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Major Field: HORTICULTURE

Abstract: Use of light emitting diodes (LED) technology is beginning to replace
traditional lighting in greenhouses. This research focused on the effects of LED lighting
and GA3 supplementation on growth and flowering of cut flowers. Dahlia spp. (Cav.)
‘Karma Serena’ and ‘Karma Maarten Zwaan’, Liatris spicata (Gaertn. ex Schreb)
‘Kobold’, and Lilium asiatic (L.) ‘Yellow Cocotte’ and ‘Montreux’ were subjected to
varying light treatments including LED flowering lamps and halogen lamps. The
flowering lamps emitted a combination of red + far-red + white and red + white.
Photoperiod was extended by operating all lamps for 7 hours in the night and the
experiment ran from late fall to early spring. Results varied within species and cultivars
in response to light and GAs. Light was the most effective on growth and flowering
characteristics especially in liatris and both cultivars of dahlia. In liatris, flowering
occurred 2 weeks earlier under sole LED lighting than under other light treatments and no
supplemental light. Although flowering occurred earliest in both cultivars of dahlias
under no light, plants under light treatments had greater height, width, and shoot weight.
There were significant effects of GA3 on growth and flowering characteristics in dahlia
cultivars and lily cultivars such as greater height, width, and flower number. A significant
interaction of light with GA3 influenced height, width, mean flower number, flower
diameter, days to anthesis, and flowering percentage in several crops. The role of silicon
(Si1) as a needed supplement in soilless media is gaining interest. This research studied the
effects of diatomaceous earth (DE) as a supplemental Si source on growth and flower
characteristics, physiology, and nutrient uptake of cut flowers such as Dahlia spp. (Cav)
‘Dahlinova Montana’, Rudbeckia hirta (L.) ‘Denver Daisy’, and Gerbera jamesonii (L.)
‘Festival Light Eye White Shades’. Nine Si treatments were established, and plants were
considered well-watered at 10 centibars or water-stressed at 20 centibars. Silicon
treatments included application of DE across the top of the pots (top-dressed)
incorporation, and Metro-Mix 360 media with and without Si. For each species, there
were six pots per Si rate per irrigation treatment. Significant effects were seen from Si
supplementation, irrigation, and interaction in all plants. Growth and flower
characteristics, leaf nutrient content, and tolerance to stress were improved by application
of DE.
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CHAPTER I

SILICON LITERATURE REVIEW

Uptake, Translocation, and Accumulation of Silicon

Plants take up silicon (Si) via the roots or foliage (Muir et al., 2001) in a soluble
form known as silicic acid [Si(OH)4], which becomes deposited in the endoplasmic
reticulum, cell walls, and intercellular spaces as amorphous silica or phytoliths (Epstein,
1994). Silicon is distributed in various plant parts including roots, stems, leaves, and
flowers with greater amounts being in the foliage (Jones and Handreck, 1967). Silicon
also has an association with RNA and DNA, having a series of intracellular sites of action
to explain stimulating properties in plant resistance and tolerance (Scarbough, 2007). The
process of Si uptake and translocation is energy dependent and the mechanisms involved
differ among plant species (Mitani et al., 2005). Transport is both active and passive with
active being the most responsible for Si uptake, specifically in maize (Zea mays L.) and
rice (Oryza sativa L.) plants (Liang et al., 2006). The amount of Si in plants typically
ranges from 0.1 to 10% of dry weight and varies between species (Epstein, 1994). Currie
and Perry (2007) identified plants as high Si accumulators if the levels of the nutrient
were greater than 4%, and plants that took up 2 to 4% of Si were considered intermediate
accumulators. Ma and Takahashi (2002) identified plants with less than 0.5% of Si as

non-accumulators.



