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Abstract
This study evaluated the influence of supplemental top LED lighting on stock plants of Pelargonium × hortorum ‘Ice Crystal’, with 3 R:B rates (H = 73% R + 23% B + 4% FR; M = 63% R + 33% B + 4% FR and L: 53% R + 43% B + 4% FR), on morphology, soluble carbohydrate and starch content of cuttings, in comparison with the natural lighting (NL).  All LED lamps supplied the same PPFD at bench level (100 ± 20 μmol m-2 s-1) for 14 h/day.  The growing period (November-January) was characterized by 9.5-10 natural light hours per day and a DLI ranging from 1.1 to 2.5 mol m-2 d-1 at bench level (NL). Supplemental lighting, regardless of the blue rate, reduced petiole length (- 22.9%) and canopy diameter (- 16.0%) of stock plants but did not affected significantly their branching (3.7 stems/plant) and leaf area (2352.4 cm2), compared to NL. Meanwhile, plants under lighting exhibited a double dry weight (+ 107.4 %) mainly due to stem dry weight increase (+ 99.4%). Cuttings severed from plants under lighting were characterized by a lower leaf dry weight (-34.3%) and a smaller leaf area (-31.7% under M and L) than those grown under NL, despite of the higher leaf number (8.7 vs 6.7). Moreover, supplemental lighting, increased carbohydrates concentrations in leaves, from 4.0 up to 10.7 mg/g dw and from 4.4 up to 110.4 mg/g dw with low blue ratio, for glucose and starch, respectively. At the same time lighting enhanced starch accumulation in stem, from 29.7 in NL up to 230 mg/g dw in H light, but halved glucose, indeed its concentration decreased from 6.7 to 3.0 mg/g DW under NL and lighting, respectively, without differences among spectra. Blue ratio in LED lamps should not exceed 23% for avoiding leaf damages (e.g. yellow and necrotic lamina) and promoting the production of cuttings with the highest quality.
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Introduction
Pelargonium is usually propagated by shoot tip cuttings harvested in late winter and early spring, from stock plants grown in greenhouse under low DLIs, due to typical low natural light intensity and short day of the period in Europe (Erwin et al., 1993).  Supplemental lighting could promote branching, dry matter and carbohydrate production in mother plants and reduce internode length and leaf area of cuttings with positive effects on cutting storage, rooting and quality of the forced pot plants. 
Especially carbohydrates have a key role in adventitious root formation, providing energy, carbon skeletons (Li et al., 2000; Calamar et al., 2002), osmotic functions, interacting with plant hormone signalling (Leon et al., 2003) and co-delivering growth regulators like auxins by vascular transport, useful for primary and lateral root formation (Baker, 2000; Druege et al., 2000; Ruedell et al., 2013).  
It has previously demonstrated that pelargonium adventitious root formation and cutting survival are significantly and predominantly affected by the initial content of carbohydrates in the different parts of cuttings, especially when rooting occurs under low light conditions (Druege et al., 2004; Rapaka et al., 2005). 
With regard to the carbohydrate composition at harvest, glucose proved to be the most influencing rooting in pelargonium. Indeed, the number of adventitious roots resulted positively correlated to glucose in leaves and in the basal stem. On the other hand, the carbohydrate levels decreasing in leaves and increasing in basal stem during rooting suggested a basipetal transport from lamina to the base of stem and proved the primary rule of leaves as sugars source, supplier and storage organ (Druege et al., 2004). The positive correlation between the number of adventitious roots and leaf sucrose concentration is especially evident when cuttings are exposed to low light intensity during rooting (e.g. PPFD≤100 µmol m-2s-1; Rapaka et al., 2005). 
Similarly, cutting survival significantly increases with increasing pre-rooting concentration of glucose, fructose and total sugars in the leaf lamina and over all of glucose in the cutting stem, especially in its basal part.   The glucose concentration of 30 mg g-1 DW in stem proved to be the critical level assuring a great probability for high cutting survival in several cvs (Druege et al., 2004) given the low net photosynthesis of cuttings unless adventitious roots are visible (e.g. first 12 d; Forschner et al., 1984).   The low net CO2 assimilation was explained by the low stomatal conductance connected to cutting severance (Forschner et al., 1984). Moreover, the endogenous carbohydrate status of cuttings influences postharvest ethylene sensitivity and leaf senescence, commonly visible after storage and transport in darkness. Rapaka et al. (2008) stated highly significant positive correlations between the non-structural sugar concentration in the whole cutting and the chlorophyll content in the oldest leaves. High endogenous carbohydrate status not only counteracts the chlorophyll breakdown by ethylene but even turns ethylene into a hormone promoting adventitious formation (Rapaka et al.,2008). A high carbohydrate concentration at cutting harvesting is a basic factor especially when cuttings have to be stored and transported in darkness from worldwide countries and respiration causes a heavy carbohydrate depletion, more evident in leaves than in the stem base, starting from starch and followed by sucrose (Druege et al., 2000, 2004; Rapaka et al., 2005, Klopoteck et al., 2010).  In pelargonium, the non-critical values of total soluble sugars and starch range from 12 to 16 mg g-1 DM and 6 to 14 mg g-1 DW in leaf and from 40 to 80 mg g-1 DW and 5 to 20 mg g-1 DW in stem, respectively (Zerche et al., 2019).
