that the roots of the stress-tolerant C. creticus may have an ability to exploit the occasional “friendship” of the soil environment and take advantage of it.



The response of C. creticus to the radiation emitted within the chamber was also investigated in detail. We observed the structural features of the leaf, in both light and scanning electron micrographs, along with the root and some physiological parameters, such as the pigment absorbance, the levels of the stressful reactive oxygen species, the expression of the stress-relieving DDC, and other secondary metabolites.



The measurement of the absorbance spectrum for the photosynthetic pigments can provide basic information on the physiological status of a plant. Drought stress causes a major decline in the total chlorophyll content in all sunflower varieties investigated [69]. The decrease in chlorophyll under drought stress is also reported to be caused through the damage of chloroplasts by active oxygen species [68]. According to our data, the absorbance of the photosynthetic pigments appeared to decrease, and this reduction can be significant for a developing plant. Given that the graphs were created after normalizing per leaf tissue, the minor divergence in control vs. exposed samples at 400 nm in the second experiment can be explained.



It is well-documented that under stress conditions, the easily ruined organelles such as chloroplasts, mitochondria, and peroxisomes become the major ROS generation sites in plants [70,71,72]. Therefore, the photosynthetic apparatus is damaged by ROS generation under environmental stresses [72]. We observed that in C. creticus, the severely stressed leaves sustained ROS overproduction and suffered a reduction of their photosynthetic pigments, as indicated by the absorbance spectrum.



It has also been reported, repeatedly, that the oxidative stress is considered responsible for the production of phenolics, which play an important role for plants under stress conditions [73,74,75]. Assuming the ROS levels in the leaves of C. creticus trigger the secondary metabolic pathways, we observed that the stressed leaves appeared less prone to the phenolic accumulation habit (Figure 6 and Figure 7). This response is rather difficult to explain. It seems, to the best of our knowledge, unique among the Mediterranean plants investigated so far, and probably indicates a special strategy, introducing, for this species, a kind of specific tolerance against a variety of unfavorable environmental conditions.



Concerning the significant increase of the DDC expression in the stressed leaves, it has been reported that it is due to the urgent need for the decarboxylation of L-DOPA. This is an extremely toxic secondary metabolite whose biosynthesis is shared by animals and plants [37,38]. L-DOPA is converted to the well-known mammal neurotransmitter [45], the catecholamine dopamine [42], an antioxidant that can regulate carbohydrate metabolism. It can also serve as a precursor of some alkaloids, protect the plants against certain pathogens, and control nitrogen detoxification [45]. DDC expression seems to “erupt” after environmental stress since dopamine, the output of the DDC activity, is a potent antioxidant, acting as a ROS scavenger [76]. Therefore, it can help the plants defend themselves against stressing environmental factors, including pollutants [77], high solar irradiance, water deficit [38], and non-ionizing radiation [51], which cause excessive ROS production. A significant increase in DDC expression was also reported for myrtle (Myrtus communis L.) leaves after long-term exposure to mobile phone-generated, non-ionizing radiation [48], for Phlomis fruticosa after short-term exposure to severe environmental summer strain [39], as well as for the leaves of Olea europaea L. under combined environmental stress [44]. As far as the roots are concerned, the occurrence of L-DOPA decarboxylase has already been demonstrated in Cytisus scoparius [37] and Vigna unguiculata [78]. In Nerium oleander, the expression levels of DDC in roots exposed to a mobile phone-generated, non-ionizing radiation, were surprisingly increased up to 200%, as compared to the hardly detected band for their control counterparts [49]. In the case of C. creticus, exposed leaves and roots, in both experiments, exhibited massive DDC expression (Figure 5). Presumably, the stress was not “ignored”, and the defense mechanism was launched. The result of this defense strategy is among the impressive hits of the evolution. Under all circumstances, a secondary band, below that of 53 kDa, was apparent, and it probably depicts the expression of another transcript having a rather similar molecular weight. This observation is a matter for further investigation.



The tannin paradox of C. creticus also seems worthy to discuss. The “exposed” leaves seemed to scorn the common trait of the stressed Mediterranean plants, while their “control” counterparts, although experiencing the conditions of a “humid” culture, appeared to accumulate phenolics, in their condensed form, in all mesophyll cells. Since the biosynthesis of phenolics, in Mediterranean plants, is a very common “escape valve” to overcome such problems, the evaluation of the phenolic content of both leaf types could prove valuable. The biosynthesis of phenolics is genetically determined and has been “imprinted” in the genetic material of all Mediterranean plants. The accumulation of these metabolically inert compounds can be observed, to a great extent, in all Mediterranean plants, no matter what the environmental conditions are [12,13,15,16,79]. The more stressing the environmental conditions appear, the higher the rate of phenolic accumulation. In the case of C. creticus, we can assume that the radiation within the culture chamber probably creates a kind of relieving condition against some other stressful environmental factor, i.e., light intensity or temperature, and thus shifts plant metabolism to a more mesomorphic profile.



