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Abstract:



Fragrant rosewood (Dalbergia odorifera T.C. Chen) is a highly-valued species suffering from vulnerability due to over-development for wood and medicine. In this study, Fragrant rosewood seedlings were cultured with chitosan oligosaccharide (CO) addition at rates of 0 and 1/800 (v/v) under artificial lightings by 200-W high-pressure sodium (HPS) lamps and 280-W light-emitting diode (LED) panels for a 15 h daily photoperiod and a natural illumination as the control. The LEDs were designed to emit lights in 85% of red (600–700 nm), 15% of green(500–600 nm), and 5% of blue (400–500 nm). The height of artificial lightings was elevated every five to seven days to keep the mean photosynthetic photon flux density (PPFD) of 72–73 µmol m−2 s−1 of artificial lighting at shoot-tips. Seedlings under LED lighting with CO addition had the greatest diameter growth and leaf biomass, as well as the highest nutrient utilization and evaluated quality, while those under HPS lighting had a higher stem sugar concentration but unchanged shoot growth and biomass compared to the control. In conclusion, we recommend Fragrant rosewood seedlings to be cultured with CO addition under LED lighting to efficiently promote synthetic quality and nutrient utilization.
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1. Introduction


Mature urban forest trees can improve air quality, reduce storm water run-off, and sequester carbon [1]. Urbanization expansion results in the increases of population, city size, and demand for treed lands. Every year globally millions of public and private funds are invested in city agencies to undertake ambitious projects for urban afforestation [2,3]. In regional urban afforestation efforts, native tree species are generally preferred because they can use available resources most efficiently and are considered more effective than exotic species at supporting the native biodiversity of plants and animals [1]. As the common rule suggests, short-lived native trees with a higher growing rate should dominate initially with slower growing species colonizing and establishing during later successional stages [4]. Some slowly-growing species, however, are heavily preferred to dominate the urban landscape due to their high commercial values [5,6,7,8,9] and contribution to perceived well-being [10,11]. The increasing demand for slow-growing trees has threatened the natural source because the artificial culture usually requires several years, as well as considerable expenses in labor, land, and power. It is necessary to develop a practical approach to advance the culture of slowly growing tree stocks with an acceptable quality.



Since the early 1900s, people have known that plants can perceive the daily photoperiod in terms of the length of day and night [12]. This was thereafter developed as the technique of artificially extending the photoperiod to promote the growth of slowly-growing coniferous tree seedlings [13,14,15,16,17]. High pressure sodium (HPS) lamps are one kind of high intensity discharge illumination devices [18] which supply supplemental lighting for tree crops. Recent studies revealed that supplemental lighting using HPS lamps can effectively promote shoot biomass accumulation in highly valued slowly growing species, such as Buddhist pine (Podocarpus macrophyllus (Thunb.) Sweet) [5,6,8,9], Japanese maple (Acer palmatum Thunb.) [6], and Fragrant rosewood (Dalbergia odorifera T.C. Chen) [7]. Accordingly, nutrient content also increased with the biomass growth under supplemental HPS lighting. However, the positive effect of HPS lighting on biomass in these studies was usually accompanied by height growth, while diameter had very little or even negative responses to the prolonged photoperiod [5,6,7]. In addition, reserved nutrients would be diluted in seedlings under an extended photoperiod unless some higher doses of nutrients were supplied [5] or the supplemental photoperiod was controlled to be less than 6 h [7]. As a result, the seedling quality may not be enhanced with the culture of HPS lighting [7,8,9] in spite of these seedlings obtaining a favorable feature and considerable nutrient uptake [13,14,15,16,17].



Plants can perceive changes in light spectrum quality through several types of photoreceptors [19]. Red (R) (600–700 nm) and blue (B) (400–500 nm) wavebands can be absorbed by chlorophyll and used to drive photosynthesis, while green (G) (500–600 nm) and far-red (FR)(700–800 nm) wavebands fall in the lesser-absorbed regions of the whole spectrum [20]. Lights from HPS lamps have a wide range of wavelengths which appear to be redundant for promoting plant growth [21]. In contrast, light emitting diodes (LEDs) are solid-state semiconductors that produce non-coherent light and which can be adjusted to emit light in very specific parts of thespectrum [22,23]. Bioassay results have shown that several coniferous tree seedlings can respond with better growth to the LED spectrum than the HPS one [20,24,25]. LEDs have also surpassed HPS in terms of the electrical cost per photon and continue to make rapid leaps forward in terms of energy efficiency [24,26]. Therefore, LED may be a candidate to replace HPS as the lighting source in the culture of highly valued slowly-growing tree seedlings during the supplemental photoperiod.



A pilot study indicated that the variation of growth and morphology of tree seedlings modified by the different lighting spectra tended to disappear after out-planting [25]. This suggested that the growth changes driven by different lighting spectra were not sufficient to continuously support seedlings in the open-air condition where the environment was harsher and stress was more apparent. According to knowledge about tree nutrition, we know that nutrient fractions, especially macro-nutrient elements, can be reserved in tree seedlings from the culture period until transplant to help seedlings overcome the transplant shock through nutrient retranslocation [9,27,28]. Nutrient utilization can be defined as the efficiency to produce new growth at a given plant N concentration, which was determined under strong genetic control and highly correlated with growth trait [29]. A seedling that can take up nutrients efficiently and utilize them effectively will show an improved outplanting response and future growth [30]. However, nutritional manipulation has rarely been involved in the studies of the lighting spectra effect on tree seedlings [19,20,24,25]. Thus, the nutrient state in tree seedlings under different light spectra has received little attention [20]. The Nitrogen (N) response was evaluated in terms of the chlorophyll content [19,24], but direct determination for nutrient utilization is completely scarce.



