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Abstract
Under light-limiting conditions, many ornamental greenhouse-grown plants show undesired morphological characteristics, 
such as plant elongation (hypocotyl and epicotyl length) and low dry mass, which reduce plant quality. Research has shown 
that use of plant growth regulators (PGRs) and changes in both light intensity and spectral composition can reduce these 
undesired characteristics. However, little is known about the role of the combined effects of supplemental lighting and 
PGRs on the production of ornamental seedlings. The objective of this study was to characterize the combined and inde-
pendent effects of light intensity, spectral composition, and PGR applications on the greenhouse production of ornamental 
transplants. Petunia (Petunia × hybrida), geranium (Pelargonium × hortorum), pansy (Viola × wittrockiana) and dianthus 
(Dianthus chinensis) were grown for 32–42 days under three supplemental light (SL) treatments: 1) high-pressure sodium 
(HPS), 2) light-emitting diodes (LEDs) with a 6 blue (B):5 green (G):89 red (R) (percent photon flux ratio), and 3) LEDs 
with 19B:81R (100 μmol m−2 s−1, 18 h photoperiod for all treatments). A control (No SL) was also included. In addition, a 
portion of plants were also sprayed with the paclobutrazol PGR (PBZ and No PBZ). The synergistic effects of the combina-
tion of PBZ and supplemental lighting resulted in the most compact plants, caused by a reduction in plant height by PBZ and 
an increase in dry mass by SL. However, PBZ reduced shoot dry mass of most plant species and light combinations. Plant 
compactness was greater under the 6B:5G:89R LED composition for petunia and when combined with PBZ for geranium 
than for plants under HPS lighting. Root dry mass of petunia, geranium, and pansy plants increased in response to SL com-
pared with no SL by 2.4–5.7-fold. Results from the two LED spectra were unexpected; plants under 6B:5G:89R were more 
compact (petunia, geranium), had higher anthocyanin concentrations (petunia), were shorter (petunia, pansy, dianthus) and 
had less leaf area (petunia, pansy, dianthus) than plants in the SL treatment with a higher B and lower G PF (19B:81R). Sup-
plemental lighting and PBZ can be used in conjunction or independently to improve plant morphology. The increased light 
from SL provided the most benefits by improving dry mass, compactness, and leaf number for most plant species. However, 
when PBZ was used in combination with SL, plant compactness increased for some species. The spectral composition of 
SL had an impact on plant growth and morphology, warranting additional research on plant responses to small changes in 
the spectral composition of SL.

Keywords  Light-emitting diode · Plant growth regulators · PBZ · HPS · Supplemental light · Daily light integral · PPFD · 
Blue light · Green light · Red light

Introduction

Plant growth regulators (PGRs) affect the balance of natu-
rally synthesized plant hormones. Most common PGRs 
are exogenous hormones (naturally occurring or synthetic 
analogs) that inhibit the biosynthesis and translocation 
of endogenous hormones or block hormone receptors 
(Rademacher 2015). The main groups of endogenous plant 
hormones include auxins, gibberellins, cytokinins, abscisic 
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acid, and ethylene. Among the different PGRs used in hor-
ticulture, gibberellin (GA) biosynthesis inhibitors represent 
one of the most important PGR groups in terms of area 
treated and economic value (Rademacher 2015). One of the 
nine main GA inhibitors (chlormequat chlorine, mepiquat 
chloride, ancymidol, flurprimidol, paclobutrazol, unicona-
zole-P, daminozide, trinexapac-ethyl-enecarboxylate, and 
prohexadione-calcium), paclobutrazol (PBZ) is often used 
in ornamental horticultural operations to control stem elon-
gation and final plant height (Iftikhar et al. 2015; Whipker 
2013). Paclobutrazol belongs to the group of active triazoles, 
and together with uniconazole, it is one of the most stud-
ied compounds (Davis et al. 1991). Paclobutrazol and other 
triazoles reduce shoot elongation through GA biosynthesis 
inhibition by blocking the P450 enzyme kaurene oxidase 
(Davis et al. 1991; Yokota 1999). In addition to their abil-
ity to reduce stem elongation, triazoles are also known to 
increase root growth (Berova and Zlatev 2000; Burrows et al. 
1992; Moreno et al. 2011), increase stem thickness (Berova 
and Zlatev 2000; Tsegaw et al. 2005), increase photosyn-
thetic activity (Abdul Jaleel et al. 2007; Berova and Zlatev 
2000), lower water use (Iftikhar et al. 2013), and increase 
early fruit yields (Berova and Zlatev 2000). For the regula-
tion of ornamental plant growth specifically, PBZ is often 
applied using different methods to increase plant compact-
ness. For example, using PBZ as a liner dip (4–16 mg L−1), 
Blanchard and Runkle (2007) found a stem length inhibition 
range of 21–67% compared to that of nontreated plants of 
five different genera (Argyranthemum, Calibrachoa, Petunia, 
Scaevola, and Verbena). Using drench (0.45–1.12 mg active 
ingredient per pot (a.i. pot−1)) and spray (0.16–0.65 mg a.i. 
pot−1) PBZ applications, Bañón et al. (2002) showed Dian-
thus caryophyllus ‘Mondriaan’ height was 52–64% and 
9–45% lower, respectively, compared to that of nontreated 
plants. Compared with untreated controls, geranium plants 
(Pelargonium × hortorum ‘Mustang’) to which PBZ was 
applied as a drench (0.6 mg a.i. pot−1) or spray (100 mg 
L−1) presented 47% and 57% lower plant heights, respec-
tively (Cox 1991). Magnitskiy et al. (2006) treated pansy 
(Viola × wittrockiana ‘Bingo Yellow Blotch’) seeds with a 
30 mg L−1 (seed soaking) PBZ solution for 5 min and found 
a 25% reduction in plant height 40–54 days after sowing 
compared to that of the untreated controls. Even though 
GA biosynthesis inhibitors such as PBZ often offer several 
positive outcomes when used in ornamental plant produc-
tion, there are also several challenges associated with their 
use. For example, toxicity to aquatic invertebrates (Liu 
et al. 2016; MDAR. 2012) and undesired persistence of 
PBZ in the production system/environment (Adriansen and 
Odgaard 1997; Grimstad 1993; Ochoa et al. 2009; Sharma 
and Awasthi 2005). Paclobutrazol concentrations as low as 
0.05 mg L−1 were found to be toxic to “water fleas” Daphnia 
magna embryos, suggesting that PBZ may cause acute and 

teratogenic effects on embryos and neonates of D. magna 
(Wang et al. (2011).

In most plant species, plant height and other morpho-
logical characteristics are frequently altered by variations 
in light intensity and spectral composition (Currey et al. 
2012; Hernández and Kubota 2016; Lopez and Runkle 
2017; Mitchell et al. 2015). A technique that can be used as 
an alternative or in conjunction with PGRs to manipulate 
plant growth is the use of supplemental electrical lighting. 
Light-emitting diodes (LEDs) and other supplemental light-
ing (SL) technology are commercially used to increase the 
cumulative amount of light (daily light integral: mol m−2 
d−1) to increase plant growth, yield and cumulative light 
are linearly correlated (under not saturating light intensi-
ties) (Kubota et al. 2016; Marcelis et al. 2006). In addi-
tion, with LEDs, it is possible to customize the spectral 
output to manipulate plant morphology. For example, Poel 
and Runkle (2017) showed that snapdragon (Antirrhinum, 
‘Montego Yellow’) seedlings grown under a supplemen-
tal LED spectral composition consisting of 45% blue (B) 
photon flux (PF) and 55% red (R) PF (45B:55R) presented 
approximately 25% lower plant height than did plants under 
10B:90R. Hernández and Kubota (2015) grew cucum-
ber (Cucumis sativus, ‘Cumlaude’) seedlings and found 
that, compared with plants under the 100B:0R treatment, 
plants under 0B:100R had 31% shorter hypocotyls. Currey 
and Lopez (2013) showed that petunia ‘Suncatcher Mid-
night Blue’ ornamental plants grown in a greenhouse under 
0B:100R LED SL had 11% shorter stems than did plants 
grown under conventional high-pressure sodium (HPS) sup-
plemental lighting. However, in the same study, Impatiens 
hawkeri (‘Celebrette Frost’) and geranium (‘Designer Bright 
Red’) showed no differences between spectral treatments. 
Even though the addition of SL to a production system often 
increases growth and improves plant morphology, its adop-
tion often requires high capital investment and additional 
operational costs (electricity costs).

