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Abstract

:

Plants can undergo external fluctuations in the natural light and dark cycle. The photosynthetic apparatus needs to operate in an appropriate manner to fluctuating environmental factors, especially in light. Yellow-poplar seedlings were exposed to nighttime artificial high-pressure sodium (HPS) lighting to evaluate night light-adaptation strategies for photosynthetic apparatus fitness relative to pigment contents, photosystem II photochemistry, photosynthetic parameters, histochemical analysis of reactive oxygen species, and plant biomass. As a result, seedlings exhibited dynamic changes including the enhancement of accessory pigments, the reduction of photosystem II photochemistry, increased stomatal limitation, downregulation of photosynthesis, and the decreased aboveground and belowground biomass under artificial night lighting. Histochemical analysis with 3,3′-diaminobenzidine (DAB) and nitroblue tetrazolium (NBT) staining indicates the accumulation of in situ superoxide radicals (O2−) and hydrogen peroxide (H2O2) in leaves exposed to the lowest level of artificial night lighting compared to control. Moreover, these leaves exposed to artificial night lighting had a lower nighttime respiration rate. These results indicated that HPS lighting during the night may act as a major factor as repressors of the fitness of photosynthesis and growth patterns, via a modification of the photosynthetic light harvesting apparatus.
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1. Introduction


It has been recently reported that light pollution is generated largely by excessive nighttime lighting. Nighttime light pollution generated by excessive external lighting has been demonstrated as an important environmental issue caused by adverse effects such as energy waste [1,2,3,4,5]. Notably, despite the fundamental importance of natural darkness, nighttime artificial lighting has become a globally widespread phenomenon causing light pollution [6].



Light, temperature, water, CO2, and nutrients in forests are also fundamental factors controlling tree growth in forest ecosystems. Especially, light is the main environmental factor that affects plant phenology including seed germination, dormancy breaking, blooming time, defoliation time, etc. [7,8]. The naturally fluctuating environments of light and dark are major resources for living organisms. The energy trapped by the process of photosynthesis may influence most physiological, behavioral, and ecological patterns of plants. Circadian patterns of light and dark can be linked to patterns of growth and development. The rhythmic availability of light and dark can have negative as well as positive effects on organisms [3].



Plants can experience external fluctuations in the natural light-dark cycle. The photosynthetic apparatus needs to operate in a dynamic manner appropriate to fluctuating environmental factors, especially in light [9]. The rates of plant growth during the night depend on starch degradation rates, whereas leaf maintenance respiration decreases when the rates of starch degradation are down-regulated [10,11]. Photosynthesis can be increased by increasing light intensity. However, light-induced production of reactive oxygen species (ROS) occurs by the absorption of excessive light energy, and thus the generation of harmful ROS has the potential for photo-oxidative damage [12,13]. Carbon metabolism can be influenced by circadian or diurnal rhythms. In continuous light, the carbon imbalance caused by the down-regulated photosynthesis [14] leads to accelerated senescence by high accumulation of starch and sugar [15,16,17,18,19].



Lim et al. [19] reported that continuous lighting was sufficient to accelerate leaf senescence by high sugar and photosynthetic downregulation. Accelerated premature senescence results in a major decline of photosynthesis [20] owing to a sequential degradation of chloroplasts, including Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) and chlorophyll degradation. In chloroplast thylakoids, the reaction centers of photosystem I (PSI) and photosystem II (PSII) are the major sites of reactive oxygen species generation, since they possess a source-rich environment such as oxygen, reducing agents, and high-energy components [21,22]. In addition, the highly reduced state of photosynthetic electron carriers enhances the reduction of O2 by PSI, resulting in the subsequent formation of ROS [23,24]. Previous studies have also focused on the benefits of plant growth and development on continuous light as supplemental lighting relative to the existing light quality and lighting period [14,15,18]. More recently, Tewolde et al. [25] documented that nighttime lighting can stimulate physiological functions such as photosynthesis and yield and can lead to a significant improvement in biochemical function. On the other hand, some studies have shown that plants have adaptive strategies regulating many processes such as increasing the mesophyll tissue thickness and relocating chloroplasts to minimize damage under high light [26,27].



Since the early 1900s, artificial street lighting has been used to provide a safe and comfortable environment for every aspect of life, including residence, business, trade, traffic, and commerce. However, ongoing advances in street lighting technology have led to the increasing adoption of broader spectrum light sources such as high-pressure sodium (HPS) [28]. While incidental exposure to artificial lighting at night can indirectly affect many organisms by drastically altering the natural day/night cycle in their environments [1], organisms, including plants, must adapt to temporal and spatial features of their surroundings to successfully survive and reproduce. Importantly, photosynthetic organisms have specific wavelength absorption patterns across the absorption spectrum [29]. Primary light harvesting chlorophyll absorbs light in the blue (400–500 nm) and red (600–700 nm) regions, while accessory light-harvesting carotenoids absorb light in the blue and green portions (450–550 nm) of the spectral range.



Light pollution caused by artificial night lighting has been recognized as both a global environmental issue and an important ecological problem in urbanized habitats, and not as supplementary light for productivity as was intended, and the ecological effect has only begun to be examined in detail. Our previous study has shown that stomata exposed to artificial night lighting (1) fail to exhibit normal movement by malfunctioning abscisic acid (ABA)-mediated signaling due to photoperiod shifts, and (2) thus experience incomplete starch synthesis and degradation, resulting in carbon starvation stress [30]. Despite light pollution being recognized as an important ecological risk factor for wildlife, artificial night lighting, as a source of light pollution, can be suggested as a source of physio-biochemical oscillating disorders in plants in urban environments surrounded by HPS lamps emitting a broad spectrum.



Current knowledge of effects of artificial night lighting in urbanized habitats is insufficient to determine whether it causes any major problems in plants. Meanwhile, it is still largely unknown whether there are important effects on physio-biochemical responses of plants under nighttime artificial lighting. Based on the above questions, the present study tested the following core hypotheses of artificial night lighting in physio-biochemical attributes: artificial night lighting (1) plays a modifying role in photoperiod perception, (2) leads to the inhibition of photosystem II electron transport, and therefore (3) results in a modification of the photosynthetic light harvesting apparatus.




2. Materials and Methods


2.1. Plant Materials and Growth Conditions


This experiment was performed to investigate the effects of artificial night lighting on photosynthetic activity and growth responses in yellow-poplar (Liriodendron tulipifera L.). Yellow-poplar is a street tree species that is planted in urban areas, and is commonly known as a wide-spread, fast-growing pioneering hardwood species of considerable economic value. One-year-old seedlings obtained from the Korea Forest Service were transplanted into 3 L plastic pots containing artificial soil of cocopeat, peatmoss, perlite, and vermiculite. These seedlings were grown in a greenhouse under ambient conditions at the University of Seoul from April 2012 until August 2015 and exposed to four lighting regimes, which corresponded to C0, T1, T2, and T3 manipulated as 0, 1, 3, and 50 μmol·m−2·s−1, respectively. C0 seedlings were assigned to natural sunlight/night cycle as a control. T1, T2, and T3 seedlings were exposed to a photoperiod of 13 h: 11 h (a natural sunlight/artificial night lighting cycle) using an HPS lamp. After exposure to artificial night lighting, leaves were analyzed for photosynthetic pigments, chlorophyll fluorescence parameters, photosynthetic gas exchange, oxidative stress and enzyme activity, lipid peroxidation and membrane permeability, and plant biomass during the growing season between 2013 and 2015. The natural sunlight/artificial night lighting cycle was applied using an HPS lamp representative of the most common type of street lighting with broad spectrum. The natural day/night cycle growing area was surrounded with black curtains to block artificial lighting during the night.