A high-quality seedling should not only have experienced morphological growth at the end of a nursery culture, but should also show robust transplant performance in the field [8,9,13,19,25,27]. Seedling growth quality is the critical parameter that can indicate transplant performance. Height and stem diameter are the two most commonly used parameters for seedling quality because they can indicate growth and survival after transplant, respectively [31,32]. However, harmony among the height, diameter, and shoot-root relationship is also important for a highly-qualified seedling, which can be evaluated by the criteria of sturdiness and shoot-to-root ratio (i.e., biomass of shoot divided by biomass of root) [31]. In tree seedlings, height was mostly responsive to different light spectra with little changes in diameter growth [19,24]. However, the faster growth of height relative to diameter would result in a higher sturdiness, which may be an indicator of the depressed seedling quality [25]. Some spectra from LEDs resulted in high sturdiness, which indicated a risk of transplant failure because seedlings showed an in-coordinated feature with a vimineous but thin stem [20,25]. Therefore, it is necessary to incorporate some growth modifier into the cultural system for tree seedlings to regulate the coordination among morphological parameters to meet a high-quality criterion.



Chitosan is comprised of 2-acetamido-2-deoxy-β-d-glucose (N-acetyl-d-glucosamine) and 2-amino-2-de 2-amino-2-deoxy-β-d-glucan (d-glucosamine) attached via β-(1,4) linkages [33]. Chitosan oligosaccharide (CO) is the enzymatic-hydrolyzed product of chitosan and can be used as a plant growth modifier. A recent study reported that the addition of CO to Buddhist pine seedlings during the cultural period can promote the biomass and length of newly-grown leaves after transplant through enhancing nutrient utilization [33]. Another study on current-season Buddhist pine and Northeast yew (Taxus cuspidata Siebold & Zucc.) seedlings revealed that CO addition tended to improve nutrient utilization through counting shoot phosphorus (P) dilution [34]. These results suggested that the addition of CO may be an available approach to be used as a modifier to regulate growth and biomass partition of highly-valued slowly growing seedlings under different light spectra. However, relevant information is quite limited.



Fragrant rosewood (Dalbergia odorifera T.C. Chen) is a perennial legume tree distributed in sub-tropical and tropical areas of China, but its heartwood is popularly taken as a traditional herbal medicine in North East Asia [7]. Fragrant rosewood was categorized as vulnerable by World Conservation Monitoring Centre (WCMC) [35]. However, recently, the over-development has driven the natural source of this species to be nearly exhausted, which has promoted this species to be classified as a second-grade state-protected tree by the Chinese government [7]. Meanwhile, the demand for high-quality seedlings of Fragrant rosewood in southern areas of China is always increasing for its forest establishment during urbanization. Therefore, it is essentially necessary to develop some available approach to promote the seedling quality of Fragrant rosewood so as to reserve the natural sources and to meet the significant gap of seedling supply. In this study, the effect of LED illumination on the quality of Fragrant rosewood seedlings in comparison with HPS lighting was tested. CO was involved in the experiment as an addition to seedlings with the prospect of modifying seedling growth. We hypothesized that: (i) LED lighting spectrum can surpass the HPS one in promoting the quality of Fragrant rosewood seedlings, whose (ii) nutrient utilization can also be enhanced by the addition of CO.




2. Materials and Methods


2.1. Plant Material and Study Site


Seeds were collected from introduced Fragrant rosewood trees at Jing Mountain (28°8.0′ N, 120°37.9′ E) from Hainan Province. Sterilized seeds were sown in sands with a moisture of 90% on 12 April 2016. One month later, in early May 2016, germinant seedlings were transplanted to the mixture of peat, mushroom-spent-residual, and perlite (v/v/v, 6/3/1; Mushro-Dust® substrate, Zhilunpudao Agric. S&T Ltd., Changchun, China) in column containers fenced with non-woven fabrics (diameter × height, 9 cm × 10 cm). Transplanted seedlings were placed in 1 m × 1 m blocks as four 5 pots × 5 pots sub-plots. All pots were placed on bricks over the ground in the area of 1 m × 1 m for each block (Figure 1). This was used to reduce the possible impact of a low soil temperature on root development at a low cost. The experiment was conducted in an open-sided greenhouse with shading nets over the roof to regulate the inside temperature at the study nursery of the Laboratory of Forestry and Ecology (28°0.1′ N, 120°37.7′ E), Zhejiang Institute of Subtropical Crops, Zhejiang Academy of Agricultural Sciences, Wenzhou, China. The study was located in a region at an elevation of 40–50 m with an annual temperature of 17.9 °C and frost-free days of 243–290 days.