Research reports have separately described the impact of 
PBZ and SL on ornamental plant growth and development; 
however, to our knowledge, no studies have compared the 
growth and morphology of ornamental plants exposed to 
PGR application and different SL spectra. PBZ affect plant 
growth mainly by GA biosynthesis inhibition, while light 
can affect plant growth and morphology by the effect of light 
intensity, light spectrum, and their interaction (Kendrick 
and Kronenberg 1994). Light intensity or daily light inte-
gral mainly affects plant growth and indirectly morphology 
via photosynthesis. Furthermore, light quality perception 
which is accomplished be the differentiation of the number 
of photons of different discrete wavebands also affects plant 
morphology and indirectly growth via multiple receptors 
(UVR8, phytochrome, cryptochrome, phototropin, ZTL/
FKF1/LKP2, and others). Therefore, the hypothesis of the 
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present study was that light optimization and PBZ applica-
tion will work synergistically or additive to improve plant 
quality (growth, compactness, morphology). Furthermore, 
the objective of this study was to compare the plant growth 
and morphology under different SL (light intensity) spectra 
(light quality) and the application of PBZ to quantify the 
benefits of each technique independently or together.

Materials and Methods

Plant Material and Growing Conditions

Four ornamental plant species were investigated: Petu-
nia × hybrida (petunia ‘Dreams Midnight’), Dianthus chin-
ensis (dianthus ‘Super Parfait’ Mix), Pelargonium × horto-
rum (geranium ‘Maverick Red’), and Viola × wittrockiana 
(pansy ‘Delta Pure Red’) (Ball Horticultural, Co., West 
Chicago, IL, USA). Plants were germinated and grown 
(in the same tray) in a 156 m2 glass greenhouse at the 
Horticulture Field Laboratory of North Carolina State Uni-
versity (35°47′29"N, 078°41′54"W). The air exchange and 
temperature of the greenhouse were controlled by cooling 
pads, exhaust fans, and heaters managed by a climate con-
trol system (Priva, De Lier, The Netherlands). The green-
house was divided into five growing areas: four areas for 
the different lighting treatments (see the lighting treatment 
section for more details) and one larger area for seed ger-
mination under a mist system and nonsupplemental light-
ing. The four plant species were evaluated simultaneously 
at two different times (replications one and two) follow-
ing the same growing practices (Table 1). The greenhouse 
environment was maintained under similar conditions 
between the two replications, and differences between the 
two were minimal (∆T = 0.2 °C; ∆ daytime RH = 2.4%; ∆ 
night-time RH = 2.6%; ∆ solar DLI = 0.2 mol m−2 d−1). 

Seeds were germinated at 22.8 ± 2.6 and 22.4 ± 2.5 °C dur-
ing replications one and two, respectively.

After germination (4–8 days), the trays were moved 
to one of the four lighting treatments. In each treatment, 
the air temperature was measured at 2–4 mm under the 
leaves with fine-wire thermocouples (type T, wire diam-
eter of 0.13 mm, Omega, Inc., Stamford, CT, USA), and 
the position of the thermocouples was adjusted daily under 
the youngest expanded leaf. Photosynthetic photon flux 
density (PPFD) and relative humidity were measured in 
the middle of the greenhouse using an LI-190R/LI-1500 
quantum sensor/logger (LI-COR, Inc., Lincoln, NE, USA) 
and a CS215L probe (Campbell Scientific, Inc., Logan, 
UT, USA) with a fan-aspirated shield, respectively (Fig. 1b 
and Table 2). The temperature and humidity sensors were 
connected to a data acquisition system (CR1000 logger, 
Campbell Scientific Inc.), and data were recorded each 
minute.

A total of 1152 plug plants were grown per crop and 
replication and plant densities were maintained at 1887 
plants m−2 using 288-cell trays (28 cm × 54.5 cm). The 
trays were filled with peat moss-based horticultural sub-
strate (1P-RSI-Fafard, Sun Gro Horticulture, Agawam, 
MA, USA), and substrate moisture and fertilization were 
adjusted according to industry recommendations (Ballseed 
2009, 2016). Substrate moisture levels were maintained 
during the first week using a mist system. After the first 
week, the moisture level was maintained for all the crops 
with a mist system and subirrigated with nutrient solution 
as needed (NS) (Table 1). The average pH of the tap water 
was 7.34, and the electrical conductivity (EC) was 0.24 dS 
m−1. However, the NS pH was 6.09, and the EC was 1.04 
dS m−1 for a target of 100 mg L−1 nitrogen. The fertilizer 
source was Ultrasol™ 13 N-2P2O5-13K2O (SQM North 
America, Atlanta, GA, USA).

Table 1   Experimental timeline, paclobutrazol (PBZ) application 
rates, and fertilization program for four ornamental plant species: 
Petunia × hybrida (petunia ‘Dreams Midnight’), Viola × wittrockiana 

(pansy ‘Delta Pure Red’), Pelargonium × hortorum (geranium ‘Mav-
erick Red’), and Dianthus chinensis (dianthus ‘Super Parfait’ Mix)

a DULT days under the lighting treatment
b From sowing
c Milligrams of active ingredient per liter of water using Piccolo, spray volume of 0.2 L m−2

d mg L−1 of nitrogen (and times per week)

Species Run DULTa Days tob PBZ dose Fertilization programd

PBZ application Data collection (mg L−1)c Week 2 Weeks 3–7

Petunia 1;2 38;39 25 44;47 7.5 75 (1) 100 (3)
Geranium 1;2 35;36 24 39;41 10 75 (1) 100 (3)
Pansy 1;2 41;42 25 47;50 2.5 75 (1) 100 (2)
Dianthus 1;2 36 24 41;42 10 75 (1) 100 (2)
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Light Treatments

Plants were grown under four light conditions: 1) sun-
light without SL (No SL); 2) sunlight supplemented with 
high-pressure sodium (HPS, 400 W) lamp; 3) sunlight sup-
plemented with a PF ratio of 6% B:5% green (G):89% R 
(6B:5G:89R) light provided by LEDs (Greenpower LED 
Top Lighting Deep Red/White, Philips, Eindhoven, NL); and 
4) sunlight supplemented with 19% B and 89% R (19B:89R) 
light provided by LEDs (Greenpower LED Top Lighting 
Deep Red/Blue, Philips) (Table 3). The average supple-
mental PPFD for the three SL treatments was maintained 
at ~ 100 μmol m−2 s−1 at the canopy level by changing the 
height of the light fixtures. For each SL treatment, 20 PPFD 
measurements were taken at each growing area using a quan-
tum meter (LI-1500 Sensor Logger and LI-190R Quantum 
Sensor, LI-COR, Lincoln, Nebraska, USA). Supplemental 
light fixtures were on daily from 0600 to 2200 MT (16 h). 
The solar photoperiod varied from 11.13 to 9.75 h (h), and 
the average solar photoperiod measured during the experi-
ment was 10.7 h (0730 to 1810 MT). Details for light envi-
ronment per each treatment are listed in Table 3 (Sager et al. 

1988). Plants in the No SL treatment were only exposed to 
the solar photoperiod (10.7 h) in order to match commer-
cial greenhouse conditions without SL. A 50% shade screen 
(Harmony Revolux XLS FR, Ludvig Svensson, Raleigh, NC, 
USA) was deployed in the greenhouse to better control the 
temperature and reduce the solar light intensity to simulate 
low solar radiation typical of winter/spring greenhouse plug 
production. In addition, supplemental light contamination 
between the four lighting treatments was prevented by hang-
ing blackout curtains (Sunfilm®, Hawthorne Company, Van-
couver, WA, CA) from a height above the light fixtures to 
the bench level.

