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Abstract

:

The significant effects of lighting on plants have been extensively investigated, but research has rarely studied the impact of different lighting directions for the strawberry plant. To understand the optimal lighting direction for better growth and development, this study investigated how strawberries respond to variations in the lighting direction to help fine-tune the growth environment for their development. We examined how the lighting direction affects plant morphophysiology by investigating plant growth parameters, leaf anatomy, epidermal cell elongation, stomatal properties, physiological characteristics, and expressions of runner induction-related genes (FaSOC1 and FaTFL1) and gibberellin (GA) biosyntheses-related genes (FaGA20ox2 and FaGA20ox4). In closed-type plant factory units, the rooted cuttings of strawberry (Fragaria × ananassa Duch.) ‘Suhlyang’ were subjected to a 10-h photoperiod with a 350 μmol∙m−2∙s−1 photosynthetic photon flux density (PPFD) provided by light-emitting diodes (LEDs) from three directions relative to the plants: top, side, and bottom. Our results demonstrated that the side lighting profoundly promoted not only morphophysiology, but also runner formation, by upregulating photosynthesis in strawberries. Side lighting can bring commercial benefits, which include reduced economic costs, easier controllability, and harmlessness to plants. This will help provide new insights for the propagation of the most commonly cultivated strawberries in South Korea.
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1. Introduction


Cultivated strawberry (Fragaria × ananassa Duch.) is one of the most popular crops worldwide due to its flavor, graceful appearance, and health benefits. Strawberry cultivation and production have steadily expanded during the last two decades [1]. Strawberry can easily be grown via crown division or with daughter plants on runners. Strawberry plants are commercially propagated, often utilizing daughter plants grown on runners, as asexual generation of daughter plants is faster than seed propagation, and daughter plants preserve the traits of the mother plants [2]. Hence, the ability to generate runners is extremely important in agriculture. Strawberry is a rosette-forming plant, with a short stem, which is known as the primary crown [3]. At the axils of leaves on the primary crown, there is an axillary meristem (AXM) which can either develop into runners, branch crowns, or remain dormant [4]. It has long been known that the process of generating runners and flowers from various meristem crowns in wild and cultivated strawberries are antagonistic. In addition, these processes are dependent on the cultivar and various environmental factors [2]. It is well known that long days and high temperatures will promote runner formation [5], as well as the plant growth regulators (PGRs) which are essential for AXM initiation and axillary bud growth [6]. The most well-known PGRs for runner induction are GAs. Numerous studies have shown that GAs can significantly promote runner formation in both wild and cultivated strawberries [7,8,9]. Therefore, the development of the AXM is extremely important for runner production.



Commercially, growing strawberries indoors has become more popular, because it avoids many adverse environmental effects and improves the quality and quantity of agricultural products. Growing plants indoors in plant growth chambers, plant factories, and greenhouses allows the use of highly controllable artificial lighting as a supplement. The applications of Plant Artificial Lights (PALs) will replace sunlight to provide light for agricultural production. Indoor plant cultivation with artificial lighting is an innovative technology for modern agriculture that fundamentally changes the concept of farming [10]. Moreover, how to select the correct lighting for indoor plant cultivation has become a subject of great interest.



Lighting is a crucial factor for plant growth. Since plants are sessile and photoautotrophic, they cannot move away from sources of stress or seek out a location with optimal environmental conditions [11]. Instead, in order to live and reproduce in their environment, they must adapt their development mechanisms to their environment. Many species have evolved complex photosensory systems that allow them to properly respond to their surroundings [12]. Light is required for photosynthesis and many other physiological processes related to plant development, and plants are extremely sensitive to this vital external signal [13]. Plant survival is largely dependent on light adaptation [14]. Photomorphogenesis, a specific talent developed by more advanced plants, allows them to change their forms in response to the changing light conditions [15]. Lighting direction is a new concept that is different from the light quality and intensity that affects plant morphophysiology. Variations in the lighting direction affect plant morphophysiology. The leaf orientation directly determines the light interception. Phototropism-induced variations in the leaf angle and leaf movement (epinastic or hyponastic) have been proposed as a way for plants to develop a greater photosynthetic capacity and efficiency [16].



As mentioned in our previous study, the lighting direction affected the plant morphology, as evidenced by the growth parameters, epidermal cell elongation, stomatal properties, and physiological changes with the changing light directions [17,18]. Due to changes in the leaf angle followed by variations in the lighting direction, the epidermal cells in the midribs are stimulated, which further affects the stomatal characteristics. The stomatal density and size are thought to be indications of plants’ acclimatization and adaptability to different conditions [19,20]. Moreover, an increased stomatal density decreases the risk of stomatal injury from various stresses, such that having a very dense and opened smaller stomata is the optimal strategy for attaining the largest stomatal conductance at low CO2 concentrations, which helps plants achieve a high photosynthetic efficiency [21]. Furthermore, variations in the lighting direction also affected the photosynthetic and chlorophyll fluorescence parameters of plants. Chlorophyll fluorescence measurements have long been recognized as a useful and informative indication for assessing various photosynthetic responses [22]. Chlorophyll fluorescence is primarily and successfully utilized to determine the possible quantum yield of photosystem II and photoinhibition under prevailing light and shade environments [23]. Shade has a substantial impact on the performance and structure of the photosynthetic apparatus [24]. It reduces the thicknesses of leaves, palisades, and spongy tissues, and inhibits energy transfer from PSII to PSI, resulting in a reduced chlorophyll fluorescence [24,25]. In addition, enzymatic activities are also influenced by different lighting directions. Plants have developed sophisticated acclimatization strategies to overcome unfavorable conditions, such as the ROS (reactive oxygen species) scavenged enzymatic antioxidant system [26]. Under this condition, the balance between the production of ROS and the quenching activity of antioxidants becomes disrupted, often resulting in oxidative damages [27]. Usually, a greater ability to eliminate ROS indicates higher antioxidant enzyme activities. Moreover, chlorophyll a is more sensitive to ROS than chlorophyll b is under stressed conditions. ROS directly causes the degradation of chlorophyll a, and the total chlorophyll contents [28,29], which affects photosynthesis. Moreover, the metabolic capacity of photosynthesis in plants has been evaluated through the quantity and activity of key enzymes involved in the CO2 fixation and the regeneration of RuBisCO-1, 5-bisphosphate (RuBP) under various circumstances [30,31,32], as well as the content and activity of light-capturing components, electron transport fragments, and energy transferring enzymes [33,34,35]. RuBisCO (RuBP carboxylase or oxygenase) catalyzes the CO2 fixation in photosynthesis, which is directly engaged in the first phase of the Calvin Benson cycle and accounts for 12–35% of the leaf proteins, most notably in C3 crop plants [36]. The primary biochemical constraint implicated in the shade-associated down-regulation of the net photosynthetic rate has been identified in previous reports as a decrease in the RuBisCO quantity or activity [30]. Most notably, side lighting promoted more branches and flowers in chrysanthemum plants [18]. Thus, these findings indicate the importance of investigating the responses of plant performance under changing light directions to understand how the growth and development of plants are affected by different lighting directions.