Figure 1. A scene of Fragrant rosewood (Dalbergia odorifera) seedlings cultured under the control, light-emitting diodes (LED) (a), and high-pressure sodium (HPS) lightings (b) at the day of seedling sampling. (c) A scene of LED lighting on Fragrant rosewood seedlings under the panels (d) with diodes inlaid (e) during night time of the late-period of seedling culture.
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2.2. Experimental Design


The experiment was conducted following a split-block design with the light spectra treatment as the main block and CO addition as the sub-blocks. The main blocks were replicated five times in each light spectra treatment. In each block, two sub-blocks were divided into the treatments with or without CO (+CO and −CO, respectively). Each sub-block included four sub-plots (25 seedlings) and either of the couple sub-plots received the +CO or −CO treatments. In total, there were 100 seedlings in one main block, 500 seedlings in one light spectra treatment, and 1,500 in the whole experiment.




2.3. The lighting Spectra Treatment


In early July 2016, seedlings began to receive light spectra treatments. Every block was treated with one of the illumination regimes of HPS or LED lightings. A natural lighting source was also involved in the experiment as the control. The HPS lamps (Zhilunpudao Agric. S&T Ltd., Changchun, China) emitted light in continuous wavelengths between 380 nm and 830 nm at the electrical power of 200 W (Figure 2). The LED panel consisted of eight lamina-cells (30 cm × 60 cm, width × length) emitting light in the area of 1.2 m × 1.2 m. There were 50 diodes inlaid in one lamia-cell at the electrical power of 0.7 W per diode with a 350 mA electric current, resulting in a total electrical power of 280 W per panel. Diodes were designed to emit light of 85R:10G:5B from the whole panel. The LED panel emitted the light in wavelengths between 400 nm and 800 nm(Figure 2).


Figure 2. The wavelengths of spectra of LED and HPS lightings. PPF, photosynthetic photon flux.
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Artificial illumination devices were positioned to hang over the seedlings. The device height was elevated every five to seven days throughout the experiment according to the growing rate of seedling height. The height between the artificial lighting surface and the seedling shoot tips was manually kept to be about 40 cm and 20 cm for HPS and LEDs, respectively. These two heights were set to enable all seedlings to receive a mean photosynthetic photon flux density (PPFD) of 72–73 µmol m−2 s−1 at shoot-tips under the two different artificial lightings. Artificial devices were open from 6:00 a.m. to 21:00 p.m., generating a 15 h photoperiod for daily seedling growth. This photoperiod included about three hours of supplemental lighting during night time, which has been proven to favor the growth and nutrient utilization in Fragrant rosewood [7]. The adjacent two main-blocks receiving different light spectra treatments were separated by a black-out cloth fixed at 1.2 m from the ground.




2.4. Chitosan Oligosaccharide Addition and Fertilization Regime


Both CO treatment and fertilizer application began in mid-July 2016. The +CO component was derived from liquid solutions (Qishanbao®, GlycoBio Co., Ltd., Dalian, China), diluted at a concentration of 1:800 (CO:water), applied through foliar-spray with each fertilizer application. In the −CO treatment, water was only added with each fertilizer delivery. Fertilizers were delivered using the solutions (N-P2O5-K2O, 15-9-12, micro-nutrients plus) every 15 d at a total rate of 600 mg N seedling−1 following an exponential fertilization formulation. Briefly, the rates of nutrient deliveries increased in an exponential growth model [5,27,28] (Equation (1)):
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(1)




where r is the relative addition rate for the nutrient amount ([image: ]) added to a seedling from the initial nutrient reserve ([image: ]) through t times of nutrient deliveries to the theoretical nutrient accumulation ([image: ]). This fertilizer regime has been proven to promote the growth and nutrient utilization in Fragrant rosewood [7]. All seedlings shared the same fertilization regime. Seedlings were watered every two days according to the temperature and air temperature. Throughout the experiment, the temperature was 24–42 °C and relative humidity was 78–88%.




2.5. Seedling Sampling, Measurement and Chemical Analysis


All treatments and fertilizer applications were terminated in mid-January 2017. One week later, four seedlings were randomly sampled from each sub-plot and bulked as a basal measuring unit. Sampled seedlings were measured for height and root-collar diameter (RCD) and divided into parts of leaves, stem, and root. Separated seedling parts were oven-dried at 70 °C for three days, ground into powders, and screened through a 1-mm sieve. Soluble sugars (glucose, fructose, and sucrose) and starch concentrations were determined by the colorimetric method using a spectrophotometer at 490 nm (UV-Visible 8453, Agilent Technologies Inc., Santa Clara, CA, USA). Briefly, a 0.5 g sample was added to 50 mL of distilled water, steamed by high pressure for two hours, and measured for the concentration of soluble sugars; thereafter, the residual was washed with distilled water, oven-dried, added to hydrochloric acid, extracted in a boiling water bath for eight hours, combined with sodium hydroxide solution, and measured for the starch concentration. N and P concentrations were determined by the method adapted from Li et al. [7]. Briefly, a 0.2 g of sample was digested in 5 mL of hydrogen peroxide-sulfuric acid and diluted to 50 mL until the determination using the Kjeldahl method for N and the ICP-OES method for P.