Paclobutrazol Treatment

All the trays under the No SL, HPS light, and 6B:5G:89R 
treatments were divided into four Sects. (14 × 27.25 cm). 
Two sections were sprayed with PBZ (Piccolo®, Fine 
Americas, Inc., Walnut Creek, CA, USA) according to 
the information in Table 1, and two sections were not 
treated with PBZ and spray with tap water (No PBZ). 
The spray volume for all the crops was 0.2 L m−2, and the 

Fig. 1   (a) Average photon flux 
density (PFD) per wavelength 
of sunlight in the greenhouse 
(GH), under HPS lighting, 
and under two LED fixtures. 
The average photosynthetic 
photon flux density (PPFD) 
(400–700 nm) of sunlight 
(83.4 µmol m−2 s−1) and the 
supplemental light treatments 
(100 µmol m−2 s−1) is displayed 
in the graph. (b) PPFD of sun-
light throughout the day for the 
two replications; the horizontal 
dashed line indicates the aver-
age PPFD of the sunlight in 
both replications

Table 2   Greenhouse 
environmental conditions. 
Average ± standard deviation 
of daily averages for the two 
replicationsz

PBZ stands for paclobutrazol, SL for supplemental lightings, HPS for high-pressure sodium fixture, and 
6B:5G:89R/19B:81R for light-emitting diode supplemental lighting with percent photon flux in the blue 
(B), green (G) and red (R) spectrum
z Differences between the two replications were minimal (∆T = 0.2 °C; ∆ daytime RH = 2.4%; ∆ night-time 
RH = 2.6%; ∆ solar DLI = 0.2 mol m−2 d−1)

Temperature (°C) RH
(%)

Solar DLI 
(mol m-2 
d-1)No SL

No PBZ/PBZ
HPS
No PBZ/PBZ

6B:5G:89R
No PBZ/PBZ

19B:81R
No PBZ

Day 22.7 ± 2.0 23.8 ± 2.0 23.3 ± 1.9 23.1 ± 2.0 41.5 ± 16.4 3.2 ± 0.9
Night 21.5 ± 1.3 22.1 ± 1.6 21.7 ± 1.3 21.9 ± 1.4 51.7 ± 12.5
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PBZ concentrations are described in Table 1. None of the 
plants under 19B:81R were treated with PBZ (No PBZ). 
However, the trays under 19B:81R were also divided into 
four groups for rotation purposes.

Chlorophyll and Anthocyanin Contents

For chlorophyll analysis, two fresh leaf samples (57 mm2 
area) were collected from each plant (6 plants total–two 
largest leaves) during final data collection (39–50 days, 
Table 1) and extracted in 4 mL of N,N-dimethylforma-
mide for 24 h in 4 °C. The absorbance of the extraction 
solution was subsequently measured by spectrophotom-
eter (Genesys 10  s uv–vis, Thermo Fisher Scientific, 
Waltham, Massachusetts, USA) at 647 and 664 nm for 
determination of chlorophyll according to the methods 
of Moran and Porath (1980). Anthocyanin quantification 
was performed for plant species and tissues exhibiting 
purple coloration. Methods of Li and Kubota (2009) were 
followed. All the leaves and stems used for petunia, and 
all the leaves were used for geranium. Anthocyanin was 
measured on a per dry mass basis (mg g−1) for all leaves 
or the entire plant in order to quantify the impact on the 
majority of the shoot.

The samples were freeze dried and weighed immedi-
ately, and the results were expressed on a dry mass basis.

Biomass and Morphology Measurements

At the end of the experiment, plant height, number of leaves 
greater than 1 cm, and fresh mass of the shoots were meas-
ured. In addition, all leaves were scanned to determine the 
leaf area using ImageJ (NIH, Laboratory for Optical and 
Computational Instrumentation, Madison, WI, USA). The 
plant height was measured from the soil line to the top of the 
tallest leaf. Samples of the shoots and roots were dried in an 
oven at 70 °C for at least 4 days and then weighed. Root dry 
mass was not collected for dianthus since the roots were too 
small for accurate quantification. Shoot compactness was 
calculated as the ratio of shoot dry mass to plant height.

Statistical Analysis

Analysis of variance (ANOVA) and mean separations via 
the Tukey–Kramer HSD test (alpha = 0.05) were computed 
using JMP Pro v12 (SAS Institute, Cary, NC, USA). The 
light (No SL, HPS, and 6B:5G:89R) and PBZ (PBZ and 
no PBZ) treatments were analyzed using a split-plot design 
where the whole-plot factor was the light, and the split-plot 
factor was the PBZ treatment. The whole plot was a full tray 
with a single plant species and individual lighting condi-
tions. The split plots were the four sections within a tray 
(PBZ or No PBZ). Comparisons between the two LED treat-
ments were performed t-test. In both cases, the analysis was 

Table 3   Characterization of the 
solar light in the greenhouse 
and supplemental lighting 
treatments using high-pressure 
sodium (HPS) lights and 
two light-emitting diode 
(LED) arrays (6B:5G:89R 
and 19B:81R). B, G, and R 
represent the percent photon 
flux density of blue, green, and 
red light, respectively

a Standard deviation of daily averages
b Far red: 700–800 nm
c PPE: Phytochrome photoequilibria calculated from Sager et al. (1988)
d PPFD: photosynthetic photon flux density
e FWHM: full width at half-maximum
f Multiple peaks were found in the range 554–567 nm
g Ranges were calculated from their lower half-maximum wavelength (503  nm) assuming a symmetric 
function

Units Sunlight HPS 6B:5G:89R 19B:81R

Blue light (400–500 nm) % 25.3 5.4 6.1 19.1
Green light (500–600 nm) % 36.0 54.1 4.8 0.3
Red light (600–700 nm) % 38.7 40.5 89.1 80.6
Red to far redb ratio 1.2 5.2 58.5 74.6
PPEc 0.73 0.85 0.87 0.87
PPFDd (400–700 nm) µmol m−2 s−1 83.4 ± 20.4a 105.5 ± 1.0 105.8 ± 1.8 107.8 ± 2.2
Photoperiod hours 10.7 16 16 16
Daily light integral (DLI) mol m−2 d−1 3.2 6.1 6.1 6.2
Peak wavelength/FWHMe for:
- Blue LEDs nm/nm – – 446/25 448/19
- Red LEDs nm/nm – – 670/21 668/20
- White LEDs nm/nm – – 554-567f/102-128g –
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performed by plant species. For greenhouse location error 
reduction, we rotated the lighting treatments daily as well as 
the location of the trays. We collected ten subsamples (indi-
vidual plant within each tray section) for biomass/morpho-
logical determinations and six subsamples for chlorophyll 
and anthocyanin quantifications from each tray section. All 
samples were collected from the center of the tray to prevent 
any edge effects.

Results and Discussion

Effects of PGR and Supplemental Lighting

Plant Height

Plants treated with PBZ were shorter compared to plants 
without PBZ (No PBZ), except for pansy under SL 
(Tables 4,5,6,7; Fig. 2). Plant height was 20%, 35%, 23–43%, 
and 22% shorter in response to PBZ treatment for petunia, 
geranium, pansy (No SL), and dianthus, respectively. Shorter 
plants under PBZ were expected and the values were within 
the percentages presented in previous research for petunia 
(Blanchard and Runkle 2007), geranium (Cox 1991), pansy 
(Magnitskiy et al. 2006) and dianthus (Bañón et al. (2002). 
The plant height response to PBZ assures that the PGR 
application rates were adequate for the tested plant species.

Petunia plants in the 6B:5G:89R LED treatment were 
64% and 46% shorter than the plants under the No SL and 
HPS light treatments, respectively (Table 4). Plant height 
was also affected by the interaction between SL and PBZ 
in pansy (Table 6). Pansy plants under 6B:5G:89R were 
37% shorter than the control plants (no PBZ and No SL); 
however, when PBZ was applied, height was similar across 
all lighting treatments. Furthermore, the application of PBZ 
resulted in shorter plants under no SL; however, the applica-
tion of PBZ did not reduce plant height in plants receiving 
SL (HPS and 6B:5G:89R). (Table 6). However, for geranium 
and dianthus, the light treatments did not have a significant 
effect on plant height (Tables 5, 7).

The effects of the light spectral composition on plant 
height are species specific (Currey and Lopez 2013; Hernán-
dez and Kubota 2016; Poel and Runkle 2017; Spalholz 
et al. 2020; Wollaeger and Runkle 2014). In the present 
experiment, the spectral composition of the LED treatment 
(6B:5G:89R) resulted in shorter petunia and pansy plants 
compared to plants in the HPS light treatment. Similar 
results were found for petunia when the plants were grown 
under HPS light vs. 100R LED light (Currey and Lopez 
2013). The spectral composition of the SL in this experi-
ment was 5B:54G:41R for the HPS light and 6B:5G:89R for 
the LED light (Table 3; Fig. 1). The increased percentage 
of G light is a possible explanation for the increase in plant 

height under HPS light compared to that of plants under 
6B:5G:89R. Green light is known to activate the shade-
avoidance syndrome (SAS) (Wang and Folta 2013; Zhang 
et al. 2011) and to reduce the expression of responses trig-
gered by B light (reduced stem elongation) (Wang and Folta 
2013; Wang et al. 2013). In the HPS light spectral com-
position, the amount of green light was 10.8 times greater 
than that in the LED treatment, which increased the SAS 
(increased stem length) and decreased cryptochrome-related 
responses (reduced stem elongation), resulting in taller 
plants. In addition to the increase in G light in the HPS light 
treatment, the 6B:5G:89R treatment had 2.2 times greater 
R PPFD and a higher red to far-red ratio (Table 3). Red 
light at the end of the day (high red to far-red ratio) triggers 
phytochrome-related responses by increasing the amount 
of active phytochrome (PFR). An increased amount of PFR 
before darkness will decrease plant height (Decoteau and 
Friend 1991; Kasperbauer and Peaslee 1973). It is plausible 
that plants under the 6B:5G:89R treatment had a greater 
amount of PFR at the end of the day than did plants under the 
HPS light treatment and, consequently, experienced greater 
inhibition of stem elongation.