In addition to external influences, researchers have lately started to focus on the genetic factors affecting the runner formation in strawberries. Diploid woodland strawberry (Fragaria vesca) has been developed as a model for the commercial strawberry (octoploid) because of its small genome size [37]. Tenreira and his colleagues [38] found that the runnerless trait in woodland strawberry was caused by a deletion in the active site of a GA-biosynthesis gene named FveGA20ox. This mutation was also found in all-natural runnerless woodland strawberry plants, and exogenous applications of bioactive GAs restored the runner-producing phenotype in the runnerless plants. Moreover, Mouhu et al. [39] suggested that FveSOC1 plays a central role in the photoperiodic control of runner production and flowering in woodland strawberries, and this process may also be regulated through the activation of GA-biosynthesis genes. These results strongly suggest that GA biosynthesis in the axillary meristem is essential for inducing runner differentiation in diploid strawberry plants [40].



In this study, we investigated how strawberries respond to the different lighting directions to help fine-tune the growth environment for their development. Furthermore, our study not only refers to the profound effects of the lighting direction on the morphophysiology of strawberries but also demonstrated how the runner formation was visibly induced by side lighting. It avoids the side effects of inappropriate working concentrations of PGRs, and only adjusts lighting directions, which is easier to control, reduces economic costs, and poses no harms to the plant itself. However, the exact mechanism still needs to be further explored. These findings will provide new insights for the propagation of the most commonly cultivated strawberries in South Korea.




2. Materials and Methods


2.1. Plant Growth and Treatment Designs


The runner plants of strawberry ‘Sulhyang’ were obtained from a strawberry farm (Sugok-myeon, Jinju, Gyeongsangnam-do, Korea) in mid-July of 2021. They were stuck in a commercial medium (BVB Medium, Bas Van Buuren Substrates, EN-12580, De Lier, The Netherlands) in 21-cell zigzag trays (21-Zigpot/21 cell tray, Daeseung, Jeonju, Korea). All cuttings were kept on a fogged propagation bench with an 80% relative humidity for 15 days, and were subsequently acclimated for 7 days in a glasshouse with an average light intensity of 350 μmol∙m−2∙s−1 PPFD of sunlight, and a natural photoperiod. The strawberry plants with 3 ± 1 leaves per plant were transplanted into 10 cm plastic pots for the subsequent experiments.



After acclimation, the transplanted plants were randomly divided into nine groups, where each group contained six biological replications (n = 6) with consistent growth to minimize the external influences and transferred into three separate closed-type plant growth chambers (C1200H3, FC Poibe Co. Ltd., Seoul, Korea), which acted as three experimental repetitions, with a 25 °C temperature and 80% relative humidity. Each chamber was divided equally into compartments according to the three lighting directions (top, side, and bottom) using plates. The compartments with different lighting directions had a random distribution of positions in each chamber to avoid the occurrence of effects related to the position. In addition, all light-reflecting parts inside the chambers and the plates of each layer were wrapped with an opaque black curtain to prevent the different lighting directions from interacting with each other. Each plate contained one group of plants, with 15 cm between each plant. The LEDs used were custom-made (SungKwang LED Co., Ltd., Incheon, Korea) and produced a wide spectrum, ranging from 400 to 720 nm with a distinct peak at 435 nm (blue) at a set light intensity of 350 μmol∙m−2∙s−1 PPFD from 08:00 to 18:00 (SD condition) via an adjustment of the dimmer. Moreover, two modular-type LED lamps were placed 15 cm away from the top, side, or bottom of the plants. Furthermore, the light intensity was measured using a quantum radiation probe (FLA 623 PS, ALMEMO, Holzkirchen, Germany) at the top-leaf level of the plant [17]. The plants were watered every day at 09:00 a.m. from 7 August to 20 September, 2021 with a nutrient solution with a composition of (in mg∙L−1) 708.0 Ca(NO3)2∙4H2O, 246.0 MgSO4∙7H2O, 505.0 KNO3, 230.0 NH4H2PO4, 1.24 H3BO3, 0.12 CuSO4∙5H2O, 4.00 Fe-ethylene diamine tetraacetic acid, 2.20 MnSO4∙4H2O, 0.08 H2MoO4, and 1.15 ZnSO4∙7H2O [17].




2.2. Measurements of the Growth Parameters


The growth indexes were collected after 45 days of cultivation. The plants were harvested and immediately put into liquid nitrogen, then stored in a −80 °C freezer for future physiological investigations. Whole plants were obtained, and the roots were properly cleaned with tap water and severed from the shoot to measure the growth parameters. The plant height, top view diameter of plants, number of leaves and runners per plant, length and width of the largest fully-expanded leaves, the abaxial petiole angle of the outermost leaves, root length, and the fresh weights of shoots and roots were measured directly. In addition, the dry weights of the shoots and roots were measured after drying for one week in a 65 °C drying oven.




2.3. Leaf Anatomical Features


For each treatment, six leaf segments (1 cm2) without midribs were collected from fully expanded leaves in the same development stage for each treated plant. The segments were fixed in a formaldehyde solution containing 5% (v/v) formalin, 5% (v/v) acetic acid, and 90% (v/v) ethanol at 4 °C for one week. The leaf samples were dehydrated in a graded series of ethanol solutions (95, 75, 50, 25, and 10% (v/v) ethanol for each treatment for 45 min with three repeats, respectively) and cut using the freehand slice method to an appropriate thickness. The sections were placed on glass slides and then directly observed with an optical microscope (ECLIPSE Ci-L, Nikon Corporation, Tokyo, Japan) without staining. The thicknesses of the total leaf, spongy tissues, and palisade mesophylls were measured with ImageJ.




2.4. Epidermal Cell and Stomatal Characteristics


The upper and lower epidermis without leaf midribs were carefully removed from the fully expanded leaves of three randomly selected plants in a similar position for each lighting direction to observe the epidermal cells. An observation of the stomata was performed using transparent gummed tape to tear the epidermis from the abaxial surfaces of leaves [41]. The excised samples were observed with an optical microscope (ECLIPSE Ci-L, Nikon Corporation, Tokyo, Japan) and analyzed with ImageJ. The number of stomata was divided by the area in which the number of stomata was recorded to obtain the stomatal density. The length and width of guard cell pairs and stomatal pores were measured according to the directions provided by Sack and Buckley [19].