2.6. Statistical Analysis


The seedling quality was evaluated by the Dickson index model [36] (Equation (2)):
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(2)




where DQI is the Dickson quality index; and TB, SB, and RB represent the biomass for the whole plant, shoot, and root, respectively. The nutrient utilization index (UI) was calculated according to the model by Hawkins [29] (Equation (3)):
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(3)




where UI is the nutrient utilization index which can be for N (NUI) or P (PUI), accordingly with the %Nutrien-L of the leaf nutrient percentage for N or P, respectively. All of the statistics were performed using SAS software (SAS Institute Inc., Cary, NC, USA). The normality was tested and no data transformation was necessary. Our data also passed the Levene’s test by the HOVTEST procedure, indicating the homogeneous variances. The two-way analysis of variance (ANOVA) was conducted by the GLM procedure on each data set about growth, biomass, N and P states, and carbohydrates. When the interaction between the light spectra and CO addition effects was detectable on any parameter, the results were compared and arranged by the one-way ANOVA of combined effects of spectra and CO (n = 5). Otherwise, the results were compared by the main effect of light spectra (n = 10) or CO addition (n = 15). The significance was detected at the P < 0.05 level according to Tukey’s studentized range test. The vector analysis was employed to evaluate the nutritional state of seedlings at the end of the experiment, using the control without CO under the natural illumination as the reference. Vector shifts and the corresponding interpretations were adapted from Salifu and Timmer [37].





3. Results


3.1. Seedling Growth


At the end of the experimental period in mid-January 2017, lighting spectra had a significant effect on height growth (Table 1). Seedlings under the LED lighting had the greatest height of 79.66 ± 9.90 cm, while those under HPS lighting and natural illumination had heights of 63.35 ± 8.04 cm and 49.41 ± 7.31 cm, respectively (Table 2). Treatments of lighting spectra and CO addition had a significant interactive effect on RCD (Table 1). RCD was highest in seedlings receiving CO addition under the LED lighting, which was greater by 22% and 28% than that under the LED and natural lightings, respectively (Table 2).



Table 1. p values from analysis of variance (ANOVA) analysis of lighting spectra (S), chitosan oligosaccharide addition (O), and their interaction (S × O) on parameters of Fragrant rosewood (Dalbergia odorifera) seedlings.







	
Parameters

	
S

	
O

	
S × O

	
Parameters

	
S

	
O

	
S × O






	
Height

	
<0.0001 1

	
0.9024

	
0.4104

	
Leaf sugar

	
0.0945

	
0.2563

	
0.3096




	
RCD 2

	
0.0134

	
0.4083

	
0.0413

	
Stem sugar

	
0.0002

	
0.0065

	
0.9635




	
Leaf biomass

	
<0.0001

	
0.3711

	
0.0442

	
Root sugar

	
0.3311

	
0.3110

	
0.9789




	
Stem biomass

	
<0.0001

	
0.5055

	
0.1086

	
Leaf starch

	
0.1901

	
0.2765

	
0.5451




	
Root biomass

	
0.4327

	
0.4008

	
0.2048

	
Stem starch

	
0.0082

	
0.6029

	
0.6058




	
R/S 3

	
0.4017

	
0.3275

	
0.3840

	
Root Starch

	
0.0879

	
0.8282

	
0.7556




	
Leaf N concentration

	
0.0288

	
0.6509

	
0.1862

	
Leaf N content

	
0.0269

	
0.4920

	
0.5165




	
Stem N concentration

	
0.1229

	
0.7420

	
0.4930

	
Stem N content

	
0.0008

	
0.7993

	
0.6111




	
Root N concentration

	
0.0001

	
0.1374

	
0.0779

	
Root N content

	
0.0821

	
0.2551

	
0.0499




	
Leaf P concentration

	
0.0872

	
0.9648

	
0.4253

	
Leaf P content

	
0.8539

	
0.8342

	
0.6791




	
Stem P concentration

	
0.1781

	
0.0148

	
0.3726

	
Stem P content

	
0.0004

	
0.0064

	
0.0179




	
Root P concentration

	
0.5975

	
0.0890

	
0.4816

	
Root P content

	
0.0969

	
0.0816

	
0.2746








1 Bold digits indicate significance at the 0.05 level; 2 RCD, root-collar diameter; 3 R/S, root to shoot biomass ratio. 








Table 2. The interactive effects of lighting spectra and chitosan oligosaccharide addition on height and root-collar diameter (RCD) in Fragrant rosewood (D. odorifera) seedlings.







	
Treatment

	
n

	
Mean

	
S.E. 1

	
Treatment

	
n

	
Mean

	
S.E.

	






	
Height

	
RCD




	
Control − CO 2

	
5

	
46.8

	
6.33

	
Control − CO

	
5

	
6.32

	
0.51

	
ab 3




	
Control + CO 4

	
5

	
52.02

	
8.61

	
Control + CO

	
5

	
5.70

	
0.78

	
b




	
HPS − CO 5

	
5

	
66.64

	
10.18

	
HPS − CO

	
5

	
6.69

	
0.44

	
ab




	
HPS + CO

	
5

	
60.06

	
5.39

	
HPS + CO

	
5

	
5.99

	
0.39

	
b




	
LED − CO 6

	
5

	
79.64

	
5.86

	
LED − CO

	
5

	
6.59

	
0.6

	
ab




	
LED + CO

	
5

	
79.68

	
14.21

	
LED + CO

	
5

	
7.31

	
0.81

	
a








1 S.E., standard error; 2 control, the natural illumination without any artificial lighting; −CO, the treatment without chitosan oligosaccharide addition; 3 Different letters indicate significant difference at the 0.05 level; 4 +CO, the treatment with chitosan oligosaccharide addition; 5 HPS, high-pressure sodium; 6 LED, light-emitting diodes.