2.2. Quantification of Photosynthetic Pigments


Leaf samples were put into plastic bags, placed in an icebox, and transported immediately to the laboratory. The fresh leaves were chopped into small pieces using a cork borer for the quantitative determination of major (chlorophyll) and accessory (carotenoids) photosynthetic pigments. Chopped leaf samples (0.1 g) were placed into vials in quintuplicates containing 10 mL of 80% (w/v) acetone per vial. The vials were then stored in a refrigerator at 4 °C for 7 days to ensure a complete leaching of the pigments. Thereafter, photosynthetic pigments (chlorophyll a, Chla; chlorophyll b, Chlb), total pigment contents (total chlorophyll, ChlT; total carotenoid, CarT), pigment ratio (ratio of Chla to Chlb, Chla/Chlb; ratio of CarT to ChlT, CarT/ChlT), and ratio of chlorophyll a or b to total chlorophyll (ratio of Chla to ChlT, Chla/ChlT; ratio of Chlb to ChlT, Chlb/ChlT) were determined according to the method by Arnon [31]. Absorbance values for the supernatants were recorded at the wavelength of 663 nm, 645 nm and 470 nm using a UV-Vis spectrophotometer (Optizen 2120 UV, Mecasys, Daejeon, Korea) against 80% acetone as a blank. The Chla, Chlb, ChlT, and CarT were determined using the following formulae (Equations (1)–(4)):


Chla (mg∙g−1 FW) = {(12.7 × (A) − 2.69 × (B))/(D × 1000 × W)} × V



(1)






Chlb (mg∙g−1 FW) = {(22.9 × (B) − 4.68 × (A))/(D × 1000 × W)} × V



(2)






ChlT (mg∙g−1 FW) = {(20.29 × (B) + 8.02 × (A))/(D × 1000 × W)} × V



(3)






CarT (mg∙g−1 FW) = [{(1000 × (C) − 1.82 (Chla) − 85.02 (Chlb))/198}/(D × 1000 × W)] × V



(4)




where FW is fresh weight, A is the absorbance at 663 nm, B is the absorbance at 645 nm, C is the absorbance at 470 nm, D is distance travelled by the light path (1 cm), W is weight of the leaf material taken (0.1 g), and V is volume of the extract (10 mL).




2.3. Determination of Chlorophyll Fluorescence Parameters


Artificial night light-induced effects on photosystem II (PSII) photochemistry in yellow-poplar leaves were assessed by chlorophyll a fluorescence parameters probed by the chlorophyll a fluorescence transient kinetics. The non-invasive chlorophyll a fluorescence transient test (OJIP transients) was performed with a portable chlorophyll fluorimeter (Pocket PEA, Hansatech Instruments Ltd., Norfolk, UK). The PSII photochemistry assessed by the OJIP transients was determined at diurnal and seasonal points. The fully developed leaves were adapted in darkness for 30 min on the abaxial surface of freshly detached leaf discs with leaf clips prior to measurement. Thereafter, leaf clips were opened, and samples were illuminated during a 1-s saturating pulse with the intensity of 3500 μmol·m−2·s−1 (peak wavelength at 627 nm) for induction of fluorescence red actinic light. Chlorophyll fluorescence parameters that measure the efficiency of PSII photochemistry derived from the OJIP transients were calculated using the pocket PEA software (PEA Plus V1.10, Hansatech Instruments Ltd., UK) according to Strasser et al. [32]. Chlorophyll a fluorescence OJIP transient curves were plotted according to OJIP transients using the following original data: (1) minimal fluorescence intensity FO recorded at 50 μs (microseconds) after actinic illumination (O-step, when all PSII RCs are open), (2) fluorescence intensity at 2 ms (milliseconds) (FJ, J-step), (3) fluorescence intensity at 30 ms (FI, I-step), and (4) maximal fluorescence intensity FM at 300 ms, the peak P of OJIP (P-step, when all PSII RCs are closed).



Furthermore, the relative variable fluorescence at time t, which corresponded to a typical OJIP fluorescence transient, was expressed as Vt = (Ft − FO)/(FM − FO) where Ft is the fluorescence at time t after onset of actinic illumination, FO is the minimal fluorescence intensity at 50 μs after actinic illumination, and FM is the maximal fluorescence intensity at 300 ms. The appearance in the amplitude of K step in the OJIP can be used for specific indicators of injury to the donor side of PSII, showing differences in the kinetics of OJIP transients between control leaves and artificial night light-treated leaves, ΔVt = Vt (various levels of artificial night lighting-treated leaves) − Vt (control leaves).



The photosynthetic performance index (PIABS) has been used as a key Chla fluorescence parameter that provides useful and quantitative information about the physiological state of plants and their vitality [32,33]. The photosynthetic performance index PIABS was also calculated according to the combined measurement of three independent functional steps of OJIP transients (Equation (5)): the fraction of reaction center per chlorophyll of the antenna (RC/ABS), the contribution of the light reactions for primary photochemistry [φPO/(1 − φPO)] and the contribution of electron transport beyond electron acceptors of PSII (primary quinone), QA [ψEO/(1 − ψEO)].


PIABS = (RC/ABS) × (φPO/(1 − φPO)) × (ψEO/(1 − ψEO))



(5)




where RC, ABS, φPo and ψEo represent the reactive center, the light energy for absorption, the maximal quantum yield of primary photochemistry (i.e., the excitons trapped per photon absorbed), and the excitation efficiency for electron transport beyond QA−, respectively [32].




2.4. Determination of Photosynthetic Gas Exchange


Photosynthetic properties (i.e., Pn: net photosynthetic rate, Gs: stomatal conductance, Tr: transpiration rate, and ratio of intercellular (Ci) to atmospheric (Ca) CO2 concentration, Ci/Ca) were measured with a LI-6400XT portable photosynthesis system (Li-Cor Inc., Lincoln, NE, USA) fitted with a 6400-02B red/blue LED light source. The measurements were taken on the third to fifth fully expanded leaves from the top of each plant for each treatment.



All gas exchange measurements were conducted with the CO2 concentration set at 400 μmol·mol−1, at air temperature of 25 °C and relative humidity of 50–60%. Photosynthetic photon flux density (PPFD, μmol·m−2·s−1) was adjusted to ambient levels determined outside the treatments immediately prior to initiation of the sampling procedure. Photosynthetic water use efficiency (WUE, the ratio of photosynthetic rate to transpiration rate) was calculated using the following formula (6) [34]:


WUE (µmol∙mmol−1) = (Pn (μmol∙m−2∙s−1))/(Tr (mmol∙m−2∙s−1))



(6)




where Pn is the photosynthetic rate (μmol·m−2·s−1) and Tr is the transpiration rate (mmol·m−2·s−1).



Diurnal patterns of photosynthetic parameters were evaluated by intervals of 3 h from 06:00 to 02:00 after the 4- and 13-month treatment from initial exposure on 1 May 2013. Seasonal trends of photosynthetic capacity were also examined from 08:30 to 11:30 at 1, 2, 3, 5, and 8 weeks after initial onset of treatments on 22 April 2014.




2.5. Quantification of Oxidative Stress and Enzyme Activity


Fully expanded leaves exposed to each treatment were collected from yellow-poplar seedlings grown under the presence/absence of artificial night lighting over three years. Leaf discs were punched out with a cork borer (2 cm in diameter) to obtain leaf discs of similar size from the central area of the fully developed leaf. The formation of in situ superoxide anion radical (O2−) was estimated using the dye nitroblue tetrazolium (NBT; N5514, Sigma-Aldrich, Saint Louis, MO, USA) as described by Dutilleul et al. [35] and Lin et al. [36] with minor modification. Leaf discs were vacuum-infiltrated in 0.5 mg·mL−1 NBT prepared in 10 mM potassium phosphate buffer (pH 7.8) for 15 min and then incubated at room temperature in the dark until the dark blue insoluble formazan produced by the reaction of NBT with O2− became visible. After staining, the discs were then cleaned in a 9:1 mixture of ethanol and glycerin at 70 °C to eliminate the background green color completely. Samples were stored in 70% glycerol for microscopic observation.