2.5. Photosynthesis and Photosynthetic Pigment Contents


A leaf porometer (SC-1, Decagon Device Inc., Pullman, WA, USA) was used to measure the photosynthetic parameters of fully expanded leaves at the same stage and position. All parameters, including the net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance (Gs), and intercellular CO2 concentration (Ci) were measured inside the plant growth chambers to maintain the same steady condition from 9:30 to 11:30 in the morning. 0.2 g samples of fresh leaves were collected from each treated plant for photosynthetic pigment content measurements (n = 6). All of the samples were dipped in 10 mL N,N-dimethyl formamide solution in the dark for 48 h at 4 °C, and then both chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoid (Car) contents were measured. The absorbances of the upper layer solution at 645 and 663 nm were recorded with a UV spectrophotometer (Libra S22, Biochrom Ltd., Cambridge, UK). The photosynthetic pigment content was calculated according to the method described by Sim et al. [42]. The pigment content was expressed as the pigment content/fresh leaf weight (mg/g).




2.6. Chlorophyll Fluorescence Measurements


The chlorophyll fluorescence measurement was performed with the miniaturized pulse-amplitude-modulated photosynthesis yield. Each plant was moved to a dark chamber for 45 min for adaptation before being measured. A photosystem (Fluor Pen FP 100, Photon Systems Instruments, PSI, Drásov, Czech Republic) was used to estimate the maximal PSII quantum yield (Fv/Fm), photochemical efficiency of PSII (Fv′/Fm′), non-photochemical quenching (NPQ), and the coefficient of photochemical quenching (qP). All the parameters were calculated using the methods reported by Maxwell et al. [43].




2.7. Contents of Carbohydrates and Soluble Proteins


The leaf samples were harvested at the same stage at the end of the day or night for the carbohydrate measurements. The contents of starch and soluble sugars were determined by the Anthrone colorimetric method described by Vasseur and Ren et al. [44,45]. The total proteins in the strawberry leaves were extracted based on the methods of Bianco et al. [46] with minor modifications. The fresh leaves were collected, immediately immersed in liquid nitrogen, and were ground into a fine powder over an ice bath. A total of 0.5 g of the powder was transferred into a 15 mL centrifuge tube and was suspended with a 5 mL extraction buffer (0.7 M sucrose, 0.1 M KCl, 0.5 M Tris-HCl (pH 7.5), 50 mM EDTA, 1% (w/v) PVP, 2% (w/v) β-mercaptoethanol, 1 mM PSMF, and 10 mM DTT). The tube was kept in ice for 30 min before an equal volume of chilled phenol saturated with a Tris-HCl buffer (pH 7.5) was added, and then was vortexed for 25 min. After a 20-min centrifugation (13,000 rpm, 4 °C), the upper phenolic phase was collected and mixed with 5 volumes of 100 mM ammonium acetate in methanol, then was kept at −20 °C overnight. The precipitated proteins were centrifuged (13,000 rpm, 4 °C, 35 min), and then rinsed once with pre-cooled methanol and twice with chilled 80% (v/v) acetone. The proteins were then air-dried at room temperature and dissolved in a 400 μL rehydration buffer (7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 2% (w/v) IPG, and 0.001% (w/v) bromophenol blue). Finally, the total soluble protein content was determined with the Bradford reagent (Sigma-Aldrich, St. Louis, MO, USA) according to the manual and bovine serum albumin (BSA) was used as the standard. Additionally, the contents of carbohydrates and soluble proteins were measured with a UV spectrophotometer (Libra S22, Biochrom Ltd., Cambridge, UK).




2.8. Enzyme Activities


The activities of antioxidant enzymes, including peroxidase (POD), catalase (CAT), superoxide dismutase (SOD), and ascorbate peroxidase (APX) were spectrophotometrically measured as described by Manivannan et al. [47]. The key enzymatic activities related to sucrose synthesis: Sucrose synthase (SS), sucrose phosphate synthase (SPS), phosphoenolpyruvate carboxykinase (PEPC), and phosphoenolpyruvate phosphatase (PEPP); starch synthesis: Adenosine diphosphate glucose pyro-phosphorylase (ADPGPPase), uridine diphosphate glucose pyro-phosphorylase (UDGPPase), and soluble starch synthase (SSS); and photosynthesis (RuBisCO) were measured using a UV spectrophotometer (Libra S22, Biochrom Ltd., Cambridge, UK). The SS and SPS activities were determined in a 1 mL reaction mixture containing a 500 μL enzyme extract at 34 °C for 1 h. A 300 μL 30% (v/v) KOH was added to this mixture and was then placed in a water bath at 100 °C for 10 min after which it was gradually cooled to room temperature. The mixture was subjected to incubation at 40 °C for 20 min after a 200 μL 0.15% (v/v) anthrone-sulfuric acid solution was applied and the enhancement of A620 nm was monitored. The total RuBisCO activity was measured by injecting 100 μL of the supernatant into 400 μL of an assay mixture consisting of 50 mM Tris-HCl (pH 8.0), 5 mM DTT, 10 mM MgCl2, 0.1 mM EDTA, and 20 mM NaH14CO3 (2.0 GBq mmol−1) at 30 °C. After a 5-min activation period, the reaction was initiated via the addition of RuBP to 0.5 mmol L−1 and was terminated after 30 s with 100 μL of 6 mol L−1 HCl. The PEPC was assayed in a 1 mL reaction mixture consisting of 50 mM Tris-HCl (pH 8.0), 5 mM MnCl2, 2 mM DTT, 10 mM NaHCO3, 0.2 mM NADH, 5 unit NAD-MDH, and a 160 μL enzyme extract. The reaction was initiated by adding 2.5 mM phosphoenolpyruvate (PEP). The PEPP was determined in a 1.5 mL reaction mixture containing 100 mM imidazole-HCl (pH 7.5), 50 mM KCl, 10 mM MgCl2, 0.05% (w/v) BSA, 2 mM DTT, 150 μM NADH, 1 unit LDH, 2 mM ADP, and a 150 μL enzyme extract. The reaction was initiated with 2 mM PEP, and the increase in the A412 nm was monitored. The above description of enzymatic activities was conducted in accordance with the directions provided by Feng et al. and Yang et al. [48,49]. In addition, the activities of ADPGPPase, UDPGPPase, and SSS were measured according to the protocol described by Doehlert et al. and Liang et al. [50,51].




2.9. Real-Time Quantitative PCR Verification


For each lighting direction, the expanding leaves at the same development stage were harvested (n = 6) for consideration of the RNA abundance and the sensitivity of the blade to lighting. All the leaves were immediately frozen in liquid nitrogen. The total RNA was extracted using an Easy-Spin total RNA extraction kit (iNtRON Biotechnology, Seoul, Korea), which was then used for first-strand cDNA synthesis with the GoScript Reverse Transcription System (Promega, Madison, WA, USA) according to the manufacturer’s protocols. A real-time quantitative PCR was conducted with a real-time PCR system (CFX96, Bio-Rad, Hercules, CA, USA). The reaction volumes (20 μL) contained 1 μL of cDNA, 1 μL of each amplification primer (10 μM), 10 μL of 2 × AMPIGENE qPCR Green Mix Lo-ROX (Enzo Life Sciences Inc., Farmingdale, NY, USA), and 7 μL ddH2O (double distilled water). The 2−ΔΔCt method was used for the data analysis.