3.2. Biomass Accumulation


Treatments of lighting spectra and CO addition had a significant interactive effect on foliar biomass accumulation (Table 1). The treatment of combined LED lighting and CO addition resulted in the highest level of leaf biomass, which was greater than that in other treatments by 44–106% (Figure 3). The lighting spectra had a significant main effect on stem biomass. Seedlings in the LED lighting treatment had the greatest stem biomass of 7.71 ± 2.00 g, while stem biomass in the HPS lighting treatment (4.54 ± 1.51 g) was not statistically different from that in the control (3.60 ± 1.05 g). Neither the lighting spectra nor the CO addition had a significant effect on the root to shoot biomass ratio (R/S), which ranged between 0.15 ± 0.02 and 0.41 ± 0.71 in response to lighting spectra and between 0.16 ± 0.02 and 0.33 ± 0.56 in response to the CO addition.


Figure 3. Biomass accumulation in leaves, stem, and root of Fragrant rosewood (D. odorifera) seedlings cultured in the interactive effects of chitosan oligosaccharide addition and lighting spectra. Ctrl, the control of the natural illumination; HPS, high-pressure sodium; LED, light-emitting diodes; −CO, the treatment without chitosan oligosaccharide addition; +CO, the treatment with chitosan oligosaccharide addition. Different letters indicate significant differences for leaf biomass at the0.05 level.
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3.3. Carbohydrate Concentration


The treatment of lighting spectra had the significant main effect on concentrations of both soluble sugars and starch in the stem (Table 1). Seedlings under the HPS lighting had the highest concentration of soluble sugars in the stem, which was higher by 51% than those under the LED lighting (Figure 4a). In contrast, the starch concentration in the stem was highest in the control, which was higher by 24% than that in the HPS treatment. The CO addition caused the elevation of the soluble sugar concentration by 22%, but did not affect the starch concentration (Figure 4b).


Figure 4. Concentrations of soluble sugars and starch in the stem of Fragrant rosewood (D. odorifera) seedlings cultured in the main effects of lighting spectra (a) and chitosan oligosaccharideaddition (b). Ctrl, the control of the natural illumination; HPS, high-pressure sodium; LED, light-emitting diodes; −CO, the treatment without chitosan oligosaccharide addition; +CO, the treatment with chitosan oligosaccharide addition. Different letters indicate significant differences at the 0.05 level. Letters of a and b for sugar and those of x and y for starch.
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3.4. N and P Concentrations and Contents


Relative to the control, the LED lighting treatment resulted in the decline of N concentration in leaves and roots by 16% and 22%, respectively (Table 3). Meanwhile, the HPS lighting treatment also resulted in the decline of root N concentration by 19% compared to the control. The addition of CO increased P concentration in stem by 70%, but no response was found for P concentration in leaves and roots (Table 3).



Table 3. The main effects of lighting spectra and chitosan oligosaccharide addition on N and P concentrations in Fragrant rosewood (D. odorifera) seedlings.







	
Leaves

	
Stem

	
Root




	
Treatment

	
n

	
Mean

	
S.E. 1

	

	
Treatment

	
n

	
Mean

	
S.E.

	
Treatment

	
n

	
Mean

	
S.E.

	






	
N




	
Control 2

	
10

	
5.13

	
0.3

	
a 3

	
Control

	
10

	
3.34

	
0.56

	
Control

	
10

	
3.43

	
0.44

	
a




	
HPS 4

	
10

	
4.97

	
0.81

	
ab

	
HPS

	
10

	
2.75

	
0.28

	
HPS

	
10

	
2.79

	
0.33

	
b




	
LED 5

	
10

	
4.31

	
0.61

	
b

	
LED

	
10

	
2.8

	
0.81

	
LED

	
10

	
2.67

	
0.26

	
b




	
−CO 6

	
15

	
4.75

	
0.66

	

	
−CO

	
15

	
3

	
0.6

	
−CO

	
15

	
2.86

	
0.37

	




	
+CO 7

	
15

	
4.86

	
0.68

	

	
+CO

	
15

	
2.92

	
0.63

	
+CO

	
15

	
3.06

	
0.5

	




	
P




	
Control

	
10

	
3.41

	
1.67

	

	
Control

	
10

	
2.54

	
0.98

	
Control

	
10

	
2.98

	
1.31

	




	
HPS

	
10

	
2.54

	
0.42

	

	
HPS

	
10

	
2.03

	
1.04

	
HPS

	
10

	
3.53

	
1.54

	




	
LED

	
10

	
2.11

	
0.83

	

	
LED

	
10

	
3.24

	
1.94

	
LED

	
10

	
2.94

	
1.05

	




	
−CO

	
15

	
2.67

	
1.34

	

	
−CO

	
15

	
1.93

	
0.61

	
−CO

	
15

	
2.69

	
1.16

	




	
+CO

	
15

	
2.69

	
0.97

	

	
+CO

	
15

	
3.28

	
1.69

	
+CO

	
15

	
3.61

	
1.27

	








1 S.E., standard error; 2 control, the natural illumination without any artificial lighting; 3 Different letters indicate significant difference at the 0.05 level; 4 HPS, high-pressure sodium; 5 LED, light-emitting diodes; 6 −CO, the treatment without chitosan oligosaccharide addition; 7 +CO, the treatment with chitosan oligosaccharide addition.