In situ hydrogen peroxide (H2O2) was visually detected using 3,3′-diaminobenzidine (DAB; D5905, Sigma-Aldrich, Saint Louis, MO, USA) by a modified version of a method in previously described Daudi et al. [37]. Leaf disks were quickly submerged and vacuum-infiltrated in 1 mg·mL−1 DAB (pH 3.8) for 15 min and then incubated in the dark using aluminum foil at room temperature for 4–5 h. After staining of the leaf discs, leaf samples were immersed in a bleaching solution (ethanol:acetic acid:glycerol = 3:1:1) and then heated in a water bath at 95 °C for 15 min to eliminate the background pigments. H2O2 was directly visualized as reddish-brown spots at the site of DAB polymerization. After boiling, leaf discs were replaced and stored in the fresh bleaching solution. Thereafter, histochemical localization sites of O2− and H2O2 in NBT- and DAB-stained samples were observed using a stereomicroscope (Leica MZ75, Leica Microsystems, Wetzlar, Germany) coupled with a digital camera (Leica DFC 490, Leica Microsystems, Wetzlar, Germany) focused directly on the computer screen. To quantify the NBT- or DAB-stained areas, digital images of leaf discs were converted into grayscale images and NBT- or DAB-stained spot areas were determined as a percentage of NBT- or DAB-stained spot areas to the total leaf disc areas with WinFOLIA PRO 2013 software (WinFOLIA, Regent Instruments, Québec, QC, Canada).



Freshly harvested leaf samples were immediately frozen in liquid nitrogen. Superoxide dismutase (SOD) activity was spectrophotometrically measured at 450 nm with a SOD Assay Kit (Sigma 19160, Sigma-Aldrich, Saint Louis, MO, USA) according to the manufacturer’s instructions provided by Sigma-Aldrich. The SOD Assay Kit utilizes a water-soluble tetrazolium salt that produces a formazan dye upon reduction with O2−. The rate of reduction is linearly related to the xanthine oxidase (XO) activity, and it is inhibited by SOD. Therefore, the SOD activity (50% inhibition activity of SOD) can be colorimetrically determined by measuring the decrease in the color development at 450 nm.




2.6. Lipid Peroxidation and Membrane Permeability


The Malondialdehyde (MDA) contents were assayed as an end-product of lipid peroxidation by thiobarbituric acid (TBA) reaction. Freshly harvested leaf samples were immediately frozen in liquid nitrogen, and ground into powder. Leaf samples (0.2 g) were homogenized in 2 mL of 10% (w/v) trichloroacetic acid (TCA). The homogenate was centrifuged at 12,000 × g for 10 min and 4 mL of 10% TCA containing 0.5% (w/v) TBA was added to 1 mL of supernatant. The mixture was heated in a boiling water bath at 95 °C for 15 min and then immediately cooled in an ice bucket to stop the reaction. Then samples were centrifuged at 12,000× g for 10 min and the absorbance of the supernatant was measured at 450 nm, 532 nm, and 600 nm by a UV spectrophotometer. MDA contents (µmol·g−1 FW) were calculated using the following formula (Equation (7)):


MDA = (6.45(A532 − A600) − 0.56(A450)) × (V/FW)



(7)




where A450, A532, and A600 refer to the absorbance at the wavelength of 450 nm, 532 nm, and 600 nm, respectively, V is the volume (L) of the extract, and FW is the fresh weight (g) of the sample.



Leaf electrolyte leakage was measured to assess membrane permeability. Freshly harvested leaf samples were rinsed three times with ultra-pure deionized water to remove surface contaminants. Fifteen freshly cut leaf discs (0.5 cm) were prepared from leaves using a cork borer and placed in a glass vial containing 50 mL of ultra-pure deionized water at room temperature for 6 h. The electrolyte leakage in the solution (EC1) was measured by a conductivity meter (S230, Mettler-Toledo International Inc., Schwerzenbach, Switzerland). Subsequently, these materials were heated in boiling water for 15 min and then quickly cooled at room temperature, and the total electrical conductivity was measured again (EC2). The relative permeability of leaf plasma membrane was expressed as a percentage of total electrolytes (Equation (8)):


Electrolyte leakage (%) = EC1/EC2 × 100



(8)




where EC1 is the electrolytic conductivity of the solution at 6 h before heating and EC2 is the electrolytic conductivity of the solution after heating.




2.7. Measurement of Water Status and Plant Growth


Relative water content (RWC) was determined using the method of Nishiyama et al. [38]. Five leaf discs of 11 mm diameter were punched using a cork borer. Detached aerial parts were individually weighed to obtain fresh weight (FW). After the initial determination of the sample fresh weight, individual samples were placed into 50 mL tubes and hydrated overnight in 50 mL of ultra-pure deionized water to full turgidity at 4 °C in darkness. Then, leaf discs were taken out of water and leaf surface moisture was gently and quickly removed with filter paper, and samples were immediately weighed to determine their turgid weight (TW). Subsequently, dry weights were recorded after drying these discs at 65 °C for 48 h (DW). The RWC was determined according to the following formula (Equation (9)):


RWC (%) = (FW − DW)/(TW − DW) × 100



(9)




where FW is the fresh weight, DW is the dry weight after drying samples at 65 °C for 48 h, and TW is the turgid weight after hydrating samples for overnight at 4 °C in darkness.



Artificial night lighting effects on aboveground and belowground plant biomass were recorded at the beginning and end of artificial night lighting treatments. After the experiment was finished, five plants per each treatment were harvested. Total weight of each plant was measured, then weight of aboveground and belowground portions of each plant were also measured. Subsequently, all materials were then oven-dried at 70 °C until a constant weight was achieved, and then weighed to determine the total aboveground and belowground dry weight.




2.8. Statistical Analysis


Statistically significant differences among treatments were determined using one-way analysis of variance (ANOVA) followed by Tukey’s test for multiple comparisons. All statistical analyses were performed using IBM SPSS Statistics Version 22 software package (SPSS Inc., IBM Company Headquarters, Chicago, IL, USA). Data were presented as means ± standard deviation (SD).





3. Results


3.1. Seasonal Patterns in Photosynthetic Pigments


Figure 1 depicts the variation of main photosynthetic pigment values from the controls in yellow-poplar seedlings grown under different night-interruption by artificial night lighting. Chla, Chlb, ChlT, and CarT showed different degrees of reduction depending on artificial night lighting. As shown in Figure 1A, Chla after 122 days of the experiment in 2013 was markedly decreased by 32% and 38% in T2 and T3, respectively (F3,16 = 22.375, p < 0.001), showing no statistically significant difference between C0 and T1. Remarkably, Chla contents in 2014 were significantly reduced by 32%, 48%, and 50% in T1, T2, and T3, respectively, as compared to those of control (F3,16 = 200.187, p < 0.001). Chlb in 2013 was significantly reduced by 19%, 33%, and 51% in T1, T2, and T3, respectively, compared with that of control (F3,16 = 16.052, p < 0.001). In contrast, Chlb in 2014 showed significant increase by 2.23-, 0.68-, and 1.03-fold in T1, T2, and T3, respectively, as compared with that of control (F3,16 = 44.088, p < 0.001). ChlT contents in 2013 and 2014 decreased in the day/night with artificial lighting cycle, especially in T2 and T3 (Figure 1B). Compared to ChlT contents of control, ChlT contents in 2013 showed significant reductions in T2 and T3 by 32% and 41%, respectively, whereas there was no significant difference in T1. Moreover, ChlT contents in 2014 were significantly reduced by 21%, 41%, and 42% in T1, T2, and T3, respectively, as compared to those of control (F3,16 = 142.054, p < 0.001). The ratio of Chla to Chlb (Chla/Chlb) in the leaves of yellow-poplar plants in 2013 was statistically increased in the highest level (T3) of artificial night lighting than those in the control (Figure 1C; F3,16 = 16.086, p < 0.001). In contrast, the Chla/Chlb ratio in 2014 was markedly reduced by 69%, 65%, and 67% below the control in T1, T2, and T3, respectively (F3,16 = 363.079, p < 0.001). The ratio of Chla to ChlT (Chla/ChlT) was significantly increased by 6% of control in leaves exposed to the highest level (T3) of artificial night lighting compared to the natural night condition in 2013 (Figure 1D), but there were no significant differences in T1 and T2. In contrast, the Chla/ChlT in 2014 decreased by approximately 14%, 12%, and 13% in T1, T2, and T3, respectively (F3,16 = 75.985, p < 0.001). Under artificial night lighting conditions, the ratio of Chlb to ChlT (Chlb/ChlT) in 2013 was significantly decreased in the highest level (T3) of artificial night lighting compared with that of control (Figure 1D; F3,16 = 12.626, p < 0.001). The values of Chlb/ChlT in 2014 were 2.81-, 0.91-, and 1.04-fold in T1, T2, and T3, respectively, as compared with those of control (F3,16 = 75.985, p < 0.001). Carotenoids (CarT) in the leaves of the T3 treatment in 2013 slightly decreased by 17% (F3,16 = 5.214, p = 0.006) below the control, showing no statistically significant difference in T1 and T2 (Figure 1B). In contrast, CarT decreased significantly by 10%, 25%, and 31% in T1, T2, and T3, respectively, below that of control (F3,16 = 78.042, p < 0.001). Under artificial night lighting, the ratio of CarT to ChlT (CarT/ChlT) in 2013 significantly increased by 15%, 45%, and 40% in T1, T2, and T3, respectively, as compared to that of control (Figure 1C; F3,16 = 87.217, p < 0.001). Similarly, the values of CarT/ChlT in 2014 showed a significant increase by 14%, 27%, and 19% in T1, T2, and T3, respectively, as compared with that of control (F3,16 = 44.201, p < 0.001).