Effect of Silicon on Plant Growth and Quality

Silicon plays an important role in plant growth and quality. A series of studies by
Kamenidou (2008, 2009, 2010) reported that supplemental Si enhanced the growth and
quality of important floricultural crops such as ornamental sunflowers (Helianthus
annuus L.) ‘Ring of Fire’, zinnias (Zinnia elegans Jacq.) ‘Oklahoma Formula Mix’ and
gerbera (Gerbera jamesonii L.) ‘Acapella’. Traits that were enhanced in these crops
included stem thickness, stem apical and basal diameter, stem strength, flower diameter,
and height. Whitted-Haag et al. (2014) applied Si to the foliage of geranium
(Pelargonium x hortorum Bailey) ‘Elite Cherry’, impatiens (Impatiens walleriana
Hook.f.) ‘Accent White’, pansy (Viola x wittrockiana Hort.) ‘Delta Premium Marina’,
petunia (Petunia x hybrid (Hooker) Vilmorin. ‘Celebrity White’, and snapdragon
(Antirrhinum majus L.) ‘Montego Purple’ and found significant effects on plant height,
stem diameter, days to flower, and flower diameter of some species. When foliar Si
treatment increased from 50 mg-L™! to 200 mg-L!, height in snapdragon increased and
days to flower decreased in impatiens. Only a significant decrease of stem diameter was
seen in all plant species as Si treatment increased. Flower diameter increased then
decreased in impatiens. Twenty-one different cultivars of floricultural crops grown in
pots were supplemented weekly with potassium silicate using the drench method. Silicon
content significantly increased in leaves of 11 supplemented cultivars and depending on
species, growth parameters such as apical and basal diameter, flower diameter, leaf

thickness, fresh and dry weight, and plant height were significantly effected as well
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(Mattson et al., 2010). Cucumber (Cucumis sativas L.) plants grown in a solution culture
with Si grew more, having no abnormal growth compared to cucumbers without Si
(Miyaki and Takahashi, 1983). Savvas et al. (2002) reported that Si supplementation of
hydroponically-cultured gerbera improved flower quality which was graded as Class I
and thickened stems. Agronomic crops such as wheat (Triticum aestivum L.), corn (Zea
mays) ‘DK 647 F1°, soybean (Glycine max L.) ‘Zhonghuang 13°, and sorghum (Sorghum
bicolor L.) ‘Gadambalia’ supplemented with Si had increased dry mass of shoots and

roots (Gong et al., 2003; Kaya et al., 2006; Shen et al., 2010; Sonobe et al., 2010).

Silicon Relieving Abiotic and Biotic Stress

Silicon plays an important role in combating various biotic and abiotic stresses in
horticultural crops by acting as a physical and chemical barrier and improving plant
tolerance and resistance. There has been an increased interest in the use of Si to reduce
effects of abiotic and biotic plant stress in several horticultural crops. These studies have
shown that beneficial effects of Si on plants are more apparent under stressful conditions.
Addition of Si in small concentrations enhanced salt tolerance in several crops such as
rice, mesquite (Prosopis julifora DC.), wheat, barley (Hordeum vulgare L.), cuacumber,
and tomato (Lycopersicon esculentum Mill.) (Ahmad et al., 1992; Bradbury and Ahmad,
1990; Al-Aghabary et al., 2004; Liang et., 1996; Matoh et al., 1986; Zhu et al., 2004).
The possible mechanism for salinity tolerance involves reducing membrane permeability

and improving structure and stability (Liang et al., 2007). A combination of internal and