Another possible explanation for the greater plant height 
under HPS light is to the increase in average leaf tempera-
ture by the greater infrared radiation emitted by the fixture. 
High-pressure sodium light fixtures emit radiation in the 
wavelength range of 800–2500 nm, and this radiation can 
increase leaf temperature by 0.5–2.0 °C in the greenhouse 
(Bergstrand and Schussler 2013; Dueck et al. 2012; Islam 
et al. 2012; Nelson and Bugbee 2015). Even though the 
air temperature measured at the leaf boundary layer in the 
HPS light treatment was only 0.5–0.7 °C higher than that 
in the LED treatments (Table 2), the actual leaf tempera-
ture was likely higher (not measured in this study). A higher 
leaf temperature has been associated with stem elongation 
(Gray et al. 1998; Hernández and Kubota 2015). Hernández 
and Kubota (2015) also found that, compared with those 
under supplemental LED light, cucumber seedlings under 
HPS light had a 0.5–0.7 °C higher leaf temperature, 36–50% 
greater epicotyl length and 46–61% greater hypocotyl length.

In addition to the greater average leaf temperature, tem-
perature differential between day and night could have also 
contributed to the greater plant height in HPS. In the present 
experiment, a relatively warm leaf temperature during the 
day under the HPS lights could have impacted plant height 
because of the temperature differential (DIF: day and night 
differential) (Erwin et al. 1994). Plants under both SL treat-
ments were subjected to the same night-time temperature 
(lights off), but plants in the HPS light treatment experienced 
higher daytime leaf temperatures. Consequently, the temper-
ature differential between day and night was greater in plants 
under the HPS light treatment than under 6B:5G:89R LEDs, 
leading to increased stem elongation and reduced plant 
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compactness. Erwin et al. (1994) grew Lilium longiflorum 
under different day and night-time temperature treatments 
and found an increase in internode length with an increase in 
daytime temperature under constant night-time temperature. 
Similarly, Erwin and Heins (1991) found that geranium stem 
elongation increased as the difference between the daytime 
and night-time temperature increased.

Shoot Dry Mass

For all the studied plant species, PBZ significantly decreased 
plant dry mass. For example, the average growth reduction 
by species was 10.2%, 13.5%, 17.4% and 21.4% for petunia, 
pansy, geranium, and dianthus, respectively (Tables 4,5,6,7). 
A reduction in growth by PBZ has been reported for 

Table 4   Petunia ‘Dreams Midnight’ (Petunia × hybrida) growth, 
morphology, and physiological parameters in the greenhouse under 
sunlight (No SL) and two supplemental light treatments (LTs): 

high-pressure sodium (HPS) lights or light-emitting diodes (LEDs; 
6B:5G:89R). B, G, and R represent the percent photon flux density of 
blue, green, and red light, respectively

Different letters are significantly different according to the Tukey–Kramer HSD test, alpha = 0.05
The LTxPBZ pairwise comparison was subjected to whole-plot error and split-plot error

Paclobutrazol (PBZ) Light treatment (LT)

Control (No SL) HPS 6B:5G:89R

Plant height (cm)
No PBZ 4.8 ± 0.16a 3.9 ± 1.21a 1.7 ± 0.03b
PBZ 3.9 ± 0.01a 3.0 ± 0.05a 1.4 ± 0.14b
Significance PBZ: P < 0.001, LT: P = 0.024, LTxPBZ: P = 0.176

Shoot dry mass (g)
No PBZ 0.016 ± 0.003b 0.054 ± 0.016a 0.039 ± 0.010a
PBZ 0.014 ± 0.001b 0.047 ± 0.008a 0.037 ± 0.009a
Significance PBZ: P = 0.053, LT: P = 0.004, LTxPBZ: P = 0.627

Shoot compactness (g cm−1)
No PBZ 0.0032 ± 0.0005c 0.0141 ± 0.0005b 0.0230 ± 0.0054a
PBZ 0.0036 ± 0.0004c 0.0157 ± 0.0025b 0.0266 ± 0.0037a
Significance PBZ: P = 0.003, LT: P = 0.002, LTxPBZ: P = 0.652

Fresh mass (g)
No PBZ 0.360 ± 0.029b 0.712 ± 0.189a 0.385 ± 0.092b
PBZ 0.309 ± 0.001b 0.621 ± 0.058a 0. 355 ± 0.076b
Significance PBZ: P = 0.012, LT: P = 0.029, LTxPBZ: P = 0.833

Leaf area (cm2)
No PBZ 13.4 ± 1.8b 18.4 ± 4.8a 9.86 ± 2.1b
PBZ 10.9 ± 1.0b 15.1 ± 1.2a 8.85 ± 1.9b
Significance PBZ: P = 0.002, LT: P = 0.022, LTxPBZ: P = 0.313

Number of leaves
No PBZ 7.5 ± 1.3b 10.4 ± 2.5a 9.1 ± 2.1ab
PBZ 6.9 ± 0.8b 9.6 ± 0.9a 8.8 ± 1.9ab
Significance PBZ: P = 0.056, LT: P = 0.052, LTxPBZ: P = 0.800

Root dry mass (mg)
No PBZ 2.5 ± 0.06b 12.3 ± 1.34a 13.7 ± 4.31a
PBZ 3.0 ± 0.97b 14.9 ± 5.75a 13.7 ± 5.36a
Significance PBZ: P = 0.168, LT: P = 0.024, LTxPBZ: P = 0.319

Total chlorophyll (g m−2)
No PBZ 0.130 ± 0.005b 0.196 ± 0.005b 0.222 ± 0.018a
PBZ 0.148 ± 0.000b 0.227 ± 0.006b 0.240 ± 0.028a
Significance PBZ: P = 0.002, LT: P = 0.028, LTxPBZ: P = 0.579

Anthocyanins (mg g−1)
No PBZ 0.026 ± 0.003b 0.025 ± 0.003b 0.204 ± 0.058a
PBZ 0.027 ± 0.006b 0.023 ± 0.002b 0.189 ± 0.121a
Significance PBZ: P = 0.528, LT: P = 0.021, LTxPBZ: P = 0.889
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ornamental seedling production (Getter 2015; Rezazadeh 
and Harkess 2015). For example, Getter (2015) showed a 
41–47% lower geranium dry mass with the application of 
PBZ (30–45 mg L−1).

In our experiment, the SL treatments had 2.9 
times greater DLI than did the No SL treatments (SL, 
9.3  mol  m−2 d−1; No SL, 3.2  mol  m−2 d−1; Table  3); 

similarly, petunia plants had 2.9 times greater shoot dry 
mass than did those in the No SL treatment, and the gera-
nium, pansy, and dianthus plants had 2.7 times greater 
shoot dry mass. The difference in spectral composition 
(HPS vs. 6B:5G:89R LED) had no significant effect on 
shoot dry mass (Tables 4,5,6,7). Interestingly, for gera-
nium and dianthus, the depression in growth by PBZ was 

Table 5   Geranium ‘Maverick Red’ (Pelargonium × hortorum) 
growth, morphology, and physiological parameters in the greenhouse 
under sunlight (No SL) and two supplemental light treatments: high-

pressure sodium (HPS) lights or LEDs (6B:5G:89R). B, G, and R 
represent the percent photon flux density of blue, green, and red light, 
respectively

The different letters are significantly different according to the Tukey–Kramer HSD test, alpha = 0.05. The LTxPBZ pairwise comparison was 
subjected to whole-plot error and split-plot error

Paclobutrazol (PBZ) Light treatment (LT)

Control (No SL) HPS 6B:5G:89R

Plant height (cm)
No PBZ 7.7 ± 0.3 9.2 ± 3.3 6.8 ± 0.2
PBZ 5.0 ± 0.4 6.3 ± 2.4 4.2 ± 0.3
Significance PBZ: P < 0.001, LT: P = 0.474, LTxPBZ: P = 0.314