The lighting spectra and CO addition treatments had a significantly interactive effect on N content in roots (Table 1). With CO addition, seedlings under the LED lighting had a greater root N content by 76% than those under the HPS lighting (Figure 5a). Compared to the control, the LED lighting treatment increased N content in the leaves (0.20 ± 0.05 g and 0.29 ± 0.08 g, respectively) and stem (0.12 ± 0.03 g and 0.21 ± 0.04 g, respectively) by 47% and 73%, respectively. N content in seedlings under the HPS lighting was not statistically different from that under the LED lighting in leaves (0.24 ± 0.05 g) and stem (0.13 ± 0.05 g). P content was only responsive to the interactive effects of lighting spectra and CO addition in the stem (Table 1). Seedlings with CO addition under the LED lighting had the highest P content in the stem, which was greater than that in other treatments by 1.8–4.6 times (Figure 5b).


Figure 5. N (a) and P contents (b) in leaves, stem, and root of Fragrant rosewood (D. odorifera) seedlings cultured in the interactive effects of chitosan oligosaccharide addition and lighting spectra. Ctrl, the control of the natural illumination; HPS, high-pressure sodium; LED, light-emitting diodes; −CO, the treatment without chitosan oligosaccharide addition; +CO, the treatment with chitosan oligosaccharide addition. Different letters indicate significant differences at the 0.05 level.
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3.5. Vector Analysis


Relative to the seedlings cultured with no CO addition under natural illumination, those with CO addition under HPS lighting had a higher N content, N concentration, and biomass accumulation level. Therefore, the controlled seedlings without CO addition were characterized as having the N deficient state and the addition of CO plus HPS lighting countered the N deficiency (Figure 6a). The other treatments of Control + CO, HPS − CO, LED + CO, and LED − CO all resulted in a higher N content and biomass accumulation level, but lower N concentration relative to controlled seedlings with no CO addition. Seedlings in these treatments were characterized to show the symptom of relative N dilution (Figure 6a). Otherwise, the addition of CO alleviated P deficiency and the other treatments of HPS − CO, HPS + CO, LED − CO, and LED + CO all showed the relative P dilution (Figure 6b).


Figure 6. Vector analysis of biomass, nutrient content, and concentration for N (a) and P (b) in leaves of Fragrant rosewood (D odorifera) seedlings cultured in the interactive effects of chitosan oligosaccharide addition and lighting spectra. Ctrl, the control of the natural illumination; HPS, high-pressure sodium; LED, light-emitting diodes; −CO, the treatment without chitosan oligosaccharide addition; +CO, the treatment with chitosan oligosaccharide addition. Shift A indicates the symptom of relative nutrient dilution in the object; shift C indicates the symptom of the relative nutrient deficiency in the reference.
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3.6. Seedling Quality Evaluation and Nutrient Utilization


Seedlings with CO addition under the LED lighting and those without CO addition under the HPS lighting had the highest DQI value, which were about one time higher than those treated with CO addition without LED lighting (Table 4). Seedlings cultured with CO addition under the LED lighting had the highest efficiency of nutrient utilization. These seedlings had higher NUI and PUI values by 67–175% and 180–463%, respectively, than those under the natural and HPS lightings.



Table 4. The interactive effects of lighting spectra and chitosan oligosaccharide addition on evaluated seedling quality and nutrient utilization of Fragrant rosewood (D. odorifera) seedlings.







	
Treatment

	
n

	
Mean

	
S.E. 1

	

	
Mean

	
S.E.

	

	
Mean

	
S.E.

	




	
DQI 2

	
NUI 3

	
PUI 4






	
Control − CO 5

	
5

	
0.72

	
0.16

	
ab 6

	
1.72

	
0.37

	
b

	
3.98

	
1.87

	
b




	
Control + CO 7

	
5

	
0.59

	
0.2

	
b

	
1.77

	
0.66

	
b

	
2.44

	
0.92

	
b




	
HPS − CO 8

	
5

	
1.05

	
0.54

	
a

	
2.83

	
1.18

	
b

	
4.89

	
0.43

	
b




	
HPS + CO

	
5

	
0.6

	
0.14

	
b

	
1.84

	
0.39

	
b

	
3.78

	
0.96

	
b




	
LED − CO 9

	
5

	
0.72

	
0.16

	
ab

	
3.18

	
0.44

	
ab

	
5.9

	
1.21

	
b




	
LED + CO

	
5

	
1.1

	
0.21

	
a

	
4.74

	
1.35

	
a

	
13.72

	
6.35

	
a




	
M.S. 10

	

	
0.25

	
6.97

	
82.23




	
F value

	

	
2.85

	
8.61

	
8.90




	
pr > F

	

	
0.0369

	
<0.0001

	
<0.0001








1 S.E., standard error; 2DQI, Dickson quality index; 3NUI, N utilization index; 4PUI, P utilization index; 5 control, the natural illumination without any artificial lighting; − CO, the treatment without chitosan oligosaccharide addition; 6 Different letters indicate significant differences at the 0.05 level;7 +CO, the treatment with chitosan oligosaccharide addition; 8 HPS, high-pressure sodium; 9 LED, light-emitting diodes; 10 M.S., mean square.










