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Abstract

:

Fluorescent lights are typically used as light source in indoor horticultural production, including micropropagation. However, light emitting diodes (LEDs) have been recently used for plant growth under controlled environment. Major advantage of LEDs is wavelength specificity, that allows to adequately adjust the spectra according to plant needs. The possibility of using LED as primary light source for the micropropagation of Pyrus communis L. has been investigated in this work. It was proceeded to the optimization of a protocol of micropropagation using a LED lamp as the primary light source inside of the growth chamber with specific wavelengths, to reduce energy consumption and increase the quality of the micro propagated plants. Explants were maintained in a growth chamber and exposed to three different continuous spectrum LED lamps (AP67, NS1, G2) as a primary light source and fluorescent lamps (control) for 4 weeks. At the end of four weeks period, it was proceeded to the morphometric and biochemical analysis. Shoot and leaf growths were more influenced by LED lamps as compared to fluorescent lamps (control) in both cultivars. The results showed that the shoots of William and San Giovanni cultivars showed significant differences in morphological and physiological traits, as well as in chlorophyll, carotenoid, and MDA contents. Highest number of neo-formed shoots and nodes were observed in the plantlets of cv William under AP67 LED followed by NS1 and G2 LED lights respectively as compared to the white light (control), whereas same trend was observed in cv San Giovanni under AP67 LED, but it showed higher shoots and node numbers under control LED lamps as compared to both NS1 and G2. The photosynthetic pigments were significantly decreased in leaves of both cultivars when grown under LEDs as compared to the control fluorescent lamps. Moreover, the AP67 LED light had also significant effects on the protein and MDA contents in the leaves of both cultivars in comparison to all other treatments. This work underlines the importance of the modulation of light sources in relation with different species and varieties, allowing optimizing the proliferation phase and the efficiency of Pyrus communis L. micropropagation protocol. Moreover, this protocol can be improved with further studies to examine the response of the plantlets to the ex-vitro acclimatization because the possibility of using LED light for the micropropagation of pear can be considered as a valuable alternative for its ecologically sustainable production.
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1. Introduction


Pear (Pyrus communis), belongs to the Rosaceae family, is a high-demand and very popular fruits because of its sweet taste and nutritional value. They are included among the best known and most highly consumed and economically important fruit trees in the world, along with apple, citrus, Prunus spp. fruits and grapes [1]. Pear is a major fruit crop in temperate regions of the world, considered a recalcitrant species in micropropagation, and characterized by weak multiplication, hyperhydricity, susceptible to phenolic oxidation and rooting ability highly genotype-dependent [2,3,4,5]. Among Pyrus taxa, 29 species are present and naturally occurring interspecific hybrids [6], and the most important cultivated species is the West European pear (P. communis L.), which is the primary focus of this study.



In horticulture and indoor farming, LEDs have several advantages e.g., they save energy, emit less heat, and have a long lifetime [7,8]. To exploit the spectral flexibility of LED lighting, the knowledge of the spectral effects on plant morphology and growth is required [9], and the energy consumption must be considered since it can vary between spectra depending on the LED types [10]. A higher energy consumption of red than of blue LEDs has been reported [10,11], even if the energy consumption of blue LEDs is higher than of red LEDs due to the higher energy level per photon need of shorter wavelengths [12].



Plants adapt to the signals exerted by the light quality and modify their biological cycles accordingly [13]. Light is one of the most important environmental factors for plants, representing the energy source in photosynthesis [14]. Quality of light affects various aspects of this process, such as chlorophyll synthesis [15,16], stomata density and conductance [15], gas exchange, water transport [17,18], as well as leaf anatomy [14]. Light is also the fundamental signal that regulates growth and development processes during the entire plant life cycle [19,20,21]. Different types of photoreceptors, such as cryptochromes and phytochromes, enable plants to perceive changes in the light quality [22,23]. They have distinct but, at the same time, overlapping functions; therefore, plant growth and development derive from a complex interaction of the numerous light signals mediated by these pigments [24]. Moreover, the plant responses vary according to species, genotype, organism age, irradiance, spectral quality, and temperature [20].