Therefore, the physiological status and the growth conditions of stock plants are key factors for fast and successfully rooting. Especially light intensity and spectrum can affect the rooting potential of cutting, for example, in Eucalyptus globus, supplemental lighting resulted more effective when applied to stock plants than to cuttings during rooting phase. Moreover, the far-red (FR) lighting on stock plants induced the highest carbohydrate accumulation in cutting base than white (W), blue (B) and red (R) light, overcoming the rooting recalcitrance of species (Ruedell et al., 2013).  High FR and B radiation on mother plants promoted rooting in Terminalia spinosa and Betula pendula cuttings, too (Newton at al., 1996; Saebo et al., 1995). A relatively low R:FR ratio (i.e. 0.4-0.7 for 660 nm: 730 nm) resulted in a rooting increase in many species as poinsettia (Hagen et al., 1981), Chrysanthemum (Heins et al., 1971), Eucalyptus grandis (Hoad et al., 1996) and Cotinus coggyria (Cameron et al., 2005). The effects of FR light on rooting can be linked to the increase of expression both of genes involved in auxin biosynthesis and efflux in cuttings and of genes encoding sucrose synthase and transport (Ruedell et al., 2015; Druege et al., 2019).  
Rooting in pelargonium cuttings also was improved by the use of photoselective yellow and blue nets during mother plant growing (Nissim-Levi et al., 2014). Many reports focus the effects of B lighting on plant morpho-physiology but the influence on cutting yield and successive rooting is scarcely investigated. Blue light is shown to enhance stomata opening (Sharkey et al., 1981; Horrer et al., 2016), photosynthetic rate (Hogewoning et al., 2010) and carbohydrates accumulation in tissues (Senger, 1982), moreover, it could be effective in reducing shoot elongation, depending on species, light level and spectrum (Mortensen et al., 1987; Cosgrove, 1981; Hirai et al., 2006; Shimizu et al., 2006, Huche-Thelier e al., 2016). In pelargonium pot plants, supplemental LED lighting with 45% B promoted canopy compactness and early flowering (Poel et al., 2017); the combination of R and B is anyway more effective than 100% B in inhibiting stem elongation (Kong et al., 2018). Blue light is the most important factor in the control of leaf epinasty and is required for a normal pelargonium leaf development, too (Fukuda et al., 2008). However, B light reduced photosynthesis efficiency in tomato (Yang et al., 2018) and enhanced stem elongation compared to R in bedding species under low PPFD, included pelargonium (Kong et al., 2018). 
The aim of this work was to evaluate the influence of B rates in the supplemental lighting of Pelargonium × hortorum stock plants on plant morphology and carbohydrate content of cuttings, in comparison with the natural lighting.  
Materials and methods
Rooted cuttings of Pelargonium × hortorum  ‘Ice Crystal’ were planted in 13 cm plastic pots (1.1 L) with white and black peat substrate (2:1, v:v) and grown from November to January on benches in a glasshouse of the Imola district of the University of Bologna, North of Italy. The greenhouse environment was automatically controlled to guarantee a night temperature of 15 ± 2 °C, a range of 22-25 ± 2 °C during day and the relative humidity at 70 ±10%.  The density was reduced from 24 to 16 plant/m2 over time to avoid leaf overlapping. The lighting treatments started 2 weeks after potting; natural light (NL) was compared to top supplemental LED lighting for 14 hours per day (from 6 a.m. to 8 p.m) by lamps (GreenHouse Toplighting, Bloom L, of C-LED S.r.l. Imola, Italy; 10.8  × 126.0 × 6.6 cm, 150 W Pmax) with R (maximum intensity at 660 nm): B (maximum intensity at 450 nm) ratio = 3.2 (H= 73% R/23% B), 1.9 (M=63% R/33% B) and 1.2 (L= 53% R/43% B) and 4% FR (maximum intensity at 730 nm). All LED lamps, fixed 1m above bench level, supplied the same PPFD (100 ± 20 μmol m-2 s-1) at bench level, equal to 5 mol m-2 d-1 DLI regardless of spectrum. 
On the other hand, the growing period was characterized by 9.5-10 natural light hours per day and a DLI ranging from 1.1 to 2.5 mol m-2 d-1 at bench level (NL). 
Stock plants were arranged in 12 sectors, sideways shielded by screens in order to avoid light interference among contiguous areas with different light conditions; that is 3 blocks including 4 sectors each one of 2 m2 , one for each lighting treatment.
Water was manually supplied as required by plants and nutrients were applied once a week alternating solutions with NPK 20:20:20 or 9:12:36 + 3 Mg fertilizer (1.0 g/L; 200 mL/ plant). Cuttings used for carbohydrates determination, with a 5 cm long stem, were severed at the end of January, from 10 to 11 a.m. of a sunny day, (10 cuttings/treatment/block) and separated into stem and leaves; therefore, the samples were packed in aluminum foil, submerged in liquid N and stored at -80 °C before freeze drying and milling. The glucose (soluble sugar) was extracted in 80% ethanol (10 min × 5 times at 80 °C) and solid residues were subjected to alkaline and enzymatic digestion (via α-amilase and amyloglucosidase) for starch determination by starch conversion into glucose. Glucose was photometrically quantified at 505 nm. The amount of starch was calculated using 1.111 as conversion index glucose-to-starch.  At cutting harvest, canopy diameter, leaf petiole and internode lengths, total leaf area, stem number and dry weight of stock plants were measured; at the same time leaf number, area and chlorophyll content (by SPAD), leaf and dry weights of cuttings were tested.  Data were statistically analysed by ANOVA and Newman-Keuls test.