The expression level of key genes related to flowering repression and runner formation promotion (FaSOC1 and FaTFL1) and GA biosyntheses (FaGA20ox2 and FaGA20ox4) were measured, and FaMSI1 was the normalization gene (ACTIN) as described [39]. All genes from this article can be found in the GenBank/National Center Biotechnology Information Data Library and the Genome Database for Rosaceae (http://www.rosaceae.org, accessed on 2 October 2021). The target gene information and primers are listed in Table 1 [39,52].




2.10. Statistical Analysis


The notable differences among the treatments were assessed via an analysis of variance (ANOVA) followed by Duncan’s multiple range test at a probability of p ≤ 0.05 using a statistical program (SAS, Statistical Analysis System, V. 9.1, Cary, NC, USA). The experimental assays that were used to obtain all of the results were repeated three times and are presented as the mean ± standard error.





3. Results


3.1. Morphological Characteristics and Growth Parameters


The morphological and growth characteristics of strawberry ‘Sulhyang’ plants as affected by the lighting direction after 45 days of cultivation were measured (Figure 1). In this study, the phenotype and growth attributes of strawberry plants were significantly affected by the different lighting directions. The plant height (Figure 1A,D), top view diameter (Figure 1A,E), abaxial petiole angle of the outermost leaves (Figure 1C,G), and leaf width (Figure 1A,I) were considerably increased with the top lighting compared to those with the bottom and side lighting. Specifically, the side lighting definitively and significantly promoted runner formation and plant biomass but decreased the petiole length (Figure 1A,F,L), as compared to the same parameters with the top and bottom lighting. The number and length of leaves and roots were noticeably lower with the bottom lighting than they were with the top and side lighting, but there were no significant differences in these parameters between those grown with the top and side lighting (Figure 1B,H,J–K). Overall, the side and top lighting remarkably increased the plant growth and development, compared to the bottom lighting. It is noteworthy that the side lighting dramatically enhanced while the bottom lighting markedly suppressed runner formation. The bottom lighting also markedly increased the leaf angle and further resulted in strawberry leaves bending downward due to the phototaxis.




3.2. Leaf Anatomy


To further explore the influence of the lighting direction on the leaf structure, the leaf anatomy was investigated in strawberry ‘Sulhyang’ plants. In this study, visible differences in the leaf, spongy tissue, and palisade tissue thicknesses were examined with regard to the three lighting directions (Figure 2). Interestingly, strawberry leaves displayed a perfectly developed leaf structure with the top and especially the side lighting, with the greatest leaf thickness, as well as a more clear, straight, and compact structures of the palisade tissues and spongy tissues. The mesophyll, composed of palisade parenchyma, spongy parenchyma, and lithocyst, was well developed. The palisade parenchyma was composed of 1–2 layers of cylindrical cells, in which many rectangular lithocysts were arranged perpendicularly to the epidermis. The spongy tissues were comprised of cells of irregular shapes, where some of them were lobed, and separated by large spaces. However, the leaf structures of plants which were grown with the bottom lighting were dysplastic, in particular with the palisade tissues. These findings indicated that an optimal lighting direction positively promotes, while non-optimal lighting negatively affects, the leaf development in strawberry.




3.3. Morphology of the Epidermal Cells and Stomata


The lighting direction exerted a significant influence on the morphology of the epidermal cells of the leaf midribs during their development (Figure 3A–C). The length of the upper epidermal cells was greatly promoted with the top and bottom lighting. The side lighting yielded the greatest width of the upper epidermal cells. Moreover, the smallest values of lower epidermal cell length and width were obtained with the side lighting; these parameters displayed no significant differences in response to the top and bottom lighting. Overall, compared with the top lighting, as plants grew toward the side and bottom lighting, which cause diverse leaf movements, the upper epidermal cells in the midribs were stimulated, and became prolate, while the wide flat cells were observed in the lower epidermis because of squeezing.



To further explore the changes in the epidermal cellular morphology, we examined the stomatal state in strawberry leaves as affected by the different lighting directions. Relative to the bottom lighting, the top and especially the side lighting significantly increased the stomatal density and promoted stomatal opening (Figure 4 and Figure 5A,E). Moreover, few opened but many closed stomatal pores were observed in response to the bottom lighting (Figure 4A). In addition, the bottom lighting yielded the most narrow and shriveled guard cell pairs and stomatal pores, as well as poorly distributed chloroplasts in guard cells. However, the round and plump guard cells containing numerous chloroplasts were found in response to the top, and especially the side lighting. Moreover, the side lighting resulted in a smaller stomatal size than the top and especially the bottom lighting (Figure 5A). Our results indicated that the top and especially the side lighting resulted in a much more prominent increase in the stomatal density and stomatal opening, but smaller stomatal size when compared to the bottom lighting. Overall, different lighting directions resulted in different changes in the strawberry leaf phenotype and further affected the morphology of the epidermal cells and stomata, and eventually led to changes in the stomatal properties.




3.4. Photosynthetic Pigment Contents


The lighting direction significantly affected the photosynthetic pigment contents in strawberry leaves (Figure 6). In this experiment, the bottom lighting distinctly decreased the values of Chl a, Chl b, Chl a + b, and Car contents, but not Chl a/b. Greater Chl and Car contents were observed with the top and side lighting, and the side slighting led to the greatest pigment contents. Moreover, there were no significant differences in the Chl a/b in response to the top and side lighting. On average, these improvements in Chl and Car contents suggest a direct relationship between the photosynthetic pigment contents and the lighting direction: the bottom lighting negatively affected pigment formations in strawberry plants.




3.5. Photosynthetic and Chlorophyll Fluorescence Characteristics


Table 2 shows the photosynthetic characteristics of strawberry plants in response to the different lighting directions. The maximum Pn, Tr, Gs, and Ci values of strawberry leaves were observed in response to the side lighting, while the bottom lighting led to a marked decline. Relative to the bottom lighting, the increases in the net photosynthetic rate in response to the top and side lighting indicated that the lighting direction is highly linked with photosynthesis. This relationship may be due to the enhancement of the stomatal properties and photosynthetic pigment contents when the top and especially the side lighting were employed.