The traditional propagation technique of pear trees is exercised by grafting on quince, seedlings, or clonal selection of pear, which is considered largely unsatisfactory. This could be due to the lack of grafting affinity with some cultivars, heterozygosity of seedlings and excess growth, which poses to the sensitivity of the grafted plants in pear decline [25]. Therefore, specific protocols are required for establishment, multiplication, and rooting [26] of the different pear.



Micropropagation has been reported for several cultivars of pear [27,28]; however, effective in vitro propagation is a necessary precondition for the implementation of different biotechnological approaches in plant breeding. This creates new opportunities for the commercial use of the Pyrus communis L. on a larger scale. According to Bantis et al. [29] and Agati et al. [30] the content of polyphenols, particularly flavonoids, in plant tissues, are the key factors reported to act protectively against UV radiation which might explain the increased total phenolic formation under artificial light regimes. The literature is rich of works confirming that LED lights have several advantages compared to traditional light (such as incandescent, fluorescent, high-pressure sodium or metal-halide lamps) [31,32]. Regarding LED light use in micropropagation, there are several reports on their efficiency, that is strictly related to genotype, culture conditions, vegetative stage and in particular to the spectral composition of each LED system [33]. For example, the use of a purple LED was found to significatively influence the vegetative growth of in vitro Halia Bara plants, promoting the formation of shoots and leaves [34]. The use of LED illumination had been reported also in a few woody plant species, that is Eucalyptus urophylla [35], Cedrela fissilis [36], Pinus sylvestris [37] and Olea europea [38]. Therefore, the main objectives of this study were to determine how the growth of Pyrus communis L. shoots was affected by the light source (three different LED spectra vs. fluorescent lamps).




2. Materials and Methods


2.1. Plant Material, In Vitro Establishment, Rooting and Acclimatization


In field-growing plants of Pyrus communis L. varieties William and San Giovanni in situ preserved in the Experimental Farm of Tuscia University provided shoot tips for in vitro establishment of aseptic cultures.



Ten to fifteen cm long segments were collected, washed with running tap water for 5 min, and then surface sterilized in an aqueous solution containing 5% commercial bleach plus benomyl (Benlate ®) for 30 min and rinsed twice with sterile distilled water. Both ends of the segments were re-cut and placed in a glass jar containing 10 mL of forcing solution containing 200 mg/L 8-HQS plus 2% (w/v) sucrose (pH 5.6). After 7–8 days, the sprouts have been collected and the leaves removed. Uni-nodal segments were rinsed for 1 h in aqueous solution containing ascorbic acid 250 mg/L, citric acid 250 mg/L, GA3 5 mg/L and PPM® 0.1%. Then, the nodes were surface sterilized in a 20% commercial bleach plus few drops of Tween 20 for 30 min and the washed twice with sterile double-distilled water.



The culture establishments have been performed in 100 × 20 mm glass tube containing 5 mL of medium composed of half-strength MS medium, sucrose 20 mg/L, BAP 4.4 µM, NAA 0.054 µM and Plant Agar (Duchefa, NL) 0.55%. Medium pH has been adjusted to 5.8 with KOH 1M and autoclaved at 121 °C for 20 min. The medium used for the culture establishment was supplemented with 2,5 mg/L of CuSO4·5H2O as previously reported [39]. The contamination rates and number of buds sprouted have been collected (data not shown).



The cultures have been maintained in a growth chamber at 24 ± 1 °C with a 16-h photoperiod of 40-µmol m−2 s−1 provided by fluorescent lamps. Fifty explants for each media have been considered. The axillary shoots were multiplied on a Quoirin and LePoivre [40] medium (QL), supplemented with 4.9 µM N6-(2-Isopentenyl) adenine (2iP), 4.4 µM benzylaminopurine (BAP), 30 g/L sucrose and 0.55% of Plant Agar (Duchefa, NL). The pH was adjusted to 5.7. Multiplied shootlets were used for the experiment.



Two to three cm long individual shoots were excised at the end of a 4-week proliferation period on the proliferation media and culture conditions described above. The rooting media consisted of half-strength MS medium gelled with 0.6% Plant Agar and supplemented with 2% sucrose, indole-3-butyric acid (IBA) 1 µM.