Shoot dry mass (g)
No PBZ 0.043 ± 0.001 e 0.121 ± 0.025 ab 0.106 ± 0.011 ac
PBZ 0.040 ± 0.001 e 0.095 ± 0.020 cd 0.092 ± 0.009 bd
Significance PBZ: P < 0.001, LT: P = 0.051, LTxPBZ: P < 0.001

Shoot compactness (g cm−1)
No PBZ 0.0057 ± 0.0004 e 0.0137 ± 0.0023 cd 0.0157 ± 0.0013 b
PBZ 0.0081 ± 0.0008 d 0.0158 ± 0.0029 bc 0.0219 ± 0.0005 a
Significance PBZ: P < 0.00, LT: P = 0.041, LTxPBZ: P < 0.001

Fresh mass (g)
No PBZ 0.68 ± 0.018 bd 1.25 ± 0.382 a 0.92 ± 0.031 abc
PBZ 0.57 ± 0.036 ce 0.92 ± 0.303 bcde 0.70 ± 0.050 de
Significance PBZ: P < 0.001, LT: P = 0.165, LTxPBZ: P = 0.019

Leaf area (cm2)
No PBZ 20.0 ± 1.0 ace 30.3 ± 11 ab 20.9 ± 1.4 abcd
PBZ 15.2 ± 1.9 bdf 20.8 ± 8.9 cdef 14.0 ± 1.8 ef
Significance PBZ: P < 0.001, LT: P = 0.350, LTxPBZ: P = 0.030

Number of leaves
No PBZ 3.3 ± 0.1b 4.4 ± 0.2a 4.1 ± 0.1a
PBZ 3.5 ± 0.3b 4.3 ± 0.1a 4.2 ± 0.0a
Significance PBZ: P = 0.384, LT: P = 0.008, LTxPBZ: P = 0.154

Root dry mass (mg)
No PBZ 6.6 ± 0.01b 17.0 ± 0.25a 17.4 ± 1.73a
PBZ 6.9 ± 1.20b 15.8 ± 0.60a 16.4 ± 0.99a
Significance PBZ: P = 0.308, LT: P = 0.013, LTxPBZ: P = 0.408

Total chlorophyll (g m−2)
No PBZ 0.223 ± 0.029 0.244 ± 0.023 0.244 ± 0.027
PBZ 0.278 ± 0.017 0.324 ± 0.001 0.299 ± 0.015
Significance PBZ: P < 0.001, LT: P = 0.429, LTxPBZ: P = 0.215

Anthocyanins (mg g−1)
No PBZ 0.027 ± 0.010b 0.296 ± 0.114a 0.514 ± 0.026a
PBZ 0.125 ± 0.056b 0.621 ± 0.086a 0.786 ± 0.024a
Significance PBZ: P < 0.001, LT: P = 0.009, LTxPBZ: p = 0.408
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greater when SL lighting was used. For example, in gera-
nium, the reduction in growth by PBZ was 13–21% in 
plants with SL (HPS and 6B:5G:89R LED) and only 7% 
in plants under No SL (Table 5). Similarly, in dianthus, the 
reduction in growth by PBZ was 20% in plants under HPS 
lighting and only 5.3% under No SL (Table 5).

The dry mass increase by SL was expected in this study, 
as a higher DLI is linearly correlated with increased plant 
growth (Kubota et  al. 2016; Marcelis et  al. 2006). The 
greater reduction in dry mass by PBZ for plants under SL 
can be explained by a reduction in leaf area (see leaf area 

section); therefore, the positive impact of SL on dry mass 
was not fully achieved in plants treated with PBZ.

Shoot Compactness

Increased shoot compactness, which is a ratio of shoot dry 
mass to plant height (g cm−1) provides an indication of 
plant “stockiness” or “sturdiness”. For all the plant species, 
PBZ significantly increased shoot compactness. For exam-
ple, shoot compactness was 14%, 30%, 16.5%, and 7.5% 
greater with PBZ for petunia, geranium, pansy, and dianthus 

Table 6   Pansy ‘Delta Pure Red’ (Viola × wittrockiana) growth, mor-
phology, and physiological parameters in the greenhouse under sun-
light (No SL) and two supplemental light treatments: high-pressure 

sodium (HPS) lights or LEDs (6B:5G:89R). B, G, and R represent the 
percent photon flux density of blue, green, and red light, respectively

The different letters are significantly different according to the Tukey–Kramer HSD test, alpha = 0.05
The LTxPBZ pairwise comparison was subjected to whole-plot error and split-plot error

Paclobutrazol (PBZ) Light treatment (LT)

Control (No SL) HPS 6B:5G:89R

Plant height (cm)
No PBZ 5.4 ± 0.45 a 4.2 ± 0.36 ab 3.4 ± 0.67 bc
PBZ 3.1 ± 0.36 bc 3.4 ± 0.28 bc 2.6 ± 0.16 c
Significance PBZ: P < 0.001, LT: P = 0.078, LTxPBZ: P = 0.028

Shoot dry mass (g)
No PBZ 0.020 ± 0.003b 0.060 ± 0.004a 0.049 ± 0.000a
PBZ 0.017 ± 0.004b 0.052 ± 0.002a 0.043 ± 0.001a
Significance PBZ: P = 0.015, LT: P = 0.008, LTxPBZ: P = 0.582

Shoot compactness (g cm−1)
No PBZ 0.0037 ± 0.0002b 0.0143 ± 0.0002a 0.0148 ± 0.0029a
PBZ 0.0055 ± 0.0005b 0.0156 ± 0.0008a 0.0170 ± 0.0015a
Significance PBZ: P < 0.001, LT: P = 0.023, LTxPBZ: P = 0.518

Fresh mass (g)
No PBZ 0.249 ± 0.044b 0.396 ± 0.016a 0.312 ± 0.054ab
PBZ 0.185 ± 0.037b 0.344 ± 0.029a 0.253 ± 0.006ab
Significance PBZ: P = 0.008, LT: P = 0.025, LTxPBZ: P = 0.961

Leaf area (cm2)
No PBZ 9.92 ± 1.4 12.1 ± 0.2 9.51 ± 1.5
PBZ 7.62 ± 1.3 10.8 ± 0.6 7.74 ± 0.02
Significance PBZ: P = 0.006, LT: P = 0.068, LTxPBZ: P = 0.784

Number of leaves
No PBZ 4.8 ± 0.3c 6.6 ± 0.2a 6.1 ± 0.1b
PBZ 5.0 ± 0.3c 6.3 ± 0.2a 5.8 ± 0.2b
Significance PBZ: P = 0.534, LT: P = 0.005, LTxPBZ: P = 0.229

Root dry mass (mg)
No PBZ 3.3 ± 0.04 c 22.7 ± 1.32 a 21.4 ± 0.81 ab
PBZ 4.1 ± 0.11 c 19.2 ± 0.15 b 19.4 ± 1.88 ab
Significance PBZ: P = 0.075, LT: P = 0.003, LTxPBZ: P = 0.002

Total chlorophyll (g m−2)
No PBZ 0.198 ± 0.010 b 0.226 ± 0.013 ab 0.226 ± 0.026 ab
PBZ 0.223 ± 0.023 b 0.267 ± 0.016 a 0.213 ± 0.015 b
Significance PBZ: P = 0.057, LT: P = 0.048, LTxPBZ: P = 0.043
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plants, respectively, than for plants without PBZ application 
(Tables 4,5,6,7).

Petunia plants under HPS and 6B:5G:89R LEDs had 
4.4 times and 7.3 times greater shoot compactness, respec-
tively, than did those under No SL. Petunia plants under 
6B:5G:89R LEDs had 66% greater shoot compactness than 
did those under HPS lighting. Geranium plants without PBZ 
and without SL (No PBZ/No SL) were less compact than 
plants treated with PBZ and with SL. Interestingly, geranium 
plants under 6B:5G:89R LEDs without PBZ were 15% more 
compact than were plants under HPS lighting without PBZ, 
and the compactness of these plants was similar to plants 
under HPS lighting with PBZ. In addition, geranium plants 
under 6B:5G:89R LEDs with PBZ presented the greatest 
shoot compactness of all treatments. For pansy and dianthus, 

SL increased shoot compactness by 3.3–3.5 and 2.1–2.4 
times, respectively, compared to that under No SL.