3.2. Diurnal and Seasonal Patterns in PSII Photochemistry


To investigate photosystem II (PSII) photochemical effects of artificial night lighting on plants, chlorophyll a fluorescence as a tool for biofeedback control of the photochemistry of PSII was monitored over diurnal and seasonal timescales in plants exposed to artificial HPS night lighting. Figure 2 shows all the steps of the chlorophyll a fluorescence transient, O, K, J, I, and P, thus confirming that K and J steps are a different phenomenon for each treatment. The plants exposed at C0 exhibited typical fluorescence transient curves. However, plants grown under T1, T2, and T3 displayed the imbalance with the characteristic chlorophyll a fluorescence transient (OJIP) steps. As shown in Figure 2, it can be observed that FO and FK display significant increases at T1, T2, and T3, with their highest values measured in the leaf discs exposed to T3 at 08:00 and 11:30. For the fluorescence intensity at step J (FJ), the greatest values were identified in T3 at 08:00 and 11:30. The fluorescence intensity at step I (FI) and the maximum fluorescence (FM) displayed a significant decrease at the beginning of leaf exposure by artificial night lighting with the lowest values. Under chlorophyll fluorescence-based biofeedback systems, the artificial night lighting-induced leaves exhibited different depressions at OJIP step.



Chlorophyll a fluorescence rises at J-, I-, and P-step showed enhanced depression in artificial night lighting-induced leaves, especially in T3. T1, T2, and T3 in artificial night lighting regimes had a large rise at K-step and a significant effect on fluorescent transients, especially I- and P-step. However, there was a greater decline at all steps of OJIP of yellow-poplar leaves grown under T1, T2, and T3 with artificial night lighting, as compared with those of control without artificial night lighting. The K step (i.e., the fluorescence intensities at 300 μs) in ΔVt curves increased significantly in all artificial night lighting-induced treatments (Figure 2B,D,F,H,J), which indicates that the acceptor side activity was inhibited during the artificial night lighting treatment. The parameters relative to activities of PSI and PSII in plants exposed to artificial night lighting were measured using the leaves from plants treated for two years. These results indicate that the donor side activity of PSII was inhibited in yellow-poplar grown under artificial night lighting.



To further confirm whether artificial night lighting contributed to seasonal changes in photosynthetic function, Ls, Pn, PIABS, and Fv/Fm were evaluated throughout the 4-, 13-, and 28-month period after artificial night lighting treatments (Figure 3). As shown in Figure 3A, PIABS on seasonal patterns was significantly reduced by 40%, 56%, and 67%, respectively, in plants receiving artificial night lighting (T1, T2, and T3) compared with that of control after 28 months (F3,16 = 7.869, p = 0.002). However, no statistically significant differences were noted at 4 months and 13 months among treatments. For Fv/Fm (Figure 3B), there was no significant difference among treatments at 4 months and 13 months. In contrast, PIABS after 28 months showed a significant difference among treatments (F3,16 = 3.404, p = 0.043).



Stomatal limitation (LS) showed statistically significant increase under artificial night lighting, especially in T3, over 4 (F3,16 = 4.788, p = 0.015), 13 (F3,16 = 4.958, p = 0.013), and 28 (F3,16 = 16.276, p < 0.001) months after treatments (Figure 3C). Furthermore, photosynthetic rates (Pn) showed significant increase in T1 after 4 months (F3,16 = 14.101, p < 0.001) and a significant decrease in T2 and T3 after 13 months (F3,16 = 9.713, p = 0.001). In contrast, Pn showed significant reductions in plants exposed to artificial night lighting after 28 months, especially in T3 (Figure 3D; F3,16 = 30.385, p < 0.001). To further evaluate whether artificial night lighting elicits any alterations on chlorophyll a fluorescence parameters during a diurnal cycle, the parameters of the chlorophyll fluorescence transient were measured every 3 h (07:30, 11:00, 14:30, 17:00 and 19:30) during diurnal hours after two years of the day/night with artificial lighting cycle.



The energy flux parameters of absorption, dissipation, and trapping per reaction center (RC) of PSII at the level of the antenna chlorophyll, defined as ABS/RC (apparent antenna size of active PSII RC), DIO/RC (dissipated energy flux per RC at t = 0), and TRO/RC (trapping flux leading to QA reduction per RC), respectively, showed a statistically significant improvement in leaves exposed to artificial night lighting at 07:30, 11:00, 14:30 and 17:00, but ETO/RC (electron transport flux per RC at t = 0), electron transport per reaction center (RC) of PSII, was greater at 07:30 compared with that of control. In phenomenological energy fluxes, ETO/CS as electron transport per cross section (CS) was only found to be significantly reduced in the leaves exposed to artificial night lighting over all time scales.



More specifically, PIABS, RC/ABS, φPO/(1 − φPO), and ψEO/(1 − ψEO) as vitality indexes of the photosynthetic organisms in diurnal changes in the parameters of performance index induced a significant decrease in artificial night lighting at 07:30, 11:00, 14:30 and 17:00, except for the φPO/(1 − φPO), which presented no significant reduction at 17:00. In addition, φEO, ψEO, and RC/CS also decreased significantly in artificial night lighting treatments across all time points, however, φPO showed statistically significant variations in T3 at 07:30 and 11:00 compared with that of control. The PIABS, a combination of three partial components, is one of the chlorophyll fluorescence parameters that provide useful and quantitative information about the physiological state of plants and their vitality [32]. Data showed that PIABS was a highly sensitive parameter and changed significantly under artificial night lighting. The reduction of PIABS on diurnal patterns was higher in T1, T2, and T3 with artificial night lighting, as compared with that of control without artificial night lighting at 07:30, 11:00, and 14:30, showing no statistically significant difference between T1 and control at 19:30. In seasonal patterns, the flux of absorption, trapping, and dissipation per reaction center (RC) of PSII, defined as ABS/RC, TRO/RC, and DIO/RC, respectively, were significantly greater in yellow-poplar leaves exposed to artificial night lighting (T1, T2, and T3) during the 28-month treatment period. Electron transport flux per RC of PSII defined as ETO/RC began increasing at artificial night lighting of T1. This value was similar to that of T2, but it was lower than the value obtained in T3.