RESULTS AND DISCUSSION
Supplemental lighting, regardless of the blue rate, reduced internode (- 44.1%) and petiole length (- 22.9%) and canopy diameter (- 16.0%) of stock plants but did not affected significantly branching (3.7 stems/plant) and plant leaf area (2352.4 cm2 on average), compared to NL (Table 1). Meanwhile, plants under lighting exhibited a double dry weight (+ 107.4 %) mainly due to stem dry weight increase (+ 99.4%, data not reported).  Accordingly, lighting influenced the quality of tip cuttings (Table 2). Stated the same stem length (5 cm), cuttings from illuminated mother plants were characterized by a lower leaf dry weight (-34.3%) and a smaller leaf area (-31.7% under M and H) than cuttings grown under NL, despite of their higher leaf number (8.7 vs 6.7). 
Moreover, supplemental lighting increased glucose and starch concentration in cutting, with a highly significant interaction between treatment and organ (Table 3; Figure 1). In leaves, glucose and starch concentration were enhanced by increasing R:B ratio, especially for starch (ystarch=30.8 xratioR/B +11.0; R2=0.99), with a potential positive effect overall on the formation of many adventitious roots (Druege et al., 2004). Values arrived from 4.0 in NL up to 10.7 mg/g dw and from 4.4 in NL up to 110.4 mg/g dw under H lighting, for glucose and starch, respectively (Table 3). Therefore, while the soluble sugar critical values in leaves were not exceeded in all treatments, starch concentration raised well over the threshold values with supplemental lighting (Zerche et al., 2019), and especially with the lowest B percentage (23%).
At the same time lighting enhanced starch accumulation in stem, from 29.7 up to 230.0 mg/g dw in NL and H, respectively, but halved glucose, indeed its concentration decreased from 6.7 to 3.0 mg/g DW under NL and lighting, respectively, without differences among spectra (Table 3). Therefore, the glucose level in stem resulted under the threshold recommended for a high cutting survival during rooting in all treatments but it was fully compensated by the starch increase, already sufficient in NL and up to 11 times higher with lighting (Zerche et al., 2019). The total content of evaluated sugars/cutting amounted to 95.5  mg, on average under lighting, vs 17.2 mg in NL, showing an analogous efficiency of the three lighting ratios at carbohydrate quantity level. SPAD did not prove differences in leaf chlorophyll content among treatments but highlighted the typical ‘light green’ colour of the cultivar.  
The reduced leaf area and internode length in cuttings severed by mother plants grown under supplemental lighting (overall under 33 and 53% B), could potentially counteract the leaf withering during rooting and contribute to canopy compactness during flowering pot plant growing, respectively. On the other hand, a smaller leaf surface could contain the CO2 assimilation, require a higher light intensity during rooting, alter the important source-role of leaves during rooting phase (Druege et al., 2004, Rapaka et al., 2005) and induce the use of stored starch in cutting. Moreover, mother plants reacted to high B ratios like to full sun; indeed, the compensation point and Amax of leaves significantly raised (data non reported). Therefore, the supplemental lighting could result indispensable during rooting if used in advance on stock plants. 
Moreover, the changed carbohydrate allocation in stem and leaves, and particularly the stem glucose content lower under lighting than in natural low light, could lengthen the rooting phase and reduce the probability for high cutting survival; the glucose critical concentration of 30 mg g-1 DW in stem was never attained in the trial, regardless lighting (Druege et al., 2004). The high starch increase, in leaves and primarily at stem level, is anyway positive for dark and cold storage of cuttings thanks to it mobilization not only in darkness but also under low light conditions (Druege et al., 2004).