Rooted shoots were transferred into plug trays (2 cm × 2 cm × 3.5 cm), containing 158 sterile BRIL Typical TYP 3 (Germany) peat substrate, and maintained in a growth chamber (temperature of 25 ± 4 °C, constant photoperiod at PPFD of 40 µmol m−2 s−1, and RH of 80%). The number of acclimatized plantlets was determined after eight weeks.




2.2. Culture Conditions and Light Quality


Axillary shoots of pears “William” and “San Giovanni” were cultured on the same medium described above, providing 100 mL of proliferation medium in each 500-mL jars. Each jar contained 15 explants, and three jars per treatment and variety were prepared.



Plant material was maintained in growth chamber equipped with four different LED light quality combinations (Valoya LED Grow Lights, Valoya Oy, Helsinky, Finland), compared with fluorescent lamp L36W/77 (Osram, Munich, Germany) as control. Briefly, the LED lamps used were AP67 (high composition in green and red), G2 (highest composition in red and far red) and NS1 (high composition in blue and green and low composition in far red). The spectral distribution and R:FR ratio of the light treatments are specified in Table 1. The environmental conditions inside the chambers consisted of 16 h photoperiod, 40 µmol m−2 s−2 photosynthetic photon flux density (PPFD) and an an air temperature 23 ± 1 °C. The experiments have been repeated two-fold.




2.3. Data Collection


At the end of the third subcultures, the morphological observations were carried out measuring the number of neo-formed shoots, node number and length of the main shoot. Shoot fresh weights (fw) have been determined weighting the explants and immediately oven-drying at 105 ± 1 °C until constant weight to determine the dry weight (dw).



The photosynthetic pigments were extracted from 100 mg of fresh leaves. The extraction has been done in 15 mL test tubes, adding 4 mL of methanol 100%, maintained 10 min in a water bath to 65 °C and then kept at 4 °C for 24 h. After centrifugation at 5000 × g for 5 min, the concentrations of total chlorophyll, chlorophyll a, chlorophyll b and carotenoid contents were determined spectrophotometrically [41] with a spectrophotometer EVO 60 (Thermo Fisher Scientific Inc. Waltham, MA, USA). Furthermore, Chl a/Chl b ratios were calculated. Five samples for each treatment were analyzed and repeated two time.



The lipid peroxidation has been expressed as malondialdehyde (MDA) content and was determined as TBA according to Astolfi et al. [42]. Briefly, fresh tissues (0.2 g) were homogenized in 10 mL of 0.25% TBA made in 10% TCA. The extracts were kept at 95 °C for 30 min and then cooled on ice. After centrifugation at 10,000× g for 10 min, the absorbance of the supernatant was measured at 532 nm. Correction of non-specific turbidity was made by subtracting the absorbance value taken at 600 nm. The level of lipid peroxidation was expressed as mmol g−1 fresh weight by using an extinction coefficient of 155 mM cm−1.




2.4. Statistical Analysis


All data were processed by XLSTAT integrates into Microsoft Excel. All the parameters were subjected to analysis of variance (ANOVA) and t-test. A Duncan post-hoc multiple range test was used for mean separation and to provide homogeneous groups for the means (at p ≤ 0.05). Furthermore, statistical elaboration consisted in the production of a correlation matrix (Pearson’s coefficient) to analyse intra-variable links and into a Principal Components Analysis (PCA) to investigate how varieties reacted differently to light treatments. First multicollinearity test has been done to verified high intercorrelations or inter-associations among the variables and to identified disturbance in the data. Later, Kaiser-Meyer-Olkin (KMO) has measured to assess the adequacy for each variable in the model and for the complete model and return information about if variables were suited for Multivariate Analysis (MA). In addition, variables with communality values <0.5 (Barlett’s test) could be removed. Finally, we run PCA applying a standardization using Pearson’s coefficient methods. The selection of Principal Component has been done following the latent root criterion (eigenvalues >1.0) [43].