4. Discussion


4.1. Seedling Shoot Growth


Our results showed that seedlings under the LED lighting had a greater height than those under the HPS and seedlings under both artificial lighting treatments had a greater height than the control. Height growth appeared to continue to accelerate under the HPS lighting compared to the un-treated natural illumination according to the results found both in our study and in former studies [5,6,7]. However, the response of seedling height to different lighting spectra between LED and HPS lightings seemed to vary to a great extent. For example, Apostol et al. [24] reported that compared to seedlings under the HPS lighting, Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco) seedlings only responded with a greater height from the Idaho source under the LED lighting, where Engelmann spruce (Picea engelmannii Parry ex Engelm.) seedlings from the same source had no response and those from the New Mexico source even showed a decline in height growth. In addition, the LED lighting also had a negative effect on height growth in both Norway spruce (Picea abies (L.) H. Karst.) and Scots pine (Pinus sylvestris L.) seedlings compared to the HPS lighting [20,25]. The effect between fluorescent and LED lightings on the height of Quercus ithaburensis var. macrolepis seedlings was quite hard to determine [19]. Therefore, the perception of height growth in response to lighting spectra might be a species-specific trait.



Most of the current studies did not find any response of RCD to the light spectra between HPS and LED lightings [19,20,24,25]. In studies on highly valued slowly-growing seedlings, there was also a rare RCD response found for the HPS lighting relative to the control [5,6]. In a previous study on Fragrant rosewood seedlings, Li et al. found that the HPS lighting resulted in the decline of RCD compared to the un-treated control [7]. Thus, seedlings in all current studies were cultured by the manipulation of lighting without any addition of CO. In our study, we found that RCD only responded in CO-treated seedlings, whose RCD was higher under the LED lighting than under the HPS lighting and the control. However, the CO addition did not have any main effect on RCD. Our results suggest that the LED lighting can only have a positive effect on RCD growth in Fragrant rosewood seedlings with the presence of CO addition. In contrast, Wang et al. did not find any significant response of RCD in current-season Buddhist pine and Northeast yew seedlings for the interaction between photoperiod and CO addition [34]. However, Wang et al. reported that the interaction between CO addition and extended photoperiod in the past-season can have a continuous effect on RCD in current-season Buddhist pine seedlings after transplant [33]. Also, seedlings receiving CO addition under the natural illumination had a decreased RCD value compared to those under the extended photoperiod by HPS lamps [33]. In addition, our results tended to contradict those by González et al. [38] and Dzung et al. [39], where the CO addition substantially promoted the growth of tree shoots. Together, these results suggest that the LED spectrum can promote the shoot growth of Fragrant rosewood seedlings and the potential for diameter growth needs to be incorporated with the effect of CO addition.




4.2. Biomass Accumulation and Translocation


In our study, Fragrant rosewood seedlings only responded to the interaction between lighting spectra and CO addition in leaves. This was in contrast with Li et al. [7], where leaf biomass in Fragrant rosewood seedlings did not respond to the extended photoperiod by HPS lighting. In other species, leaf biomass was promoted by the LED lighting in Norway spruce seedlings [25] compared to HPS lighting. Leaf biomass was unaffected or negatively impacted by LED lighting relative to the HPS lighting in Scots pine, Douglas-fir, and Engelmann spruce seedlings [20,24]. In our study, neither stem biomass nor root biomass responded to the treatments, indicating that treatments did not drive biomass allocation. This can also be supported by the null response of R/S. In contrast, Norway spruce seedlings were found to have a higher R/S value under some LED lighting spectra than under the HPS lighting [20,25]. Leaf starch and sugar concentrations did not respond to the interactive effects of lighting spectra and CO addition, suggesting that the biomass variation in leaves did not result from non-structural carbohydrate (NSC) metabolism. Therefore, the promotion of leaf biomass in the CO + LED treatment probably resulted from the increase of structural carbohydrates.




4.3. Carbohydrate Metabolism


Carbohydrate concentration changed among lighting spectra in the stem, where the biomass was greatest under the LED lighting. In contrast, the HPS treatment tended to result in the highest sugar concentration and the lowest starch concentration. This suggests a hint that starch was metabolized by hydrolyzing into sugars mostly for elevated respiration to counter stress exerted by improper illumination [40]. In our study, the lighting intensity under HPS and LED lightings was measured to be about 72–73 µmol m−2 s−1, which fell in the range between 70 and 80 µmol m−2 s−1 [24], being sufficient for seedling growth and unlikely to drive stress. Therefore, the increase of sugars and the decrease of starch in the stem under the HPS lighting may have resulted from the spectrum under the lamps. The improper spectrum by HPS lighting may have also driven the decline of stem diameter. We did not find a significant effect of CO addition on biomass in Fragrant rosewood seedlings. In accordance with our study, CO addition also had no effect on Buddhist pine and Northeast yew seedlings [33,34]. However, our results presented that CO addition decreased the stem sugar concentration with no effect on starch (Figure 4b). This suggests that CO may promote sugar utilization without having an impact on starch depletion. With regard to the involvement of CO presence in the promotion of RCD by the LED treatment relative to the control, the depleted sugars in the stem may be used for new cell formation in woody tissues [41]. However, to our knowledge, there is rare evidence to explain the mechanism for the CO-addition effect on carbohydrate metabolism, which needs be studied in future works.