3.3. Diurnal and Seasonal Patterns of Photosynthetic Activity


To determine diurnal and seasonal variations in photosynthetic parameters, yellow-poplar leaves were measured every 4 h and 3 h after 4 months and 13 months of artificial night lighting, respectively (Figure 4 and Figure 5). Over the course of the diurnal cycle, there was a significant circadian variation in leaf gas exchange parameters. Moreover, photosynthetic parameters showed different diurnal patterns among treatments after 4 months and 13 months. Diurnal changes of the net photosynthetic rate (Pn), stomatal conductance (Gs), and transpiration rate (Tr) revealed a unimodal pattern after 4 months (Figure 4A–C). The Pn revealed a statistically significant difference among treatments occurring at 02:00 (F3,16 = 59.916, p < 0.001), 06:00 (F3,16 = 3.489, p < 0.040), 10:00 (F3,16 = 14.278, p < 0.001), 18:00 (F3,16 = 8.823, p =.001), and 22:00 (F3,16 = 6.002, p = 0.006). In addition, Pn was reduced under T2 and T3 with artificial lighting at 06:00, 10:00, and 18:00. However, there was no statistically significant difference in Pn at 14:00. Diurnally, maximum values of Pn were generally shown at 10:00, and thereafter they decreased to low levels at 18:00 under daylight. Remarkably, Pn at 10:00 showed significant increase by 23% in T1 compared with that of C0 (Figure 4A). Eventually, leaves exposed to artificial night lighting, especially in T2 and in T3, showed a lower nighttime respiration rate at 02:00 due to reduced nighttime stomatal conductance and transpiration (Figure 4B,D).



At 13 months after the exposure of artificial night lighting, there was a similar trend in diurnal variations of Pn between C0 and T1 (Figure 5A). In the present study, Pn presented bimodal peaks in yellow-poplar leaves of C0 and T1 after 13 months of treatments; however, diurnal variation of Pn in T2 and T3 revealed a unimodal pattern. On the other hand, Gs and Tr showed similar patterns over diurnal hours (Figure 5B,C). Pn revealed statistically significant differences among treatments at 02:00 (F3,16 = 32.681, p < 0.001), 06:00 (F3,16 = 8.935, p = 0.001), 09:00 (F3,16 = 6.666, p = 0.004), 12:00 (F3,16 = 5.108, p = 0.011), 15:00 (F3,16 = 10.751, p < 0.001), and 22:00 (F3,16 = 6.003, p = 0.006), except for values measured at 18:00 (F3,16 = 2.903, p = 0.067). The maximum value of Pn was displayed in the control at 09:00 under daylight, but Pn of yellow-poplar leaves exposed to artificial night lighting showed a greater degree of depression by 42% and 45% in T2 and T3, respectively, as compared with that of control due to a strong reduction of Gs and Tr. Despite the negative differences of Pn, Gs, and Tr in diurnal patterns under artificial night lighting, diurnal variations in the ratio of intercellular to ambient CO2 concentration (Ci/Ca) showed less remarkable variations after 4 and 13 months (Figure 4D and Figure 5D). The ratio of Ci/Ca showed no significant differences at 12:00, 15:00, 16:00, and 22:00 among treatments. Nevertheless, the ratio of Ci/Ca at 02:00 was significantly reduced by 22% and 38% especially in T2 and T3, respectively, compared to that of control (F3,16 = 36.374, p < 0.001).



As shown in Figure 6, Pn of yellow-poplar from initial exposure on 22 April 2014 was down-regulated in the first week after the initial onset of artificial night lighting. Remarkably, the Pn showed significant differences among treatments after 1 week (F3,16 = 5.168, p = 0.005), 5 weeks (F3,16 = 6.041, p < 0.005), and 8 weeks (F3,16 = 27.051, p < 0.001). The Pn of these plants showed significant reduction by 41% and 51% in T2 and T3, respectively, as compared to those of controls at 5 weeks after treatments (Figure 6A). Eventually, T3-type of artificial night light exposure led to the over-reduction by 28% in Pn, relative to that of control after 8 weeks. On the other hand, artificial night lighting effect on stomatal conductance (Gs) showed no statistically significant difference among treatments at 1, 2, and 3 weeks (Figure 6B). It was evident that there were statistically significant differences among treatments after 5 weeks (F3,16 = 16.738, p < 0.001), indicating a significant increase in T1 as compared to that of control. After 8 weeks from initial observation on 22 April 2014, Gs showed the statistically significant 33% reduction in T3 compared with that of control (F3,16 = 16.313, p < 0.001). Moreover, artificial night lighting caused a dramatic reduction in Tr after 5 weeks of treatment (Figure 6C).



It was evident that Tr indicated statistically significant differences by 48% and 55% in T2 and T3, respectively (F3,16 = 6.720, p = 0.003), showing no statistically significant difference in T1 compared with that of control. After 8 weeks, Tr showed a statistically significant decrease by 23% in T3, starting from initial observation on 22 April 2014, but showed no statistically significant difference in T1 and T2 compared with that of control. The water use efficiency (WUE) in response to artificial night lighting showed a significant decrease by 23% in T3 compared with that of control after 8 weeks (F3,16 = 7.536, p < 0.001), although showing no statistically significant differences among treatments at 1, 2, 3, and 5 weeks (Figure 6D).




3.4. Oxidative Stress and Enzyme Activity


Yellow-poplar leaves were exposed to the natural day/night cycle and the day/night with artificial lighting cycle to detect histochemical quantification of ROS, especially O2− and H2O2 after NBT and DAB staining, respectively (Figure 7). Histochemical localization of O2− as formation of the blue formazan was higher in T1 compared with that of C0 or T2 and T3 (Figure 7A). Additionally, a diffuse blue staining was evident in T1. In contrast, a granular, particulate dark blue stain was present in T2 and T3 treatments. NBT staining also showed the highest O2− levels in the leaves grown under T1 treatment. At the stained area level (Figure 7B), O2− level expressed as a percentage of stained spot areas to the total leaf disc areas was 39-fold higher in T2 with artificial night lighting compared with that of C0 without artificial night lighting (F3,16 = 13.213, p < 0.001). Histochemical localization of H2O2, as indicated by the brown compounds formed by reaction with DAB, increased in leaf discs of T1 type-exposed plants (Figure 7A). Stained areas showed an approximately 7 times higher level in T1 than those of other treatments (Figure 7B). The stained area of H2O2 level showed significant increase in T1-treated plants compared to that of natural night type (C0), whereas T2 and T3 type of nighttime lighting were not statistically significant (F3,16 = 10.204, p = 0.001).



SOD activity had no effects in T2 and T3 treatments exposed to artificial night lighting for two years while SOD in T3 treatment increased at the end of the experiment (Figure 8; F3,16 = 6.452, p = 0.005). The SOD activity significantly increased 8% in T1 treatment treated with the lowest level of artificial night lighting, as compared with that of C0 (Figure 8). As shown in Figure 9, yellow-poplar leaves exposed to artificial night lighting showed significant improvements in MDA contents (Figure 9A; F3,16 = 184.164, p < 0.001) and electrolyte leakage (Figure 9B; F3,16 = 8.173, p = 0.002). The MDA contents were 2-, 3-, and 4-fold higher in T1, T2, and T3, respectively, compared with that of C0. The electrolyte leakage showed significant increase by 22%, 21%, and 30% in T1, T2, and T3, respectively, with artificial night light than in that without artificial night lighting.




3.5. Water Relations and Plant Growth


Artificial night lighting had no effects on relative water content (RWC) in T1 and T2 treatments after exposure to artificial night lighting for two years while RWC in T3 treatment decreased at the end of the experiment (Figure 10; F3,8 = 14.323, p < 0.001). When compared to control (C0), RWC significantly decreased by 8% in T3 treated with the highest level of artificial night lighting.