3. Results


3.1. Morphological and Physiological Traits


The in vitro establishment of both pear cv San Giovanni e William was successfully achieved (Figure 1a). The shoots of William and San Giovanni cultivars showed significant differences in morphological and physiological traits measured at the end of the different light treatments used during micropropagation. (Figure 1b,c, Table 2). AP67 LED light positively affected the number of newly formed nodes in both varieties, although San Giovanni plantlets grown under fluorescent lamps did not much significant difference among number of nodes from that of plantlets grown under LEDs. Plantlets of variety William produced highest number of neo-formed shoots of 2.92 under AP67 LED followed by 2.15 in NS1 and 2.08 shoots under G2 LED light respectively, as compared to control treatment which formed 2.25 shoots. Whereas same trend was observed in San Giovanni which also produced higher 1.92 shoots under AP67 LED lights as compared to 1.68 and 1.09 shoots under G2 and NS1 treatments respectively. San Giovanni formed more shoots of 1.82 under control light as compared to G2 and NS1 which describes that both treatments did not show positive effect in this variety.



Considering the light effects, mean number of nodes in William plantlets significantly increased (13.50 and 12.51) under AP67 and NS1 LEDs respectively, when compared with fluorescent lamps, though G2 LED could not present a significant difference with control treatment. Whereas, San Giovanni plantlets were not significantly affected by LED lights, which showed lower node numbers when compared with control fluorescent lamps. Considering the cultivar factor, the new internode development in William plantlets was higher than in San Giovanni under all light treatments except the control conditions, in which San Giovanni showed increased node numbers (Table 3).



Plantlets of both varieties showed a similar average length of main shoots under fluorescent lamps (Table 2). Otherwise, significant differences in shoot length resulted between the two varieties by comparing the values obtained under each LED light. Particularly, William plantlets showed a significant increase in shoot length under LEDs, being G2 more effective than NS1 and AP67.



Whereas shoot of the cv San Giovanni grown under LEDs showed negative effects as compared to those growing under control fluorescent lamp, whereas they also showed the lowest average shoot length under LED light treatments. At the end of the experiment, the mean plantlet water content did not significantly differ among light treatments and varieties (data not shown). Furthermore, almost all the shoots differentiated calli (Figure 1d) or roots (Figure 1e) during the rooting phase, without differences due to the cv or the light treatments and, by the same way, they success in the acclimatization.




3.2. Photosynthetic Pigments


Chlorophyll contents in P. communis leaves were strongly influenced by the LED light treatment used. After four weeks of exposure to different light spectra, both varieties showed typical symptoms, such as decreased chlorophyll content. Total chlorophyll content was significantly lower in leaves of plants grown under LEDs when compared with control fluorescent lamps. No significant differences were observed between AP67 and NS1 LEDs for William plantlets, except under G2 light, in which total chlorophyll content in William leaves resulted lowest than in all treatments (Table 3). Same was the case for San Giovanni plantlets which showed higher contents of total chlorophyll under fluorescent lamps as compared to LEDs. Averages of chlorophyll a and b in both varieties also showed the negative effects when grown under LED lights as compared to fluorescent lamps treatment.



The ratio Chl a/Chl b showed a high variance inflation factor (VIF), perhaps due to the multicollinearity problem, and it was kept out from following multivariate analysis (MA), to avoid disturbance in the data. After, we had run the Kaiser-Meyer-Olkin’s (KMO) and the Bartlett’s test of sphericity to test if our variables were suited for MA. The measured sampling adequacy by KMO (0.6 as shown in Table 4) indicated that the sampling is adequate to MA, while Bartlett’s test revealed high similarity between total chlorophyll (Tc) and chlorophyll a (Chl a) content, so Tc was excluded by principal component analysis (PCA).



Carotenoid concentration was approximately the same in San Giovanni plantlets in control condition, as well as under all LEDs light spectra. Whereas William plantlets showed higher carotenoid content under fluorescent lamps. William plantlets showed an almost twofold increase in carotenoid contents under fluorescent lamps from that of both NS1 and G2 LED light spectra. Furthermore, William plantlets maintained approximately the higher carotenoid concentration irrespective of the light spectra, despite, it significantly declined in San Giovanni shoots with all used treatments (Table 3).