4.4. Nutrition Uptake and Utilization


Compared to the control of natural illumination, the leaf N concentration in our study was decreased under the LED lighting, but the leaf N concentration between the HPS and LED treatments was not statistically different (Table 3). Using HPS lamps, the decline of N concentration by the supplemental lighting has also been found in other studies on slowly-growing highly-valued seedlings [5,7]. This phenomenon appeared to occur when no additional N was added [5]. However, in contrast to our findings, N concentration was found to elevate in Scots pine seedlings by the LED lightings compared to the HPS lighting [20]. Using chlorophyll content (%) as an alternative estimation for foliar N concentration, some coniferous seedlings were also found to have a higher foliar N content under the LED lighting than the HPS lighting [20,24]. In contrast, the LED lighting did not change shoot biomass compared to the HPS lighting. As the integrated results of increased biomass and decreased N concentration, the LED lighting resulted in the symptom of N dilution relative to the control. The greatest N content in roots was shaped by both LED lighting and CO addition. Wang et al. found that the CO addition tended to have a species-specific effect on root N uptake and allocation [34]. It can promote the decline of root N concentration in Northeast yew, but not in Buddhist pine seedlings. However, according to Wang et al., this promotion would alternatively impact root N concentration in the next-year [33]. However, in our study, we did not observe a significant effect of CO addition on root N concentration, which may be partly influenced by the substrate. At the least, in this study, we cannot give the full conclusion that CO addition had no effect on root N concentration.



Unlike N concentration, P concentration did not respond to lighting spectra but was elevated in the stem by the CO addition. Therefore, the P deficiency in the control was alleviated by the addition of CO (Figure 6b). However, the highest P utilization in the interactive treatment of LED lighting and CO addition was formed by the contribution of N utilizations for biomass production in this treatment. In Buddhist pine and Northeast yew seedlings, the decline of P concentration was found to be related to shoot biomass accumulation and the CO addition promoted P utilization [34]. It is still uncertain whether the effect of CO addition on P utilization occurs through biomass promotion or P uptake. It is suggested that future studies test the single effect of CO addition on P utilization in ranges of doses to Fragrant rosewood seedlings.




4.5. Seedling Quality Evaluation and Implication for Practice


Seedling quality is vital to determine transplant survival and after-plant growth, which can be predicted through morphological parameters. The DQI has been employed for seedling quality evaluation several times because this parameter can predict seedling quality after transplant. Ivetić et al. found that DQI was positively correlated with the survival of Austrian pine (P. nigra ssp. nigra var. nigra Arnold) seedlings [42]. Smirnakou et al. found that DQI of Q. ithaburensis var. macrolepis varied in response to artificial lighting spectra and seedlings with a higher DQI also had greater biomass accumulation after transplant [19]. Li et al. reported that supplemental lighting for 3h using HPS lamps can enhance DQI in Fragrant rosewood seedling compared to the control [7]. In our study, seedlings cultured with the CO addition under the LED lighting had a higher DQI than those under the HPS and natural lightings with CO addition (Table 4). These results coincide with those about RCD, where the LED + CO treatment also resulted in greater growth and biomass and higher nutrient utilization than other treatments. Although seedlings without CO addition under the HPS lighting were indicated with a higher DQI, this combined treatment did not result in any significant benefit in growth, biomass, or nutrient utilization. Therefore, we recommend the regime of artificial LED lighting plus CO addition to the culture of Fragrant rosewood seedlings. The HPS lighting is not recommended due to its power consumption and less sufficient effect on seedling quality compared to the LED lighting. The addition of CO is not suggested to be used as a single treatment because its effect on seedling growth and nutrient utilization is still un-determinative.





5. Conclusions


In our study, the LED lighting spectrum was shown to stimulate biomass accumulation with nutrient dilution in Fragrant rosewood seedlings. Hence, the sole use of LED lighting without specific nutritional management may make the seedlings suffer from nutrient deficiency. Otherwise, the sole effect of CO addition could only cause a seedling response in terms of an increased stem P concentration, which concurs with other studies. Only under the illumination of LED lighting can the CO addition promote the synthetic quality and N and P utilizations in Fragrant rosewood seedlings. Although the HPS lamps are widely used as practical artificial lighting devices, their spectrum cannot result in a significant change of growth, biomass accumulation, and nutrient utilization in seedlings relative to the natural-lighted control. Therefore, we recommend that Fragrant rosewood seedlings are cultured with CO addition with top-dressing at the concentration of 1:800 (v/v, CO/water) under LED lighting in the spectrum of 85R:10G:5B for the shoot-tip PPFD of 72–73 µmol m−2 s−1 in 15 h of daily photoperiod.
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