The above-described mesomorphic profile of the leaves cannot be exhibited in scanning electron micrographs, where the “exposed” leaves appeared to possess traits supporting the survival A higher stomatal frequency actually has an effect on the rate of CO2 uptake as well as the rate of transpiration [80]. Increased CO2 uptake can enhance CO2 fixation and, consequently, plant growth [81]. Moreover, stomatal short-term behavior and long-term developmental (e.g., stomatal size and its density) responses to environmental changes might also affect photosynthesis [82,83]. On the other hand, the reduced absorbance recorded in our investigation for the photosynthetic pigments does not seem to be in favor of high photosynthetic rates, eliminating the advantage of the higher stomatal frequency. The higher stomatal frequency and the increased CO2 uptake may be the reasons why exposed plants do not suffer extreme reductions of biomass production compared to their control counterparts. This incompatibility of the mesophyll structure and the surface topography, concerning the expression of xeromorphic traits, is difficult to explain and should be a matter of further, detailed investigation.




5. Conclusions


Cultivated plants of Cistus creticus exhibited a controversial response to the severe environmental stress of a long-term exposure to mobile phone-generated, non-ionizing radiation. They followed the common reaction of most Mediterranean plants concerning the considerable increase of ROS, the recession of the absorption spectrum of the photosynthetic pigments, the significant increase of the DDC expression, and the presence of some xeromorphic traits on both leaf surfaces. However, on the other hand, the higher root biomass of the “exposed” plants, the mesophyll structure of the “exposed” leaves, and the substandard accumulation of phenolics within the mesophyll cells do not testify to the existence of strain conditions. Probably, the plant can finely tune the metabolic pathways and its development, taking advantage of whatever seems in favor and opposing whatever seems hostile. Therefore, the application of radiation under these “hydroponic” conditions of the culture can produce plants of bilateral structure, being somehow xeromorphic and somehow mesomorphic.
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Figure 1. (a) A wild-growing individual of Cistus creticus. (b) The plastic pots with the young plants, ready for incubation. (c) The two cages accommodated within the P-Selecta incubator at the beginning of the experiment. (d) The two cages removed from the incubator at the end of the experiment, after seven weeks. The left cage contains the irradiated plants. The yellow arrow points at the DECT base unit. 
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Figure 2. The two groups of cultured, fresh individuals of C. creticus. Primarily, the differences in biomass. 
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Figure 3. Biomass for the two groups of plants (a) after the first experiment (left): the aboveground parts of the exposed plants (shoots) presented 12% lower productivity, while the roots appeared to be 37% higher in biomass compared to their control counterparts. (b) After the second experiment (right): the aboveground parts of the exposed plants presented 14% lower productivity, while the roots were 20% more productive in biomass. 
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Figure 4. (a) The absorption spectrum of the photosynthetic pigments after the first experiment. (b) Bar graphs depicting measured reactive oxygen species (ROS) levels after the first experiment. (c) The absorption spectrum of the photosynthetic pigments after the second experiment. (d) Bar graphs depicting measured ROS levels after the second experiment. Differences were considered as statistically significant when p < 0.05 (*). Error bars represent the standard error of the mean (SEM, N = 4, n = 2). 
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Figure 5. Immunodetection of L-Dopa DeCaboxylase (DDC) in leaf samples of “control” and “exposed” plants of C. creticus using the polyclonal specific anti-human DDC C-terminal antibody. Error bars represent the standard error of the mean (SEM). Subfigures (a) and (b) depict the quantification of the lower bands of each sample is provided through the graphs. Differences were considered as statistically significant when p < 0.05. Asterisks indicate statistically significant differences: * comparison between control and exposed leaves, and ** between control and exposed roots. 
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Figure 6. Cross-sections of a leaf from (a) a control plants and (b) an exposed plant. Paradermal sections from a leaf of (c) a control plant and (d) an exposed plant. pp = Palisade parenchyma, sp = spongy parenchyma. Red arrow points at a stoma on the adaxial surface, yellow arrows point at idioblasts with crystals. (All scale bars are 100 μm). 
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Figure 7. The total phenolic content of (a) the leaves of the control (left) and the exposed (right) plants from the first experiment and (b) the leaves of the control (left) and the exposed (right) plants from the second experiment. Differences were considered as statistically significant if p > 0.05. Asterisks (*) indicate statistically significant differences. 
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Figure 8. (a) The upper epidermis of the leaf from a wild-growing plant. Stomata are absent. (b) The lower epidermis of the leaf from a wild-growing plant. Notice the thick pubescence. Some of the stomata are pointed out by arrows. (c) The upper epidermis of the leaves of the “control” plants. Hair and stomata appear sporadically. (d) The lower epidermis of the leaves of the “control” plants. Multicellular, spiny hair can be observed along with stomata. (e) The upper epidermis of the leaves of the “exposed” plants appears. Trichomes and stomata can be observed. (f) The lower epidermis of the leaves of the “exposed” plants. Many trichomes and numerous stomata can be observed. Yellow arrows, in all figures, point at stomata, selectively (i.e., in (f), stomata are marked only for a central area of the picture). In (c–f) the stomatal frequency is given (down, left) as number of stomata/mm2. (All scale bars are 200 μm). 
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Figure 9. (a) Detail of the lower epidermis of a “control” plant. Each stoma is traced by a circle around it. (b) Detail from the lower epidermis of an “exposed” plant. The stomata can easily be observed. (All scale bars are 50 μm). 
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Figure 10. Cross-sections of the roots at 2 mm above the root tip. (a) The root of the “control” plant. The developed xylem can easily be observed. (b) The root of an “exposed” plant. The xylem is hardly developed, while many conductive elements still possess non-lignified walls. In both sections, the layer of tannin-containing cells, surrounding the central cylinder, can easily be distinguished. (All scale bars are 100 μm). 
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