To explore potential effects of artificial night lighting on aboveground (Figure 11) and belowground plant biomass (Figure 12) of yellow-poplar seedlings, plants were harvested for fresh and dry weight both aboveground and belowground at the end of the 3-year experiment. As shown in Figure 11 and Figure 12, artificial night lighting led to a significant reduction in aboveground and belowground biomass, as compared with those of control without artificial night lighting. In aboveground plant biomass, fresh and dry weight was significantly affected by artificial night HPS lighting during the night (Figure 11). Under artificial night lighting, aboveground fresh weight was significantly decreased by 22%, 18%, and 27% in T1, T2, and T3, respectively, relative to that of control (Figure 11A; F3,16 = 7.424, p = 0.002). Similarly, dry weight showed significant decrease by 44%, 39%, and 46% in T1, T2, and T3, respectively, with artificial night lighting than in that of control (Figure 11B; F3,16 = 70.581, p < 0.001).



A similar trend was observed in belowground biomass of yellow-poplar seedlings after artificial night lighting (Figure 12). In an analysis of belowground biomass, a significant decrease of fresh and dry weight was noted in artificial night lighting with the HPS lamp. The belowground fresh weight was remarkably decreased by 50%, 56%, and 48% in T1, T2, and T3 compared with that of C0 (Figure 12; F3,16 = 36.248, p < 0.001). Furthermore, the belowground dry weight was significantly decreased by 56%, 55%, and 46% in T1, T2, and T3 compared with that of C0 (Figure 12B; F3,16 = 27.157, p < 0.001).





4. Discussion


Over the past 100 years, for example, the nighttime light pollution caused by excessive amounts and indiscriminate diffusion of external lighting has emerged as an important environmental issue because of its adverse effects [2,3,4,5]. To elucidate how repetitive exposure to artificial night lighting affects photosynthetic pigments as a potential indicator of premature leaf senescence as well as yellowing and defoliation in newly initiated leaves, yellow-poplar seedlings were exposed to the natural day/night cycle and the day/night with artificial lighting cycle. The most obvious difference in response to artificial night lighting was a significant loss of green coloration of night light-exposed leaves compared to controls, possibly as a result of chlorophyll degradation in response to the treatment (Figure 1).



Consistent with the above chlorophyll results, newly initiated leaf symptoms of plants exposed to artificial night lighting resulted in premature senescence of leaves as well as quick yellowing, defoliation, and tip burn. During the appearance of premature senescence, chlorophyll degradation promotes an accelerated leaf yellowing in Arabidopsis thaliana (L.) Heynh. [20,39], Nicotiana tabacum L. [40], and Dunaliella salina Teod. [41]. As shown in Figure 1, these data indicate that there were significant differences in pigment concentrations throughout three months post-treatment and one year follow-up assessment. In this study, chlorophyll and carotenoid contents were sensitive to enhanced artificial night lighting levels and treatment duration. Interestingly, important changes are observed for chlorophyll b contents under the day/night with artificial lighting cycle during one year follow-up assessment. In levels of artificial night lighting, there was a 0.68 to 2.23 times higher level of chlorophyll b contents, which resulted in over 65% reduction in the Chla/Chlb ratio.



Higher plants display the ability to regulate acclimation responses under different environmental light conditions through the regulation of the light-harvesting photosystem II (PSII) antenna size [42,43]. Nakagawara et al. [44] discovered that the step of converting chlorophyll a to chlorophyll b involves sensing the level of chlorophyll b. Yamasato et al. [45] had previously demonstrated that this regulatory mechanism in the PSII antenna size through the regulation of chlorophyll b synthesis by chlorophyllide a oxygenase (CAO) contributes to the protective strategy in photosynthesis and protection under photo-oxidative stress. Furthermore, the PSII antenna size is determined by the amount of the light-harvesting chlorophyll a/b-protein complex of PSII (LHCII) associated with photosystem II core complexes [46]. Elevated levels of chlorophyll b are mediated via enhanced CAO and Lhcb1*1 (the gene encoding the Light-harvesting Chlorophyll a/b binding protein 2, also called CAB2) gene expression [40,41,47]. Excess light energy induces photoinhibition, but an insufficient supply of light energy leads to the growth retardation in plants. In the course of light stress responses, chlorophyll b synthesis must be dynamically regulated in response to changes in light availability [44]. As a consequence of PSII antenna size adjustments from the present study, the Chla/Chlb ratio decreases in yellow-poplar grown under artificial night lighting (Figure 1), thus contributing to the enlargement of the PSII antenna size [38,40]. Therefore, these enhanced chlorophyll b contents, as accessory pigments, may serve as light harvesting or to the dissipation of excitation energy (photoprotection) under artificial night lighting.



Chlorophyll fluorescence transients as nondestructive determination of PSII photochemistry were employed to elucidate the temporal dynamics of photosynthesis and growth regulated by artificial night lighting (Figure 2). The PSII as the heart of the photosynthetic process is highly sensitive to the environmental stresses. Its activity could be determined with one non-invasive time-resolved fluorescence measurement, which could measure the polyphasic rise with the basic steps of OJIP [43,48,49,50,51,52,53,54]. Several studies have shown that the chlorophyll a transient has become one of the most popular tools to estimate stress-induced changes in photosynthetic performance. For example, the shape of the OJIP transient seems to be particularly sensitive to environmental stresses, such as drought [55], salt stress [56], high temperature [57], and heat stress [58]. The chlorophyll fluorescence parameter Fv/Fm has been used as an indicator of physiological stress. The experimental evidence has shown that Fv/Fm is often insensitive to stress and is not always a suitable parameter for screening stress tolerance [33,56]. Nonetheless, Fv/Fm reflects the maximum quantum efficiency of PSII photochemistry and has been widely used for early stress detection in plants [59]. The low Fv/Fm is consistent with the poor recovery of PSII. Therefore, the highest level of artificial night lighting may substantially reduce the energy cost. In addition, the reaction centers of PSII were remarkably damaged by artificial night lighting, which was reflected by a decrease in the maximum quantum yield of PSII (Figure 3B) and the density of OA− reducing PSII reaction centers (RC) per cross section (CS).



The OJIP transients containing abundant information about the primary photochemical reactions of PSII, have been widely used in PSII activity studies. In addition, PIABS, as the most sensitive parameter of OJIP transients to various stress treatments [58], combines the responses caused by the photochemical and non-photochemical properties as well as the density of active reaction centers per chlorophyll absorption [35]. The increases at the K step of the OJIP transients (at 300 µs) are also widely used as specific indicators of damage to the donor side of PSII [47]. The peak at J step (at 2 ms) indicates that the PSII acceptor side is inhibited. More specifically, the electron moves beyond OA− is limited [60]. Artificial night lighting significantly damaged the donor side of PSII, which was indicated by significant increase of the K step in the OJIP transients and the relative variable fluorescence at the K step (Figure 2). Specifically, the peak of the K-step under stress is an effective injury indicator relative to the inactivation of the oxygen-evolving complex (OEC) to the donor side of PSII [32,57,60]. The dramatic inhibition of the O2 evolution capacity of leaves exposed to artificial night lighting suggested that the donor side of PSII was damaged during artificial night lighting. Artificial night lighting also inhibited the acceptor side of PSII, which was shown by an increase of the J steps in the OJIP transients (Figure 2) and a decline in the efficiency of electron moves beyond QA. The above results indicate that the activities of the donor and acceptor sides and reaction center were inhibited during artificial night lighting. PSII photoinhibition is a result of the imbalance between PSII photodamage and the repair of photodamaged PSII [48]. Therefore, artificial night lighting displays photoinhibition-like damage to the photosynthetic apparatus in yellow-poplar leaves.