CONCLUSIONS
Data indicate that supplemental lighting of stock plants by lamps including B, R and FR (≈ 5 mol m-2 d-1 DLI) is useful for the production of high quality Pelargonium cuttings, more compact and with higher carbohydrates contents, when light in greenhouse is low and DLI is ranging from 1.1 to 2.5 mol m-2 d-1 at bench level.  Moreover, it could be helpful when cuttings have to be cold stored, dark transported and rooted under relatively poor light conditions, like when imported in Europe or for planning the cutting sale.
 The highly significant increases of glucose and starch are promising but their effects have to be tested in the rooting phase under several environmental conditions and cultivars.  
About spectrum, B ratio in LED lamps for supplemental lighting should not exceed 23% for avoiding leaf damages (e.g. yellow and necrotic lamina) and promoting the production of cuttings with the highest quality.


	Table 1. Effects of light treatments on canopy diameter, leaf petiole length, plant leaf area and dry weight of stock plants at cutting harvesting time (H = 73% R +23% B+ 4% FR; M = 63% R +33% B+4% FR; L = 53% R+ 43% B+4% FR).


	Treatment
	Canopy diameter
cm
	Leaf petiole  length
cm
	Plant leaf area 
cm2
	Dry weight
g

	NL
	46.2
	±2.9
	a
	10.9
	± 0.3
	a
	2503.9
	±124.0
	14.0
	±0.6
	a

	H
	38.5
	± 0.9
	b
	8.6
	± 0.3
	b
	2342.6
	±100.0
	30.3
	±1.3
	b

	M
	40.8
	± 2.3
	ab
	8.6
	± 0.3
	b
	2326.7
	±110.6
	29.1
	±0.9
	b

	L
	37.1
	± 1.7
	b
	8.0
	± 0.2
	b
	2236.6
	±110.0
	27.7
	±0.9
	b

	ANOVA
	*
	**
	NS
	**

	 




	Table 2. Effects of light treatments on leaf area, dry weights of stem, leaves an total of cuttings at harvesting time (H = 73% R +23% B+ 4% FR; M = 63% R +33% B+4% FR; L = 53% R+ 43% B+4% FR).