external mechanisms is involved in the effect of Si alleviating metal toxicity (Ma, 2004).
Alleviation from Si on Manganese (Mn) and aluminum (Al) toxicity has been observed in
rice (Oryza sativa L.), bean (Phaseolus vulgaris L.), and pumpkin (Cucurbita moschata
Duch ez Poir.) (Horst and Marscher, 1978; Horiguchi, 1988; Iwasaki and Matsumura,
1999; Rogalla and Romheld, 2002). Silicon deposited beneath the cuticle of leaves
decreased transpiration, alleviating stress from water deficiency or drought stress, (Gunes
et al., 2008; Ma et al., 2004; Saud et al., 2014). When supplemented with Si, the roots of
cucumbers infected by Pythium spp. (Pringsh.) formed rigid barriers and lignin in plants
(Cherif et al., 1994). High concentrations of Si suppressed powdery mildew on leaves of
strawberry (Fragaria ananassa Duch.) and grapes (Vitis vinifera L.) (Bowen et al. 1992;
Kanto et al., 2002; Menzies et al., 1992; Miyake and Takahasi, 1983). In addition, Si

suppressed insect damage (Savant et al., 1996).

Effect of Silicon on Plant Physiology

The effects of Si on plant physiology has not been fully understood (Agarie et al.,
1998; Lewin and Reimann, 1962). However, most studies highlight the effect of Si on
osmosis, photosynthesis, and transpiration. These physiological phenomena occur in cell
membranes. When abiotic and biotic stress disrupts the plants physiologically, cell
membranes are damaged. Silicon, however, plays an important role in cell membrane
integrity. Maize (c.v. 704) suffering from salinity had photosynthetic rates increased

when Si was supplemented (Rohanipoor et al., 2013). Nasseri et al. (2012) found that



supplementary Si at 0.2 mM ameliorated the negative effects of salinity on plant dry
matter and chlorophyll content of fenugreek (7rigonella foenum- graceum L.). Results
indicated that Si increased the tolerance to salt stress, in which the leaf relative water
content and chlorophylls a and b were maintained in higher levels. Kaya et al. (2006)
found that maize under water-stressed conditions had reduced total dry matter (DM),
chlorophyll content, and relative water content (RWC), as well as increased proline
accumulation and electrolyte leakage. Silicon treatments improved these parameters by
increasing DM, chlorophyll content, and RWC, while reducing proline accumulation and
electrolyte leakage. In rice, the rate of transpiration was reduced by application of silica
(Agarie et al., 1998). Floricultural crops such as zinnia grown under optimal greenhouse
conditions had increased leaf resistance in recently mature leaves when 100 mg-L™! of

NaSiO3 was applied as a weekly foliar spray (Kamenidou et al., 2009).
Effect of Silicon on Nutrient Uptake and Availability

Silicon has plays a role in the uptake, translocation, and availability of other
nutrients. Kaya et. al (2006) found that the addition of Si increased both leaf and root
calcium (Ca), which partially restores the membrane integrity in water-stressed plants and
maintains membrane stability and permeability. Gerbera grown in a hydroponic system
had increased Ca in leaf tissue (Savvas et al., 2002). Potassium (K) also increased when
Si is available. Potassium is involved in osmotic adjustment and the cell membranes and

the process itself are maintained with the presence of both Si and K, respectively (Ashraf



et al., 2001; lannucci et al., 2002; Liang, 1999). Nitrogen (N) is another essential element
that is increased in the presence of Si. Pati et al. (2016) found that higher concentrations
of soluble Si enhanced the uptake and concentration of N. Others have noted that Si has
the potential to raise available N and N-use efficiency in plants (Savant et al., 1996;
Singh, 2005). Accessibility of phosphorous (P) can be increased indirectly by decreasing
the availability of iron (Fe) and Mn in plants (Ma, 2004). In addition, Si application can
increase root growth allowing more efficient uptake of P (Subramanian and Gopalswamy,
1990). Aluminum, Fe, and Mn have an antagonistic relationship with Si. Toxicity effects
from these metals can be alleviatd when Si is present (Mills and Jones, 1996). In cotton,
maize, soybean, and barley, increased levels of Si decrease Al toxicity (Epstein, 1994;
Hodson and Evans, 1995). In return, aluminum oxides can reduce availability of Si for
plant uptake (Jones and Handreck, 1965; Exley 1998; Perry and Keeling-Tucker, 1998).
Plants deficient in Si will uptake excess Mn and Fe. However, Si supplementation can
releive both toxicities (El-Jaoual and Cox, 1998). Ma and Yamaji (2006) suggested that

deposition of Si in roots result in the decreased uptake of toxic metals.