3.3. Protein and Malondialdehyde (MDA) Content


The results summarized in Table 3 show that different light qualities have significant effects on the MDA content in the leaves of William plantlets under AP67 light spectra when compared as than under control treatment (p  <  0.05). whereas, both NS1 and G2 light spectra produced lower MDA contents as compared to fluorescent lamps. The MDA content of San Giovanni plantlets under the NS1 and G2 treatment groups were significantly lower compared to AP67, contrarily it did not show much significance difference when compared with control treatment.




3.4. Principal Component Analysis (PCA)


In Figure 2 the set of the eigenvalues of PCA were reported, with the amount of inertia explained by each corresponding axis, and the cumulate inertia. So, we selected two principal axes of interest, by the latent root criterion (eigenvalues >1.0), that explained about 81% of the total variation (measured by the inertia), enough for our exploratory purposes.



High Pearson’s correlation coefficient was exhibited among Chl a, Carotenoid (C) and Protein (P). Significant correlations were also shown among Chl a, carotenoids, and neo-formed shoots (n) (0.6), while MDA was linked to node (n) (0.5) (Table 5).



The correlation plot of variables on to plane spanned by the PC1 and PC2 is reported in Figure 3. The two varieties reacted differently to light treatments. The cv William under control light conditions showed highest contents for chemical compounds such as Chl a, Chl b and carotenoids, on the contrary, all physical traits of shoots exhibited values lower than the average ones. Similar morphological traits of shoots were shown by cv William under the effect of spectrum G2, that reached the lowest values for all pigments content.



The cv William treated with the spectrum AP67 was related to high concentration of Chl a, carotenoids, and MDA and to highest values for all physical shoots’ parameters. Similar behavior has been shown by the same cv exposed to the lamp NS1.



The cv San Giovanni reacted to light treatments, as reported in Table 2 and Table 3 and explained by PCA in Figure 3. All biochemical and morphological traits reached the highest values compared to other San Giovanni thesis, excepted for protein content. This kind of morphological performances were confirmed by also by the cv San Giovanni under the light AP67, but Chl a and Chl b contents reduced by 33.8% and 71.7%, respectively, on the other hand protein increase of 29.6% respect to control.



The cv San Giovanni under the lamps NS1 and G2 showed reduced shoots growth. Under the light NS1 was also related to lowest Chl a, carotenoids, and MDA contents, contrary to the light G2 where Chl a content of cv San Giovanni was higher than NS1 and AP67 (+19.2%) but lower that control (−21.1%).





4. Discussions


In this experiment, the performance of micropropagated pear (Pyrus communis) cultivars William and San Giovanni was evaluated under different light treatments. Several morphological and physiological traits in both William and San Giovanni cultivars were influenced by different LED lights (AP67, NS1 and G2) as compared to the fluorescent lamps (control treatment). Statistical data related to physiological and morphological traits showed that AP67 LED positively affected shoot length, new internode length, and number of nodes in both cultivars. Moreover, San Giovanni plantlets were also sensitive to NS1 and G2 LED and to a minor extent, to AP67, in terms of shoot length and number of nodes. It concerns the stem elongation, which is considered as the main effect of the so-called shade avoidance syndrome (SAS) [44], and our results are substantially in agreement with those obtained in two hazelnut cultivars exposed to the same LED lights as in experiments conducted by [14], and they have explained that G2 LED positively affected shoot length, new internode length, and leaf area in both cultivars. Moreover, they also found that TGR hazelnut plantlets were sensitive to NS1 LED, and G2 LED clearly influenced the number of nodes developed during the acclimatization phase. Upon exposure to LED, in vitro-raised plantlets of pear have shown significant improvements in physiological and morphological traits. Green and red lights, either alone or in combination, have a significant influence on plant growth. In different previous studies [45,46,47,48,49,50,51,52,53], it also has been observed that a mixture of green and red LEDs enhanced plant growth, with increased shoot lengths, compared to monochromatic LEDs. Among the different lights used, AP67 LED emits the highest amount of green and red wavelengths (65 and 25% of the spectrum, respectively) and shows the lowest percentage. Moreover, William plantlets exhibited shoot elongation also when grown under G2 light, having the highest percentage of red wavelengths coupled with a high amount of red and far red. The significant difference in stem and new internode length between William and San Giovanni plantlets grown under each LED, being San Giovanni less responsive than William, is noteworthy. Similar cultivar specificity in morphological responses to a same light source have already been observed in hazelnut [14], basil [29], buckwheat [54], or lettuce [55].