Diurnal variations in the capacity and efficiency of carbon fixation are characteristics of plants grown under the natural environment. A general consensus, however, is that carbon fixation is derived from complex metabolic feedbacks and endogenous circadian rhythms but is not passively regulated by the availability of light [61]. Leaf Pn showed a bimodal pattern and the midday depression in Pn was observed at 13:00. Depression in Pn at midday was mostly attributed to LS since the reduction in Pn was followed by the significant reduction in Gs (Figure 4 and Figure 5). Several studies have shown that circadian clocks synchronize various physiological, metabolic and developmental processes of organisms with specific phases of recurring changes in their environment (e.g., day and night or seasons). Circadian clock synchronization to daily cyclic environmental signals temporally regulates many aspects of plant growth and development [62], and is crucial for plant fitness, adaptation, and survival [63]. Although the photosynthetic capacity triggered by artificial night lighting is well-documented [25,51], the dynamics of the day/night with artificial lighting cycle need further studies. The increase in photosynthetic rates under continuous light was well reflected by the observed trends [11]. The sensitivity of photosynthetic rates in response to continuous night light has also been shown by Velez-Ramirez et al. [14].



It is known that O2− and H2O2 can be generated by the reduction of O2 in photosynthetic electron transfer reactions. O2 can act as a terminal acceptor in the so-called pseudo-cyclic electron transport or Mehler reaction at the acceptor side of PSI [64]. The production of O2− can be detected using the dye NBT, forming dark blue insoluble formazan produced by the reaction of NBT. Histochemical staining for reactive oxidative species (ROS) production in leaf tissues has been used to identify sites of photo-oxidative stress responses in excess light [65], fluctuating light [66], enhanced ultraviolet-B radiation [67], and photoinhibitory illumination [68] as well as cadmium-treated stress [69] and water stress [70]. In-situ formation of H2O2 can be visualized as reddish-brown coloration by forming perhydroxides precipitate or brown DAB-H2O2 polymer [71,72]. Therefore, the H2O2 production in C0-type, T1-type, T2-type, and T3-type leaves was measured by the histochemical staining assay with DAB (Figure 7). Continuous light can induce a higher activity of antioxidative enzymes due to a higher production of ROS [73,74]. Since plants grown under continuous light results in a hyper-accumulation of carbohydrates, leading to an over-reduction of electron acceptors, the abundant supply of assimilates, in turn, cause an oxidative damage due to the electron-donating to O2 generating ROS [14]. The present study reveals that the day/night with artificial lighting cycle resulted in the significant accumulation of H2O2 and O2− within leaves during premature leaf senescence and leaf tissue necrosis (Figure 7). From the quantitative analysis of ROS generation, artificial night light-induced ROS burst is prior to membrane damage, which is earlier compared with the appearance of evident physiological damage attributed to turgor loss and tissue collapse. PSII photoinhibitory damage can result in the formation of a complex array of ROS in chloroplasts [23,24,75]. The results from histochemical staining (Figure 7A) showed that T1 type of the day/night with artificial lighting cycle caused the generation of large amounts of H2O2 and O2− in chloroplasts because these dyes, including DAB and NBT are specific molecules used to indicate H2O2 and O2−. It is suggested that the reduction of O2 is the starting point for a series of reactions leading to ROS generation on the PSII electron acceptor side [76]. The ROS as a product of normal metabolism can provide beneficial or detrimental effects to plant cells and tissues [77,78,79,80,81].



At low level of ROS generation, ROS is predominantly beneficial to cells, supporting as redox messengers in intracellular signaling and regulation for cellular processes and viability [77]. On the one hand, enhanced ROS accumulation during environmental stresses can be generated inside chloroplasts as by-products of photosynthesis [21]. Moreover, the enhanced levels of ROS under abiotic stress conditions can induce oxidative damage to plant cell by causing lipid peroxidation, protein damage, membrane destruction, and damage to nuclei, ultimately leading to a deliberate activation of the cell death pathway such as ferroptosis or regulated necrosis [73]. As shown in Figure 9, yellow-poplar leaves exposed to artificial night lighting showed significant improvements in malondialdehyde and electrolyte leakage as indicators of lipid peroxidation and membrane permeability, respectively. Therefore, enhanced production of ROS generated as a by-product of photosynthesis can be expected in T1 plants (Figure 4 and Figure 5). A direct result of these primary effects is enhanced accumulation of ROS that triggers a series of harmful processes to plant cells at low level of artificial night lighting (Figure 7). In general, light intensity decreases rapidly with distance from the focal point of the light source. Tree leaves adjacent to street lights or car headlights can be exposed to about 5000 L × (60 μmol·m−2·s−1) at the upper end of the scale, while typical stable ground level illuminance (i.e., directly beneath street lights) of roadside vegetation are around 50 lx (0.6 μmol·m−2·s−1) [82]. Photosynthesis of plants exposed to artificial lighting at night can be limited by the low quantum flux densities of nighttime light compared with that of daylight. Theoretically, urban skyglow can be sufficient to cause a downregulation of photosynthesis [83]. In addition, leaves close to streetlights, such as those in the tree canopy, may limit their carbon fixation [82].



As a result, this disruptive process deviates electrons from the PSI acceptor side to reduce O2 generating O2− and H2O2. Therefore, leaves of T2 and T3 plants exposed to artificial night lighting show lower levels of oxidative stress, as compared to that in T1. These results suggest that ROS burst might also play an important role in subsequent defense responses of artificial night lighting-triggered cell senescence and leaf tissue necrosis. Artificial night lighting can lead to the formation of H2O2 and O2− in chloroplasts under the lowest level of artificial night lighting due to interruption of PSI and PSII. Therefore, their primary toxic mechanism can mediate to block the synthesis of ATP (adenosine-5′-triphosphate) and NADPH (nicotinamide adenine dinucleotide phosphate), being followed by ROS generation, oxidative damage and cell death. Depending on the experimental conditions, different ROS sources might be important for the initiation and acceleration of senescence. Therefore, these oxidative damages result in the reduction of aboveground and belowground plant biomass under the night with artificial lighting cycle, as compared with natural night (Figure 11 and Figure 12).




5. Conclusions


The study presents several new and interesting physio-biochemical findings that will help us to understand the impacts of light pollution in plants. Particularly, these findings point to the following major highlights. Nighttime artificial HPS lighting acts as a depressor of the fitness of photosynthesis and growth patterns, via a modification of the photosynthetic light harvesting apparatus. Moreover, artificial night lighting leads to the enhanced accessory pigments, the reduced photosystem II photochemistry, increased stomatal limitation, downregulation of photosynthesis, and decreased aboveground and belowground plant biomass in artificial night lighting. Markedly, the chronic exposure to artificial night lighting can dramatically influence the physiological and biochemical changes of seedlings, especially the circadian disruption between dusk and dawn. This study provides potential new applications for further studies investigating the matching of endogenous rhythms to environmental rhythms and the effect on plant growth and fitness, leading to better understanding of the dynamic kinetics of plant growth, photosynthetic process, and overall productivity. Henceforward, future studies should be evaluated to understand eco-physiological impacts of nighttime artificial lighting in urban environments and interactions with other photochemical pollutants so that effective pollution prevention practices can be developed.
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Figure 1. Pigment contents ((A), Chla and Chlb), total pigment contents ((B), ChlT and CarT), pigment ratio ((C), Chla/Chlb and CarT/ChlT), and ratio of Chla or Chlb to ChlT ((D), Chla/ChlT and Chlb/ChlT) in yellow-poplar leaves exposed to the natural day/night cycle (C0, black bars) and the day/night with artificial lighting cycle (T1, T2, and T3 denote dark gray bars, light gray bars, and white bars, respectively). Data indicate the mean ± SD (n = 5). Different lowercase letters on the bars indicate significant differences among treatments in 2013 and 2014, respectively (Tukey’s test after one-way ANOVA); FW = fresh weight. 
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Figure 2. Comparison of Chlorophyll a fluorescence (OJIP) transients of control (C0, natural day/night cycle) and the day/night with artificial lighting cycle (T1, T2, and T3) after two years of artificial night lighting treatment. OJIP transients were induced by a 1 s light pulse of 3500 μmol·m−2·s−1. (A,C,E,G,I) Represent relative fluorescence kinetics (Vt) and (B,D,F,H,J) represent ΔVt (different kinetics of OJIP transients) among treatments at 07:30, 11:00, 14:30, 17:00 and 19:30, respectively. Vt at time t derived from the mean OJIP transients between FO and Fm, was defined as: Vt = (Ft − FO)/(FM − FO). ΔVt refer to differences of the Vt of all cases. 
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Figure 3. Seasonal changes of photosynthetic function in yellow-poplar leaves treated with artificial night lighting. (A) Performance index (potential) for energy conservation from photons absorbed by PSII antenna to the reduction of QB (PIABS); (B) fluorescence-based maximum quantum yield of photosystem II photochemistry (Fv/Fm); (C) stomatal limitation to photosynthesis (LS = 1 − Ci/Ca); (D) photosynthetic rate (Pn, μmol·m−2·s−1) of yellow-poplar plants exposed to the natural day/night cycle (C0) and the day/night with artificial lighting cycle (T1, T2, and T3) during the experimental period. The black solid circles (●), gray solid circles (●), light gray solid circles (●), and hollow circles (○) represent C0, T1, T2, and T3, respectively. The x-axis represents the months after treatment initiation at 1 May 2013. Data points represent mean ± SD of five experimental replicates. Asterisks represent significant treatment effects at a single measuring date (* p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant). 