In the present experiment, PBZ reduced both plant 
height and shoot dry mass for all the plant species. How-
ever, the effects on plant height were greater than those on 
dry mass, thereby increasing the overall compactness and 
plant quality. The addition of SL further increased plant 
compactness, mainly by increasing plant dry mass. Conse-
quently, treatments with both SL and PBZ had the great-
est shoot compactness. The synergistic effect of PBZ and 
SL can be explained by two different plant physiological 
responses. Paclobutrazol mainly increased compactness by 
reducing shoot elongation through GA biosynthesis inhibi-
tion by blocking the P450 enzyme kaurene oxidase (Davis 
et al. 1991; Yokota 1999), and SL increased compactness 

Table 7   Dianthus ‘Super Parfait’ Mix (Dianthus chinensis) growth, morphology, and physiological parameters in the greenhouse under sunlight 
(No SL) and two supplemental light treatments: high-pressure sodium (HPS) lights or LEDs (6B:5G:89R)

B, G, and R represent the percent photon flux density of blue, green, and red light, respectively
The different letters are significantly different according to the Tukey–Kramer HSD test, alpha = 0.05
The LTxPBZ pairwise comparison was subjected to whole-plot error and split-plot error

Paclobutrazol (PBZ) Light treatment (LT)

Control (No SL) HPS 6B:5G:89R

Plant height (cm)
No PBZ 5.8 ± 0.60 6.7 ± 0.11 5.9 ± 0.73
PBZ 4.6 ± 0.54 5.0 ± 0.14 4.8 ± 0.60
Significance PBZ: P < 0.001, LT: P = 0.366, LTxPBZ: P = 0.093

Shoot dry mass (g)
No PBZ 0.019 ± 0.004 c 0.054 ± 0.001 a 0.049 ± 0.007 ab
PBZ 0.018 ± 0.004 c 0.043 ± 0.005 b 0.042 ± 0.006 ab
Significance PBZ: P < 0.001, LT: P = 0.032, LTxPBZ: P = 0.054

Shoot compactness (g cm−1)
No PBZ 0.0033 ± 0.0004b 0.0081 ± 0.0000a 0.0083 ± 0.0002a
PBZ 0.0039 ± 0.0004b 0.0086 ± 0.0007a 0.0088 ± 0.0001a
Significance PBZ: P = 0.024, LT: P = 0.009, LTxPBZ: P = 0.961

Fresh mass (g)
No PBZ 0.226 ± 0.053 0.391 ± 0.039 0.344 ± 0.075
PBZ 0.201 ± 0.045 0.300 ± 0.001 0.286 ± 0.058
Significance PBZ: P < 0.001, LT: P = 0.058, LTxPBZ: P = 0.098

Leaf area (cm2)
No PBZ 10.5 ± 1.9 16.2 ± 1.0 13.7 ± 2.7
PBZ 8.47 ± 1.5 11.7 ± 1.2 10.5 ± 1.6
Significance PBZ: P < 0.001, LT: P = 0.126, LTxPBZ: P = 0.113

Number of leaves
No PBZ 9.5 ± 0.8 10.6 ± 0.3 9.9 ± 0.9
PBZ 9.3 ± 0.7 9.8 ± 0.2 9.2 ± 0.3
Significance PBZ: P = 0.005, LT: P = 0.308, LTxPBZ: P = 0.494

Total chlorophyll (g m−2)
No PBZ 0.091 ± 0.004 0.107 ± 0.005 0.113 ± 0.007
PBZ 0.101 ± 0.024 0.131 ± 0.008 0.122 ± 0.014
Significance PBZ: P = 0.010, LT: P = 0.115, LTxPBZ: P = 0.405
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by increasing the rate of photosynthesis and accompany-
ing growth rate associated with an increase in cumulative 
PPFD (increase in light), especially under the low natural-
light conditions in this experiment (Table 3).

One unexpected result was the higher plant compactness 
under 6B:5G:89R LEDs than under HPS SL for geranium 
and petunia. A plausible explanation is the higher leaf tem-
perature of plants under the HPS light spectral composition 
compared with the other treatments. Warmer leaf tempera-
ture can increase plant height (see plant height section) and 
plant growth (Adams et al. 2001; Lieth and Pasian 1990). In 
the present study, plants under HPS had significant greater 
plant height and higher dry mass (not significant) than plants 
in 6B:5G:89R LEDs; however, plant height increased at a 
higher degree than shoot dry mass. Therefore, the lower 
shoot compactness in HPS is mainly attributed to the impact 
on plant height.

Another plausible explanation for the difference in plant 
compactness could be due to the influence of the light spec-
tral composition on plant dry mass and plant height dis-
cussed in the previous sections (the plant height and dry 
mass sections).

Root Dry Mass

Root dry mass was measured for petunia, geranium, and 
pansy (Tables 4,5,6). Paclobutrazol did not have a nega-
tive effect on root dry mass except for pansy plants grown 
under HPS light (Table 6). Compared with the No SL, HPS 
and 6B:5G:89R LED lighting increased root dry mass by 
4.9–5.0, 2.4–2.5, and 5.5–5.7 times for the petunia, gera-
nium, and pansy, respectively.

Previous studies have shown that PBZ can increase root 
mass (Berova and Zlatev 2000; Davis et al. 1991; Gao et al. 
1988); however, in the present study, no benefit from PBZ 
on root growth was observed. Root dry mass is one of the 
most important characteristics of young plants since well-
developed roots can improve plant survival and performance 
after transplanting (Soundy et al. 2005). In this study, the 
benefit of SL on increasing root dry mass can be explained 
by the increased growth rate due to the increased DLI, as 
described in the previous section (dry mass).

Interestingly, under HPS supplemental lighting, the root 
dry mass of pansy decreased by 16% in response to PBZ 
application. This response may be related to the overall 
reduction in growth caused by PBZ (reduced shoot dry mass, 
smaller leaf area). Nevertheless, this was not the case in the 
other plant species (petunia and geranium), whose shoot dry 
mass decreased in response to PBZ; however, no effect on 
root dry mass was observed.

Shoot Fresh Mass

For all the plant species, PBZ significantly decreased shoot 
fresh mass. For example, shoot fresh mass was 13%, 30%, 
22%, and 22% greater without PBZ for petunia, geranium, 
pansy, and dianthus, respectively, compared with plants 
treated with PBZ (Tables 4,5,6,7).

The increase in fresh mass by SL can be explained by 
the increase in dry mass caused by greater DLI, since they 
are closely correlated. However, the impact of SL spectra 
on fresh mass was species specific. For example, petunia 
fresh mass under HPS lighting was on average 91% greater 
than that under 6B:5G:89R LEDs and No SL. Geranium 
plants under HPS-No PBZ had 80 and 120% greater fresh 
mass than under No SL with and without PBZ, respec-
tively. Pansy plants under HPS lighting had 70% greater 
fresh mass than did plants under No SL. For dianthus, SL 
did not have a significant effect on fresh mass. Petunia 
plants are both high light tolerant and heat tolerant (USDA 
hardiness zones 8–11)(Gilman and Landrum 1999), and 
even though DLI and temperature in this experiment were 
relatively low, the combination of higher DLI and higher 
radiative heat from the HPS light treatment will likely have 
a greater impact on fresh mass and dry mass accumula-
tion for this species than for species less acclimated to the 
increase in temperature, such as dianthus (hardiness zones 
3–9) (Dansereau et al. 2007). Another plausible expla-
nation for the increased fresh mass under HPS lighting 
compared to 6B:5G:89R LEDs (petunia and geranium) is 
the difference in spectral composition. Plants under HPS 
lighting were exposed to a greater percent G photon flux 
(54% under HPS lighting, 4.7% under 6B:5G:89R). Within 
the spectral composition, green light is known to trigger 
shade-avoidance responses such as stem elongation, which 

Fig. 2   Anthocyanin concentration per dry mass of tissue of Petunia 
under the two supplemental LED lighting treatments. The * denotes a 
significant difference (alpha = 0.05)
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is achieved by greater turgor pressure (increased water in 
cell) and, consequently, increased cell wall extensibility 
(Sasidharan et al. 2008). Kim et al. (2004) showed that let-
tuce (Lactuca sativa, ‘Waldmann’s Green’) grown under a 
15B:24G:61R spectral composition had 45% greater fresh 
mass than did lettuce grown under a 16B:84R spectral 
composition, and Hernández and Kubota (2015) found that 
cucumber transplants grown under HPS light had 28–31% 
greater fresh mass than did those grown under LED SL 
treatments.