	Treatment
	Leaf area
cm2
	Dry weight  g

	
	
	Stem
	Leaf
	          Total

	NL
	364.1
	37.4 
	a
	0.37
	±0.01
	0.42
	±0.01
	a
	0.80
	±0.01
	a

	H
	356.8
	27.6
	a
	0.33
	±0.04
	0.23
	±0.03
	b
	0.56
	±0.05
	b

	M
	229.6
	35.9
	b
	0.36
	±0.02
	0.26
	±0.04
	b
	0.63
	±0.06
	ab

	L
	267.3
	40.1
	b
	0.42
	±0.03
	0.34
	±0.02
	ab
	0.77
	±0.04
	a

	ANOVA
	**
	NS
	**
	*


 
	Table 3. Effects of light treatments on glucose and starch concentration and content in leaves and stem of cuttings at harvesting time (H = 73% R +23% B+ 4% FR; M = 63% R +33% B+4% FR; L = 53% R+ 43% B+4% FR).


	Treatment
	Concentration mg/g DW
	
	Content    mg/cutting

	
	Glucose
	Starch
	
	          Glucose
	Starch

	
	Leaves
	
	Leaves

	NL
	4.0
	±1.6
	c
	4.4
	±1.2
	h
	
	1.7
	±0.0
	ab
	1.8
	±0.1
	c

	H
	10.7
	±0.7
	a
	110.4
	±3.7
	d
	
	2.4
	±0.4
	a
	25.2
	±3.7
	b

	M
	9.8
	±1.3
	ab
	67.7
	±3.8
	e
	
	2.6
	±0.4
	a
	17.7
	±2.9
	bc

	L
	6.6
	±1.3
	b
	49.3
	±5.4
	f
	
	2.3
	±0.1
	a
	16.9
	±1.1
	bc

	
	Stem
	
	Stem

	NL
	6.7
	±0.8
	b
	29.7
	±0.1
	g
	
	2.5
	±0.0
	a
	11.1
	±0.1
	bc

	H
	3.8
	±0.6
	c
	230.0
	±3.2
	a
	
	1.3
	±0.2
	b
	75.5
	±9.6
	a

	M
	2.7
	±1.3
	c
	186.0
	±3.2
	b
	
	1.0
	±0.0
	b
	67.9
	±3.2
	a

	L
	2.4
	±0.7
	c
	168.8
	±9.2
	c
	
	1.0
	±0.1
	b
	71.6
	±4.9
	a

	Treatment
	*
	**
	
	NS
	**

	Organ
	**
	**
	
	**
	**

	Treat. × Org.
	**
	**
	
	**
	**


 

   Leaf                             Stem
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Figure 1. Effects of light treatment on glucose (left) and starch (right) concentration in leaves and stems of cuttings at harvesting. Bars=est.
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Exhibition name: Knock Out®; Purple Meidiland®
Position Cod. B1-20
 
Registration name: RADrazz
Plant synonym:  CP4642 
Bred in the United States (1999) by William J. Radler 
Introduced in the United States (2000) by Conard-Pyle (Star Roses).
Introduced in France by Selection Meilland in 2001 as 'Knock Out'.
Parentage :
RAD85-139.1 × RAD84-196.8 
(‘Carefree Beauty’ x Unknown seedling) x (‘Razzle Dazzle’ x Unknown seedling)
Triploid
Awards:
WFRS Rose Hall of Fame (The World's Favourite Rose) - 2018
SNdHF - Grand Prix de la Rose France - 2012
Australia - Gold Medal - 2003
ADR - 2002
Modern Shrub Rose (Jackson County , Mount Diablo Rose Society Show) - 2001
All-American Rose Selection winner - 2000
Earth Kind RosesTM

glucosio sol 	1.1935800101983796	3.6611520970580669	3.7764036055481229	5.4385810062595281	4.644831548171513E-2	3.2023807931298052	3.2330073218288669	9.222253432452149	1.1935800101983796	3.6611520970580669	3.7764036055481229	5.4385810062595281	4.644831548171513E-2	3.2023807931298052	3.2330073218288669	9.222253432452149	NL	H	M	L	NL	H	M	L	4.3552461063119532	110.40327957109567	67.685879165136143	49.292498300972596	29.702526172639676	230.01407831015644	186.00016056342804	168.78982750374399	
mg/g DW