The absorbed radiation energy in strawberry leaves was studied in response to the different lighting directions (Table 3). In this experiment, the chlorophyll fluorescence parameters including Fv/Fm, Fv’/Fm’, NPQ, and qP were significantly altered in response to the different lighting directions. Moreover, the Fv/Fm, Fv’/Fm’, NPQ, and qP with the top and side lighting were considerably higher than those with the bottom lighting, while insignificant differences were observed in response to the top and side lighting. Furthermore, the side lighting observably increased the quantum yields of Fv/Fm, Fv’/Fm’, NPQ, and qP by 22.8, 40.8, 32.1, and 64.7%, respectively, as compared to those with the bottom lighting. Overall, our results indicated that the provision of an appropriate lighting direction plays a crucial role in improving the chlorophyll fluorescence parameters and photosynthetic capacity of strawberry plants.




3.6. Carbohydrates and Soluble Proteins


The different lighting directions led to differences in the photosynthetic efficiency (Table 2 and Table 3). To further investigate the effects of the lighting direction on photosynthesis, we determined the accumulation of soluble proteins in strawberry plants (Figure 7A). The content of soluble proteins was the lowest with the bottom lighting, while the greatest value was observed with the side lighting. In our study, the lighting direction also affected the total soluble sugar and starch contents (Figure 7B,C). As expected, the total soluble sugar and starch contents significantly increased in response to the side lighting. The highest total soluble sugar content of 2.2 mg g−1 and starch content of 12.1 mg g−1 were measured in response to the side lighting. Moreover, the increasing tendency of the total soluble sugar and starch contents proved again that a highly positive relationship exists between the side lighting and photosynthesis.




3.7. Enzymatic Activities


We further explore the effects of the lighting direction on the enzymatic activities in strawberry plants. The significant differences in the activity of ROS scavenging enzymes (APX, CAT, GPX, and SOD) (Figure 8A–D), sucrose synthesis enzymes (SS, SPS, PEPC, and PEPP) (Figure 8E,F), starch synthesis enzymes (ADPGPPase, UDGPPase, and SSS) (Figure 8G–I), and photosynthesis enzymes (activated and non-activated activity of RuBisCO) (Figure 8J) were investigated in response to the different lighting directions. As expected, all the aforementioned enzymatic activities decreased with the bottom lighting, compared to those with the top and side lighting, and the lowest values were measured with the bottom lighting. An acceleration in the activity of these enzymes occurred for both the top and side lighting, while the amplitude of acceleration was higher with the side lighting than with the top lighting. Taken together, these results suggest that the different enzymatic activities were directly associated with changes in the lighting direction. In our situation, using side lighting can be more effective at stimulating enzymatic activities.




3.8. Gene Expressions


A very interesting phenomenon was observed in our experiment, where conspicuous differences in the phenotype of runner formation were observed in response to the three lighting directions. As we mentioned previously, FaSOC1 and FaTFL1 are two key genes that play a major role in the control of flowering and vegetative reproduction through runners. GAs are considered potentially important regulators of tuber growth. So, the key genes related to flowering repression and runner formation promotion (FaSOC1 and FaTFL1), as well as the GA biosyntheses-related genes (FaGA20ox2 and FaGA20ox4), were investigated in our study (Figure 9A–D). All genes were down-regulated with the bottom lighting, while the side lighting led to the greatest expression levels. The gene expression tendencies were consistent with the phenotype of runner formation in the experiment, where the side lighting promoted the formation of a greater number of runners; no runners were induced in response to the bottom lighting. Our experimental results proved that there was a direct or indirect relationship between the lighting direction and runner formation, referring to the gene-controlled networks and GA biosyntheses-related pathways. However, the specific connections need to be explored further.





4. Discussion


4.1. The Effects of the Lighting Direction on Morphology and Growth Parameters of Strawberry Plants


The morphology of plants has a certain plasticity, and the corresponding adaptation mechanisms exist for different environmental conditions [53]. Numerous reports have confirmed that the lighting quality, intensity, source, and photoperiod led to various influences on the plant morphology. However, a few experiments have investigated the impact of different lighting directions on the plant growth and development. In our study, the bottom lighting significantly decreased the plant height, top view diameter, leaf area, number of leaves per plant, root length, plant biomass, and abaxial petiole angle of the outermost leaves of strawberry plants as compared to the parameters in response to the top and side lighting (Figure 1). These results indicated that any change in the lighting direction directly affected the morphological characteristics of strawberries, and that the bottom lighting negatively affected the strawberry growth and development. Similarly, in a previous study, it has been reported that the bottom lighting significantly influenced the morphology and growth state by reducing the abaxial petiole angle, plant height, and dry matter production [18]. Due to phototropism, differences in the lighting direction induced the epinastic or hyponastic leaf movement in plants. The strawberries that were grown with the bottom lighting had the smallest abaxial petiole angle, followed by the plants grown with the side lighting, and the bottom lighting also led to the lowest shoot height. The side lighting remarkably enhanced the fresh and dry weights of shoots and roots but reduced the shoot height, which is consistent with the results of a study which reported that in vitro micropropagated potato plantlets grown with sideward lighting had significantly shortened stems but an increased dry weight compared to those grown with the top (downward) lighting [54]. In addition, the greatest plant growth and development of strawberries were observed with the top and side lighting, which may be regulated by higher photosynthesis, which supplies adequate energy to the plants [55] and involves complex molecular regulation networks and endogenous plant hormones [56,57]. Overall, these results demonstrated that the top and side lighting are more effective in improving strawberry growth and development, compared to the bottom lighting.




4.2. The Effects of the Lighting Direction on Runner Induction and Runner-Formation-Related Gene Expression in Strawberry Plants


It is worth noting that the side lighting promoted more runners than the top lighting did, while there was no runner formation induced with the bottom lighting. Recently, some reports have proven that sugar is crucial for bud outgrowth. For nearly a century, the plant growth regulator auxin has been central to theories on apical dominance, whereby the growing shoot tip suppresses the growth of the axillary buds below. The rate of auxin transportation is very slow, typically at 1 cm h−1 through the stem [58], but it has been observed that pea (Pisum sativum) buds release up to 24 h before changes in the auxin content were observed in the adjacent stem. After the loss of the shoot tip, sugars are rapidly redistributed over large distances (150 cm h−1) and accumulate in axillary buds within a timeframe that correlates with the bud release. Thus, a new theory of apical dominance was put forward, where it was proposed that the shoot tip’s strong demand for sugars inhibits axillary bud outgrowth by limiting the amount of sugars translocated to those buds [59]. Furthermore, recent studies have shown that sugar not only plays a nutritional role, but also serves as a significant signaling mediator for the bud release. For instance, sugar could suppress the auxin-induced strigolactone pathway to promote bud growth in rose (Rosa hybrida L. cv Radrazz) [60]. Moreover, higher expression levels of sugar metabolism and signaling genes were detected in non-dormant buds in strawberry runners when compared with those in dormant buds [61]. Thus, we measured the soluble sugar and starch contents in strawberries treated with the different lighting directions. Depending on our results, the top and especially the side lighting processed higher soluble sugar and starch contents than the bottom lighting did (Figure 7B,C). Moreover, the carbohydrate contents were positively correlated with the number of runners, suggesting that carbohydrates may play an important role in breaking the dormancy of the axillary buds and inducing runner formation in strawberry plants. As we know, RuBisCo is a key enzyme for photosynthesis, and its activity is extremely crucial for photosynthesis [62]. In addition, the top and especially the side lighting enhanced the activity of RuBisCo and photosynthetic parameters (Figure 8J, Table 2 and Table 3) indicate that photosynthesis was promoted with both the top and side lighting, which led to an increased production of carbohydrates. These results indicate that the top and especially the side lighting increased the carbohydrate contents, which can promote runner formation by enhancing photosynthesis.