Leaf Area and Leaf Number

For all the plant species, PBZ significantly decreased the 
leaf area. For example, leaf area was 20%, 43%, 21%, and 
32% greater for petunia, geranium, pansy, and dianthus 
plants, respectively, not treated with PBZ compared with 
plants treated with PBZ (Tables 4,5,6,7). Applications of 
PBZ are known to reduce leaf area (Bahlebi et al. 2017; 
Burrows et al. 1992; Cox 1991); for example, Bahlebi et al. 
(2017) showed a 26–29% reduction in leaf area of potted 
geranium (Pelargonium spp.) plants in response to applica-
tion of sprayed PBZ (100 mg L−1). Petunia leaf area under 
HPS lighting was 38% and 79% greater than that under No 
SL and 6B:5G:89R LEDs, respectively. The increase in leaf 
area in petunia under HPS lighting compared to No SL can 
be explained by the greater number of leaves observed under 
the HPS light treatment (Table 4). Supplemental lighting 
did not have a significant effect on leaf area for geranium, 
pansy, and dianthus.

PBZ significantly decreased the number of leaves by 7% 
and 6% for petunia and dianthus, respectively (Tables 4 and 
7). However, PBZ did not have an effect on the leaf number 
of geranium and pansy plants. Petunia under HPS supple-
mental lighting had 39% more leaves compared with petu-
nia under No SL. Similarly, geranium under both HPS and 
6B:5G:89R LEDs had 22–28% more leaves compared with 
No SL. Pansy under HPS lighting had 32% and 8% more 
leaves compared with plants under No SL and 6B:5G:89R 
LEDs, respectively. In addition, pansy plants had 21% more 
leaves under 6B:5G:89R LEDs than under No SL. Dianthus 
had comparable leaf numbers in all SL treatments.

The increase in leaf number by SL can be explained 
by the increased growth rate caused by additional light, 
as described in a previous section (dry mass). The greater 
leaf number under the HPS light treatment compared to the 
6B:5G:89R LED treatment can be explained by the greater 
leaf temperature under the HPS light treatment. Leaf ini-
tiation rates between a minimum (base) and optimum tem-
perature for a crop are linearly correlated with an increase 
in temperature (Adams et al. 2001; Lieth and Pasian 1990; 
Miglietta 1989).

Chlorophyll Concentration

Chlorophyll concentration increased by 12%, 27%, and 13% 
in response to PBZ application in petunia, geranium, and 
dianthus, respectively (Tables 4, 5 and 7). In addition, petu-
nia had 52% and 66% greater chlorophyll concentrations in 
the HPS and 6B:5G:89R LED SL treatments, respectively 
than in the No SL treatment. Pansy plants under HPS light-
ing and treated with PBZ had 25–26% higher chlorophyll 
concentrations than plants under 6B:5G:89R LEDs with 
PBZ application and plants without SL (PBZ and no PBZ). 
Increased chlorophyll concentrations caused by the applica-
tion of PBZ have been reported extensively in the literature. 
Berova and Zlatev (2000) found a 21–23% increase in chlo-
rophyll concentration in tomato (Lycopersicon esculentum 
Mill, ‘Precador’) plants treated with foliar (25 mg L−1) and 
soil-based (1 mg L−1) applications of PBZ. The reason for 
the increase in chlorophyll concentration by PBZ has not 
been fully characterized; however, two possible explana-
tions have been proposed. One possible explanation is the 
relatively high density of chloroplasts per leaf area result-
ing from the overall reduction in leaf area by PBZ (Bala-
mani and Poovaiah 1985; Bandara and Tanino 1995; Barnes 
et al. 1989; Khalil 1995; Tekalign and Hammes 2004). The 
rationale being that PBZ does not affect cell division, just 
cell expansion; therefore, there are more cells (and possibly 
chloroplasts) concentrated into a smaller area. Another pos-
sible explanation is an increase in chloroplast differentiation 
and chlorophyll biosynthesis, as well as a reduction in chlo-
rophyll degradation caused by PBZ stimulation of cytokinin 
biosynthesis (Berova and Zlatev 2000; Izumi et al. 1988; 
Khalil 1995; Tekalign and Hammes 2004).

Increased chlorophyll concentration in response to SL 
have been reported (Hao and Papadopoulos 1999; Hernán-
dez and Kubota 2014), and these increases were attributed 
to increases in light intensity and growth rate. An interesting 
result was observed in pansy under HPS with PBZ; these 
plants had a greater chlorophyll concentration than did 
plants under 6B:5G:89R LEDs with PBZ, granting further 
investigation.

Anthocyanin Concentration

The anthocyanin concentration in the shoots of petunia 
and in the leaves of geranium varied by plant species, 
PBZ application, and SL. Paclobutrazol had no effect on 
the anthocyanin concentration in petunia. Interestingly, 
petunia plants under 6B:5G:89R LEDs had 7.4–8.2 times 
more anthocyanins than did those under No SL or HPS 
lighting; this trend was similar but not significant in gera-
nium plants. Geranium plants treated with PBZ had 175% 
greater anthocyanin concentrations than did those without 
PBZ. In addition, geranium plants under HPS lighting and 
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6B:5G:89R LEDs had 6.0–8.6 times greater anthocyanin 
concentrations than did plants under No SL.

Anthocyanins are known to accumulate in vegetative 
tissues under stress conditions, such as high light, low 
temperature, and nutrient deficiency (Albert et al. 2009; 
Chalker-Scott 1999; Dixon and Paiva 1995). In contrast, 
studies have also shown that the accumulation of antho-
cyanins does not have a negative effect on young plant 
growth or photosynthesis (Gould 2004; Hernández et al. 
2016). The roles of anthocyanin accumulation in vegeta-
tive tissues are not yet fully understood; however, several 
explanations have been proposed. Studies have suggested 
that anthocyanins can protect leaf tissues from the absorp-
tion of excessive radiation and resulting photoinhibition, 
reducing the amount of light reaching the chloroplasts 
(Feild et al. 2001; Hughes et al. 2005; Merzlyak et al. 
2008). Anthocyanins in vegetative tissues are also known 
to increase both light saturation and light compensation 
points (Albert et al. 2009).

The light spectral composition is also known to impact 
vegetative anthocyanin accumulation. For example, an 
increase in B PF has been shown to increase anthocyanin 
accumulation (Li and Kubota 2009; Owen and Lopez 2015; 
Spalholz et al. 2020). Owen and Lopez (2015) provided an 
end-of-production light treatment with high B PF to four 
lettuce cultivars and recommended a minimum of 5 days 
of exposure to 100 µmol m−2 s−1 of 50B:50R to increase 
red coloration (anthocyanins) of leaf tissue. However, the 
percent B PF is not likely impacting anthocyanin concen-
tration in the present study since percent B photon flux was 
comparable between the HPS and 6B:5G:89R LED treat-
ment (Table 3).

An increase in G PF is known to reduce the effects caused 
by B PF (Folta and Maruhnich 2007), including a reduction 
in anthocyanin accumulation. In the present study, plants 
under HPS lighting and 6B:5G:89R LEDs were exposed to 
similar percentages of B PF (5.3% B under HPS lighting; 
6.1% B under 6B:5G:89R LEDs); however, plants under the 
HPS light had a greater percentage of G PF (40.5% B under 
HPS lighting; 4.7% B under 6B:5G:89R), which may have 
reduced vegetative anthocyanin accumulation under HPS 
lighting in petunia.

The effects of PBZ on increased anthocyanin concen-
trations have been reported previously. For example, Haji-
hashemi (2018) showed an increase in anthocyanins in Ste-
via rebaudiana with drench application of PBZ (10 mg L−1), 
and (Gopi et al. 2007) showed that Daucus carota had 24% 
and 51% greater anthocyanin concentrations in the leaves 
and taproot, respectively, with the soil drench application 
of PBZ (20 mg L−1 plant −1). Abscisic acid is known to 
initiate (Gagné et al. 2011) and increase (Jiang and Joyce 
2003) anthocyanin production. Therefore, the increase in 
anthocyanins in response to PBZ can be explained by an 

increase in abscisic acid caused by triazole applications to 
plants (Asare-Boamah et al. 1986; Hsu and Kao 2005).

Effects of LED Spectra

Petunia, pansy, and dianthus plants under 19B:81R were 
59%, 21% and 3% taller, respectively, than those under 
6B:5G:89R (Table 8). For all plant species, there were no 
significant differences in shoot or root dry mas under either 
LED SL treatment. In petunia, those under 19B:81R were 
12% less compact than plants under 6B:5G:89R (Table 8). 
Compared with those under 6B:5G:89R, petunia and pansy 
plants under 19B:81R had 75% and 20%, respectively, 
greater shoot fresh mas. Similarly, compared with those 
under 6B:5G:89R, petunia, pansy and dianthus plants under 
19B:81R had 68%, 20%, and 4.4%, respectively, greater leaf 
area (Table 8). Compared with those under 6B:5G:89R, 
petunia and pansy plants under 19B:81R had 16% and 5% 
more leaves, respectively (Table 8). Compared with those 
under 19B:81R, petunia plants under 6B:5G:89R had a 4% 
greater chlorophyll concentration (Table 8) and 274% (3.7x) 
greater anthocyanin concentrations (Fig. 3) compared with 
those under 19B:81R.