glucosio sol 	1.5665737413551626	0.74581711353572022	1.2922118055465657	1.2502101222619846	0.75806723711124102	0.5518621794615064	1.2688124618441097	0.67342360830505354	1.5665737413551626	0.74581711353572022	1.2922118055465657	1.2502101222619846	0.75806723711124102	0.5518621794615064	1.2688124618441097	0.67342360830505354	NL	H	M	L	NL	H	M	L	4.0336930642838773	10.675187615695151	9.7753394906423772	6.6285037168383001	6.6987988833527812	3.8407811287291409	2.6912011074745488	2.4043574352488744	
mg/g DW 
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Abstract


 


This study evaluated the influence of supplemental top LED lighting on stock plants of 


Pelargonium 


×


 


hortorum 


‘Ic


e Crystal’, with 3 


R:B 


rates (H


 


= 


73% R 


+ 


23% B + 4% F


R


; M


 


=


 


63% R


 


+ 


33% B + 


4% FR


 


and 


L


: 


53% R 


+ 


43% B +


 


4% F


R


), on morphology, soluble 


carbohydrate and starch content of cuttings, in comparison with the natural lighting 


(NL).  All LED lamps supplied the same PPFD at bench level (


100 ± 20


 


μmol 


m


-


2


 


s


-


1


) for 


14 h/day.  


The growing period (November


-


January) was characterized by 9


.


5


-


10 


natural light hours per day and a DLI ranging from 1.1 to 2.5 mol m


-


2


 


d


-


1


 


at bench level 


(NL).


 


Supplemental lighting, regardless of the blue rate, reduced 


petiole 


len


gth (


-


 


22.9


%) and canopy diameter (


-


 


16


.


0%) of stock plants but did not affected significantly 


their branching (


3


.


7 stems/plant) and leaf area (2352


.


4 cm


2


), compared to NL. 


Meanwhile, plants under lighting 


exhibited a double dry weight (+ 107


.


4 %) mainly 


due 


to stem dry weight increase (+ 99


.


4%). Cuttings 


severed 


from plants under lighting 


were characterized by a lower leaf dry weight (


-


34


.


3%) and a smaller leaf area (


-


31.7


% 


under


 


M and 


L


) than those grown under NL, despite


 


of the higher leaf number (8


.


7 v


s 


6


.


7). Moreover, supplemental lighting, increased carbohydrates concentrations in 


leaves, from 4.0 up to 10


.


7 mg/g dw and from 4


.


4 up to 110


.


4 mg/g dw with 


low 


blue


 


ratio


, for glucose and starch, respectively. At the same time lighting enhanced starch 


acc


umulation in stem, from 29


.


7 


in NL 


up to 230 mg/g dw 


in 


H


 


light, but halved glucose, 


indeed its concentration decreased from 6


.


7 to 3


.


0 mg/g DW under NL and lighting, 


respectively, without differences among spectra. 


B


lue ratio in LED lamps should not 


excee


d 23% for avoiding leaf damages (e.g. yellow and necrotic lamina) and promoting 


the production of cuttings with the highest quality.
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INTRODUCTION


 


Pelargonium is usually propagated by shoot tip cuttings 


harvested 


in late winter and 


early spring, from 


stock


 


plants grown in greenhouse under low DLIs, due to typical low 


natural light intensity and short day of the period


 


in Europe (Erwin et al., 1993)


.


 


 


Supplemental lighting could promote branching, dry matter and carbohydrate production in 


mother plants and reduce internode length and leaf area of cuttings with positive effects on 


cutting storage, rooting and quality of the forced pot plants. 


 


Especiall


y carbohydrates have a key role in adventitious root formation, providing 


energy, carbon skeletons (Li et al., 2000; Calamar et al., 2002), osmotic functions, interacting 


with plant hormone signalling (Leon et al., 2003) and co


-


delivering growth regulators


 


like 
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