GAs are the most diverse plant hormones, and play a significant role in regulating the internode elongation, fiber development, leaf growth, flowering, fruiting, and seed dormancy in higher plants. Currently, 136 natural GAs are known, but only a few GA molecules (such as GA1, GA3, GA4, and GA7) are biologically active in plants [63]. Surapornpiboon [64] found that runner production was negatively correlated with the GA3 concentration in cultivated strawberry, which is consistent with our previous results where it was found that exogenous GA3 application decreased the number of runners [65]. In addition, cultivated strawberries are complex allo-octoploids, with four relatively similar sub-genomic chromosome sets from diploid donors. A polyploid usually produces more hormones, total proteins, sugars, flavonoids, etc., compared to the corresponding diploid [66,67,68]. It could be deduced that the octoploids could increase the level of GAs, and these GAs alone are enough for producing runners in ‘Sulhyang’. Thus, the GA3 application broke the dynamic equilibrium and reduced the runner formation [65]. Taken together, GAs have been shown to play a critical role in runner formation in woodland strawberries.



GA20-oxidase is a key synthesizing and regulating enzyme in the biosynthesis of gibberellic acid and directly regulates the generation of biological GAs. It is also a multifunctional enzyme, and its most important feature is negative feedback regulation. GA20-oxidase plays an important regulating role in the development and physiological processes of plants [69]. In our experiment, the higher expression levels of GA20-oxidase synthesis-related genes (FaGA20ox2 and FaGA20ox4) were observed in strawberry plants which were grown with the top and especially side lighting, which is consistent with the results concerning the phenotype of runner formation. These results demonstrated that the lighting direction is correlated with the biosynthesis of GAs, and the side lighting observably promoted biosynthesis of GAs compared to the top and bottom lighting.



Moreover, FaSOC1 regulates the differentiation of axillary buds to runners or axillary leaf rosettes, probably through the activation of gibberellin-biosynthesis-related genes [39,52,70]. In addition, the function of FaTFL1 as a major floral repressor and its photoperiodic control in the shoot apex explains seasonal flowering in strawberries. High FaTFL1 expression is restored in the apices of new branch crowns to allow the production of new vegetative shoots [71]. Some studies have also reported that FaSOC1 is regulated by FaFLT1, suggesting that it plays a central role in the photoperiodic control of both generative and vegetative growth in strawberry. In conclusion, we propose that the top and especially the side lighting increased the FaSOC1 and FaFLT1 expression, resulting in suppressed flowering and promoted runner formation. However, these genes are just the signaling hubs that regulate the vegetative and generative development through separate genetic pathways, and future studies have yet to explore the mechanisms of runner formation.




4.3. The Effects of the Lighting Direction on the Epidermal Cells, Stomatal State, and Leaf Anatomy of Strawberry Leaves


In our research, we further explored the effects of the lighting direction on morphology at the cellular level. For the strawberry plants grown with the bottom and side lighting, the shoots generally displayed positive phototropism [72], whereby they bend toward the light to capture and more efficiently use the available light (Figure 1A) [73]. As a result of the hyponastic leaf movement in plants, the adaxial leaf petiole angle increased and the leaves bent toward the light source (Figure 1C). The upper epidermal cells in the midribs were stimulated, and became prolate, while the wide flat cells were observed in the lower epidermis because of the squeezing (Figure 3A).



A stoma is a pore found in the epidermis of leaves, stems, and other plant organs that controls the rate of gas exchange. The epinastic or hyponastic leaf movements induced epidermal cell deformation due to phototropism, and further stimulated the stomatal state. Guard cells are pulled or squeezed, causing the stomata to close or open (Figure 4 and Figure 5). In our study, the strawberry plants grown with the side lighting exhibited the greatest density of smaller size stomata, followed by the top lighting, while the bottom lighting led to significantly lower number of bigger size stomata. Notably, the top and especially the side lighting promoted stomatal opening, but not the bottom lighting (Figure 4A and Figure 5A). Consequently, higher photosynthetic efficiency and stress resistance that were observed in strawberry plants grown with the top and especially the side lighting may be due to the favorable stomatal conditions [21,74,75]. Thereby, the greatest levels of biomass production, plant growth, and development were observed with the top and side lighting (Figure 1).



It is well known that there is a close relationship between the morphology and physiology during plant growth and development. Moreover, the differences in the photosynthetic rate are highly related to the leaf anatomical structures. The results of this study have shown that an improved leaf structure can be obtained in strawberry leaves with the top and especially the side lighting (Figure 2). In addition, the side lighting led to the greatest increases in the leaf, spongy tissue, and palisade tissue thicknesses, followed by the top lighting. The greater leaf area ensured a high light interception capacity and photosynthetic efficiency. The photosynthetic rate was found to be sensitive to the leaf and the amount of carbon partitioned led to leaves growing thicker, which further promoted the development of the leaf structures [76,77]. The observed improvements in the thicknesses of anatomical leaf structures with the side lighting may be linked with the well-developed mesophyll tissues [78]. The bottom lighting produced leaves with smaller cell sizes and loose cell layers, meaning that the thicknesses of the palisade tissues and spongy tissues were small, which may be due to the reduced cell growth and cell layer number in the mesophyll tissues [79]. Overall, the top and especially the side lighting increased the palisade tissue elongation process and development of the spongy tissues, which enhanced the attachment region of the chloroplast and facilitated the passage of gases through its intercellular spaces [80]. Consequently, the thickness and the photosynthetic capacity of the strawberry leaves were significantly strengthened [81,82] with the side and top lighting.




4.4. The Effects of the Lighting Direction on Photosynthetic Pigment Contents, Photosynthetic Parameters, and Primary Metabolite Yields of Strawberry Plants


Photosynthesis is the most affected by the photosynthetic pigment contents. During our experiment, significant changes were observed in the chlorophyll (Chl a, Chl b, and Chl a + b) and carotenoid (Car) contents with the different lighting directions. The side lighting led to the greatest performance (Figure 6). These results were directly associated with the leaf thickness and chloroplast redundancy (Figure 2 and Figure 5). Our results are consistent with those reported in other studies [83,84].