Sources of Silicon

Silicon is available from natural resources, fertilizers (organic and inorganic), and
industrial by-products. Considerations such as solubility, availability, suitability, physical
properties, and contaminants-free must be considered before choosing a source (Gascho,

2001). Bodies of water and soils, depending on geology, can have low or high



concentrations of Si (Imaizumi and Yoshida, 1958; Kobayashi, 1961). By-products
include sodium silicate, potassium silicate, calcium silicate (slag), magnesium silicate,
basalt dust, dolomite, and rock phosphate, which are known to help with plant disease in
fruit tree production (Mitre et al., 2010) as well as improve horticultural traits in zinnia,
ornamental sunflowers, and gerbera (Kamenidou, 2008, 2009, 2010). Rice hulls are from
plant residues and have sufficient Si concentration (Tubana, 2016). Rice hulls help
alleviate effects of anthracnose disease and improve some growth and fruit parameters of
capsicum grown in a hydroponics system (Ishibashi, 1956; Jayawardaba et al., 2016).
Diatoms, a group of algae, accumulate amorphous silica when fossilized. When extracted
and processed, the fossilized diatoms turn into a powdery-soft-siliceous sedimentary rock
known as diatomaceous earth (DE). In agriculture, fresh-watered DE is often used as an
insecticide or dewormer for livestock (Fernandez, 1998). Diatomaceous earth can also be
used as an additive in hydroponic systems and potted plant production for seedlings and
plugs (Yildiz, 2008). Diatomaceous earth helps to retain water and nutrients as well high
oxygen circulation within the growing medium or solution. Meerow and Broschat (1996)
and Wehtje (2003) showed that DE increased plant growth and quality ratings in
bermudagrass (Cynodon dactylon L.) and hibiscus (Hibiscus rosasinensis L.),
respectively. A field experiment conducted during a rainy season by Pati et al., (2016)
studied the effect of DE as a Si fertilizer on growth, yield, and nutrient uptake of rice.

Results showed application increased yield as well as attributing parameters such as plant



height, number of tillers, number of panicles, and weight. In addition, uptake of Si, N, P,

and K were also increased.

Silicon Measurements and Analysis Methods

Total, extractable, and soluble are the different forms of Si in soils and
amendments, with soluble Si being the most agronomical important (Berthelsen et al.,
2003). Therefore, testing of Si content in plants, soil, and fertilizers is recommended
(Savant et al., 1996). Leaf tissue sampling is the most common method for analyzing Si
in plants. X-ray fluorescence is another method used on oven dried plant matter. Auto-
clave induced digestion procedure is a well-established method and is the most reliable
when outputting results (Elliot and Snyder, 1991). For soil analysis of Si, extraction
methods are used. Muir et al. (2001) suggested that there is importance when choosing a
method, because extraction processes may solubilize more Si compounds in the soil than
usually available to plants. The weakest extractants are water and calcium chloride
(Berthelsen et al., 2003), while acetates/acetic acids are known to be too strong but are
the most successful (Nonaka and Takahashi, 1990). Various studies have used different
methods. Mattson et al. (2010) determined leaf tissue Si in several floricultural crops
using autoclave digestion and silicomolybdous acid colorimetric method of Elliott and
Snyder (1991). Silicon content in rice straw was determined by using Ma et al. (2006)
method in which powdered plant samples are digested in varying acids (e.g. boric acid,

hydrochloric acid, and tartaric acid) as well as hydrogen peroxide, ammonium molybdate,



and a reducing agent (Pati et al., 2016). In both studies conducted by Agarie et al. (1998),
Si in leaves of rice plants was determined by gravimetric procedures and a colorimetric

method with molybdenum blue (Yoshida et al., 1976).
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CHAPTER II