Both the varieties reacted inversely to different light treatments. The cv William under controlled light conditions showed highest contents for chemical compounds such as Chl a, Chl b and C, on the contrary, all physical traits of shoots exhibited values lower than the average ones. Similar morphological traits of shoots were shown by cv William under the effect of spectrum G2, that reached the lowest values for all pigments content. Plants growing under artificial lighting often show modified photosynthetic processes because lamps do not usually mimic the sunlight spectrum. Therefore, plant biomass and metabolic products can be modified [56]. Therefore, the photosynthetic potential of plants along with their primary productions are directly influenced by the photosynthetic pigment contents, sequentially affected by different light qualities [57]. In experiments carried out both ex vitro and in vitro, significant differences were observed in the production of photosynthetic pigments in presence of green or red light, while the same pigments greatly decreased under spectra rich in red and far-red wavelengths [32,58]. In both pear cultivars, the total chlorophyll content was lowered under all tested LEDs, in respect to the fluorescent lamps. This result could not only depend on the high percentage of red and far-red wavelengths but could also be an effect of the highest amount of blue and red wavelengths.



In plant cells, the mechanisms regulating the carotenoid biosynthesis and accumulation are a complex phenomenon [59]. It has been suggested that light plays a key role in the biosynthesis of carotenoids through light signal sensing and downstream regulation [60]. However, with well-designed LED light spectrums, it has become possible to investigate effects of different monochromatic lights like red light and blue light with narrow spectra, on carotenoid metabolism in pear plantlets. Our results demonstrate that pear cultivar William is sensitive to a different LED photon flux applied in this study and fail to acclimate to such environments, in contrast to San Giovanni cultivar that did not show much significant difference among all the treatments. The light signal transduction of LED lights may be different from that of fluorescent lamps since plants usually have different photoreceptors, and these photoreceptors have both overlapping and distinct functions [61]. Biosynthesis of carotenoids is a complex pathway coordinated with the biogenesis of chlorophylls and proteins of the photosynthetic apparatus [62]. The content of the major carotenoids appears to be regulated in concert with the chlorophyll a, b content in pear cultivars as presented in Table 3. It is possible that carotenoid metabolism in both cultivars is regulated along with chlorophyll a, b, and total chlorophyll. Therefore, by controlling lighting conditions, it is possible to stimulate or inhibit the production of those compounds [63]. It was previously reported that blue LED light alone increased chlorophyll content in F. benjamina, Anthurium andraeanum Linden ex André, and Phalaenopsis sp. [64,65]. However, in the present experiment, the NS1 lamp, with an increased blue light content, did not improve the results. This could be explained by the fact that in the earlier studies, monochromatic lights were used, while in the present research, a combination of different wavelengths was applied. In particular, the presence of the green light portion of a spectrum impairs the blue light response [66].



In addition, soluble protein levels in William cultivar plantlets were relatively decreased under all tested LEDs, when compared to fluorescent lamps. Whereas an increasing trend was observed in San Giovanni cultivar under LEDs. However, leaf MDA content was lower in NS1 treated plantlets of both cultivars. While AP67 LED lights did not showed much significant difference as compared to fluorescent lamps in both William and San Giovanni cultivars. Therefore, it could be hypothesized that the different light treatments differently influence the phytochemical properties of both pear cultivars. Same results were achieved in previous studies conducted by [67], who also found decreased soluble proteins that suggests the plants growing under blue light and orange light undergo high environmental stress. Nevertheless, it can be assumed that light quality may affect the production of metabolites in the cultivars tested, although more experiments in this field are necessary.