Figure 3. Seasonal changes of photosynthetic function in yellow-poplar leaves treated with artificial night lighting. (A) Performance index (potential) for energy conservation from photons absorbed by PSII antenna to the reduction of QB (PIABS); (B) fluorescence-based maximum quantum yield of photosystem II photochemistry (Fv/Fm); (C) stomatal limitation to photosynthesis (LS = 1 − Ci/Ca); (D) photosynthetic rate (Pn, μmol·m−2·s−1) of yellow-poplar plants exposed to the natural day/night cycle (C0) and the day/night with artificial lighting cycle (T1, T2, and T3) during the experimental period. The black solid circles (●), gray solid circles (●), light gray solid circles (●), and hollow circles (○) represent C0, T1, T2, and T3, respectively. The x-axis represents the months after treatment initiation at 1 May 2013. Data points represent mean ± SD of five experimental replicates. Asterisks represent significant treatment effects at a single measuring date (* p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant).



[image: Forests 09 00074 g003]







[image: Forests 09 00074 g004 550] 





Figure 4. Diurnal patterns in leaf gas exchange parameters of yellow-poplar leaves during the 4-month treatment period. The photosynthesis during the dark period is affected by artificial night lighting. (A) Net photosynthetic rate (Pn), (B) stomatal conductance (Gs), (C) transpiration rate (Tr), and (D) ratio of intercellular (Ci) to atmospheric (Ca) CO2 concentration (Ci/Ca ratio) of yellow-poplar plants exposed to the natural day/night cycle (C0) and the day/night with artificial lighting cycle (T1, T2, and T3). The black solid circles (●), gray solid circles (●), light gray solid circles (●), and hollow circles (○) represent C0, T1, T2, and T3, respectively. Black and white boxes at the top indicate the dark and light phase, respectively, in the daily cycle. The x-axis represents the time of day (h). Data points represent mean ± SD (n = 5). Asterisks represent a significant difference among treatments (* p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant). 
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Figure 5. Diurnal patterns in leaf gas exchange parameters of yellow-poplar leaves during the 13-month treatment period. The dark period has a gas exchange rate by artificial night lighting. (A) Net photosynthetic rate (Pn), (B) stomatal conductance (Gs), (C) transpiration rate (Tr), and (D) ratio of intercellular (Ci) to atmospheric (Ca) CO2 concentration (Ci/Ca ratio) of yellow-poplar plants exposed to the natural day/night cycle (C0) and the day/night with artificial lighting cycle (T1, T2, and T3). The black solid circles (●), gray solid circles (●), light gray solid circles (●), and hollow circles (○) represent C0, T1, T2, and T3, respectively. Black and white boxes at the top indicate the dark and light phase, respectively, in the daily cycle. The x-axis represents the time of day (h). Data points represent mean ± SD (n = 5). Asterisks represent a significant difference among treatments (* p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant). 
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Figure 6. Seasonal patterns of leaf gas exchange parameters in yellow-poplar treated with artificial night lighting. (A) Net photosynthetic rate (Pn), (B) stomatal conductance (Gs), (C) transpiration rate (Tr), and (D) water use efficiency (WUE) of yellow-poplar plants exposed to the natural day/night cycle (C0) and the day/night with artificial lighting cycle (T1, T2, and T3) during the experimental period. The black solid circles (●), gray solid circles (●), light gray solid circles (●), and hollow circles (○) represent C0, T1, T2, and T3, respectively. The x-axis represents the weeks after initial onset of treatments on 22 April 2014. Data points represent mean ± SD of five experimental replicates. Asterisks represent significant treatment effects at a single measuring date (* p < 0.05; ** p < 0.01; *** p < 0.001). 
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Figure 7. In situ detection of superoxide radicals (O2−) and hydrogen peroxide (H2O2) by NBT (nitroblue tetrazolium) and DAB (3,3′-diaminobenzidine) staining, respectively, in yellow-poplar leaves exposed to artificial night light. (A) NBT and DAB staining for detecting levels of O2− and H2O2 production. Scale bar = 2 mm. (B) NBT- and DAB-stained area in leaf discs from each treatment. Color images of leaf discs were converted to black and white images and stained leaf areas were quantified by using the software WinFOLIA Pro 2013 (WinFOLIA, Regent Instruments, Québec, Canada). Data represent the mean ± SD (n = 5). Different lowercase letters on the bars indicate significant differences among treatments in NBT and DAB, respectively (Tukey’s test after one-way ANOVA). 
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Figure 8. SOD (superoxide dismutase) activity in yellow-poplar leaves exposed to the natural day/night cycle (C0, black bar) and the day/night with artificial lighting cycle (T1, T2, and T3 denote dark gray bar, light gray bar, and white bar, respectively). Data indicate mean ± SD (n = 5). Different lowercase letters on the bars indicate significant differences among treatments (Tukey’s test after one-way ANOVA). 
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Figure 9. MDA (malondialdehyde) contents (A) and electrolyte leakage (B) in yellow-poplar leaves exposed to the natural day/night cycle (C0, black bars) and the day/night with artificial lighting cycle (T1, T2, and T3 denote dark gray bars, light gray bars, and white bars, respectively). Data indicate mean ± SD (n = 5). Different lowercase letters on the bars indicate significant differences among treatments (Tukey’s test after one-way ANOVA). 
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Figure 10. Relative water contents (RWC) in yellow-poplar leaves exposed to the natural day/night cycle (C0, black bar) and the day/night with artificial lighting cycle (T1, T2, and T3 denote dark gray bar, light gray bar, and white bar, respectively). Data indicate mean ± SD (n = 5). Different lowercase letters on the bars indicate significant differences among treatments (Tukey’s test after one-way ANOVA). 
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Figure 11. Aboveground fresh and dry weight in yellow-poplar exposed to artificial night lighting. (A) Fresh weight and (B) dry weight in yellow-poplar exposed to the natural day/night cycle (C0, black bars) and the day/night with artificial lighting cycle (T1, T2, and T3 denote dark gray bars, light gray bars, and white bars, respectively). Data indicate mean ± SD (n = 5). Different lowercase letters on the bars indicate significant differences among treatments (Tukey’s test after one-way ANOVA). 
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Figure 12. Belowground fresh and dry weight in yellow-poplar exposed to artificial night lighting. (A) Fresh weight and (B) dry weight in yellow-poplar exposed to the natural day/night cycle (C0, black bars) and the day/night with artificial lighting cycle (T1, T2, and T3 denote dark gray bars, light gray bars, and white bars, respectively). Data indicate mean ± SD (n = 5). Different lowercase letters on the bars indicate significant differences among treatments (Tukey’s test after one-way ANOVA). 
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