In addition to the effects of the lighting direction on the morphology, leaf anatomy, and photosynthetic pigment contents, our findings demonstrate that the deleterious impacts of inappropriate lighting directions are reduced with optimal light conditions. In this study, the top and especially the side lighting led to an enhanced Pn, Tr, Gs, and Ci of strawberry plants compared to those with the bottom lighting. Thus, this showed that the improved photosynthetic parameters enhanced the carbon gain and promoted growth of strawberry plants [85]. Moreover, these results suggest that an increase in the net photosynthetic rate which results from the side and top lighting may be due to the increases in the stomatal opening [86,87,88].



An increased photosynthetic capacity is always accompanied by a high quantity of electrons passing through PSII. Chlorophyll fluorescence characteristics are the main factors of photosynthetic regulation and plant responses to environmental conditions because of their sensitivity and convenience [89]. Chlorophyll fluorescence parameters are closely related to various reactions of photosynthesis, and the effects of any stress on a certain process of photosynthesis can be reflected by the fluorescence kinetics of chlorophyllin [90]. Previous studies have reported that fluorescence parameters demonstrated a significantly positive linear relationship with the chlorophyll content in the living leaves of plants [91]. In the present study, similar results were obtained, and improved chlorophyll fluorescence characteristics were observed with the top and especially the side lighting. These results reveal that optimal lighting directions enhance the efficiency of PSII, and that they could enhance photosynthesis by improving the energy transport from PSII to PSI.



Furthermore, the lighting direction influenced the accumulation of the primary metabolites in strawberry plants. Carbohydrates, including starch and soluble sugars, are the direct expression of strong photosynthesis, and carbohydrate accumulation plays an important role in the plant growth, development, and morphology [92]. The content of soluble proteins is an important physiological and biochemical index and is an important indicator for understanding the overall metabolism of plants. Our data showed that the side and top lighting enhanced the carbohydrate and soluble protein levels (Figure 7), as a combined effect of the stomatal properties, photosynthetic pigment contents, and use efficiency of light provided in different directions. These results were in general agreement with those of previous studies [18]. The lighting direction played an important role in regulating the soluble protein levels and enzymes related to carbohydrates.




4.5. The Effects of the Lighting Direction on Enzymatic Activities of Strawberry Plants


To overcome the unfavorable conditions, plants have developed sophisticated acclimatization strategies, such as the ROS scavenging enzymatic antioxidant system [26]. ROS production is a common phenomenon in plants under stresses. Under such circumstances, the balance between ROS production and quenching activities of antioxidants is disturbed, often resulting in oxidative damages [27]. Usually, a greater ability to eliminate ROS indicates higher antioxidant enzyme activities. Moreover, Chl a is more sensitive to ROS than Chl b is, and under stress conditions, ROS directly caused the degradations of Chl a and the total chlorophyll contents [28,29]. In our study, the highly active ROS scavenging system involving POD, CAT, etc., occurred with the top and especially the side, but not the bottom lighting (Figure 8A–D). By comprehensively analyzing the previous results, the chlorophyll content was observed to be positively correlated with the activity of the ROS scavenging antioxidant system, and the side lighting effectively improved the chlorophyll content, the antioxidant capacity of the antioxidant enzyme system, and stress resistance in strawberry plants.



The enzymatic activities of the key enzymes involved in carbohydrate synthesis and photosynthesis significantly increased in response to the top and especially the side lighting. Moreover, changes in the lighting direction also played major roles in accelerating the activities of SS, SPS, and PEPC. Therefore, the plant biomass and net photosynthetic rate, which were upregulated with the side lighting, may be affected by the increased activities of these key enzymes and controlled the cell elongation and division in plants (Figure 8E–J). These results indicate that the higher carbohydrate contents provided by these enzymes were a response to the optimal lighting environments. In this case, plants grown with the side lighting can be considered to be more effective at performing enzymatic activities. Furthermore, the activity of RuBisCO was increased with the side lighting, which demonstrated that the higher net photosynthetic rate in strawberry plants is directly correlated with the RuBisCO activity under changing lighting environments.





5. Conclusions


In this study, we investigated how strawberries responded to different lighting directions to help fine-tune the growth environment for their development. In the plant factory-type chambers, side lighting visibly enhanced the morphophysiology, especially the runner formation, through upregulation of photosynthesis in strawberries. Moreover, we demonstrated that the expression level of runner induction-related genes (FaSOC1 and FaTFL1) and GA biosyntheses-related genes (FaGA20ox2 and FaGA20ox4) were positively correlated with the side lighting, which suggested that the side lighting may play an important role in photosynthesis enhancement, runner induction-related plant hormone adjustment, and runner formation in strawberries. Further investigation remains necessary to explore the differences in the internal hormone distribution, concertation, and adjustment in response to various lighting directions.
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Figure 1. Changes in the phenotype and plant traits of strawberry ‘Sulhyang’ plants as affected by the lighting direction after 45 days of cultivation. The plant morphology (A), root state and length (B,K), abaxial petiole angle of the outermost leaves (C,G), plant height (D), top view diameter of plants (E), number of runners per plant (F), number of leaves per plant (H), length and width of the largest fully-expanded leaves (I,J), fresh and dry weights of plant shoots and roots (L). Vertical bars indicate the means ± standard error (n = 6). Different lowercase letters indicate significant separations within treatments by Duncan’s multiple range test at p ≤ 0.05. Bars indicate 10 mm. Red arrows indicate runners per plant. 
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Figure 2. Changes in the leaf structure of strawberry ‘Sulhyang’ plants as affected by the lighting direction after 45 days of cultivation. Pictorial representation of the leaf structure (A), leaf, spongy tissue, and palisade tissue thickness (B). Vertical bars indicate the means ± standard error (n = 6). Different lowercase letters indicate the significant separation within treatments by Duncan’s multiple range test at p ≤ 0.05. Bars indicate 0.1 mm. 
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Figure 3. Changes in the upper and lower epidermal cell morphology of strawberry ‘Sulhyang’ plants as affected by the lighting direction after 45 days of cultivation. Upper and lower epidermal cell morphology (A), cell length (B), and width (C) of strawberry leaves. Vertical bars indicate the means ± standard error (n = 6). Different lowercase letters indicate significant separations within treatments by Duncan’s multiple range test at p ≤ 0.05. Bars indicate 10 μm. 






Figure 3. Changes in the upper and lower epidermal cell morphology of strawberry ‘Sulhyang’ plants as affected by the lighting direction after 45 days of cultivation. Upper and lower epidermal cell morphology (A), cell length (B), and width (C) of strawberry leaves. Vertical bars indicate the means ± standard error (n = 6). Different lowercase letters indicate significant separations within treatments by Duncan’s multiple range test at p ≤ 0.05. Bars indicate 10 μm.