5. Conclusions


In this work two pear cultivars, William and San Giovanni, were evaluated for the response of growth and morphogenesis under different LED lighting. A proper micropropagation protocol using LED system has been set up for both cultivars, for William, for reducing energy consumption and for increasing the quality of the process. In fact, the cv William showed an increased growth under LED AP67 (rich in green and red wavelengths) having a higher number of neo-formed shoots and node number. The cv San Giovanni also responded positively to LED AP67 but with no notable differences with the fluorescent light used as a control. Pigment analysis demonstrated that chlorophylls were negatively influenced by LED light. Protein analysis instead revealed that MDA was not significatively influenced by the treatment. The possibility of using LED light for the micropropagation of pear William should be considered as a valuable alternative as it can be considered more effective and more ecologically sustainable. This protocol should be improved with further studies to test the response of the plantlets to the ex-vitro acclimatization.
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Figure 1. Bud sprout of cv San Giovanni after ten days in forcing solution (a), different growth habits of cv William (b) and San Giovanni (c) after 4 weeks of culture under the same light quality (G2). Callus differentiation at the base of microshoots (d) and root differentiation (e). 
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Figure 2. Principal Component Analysis (PCA), eigenvalues, explained and cumulate inertia. 
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Figure 3. PCA representation of the factors levels on the plane spanned by the principal axes F1 and F2. Legend: SG.C = San Giovanni control; SG.AP67 = San Giovanni AP67; SG.G2 = San Giovanni G2; SG.NS1 = San Giovanni NS1; W.C = William control; W.AP67 = William AP67; W.G2 = William G2; W.NS1 = William NS1. 
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Table 1. Spectral distribution of the four light treatments.
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Light

	
Spectrum Composition (%)

	




	

	
400–500 nm

	
500–600 nm

	
600–700 nm

	
700–800 nm

	
R:FR Ratio






	
Fluorescent Lamp (C)

	
34.8

	
24.1

	
36.7

	
4.4

	
5.7




	
AP67

	
12

	
16

	
57

	
16

	
3.0




	
G2

	
8

	
2

	
65

	
25

	
3.1




	
NS1

	
20

	
39

	
35

	
5

	
10.4
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Table 2. Number of neo-formed shoots, node number, main internode length (cm) and length of the main shoots (mm) in William and San Giovanni shoots grown under different LED light conditions (AP67, G2 and NS1) and Fluorescent Lamps (Control). Data are represented as mean ± SD. Different lowercase letters on the columns for both varieties indicate significant differences among light treatments (Duncan’s test, p < 0.05). Different capital letters on the columns indicate significant differences among varieties (t-test).
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Variety

	
Light Quality

	
Number of Neo-Formed Shoots

	
Node Number

	
Length of the Main Shoots (mm)






	
William

	
Control

	
2.25 ± 0.48 ab

	
9.92 ± 1.7 b

	
2.43 ± 0.36 b




	

	
AP67

	
2.92 ± 0.39 a

	
13.50 ± 1.8 a

	
2.94 ± 0.25 ab




	

	
NS1

	
2.15 ± 0.23 b

	
12.51 ± 1.4 a

	
2.96 ± 0.16 ab




	

	
G2

	
2.08 ± 0.50 b

	
9.67 ± 1.5 b

	
3.09 ± 0.46 a




	
William (avg)

	

	
2.35 ± 0.6 A

	
11.31 ± 1.7 A

	
2.85 ± 0.25 A




	
San Giovanni

	
Control

	
1.82 ± 0.13 a

	
11.25 ± 3.2 a

	
2.54 ± 0.49 a




	

	
AP67

	
1.92 ± 0.39 a

	
10.51 ± 1.8 ab

	
2.15 ± 0.33 ab




	

	
NS1

	
1.09 ± 0.20 b

	
4.75 ± 2.4 c

	
0.86 ± 0.36 c




	

	
G2

	
1.68 ± 0.29 a

	
8.25 ± 3.5 b

	
1.95 ± 0.71 b




	
San Giovanni (avg)

	
1.63 ± 0.5 B

	
8.94 ± 3.0 B

	
1.88 ± 0.26 B











[image: Table] 





Table 3. Total chlorophyll, chlorophyll a, chlorophyll b and carotenoids (mg g−1), chl a and chl b ratio, total protein (mg g−1 f.w.) and MDA (µg g−1 f.w.) in William and San Giovanni shoots grown under different LED light conditions (AP67, G2 and NS1) and Fluorescent Lamps (Control). Data are represented as mean ± SD. Different lowercase letters on the columns for both varieties indicate significant differences among light treatments (Duncan’s test, p < 0.05). Different capital letters on the columns indicate significant differences among varieties (t-test).
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Variety

	
Light Quality

	
Total Chlorophyll

	
Chlorophyll a

	
Chlorophyll b

	
Chl a/Chl b

	
Carotenoid

	
MDA (nmol g−1 f.w.)