Unexpected results in terms of growth and morphol-
ogy were observed between the two LED treatments. We 
expected no differences between the two LED spectra since 
the spectral differences were minimal under SL conditions 
(broad spectral composition similar to that of natural sun-
light). Additionally, we expected higher plant compactness, 
lower plant height, higher anthocyanin concentration, and 
lower leaf area with an increase in B PF (19B:81R) through 
cryptochrome-regulated plant responses (Huché-Thélier 
et al. 2016). Instead, plants under a relatively lower B PF 
(6B:5G:89R) were generally more compact (lower plant 
height and lower leaf area) and had a higher anthocyanin 
concentration (petunia). We conducted a small follow-
up experiment with increased background solar radiation 
(9.05 mol m−2 d−1) to determine whether plant responses to 
supplemental LED lighting varied based on the solar DLI 
(data not shown); however, results were consistent with 
the results of the current experiment (low solar radiation). 
One possible explanation is the presence of G light under 
6B:5G:89R LEDs that suppressed plant growth compared 
to that of plants under 19B:81R, since plant height, fresh 
mass, and leaf area were lower under 6B:5G:89R than under 
19B:81R for petunia, pansy, and dianthus (P = 0.076 for 
dianthus fresh mass). However, there were no significant 
differences between the two LED treatments in dry mass. 
Meng et al. (2020) grew lettuce under different LED spectra 
and found that lettuce plants grown under a spectral compo-
sition of 33B:33G:33R had less biomass than plants grown 
under 11B:89R. In that same study, plants grown under 
11B:33G:55R had more biomass than plants grown under 
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33B:33G:33R, suggesting that small changes in the B:G 
ratio have an effect on overall growth.

Another plausible explanation is the effect of light qual-
ity during the photoperiodic hours without solar radiation. 
Research has shown the impact of light quality before and 
after the solar photoperiod. For example, (Chinchilla et al. 
2018) provided blue, white, or red supplemental lighting 
at the end-of-day and/or pre-dawn for greenhouse lettuce 
(Lactuca sativa) and found that plants grown under end-
of-day B had 18% greater shoot fresh mas than those under 
end-of-day and pre-dawn red. In this study, to achieve an 
18 h photoperiod, plants were exposed to ~ 1.5 h and ~ 4 h of 
SL before sunrise and after sunset, respectively. The impact 
of the LED spectral composition on plant morphology and 
growth could have been determined during those hours. 
However, the responses were still unpredictable based on 
the SL spectral composition of the treatments.

In summary, the results of the present study suggest that 
small variations in the B:G ratio can have a significant effect 
on plant growth and morphology even under similar R PF 
and SL conditions. The spectral composition of SL should 
be carefully evaluated before adoption in large-scale green-
houses, and additional research is needed to characterize 
various plant-specific responses.

Conclusion

Supplemental lighting increased the growth (shoot and 
root biomass) and compactness of all the studied plant 
species. Paclobutrazol application, as expected, increased 
the compactness of all the plant species studied by restrict-
ing their height; however, plant growth (dry mass) also 
decreased. The application of PBZ also reduced leaf area 
and, consequently, the benefit of SL on plant growth 
(reduced light capture). Overall, the synergistic effects of 
the combination of PBZ and SL yielded the most com-
pact plants because of a reduction in plant height and an 
increase in dry mass. The impact of SL quality was species 
specific; however, unexpected results were obtained when 
the effects of the two LED light spectra were compared. 
Plants under 6B:5G:89R were more compact (petunia, 
geranium), had higher anthocyanin concentrations (petu-
nia), were shorter (petunia, pansy, dianthus) and had less 
leaf area (petunia, pansy, dianthus) than plants in the 
SL LED treatment with higher B PF (19B:81R). To our 
knowledge, the present study is the first report compar-
ing the impact of both SL (different spectra) and PBZ on 
several ornamental plant species. Additional research on 
plant responses to SL quality, as well as on the impact of 

Table 8   Effects on the growth, 
morphology, and physiological 
responses of four ornamental 
plant species Petunia × hybrida 
(petunia ‘Dreams Midnight’), 
Pelargonium × hortorum 
(geranium ‘Maverick Red’), 
Viola × wittrockiana (pansy 
‘Delta Pure Red’), and 
Dianthus chinensis (dianthus 
‘Super Parfait’ Mix) grown 
in a greenhouse under two 
light-emitting diode (LED) 
supplemental light treatments: 
6B:5G:89R or 19B:81R. 
B, G, and R represent the 
percent photon flux density 
of blue, green, and red light, 
respectively

Significance according to the t-test, alpha = 0.05

LED Petunia Geranium Pansy Dianthus

Plant height (cm) 6B:5G:89R 1.7 ± 0.03 6.8 ± 0.17 3.4 ± 0.67 5.9 ± 0.73
19B:81R 2.7 ± 0.26 9.2 ± 2.53 4.1 ± 0.61 6.1 ± 0.75

Significance P = 0.011 P = 0.182 P = 0.003 P = 0.003
Shoot dry mass (g) 6B:5G:89R 0.039 ± 0.010 0.106 ± 0.011 0.049 ± 0.000 0.049 ± 0.007

19B:81R 0.057 ± 0.023 0.115 ± 0.028 0.053 ± 0.002 0.051 ± 0.001
Significance P = 0.109 P = 0.378 P = 0.059 P = 0.753
Compactness
(g cm−1)

6B:5G:89R 0.0230 ± 0.005 0.0157 ± 0.001 0.0148 ± 0.003 0.0083 ± 0.000
19B:81R 0.0203 ± 0.007 0.0126 ± 0.000 0.0133 ± 0.002 0.0083 ± 0.001

Significance P = 0.049 P = 0.073 P = 0.183 P = 0.907
Fresh mass
(g)

6B:5G:89R 0.385 ± 0.092 0.92 ± 0.031 0.312 ± 0.054 0.344 ± 0.075
19B:81R 0.674 ± 0.152 1.28 ± 0.385 0.375 ± 0.069 0.371 ± 0.060

Significance P = 0.010 P = 0.170 P = 0.013 P = 0.076
Leaf area
(cm2)

6B:5G:89R 9.86 ± 2.1 20.9 ± 1.4 9.51 ± 1.5 13.7 ± 2.7
19B:81R 16.59 ± 3.0 30.6 ± 10.3 11.4 ± 1.8 14.3 ± 2.6

Significance P = 0.005 P = 0.162 P = 0.006 P = 0.010
Number of leaves 6B:5G:89R 9.1 ± 2.09 4.2 ± 0.14 6.1 ± 0.11 9.9 ± 0.57

19B:81R 10.6 ± 2.26 4.4 ± 0.35 6.4 ± 0.25 9.9 ± 0.92
Significance P = 0.004 P = 0.142 P = 0.030 P = 0.999
Root dry mass (mg) 6B:5G:89R 13.71 ± 4.3 17.4 ± 1.73 22.6 ± 1.45 –

19B:81R 13.54 ± 3.8 17.6 ± 1.26 21.4 ± 0.82 –
Significance P = 0.573 P = 0.558 P = 0.062 –
Chlorophyll
(g m−2)

6B:5G:89R 0.222 ± 0.018 0.244 ± 0.027 0.226 ± 0.026 0.113 ± 0.007
19B:81R 0.214 ± 0.018 0.253 ± 0.009 0.241 ± 0.035 0.115 ± 0.014

Significance P = 0.001 P = 0.424 P = 0.083 P = 0.804
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Fig. 3   Four ornamental species were grown in a greenhouse at a 
density of 1887 plants m−2 (288-cell tray) without supplemental 
light (No SL) or with supplemental light (HPS lighting, 6B:5B:81R 
via LEDs, 19B:81R via LEDs) and without paclobutrazol or with 
paclobutrazol (+ PBZ) application. SL was provided by a high-pres-

sure sodium (HPS) light or by one of two LED fixtures, which pro-
duced spectral compositions of 6B:5G81R or 19B:81R. The LED 
treatments are labeled according to their percent photon flux density 
of blue (B), green (G), and red (R) light. The arrows indicate a 5-cm 
scale (colour figure online)
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small changes in the spectral composition on plant growth 
and morphology is warranted.
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