[image: Agronomy 12 00024 g003]







[image: Agronomy 12 00024 g004 550] 





Figure 4. Stomatal micrographs (A) (10×) and changes in the stomatal density (B) of strawberry ‘Sulhyang’ plants as affected by the lighting direction after 45 days of cultivation. Vertical bars indicate the means ± standard error (n = 6). Different lowercase letters indicate significant separations within treatments by Duncan’s multiple range test at p ≤ 0.05. Bars indicate 10 μm. Red arrows indicate opened stomatal pores, green arrows indicate closed stomatal pores. 
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Figure 5. Stomatal micrographs (A) (40×) and changes in the stomatal properties of strawberry ‘Sulhyang’ plants as affected by the lighting direction after 45 days of cultivation. Length (B) and width (C) of guard cell pairs, length (D) and width (E) of stomatal pores. Vertical bars indicate the means ± standard error (n = 6). Different lowercase letters indicate significant separations within treatments by Duncan’s multiple range test at p ≤ 0.05. Bars indicate 10 μm. Red arrows indicate opened stomatal pores, while green arrows indicate closed stomatal pores. 
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Figure 6. Changes in the photosynthetic pigment contents in strawberry ‘Sulhyang’ as affected by the lighting direction after 45 days of cultivation. Chlorophyll contents and chlorophyll a to b ratio (A), carotenoids contents (B). Vertical bars indicate the means ± standard error (n = 6). Different lowercase letters indicate significant separations within treatments by Duncan’s multiple range test at p ≤ 0.05. 
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Figure 7. Changes in the contents of soluble proteins (A) and carbohydrates (B,C) of strawberry ‘Sulhyang’ plants as affected by the lighting direction after 45 days of cultivation. Vertical bars indicate the means ± standard error (n = 6). Different lowercase letters indicate significant separations within treatments by Duncan’s multiple range test at p ≤ 0.05. 
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Figure 8. Changes in the enzymatic activities in strawberry ‘Sulhyang’ as affected by the lighting direction after 45 days of cultivation. The ROS scavenging enzymatic activities: Ascorbate peroxidase (APX) (A), catalase (CAT) (B), guaiacol peroxidase (GPX) (C), and superoxide peroxidase (SOD) (D). Sucrose synthesis enzymatic activities: Sucrose synthase (SS) and sucrose phosphate synthase (SPS) (E), phosphoenolpyruvate carboxykinase (PEPC) and phosphoenolpyruvate phosphatase (PEPP) (F). Starch synthesis enzymatic activities: Adenosine diphosphate glucose pyro-phosphorylase (ADPGPPase) (G), uridine diphosphate glucose pyro-phosphorylase (UDGPPase) (H), and soluble starch synthase (SSS) (I). Photosynthesis enzymatic activities: Activated and non-activated activity of RuBisCO (J). Vertical bars indicate the means ± standard error (n = 6). Different lowercase letters indicate significant separations within treatments by Duncan’s multiple range test at p ≤ 0.05. 
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Figure 9. Changes in the gene expression levels in strawberry ‘Sulhyang’ plants as affected by the lighting direction after 45 days of cultivation. Flowering repression and runner formation promotion-related genes (FaSOC1 and FaTFL1) (A,B), GA biosyntheses-related genes (FaGA20ox2 and FaGA20ox4) (C,D). Verticsal bars indicate the means ± standard error (n = 6). Different lowercase letters indicate significant separations within treatments by Duncan’s multiple range test at p ≤ 0.05. 






Figure 9. Changes in the gene expression levels in strawberry ‘Sulhyang’ plants as affected by the lighting direction after 45 days of cultivation. Flowering repression and runner formation promotion-related genes (FaSOC1 and FaTFL1) (A,B), GA biosyntheses-related genes (FaGA20ox2 and FaGA20ox4) (C,D). Verticsal bars indicate the means ± standard error (n = 6). Different lowercase letters indicate significant separations within treatments by Duncan’s multiple range test at p ≤ 0.05.



[image: Agronomy 12 00024 g009]







[image: Table] 





Table 1. List of the primers used to quantify the gene expression levels.
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Full Name

	
Accession Number

	
Primer Sequence (5′ to 3′)






	
Fragaria ananassa Duch._MUSASHI RNA BINDING PROTEIN 1

(FaMSI1) (ACTIN)

	
Gene03001

	
F: TCCCCACACCTTTGATTGCCA

R: ACACCATCAGTCTCCTGCCAAG




	
Fragaria ananassa Duch._SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1

(FaSOC1)

	
FJ531999

	
F: ACTTGCTGGGTTCATTTTCC

R: GAGCTTTCCTCTGGGAGAGA




	
Fragaria ananassa Duch._TERMINAL FLOWER1

(FaTFL1)

	
JN172097

	
F: CTGGCACCACAGATGCTACA




	
R: AACGGCAGCAACAGGAAC




	
Fragaria ananassa Duch._GA20-oxidase 2

(FaGA20ox2)

	
Gene19438

	
F: GTCCAACATACCACCCCAGT




	
R: GTTTCTTGCATGCCTCGTC




	
Fragaria ananassa Duch._GA20-oxidase 4

(FaGA20ox4)

	
Gene09034

	
F: AGGGTGACGATGTAGCAACC




	
R: CCAGGGAAGTTTTGTGGAGA
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Table 2. Influence of the lighting direction on the photosynthetic characteristics of strawberries grown for 45 days.
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	Lighting Direction
	Pn1

(μmol CO2 m−2·s−1)
	Tr2

(mmol H2O m−2·s−1)
	Gs3

(mol H2O m−2·s−1)
	Ci4

(μmol CO2 mol−1)





	Top
	13.1 b 5
	1.79 ab
	0.59 b
	439.6 ab



	Side
	14.4 a
	1.84 a
	0.67 a
	462.7 a



	Bottom
	11.3 c
	1.29 b
	0.33 c
	371.9 b







1 Net photosynthetic rate. 2 Transpiration rate. 3 Stomatal conductance. 4 Intercellular CO2 concentration. 5 Mean separation within columns by Duncan’s multiple range test at p ≤ 0.05.
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Table 3. Influence of the lighting direction on the chlorophyll fluorescence characteristics of strawberries grown for 45 days.
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	Lighting Direction
	Fv/Fm 1
	Fv’/Fm’ 2
	NPQ 3
	qP4





	Top
	0.90 b 5
	0.61 b
	2.79 a
	0.52 ab



	Side
	0.97 a
	0.69 a
	2.80 a
	0.56 a



	Bottom
	0.79 c
	0.49 c
	2.12 b
	0.34 b







1 The maximal PSII quantum yield (Fv/Fm). 2 The photochemical efficiency of PSII (Fv′/Fm′). 3 Non-photochemical quenching (NPQ). 4 Coefficient of photochemical quenching (qP) 5 Mean separation within columns by Duncan’s multiple range test at p ≤ 0.05.
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