	
William

	
Control

	
1.91 ± 0.34 a

	
1.23 ± 0.23 a

	
0.68 ± 0.11 a

	
1.81 ± 0.06 b

	
0.33 ± 0.03 a

	
3.72 ± 0.22 ab




	

	
AP67

	
1.05 ± 0.16 b

	
0.82 ± 0.11ab

	
0.23 ± 0.08 b

	
3.53 ± 0.11 a

	
0.25 ± 0.02 b

	
3.98 ± 0.17 a




	

	
NS1

	
1.04 ± 0.21 b

	
0.70 ± 0.11 b

	
0.34 ± 0.09 b

	
2.19 ± 0.08 b

	
0.16 ± 0.04 c

	
3.11 ± 0.16 c




	

	
G2

	
0.89 ± 0.24 b

	
0.57 ± 0.12 c

	
0.32 ± 0.05 b

	
1.93 ± 0.09 b

	
0.16 ± 0.01 c

	
3.52 ± 0.30 bc




	
William (average)

	

	
1.22 ± 0.46 A

	
0.83 ± 0.29 A

	
0.39 ± 0.19 A

	
2.37 ± 0.09 A

	
0.23 ± 0.08 A

	
3.63± 0.29 A




	
San Giovanni

	
Control

	
1.17 ± 0.22 a

	
0.71 ± 0.09 a

	
0.46 ± 0.07 a

	
1.80 ± 0.04 b

	
0.16 ± 0.04 a

	
4.88 ± 0.34 a




	

	
AP67

	
0.60 ± 0.18 b

	
0.47 ± 0.08 b

	
0.13 ± 0.07 b

	
3.61 ± 0.12 a

	
0.15 ± 0.02 a

	
4.65 ± 0.18 a




	

	
NS1

	
0.89 ± 0.17 ab

	
0.47 ± 0.10 b

	
0.36 ± 0.09 ab

	
1.41 ± 0.11 b

	
0.14 ± 0.03 a

	
2.78 ± 0.24 c




	

	
G2

	
0.84 ± 0.21 ab

	
0.56 ± 0.11 ab

	
0.32 ± 0.08 ab

	
1.77 ± 0.14 b

	
0.16 ± 0.03 a

	
3.17 ± 0.27 b




	
San Giovanni (average)

	
0.88 ± 0.24 B

	
0.55 ± 0.11 B

	
0.32 ± 0.11 A

	
2.15 ± 0.18 A

	
0.15 ± 0.01 A

	
3.81 ± 0.35 A
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Table 4. KMO and Bartlett’s Test.
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Kaiser-Meyer Olkin Measure of Sampling Adequacy

	
0.6






	
Bartlett’s Test of Sphericity

	
Approx. Chi-Square

	
5099.85




	
df

	
36




	
Sign.

	
0.05
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Table 5. Correlation matrix, Pearson’s coefficient, and significance (p-value = 0.05).






Table 5. Correlation matrix, Pearson’s coefficient, and significance (p-value = 0.05).
















	Variables
	Chlorophyll a
	Chlorophyll b
	Carotenoid
	Protein
	MDA
	Number of Neo-Formed Shoots
	Node Number
	Length of the Main Shoots





	Chlorophyll a
	1
	
	
	
	
	
	
	



	Chlorophyll b
	0.8
	1
	
	
	
	
	
	



	Carotenoid
	0.9
	0.6
	1
	
	
	
	
	



	Protein
	0.7
	0.6
	0.8
	1
	
	
	
	



	MDA
	0.1
	−0.1
	0.1
	0.0
	1
	
	
	



	number of neo-formed shoots
	0.6
	−0.1
	0.6
	0.2
	0.3
	1
	
	



	node number
	0.4
	−0.1
	0.3
	−0.1
	0.5
	0.9
	1
	



	length of the main shoots
	0.4
	0.0
	0.3
	−0.1
	0.4
	0.8
	0.9
	1
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