LED LITERATURE REVIEW

Photoperiodic Lighting

Photoperiodic lighting is used to create a long day and inhibits or promotes
flowering in short day plants (SDP) and long day plants (LDP), respectively. This
manipulation can lower production time and costs, while improving overall plant quality
(Runkle and Heins, 2006). Light intensity requirements for photoperiodic lighting is low
(Whitman et al., 1998). Day-extension (DE), night-interruption (NI), or cyclic lighting
(CL) are the different types of photoperiodic lighting. Day-extension lighting operates
before or at sunset and continues until the desired day length is achieved during the night.
This is usually implemented when the natural photoperiod is short. Night-interruption
lighting interrupts the dark period in the middle of the night and traditionally has a 4-hour
duration period. Cyclic lighting is delivered to plants intermittently (but not constantly)
during the night. Shillo et al. (1981) grew gladiolus (Gladiolus grandiflorus L.) under
long day and cyclic lighting regimes. The long day treatment promoted flowering
percentage and enhanced flower quality features like length of stem and spike, and
number of florets per spike. Lighting for 1 hour at midnight was effective, but the
greatest effect was observed by lighting throughout the night. Most of the promotive
effects were obtained by lighting for 4 hours as day extension or as night break, and this
treatment was recommended for commercial use. Cyclic lighting of 5 minutes of light

and 10 minutes of dark was as effective as continuous light for 4 hours (Blanchard and
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Runkle, 2010). A 16-hour photoperiod encouraged high flowering percentages in two
cultivars of Canterbury bells plants ‘Champion Blue’ and ‘Champion Pink (Campanula
medium L.) as well as reduced days to anthesis (Cavins and Dole, 2001). Also, flowering
in rice (Oryza sativa L.) occurred much faster when plants were under a NI illuminated

by lamps emitting red (Ishikawa et al., 2009).

Light Quantity

The number of light particles or photons able to perform photosynthesis is light
quantity (LQ). Expression of LQ include radiant flux, radiant emittance, irradiance,
lumen, foot-candle, illumination intensity, lux, and quantum flux density (Nelson, 2012).
The most appropriate way to measure and report light levels with respect to plant growth
and development. Quantum flux density is an actual measure of the number of photons
available within the photosynthetic active radiation (PAR) to drive photosynthesis and to
control photomorphogenic responses (Bodley and Newman, 2009). Light quantity varies
from both sunlight and electric light sources by latitude, season, elevation, cloud cover,
greenhouse structure and layout, glazing material, shading, and time of day (Both, 2000).
Plant response to light quantity for flowering greatly varies, although increased light

levels usually have positive effects (Marcelis et al., 2006).

Measuring Light

Studies using LED no longer refer to lumens, lux, and foot-candles for
determining light requirements for plants. Photosynthetic active radiation, photosynthetic
photon flux (PPF), and photosynthetic photon flux density (PPFD) are light units often

used. The type of light needed to support photosynthesis in plants is known as PAR and
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is determined by PPF. The PPF is a measurement of the total light (photons) emitted by a
light source each second and is measured in micromoles per second. Another
measurement, expressed in micromoles per square meter per second is PPFD which
measures the amount of light reaching a target or surface each second. Daily light integral
(DLI) is a cumulative measurement of total light reaching a target or surface over a 24-
hour period each day and is expressed as number of moles per square meter per day
(mol-m?-d). The requirements for these parameters depends on crop type and geographic
location of the greenhouse facility. To measure, quantum sensors, spectroradiometers,

and light meters are used.
Light Quality

Light quality relates to wavelength, which can be expressed in units such as
micron (p), micrometer (um), nanometer (nm), and angstrom (A). Wavelengths of 400 to
700 nm are referred to as PAR and are optimum for plant photosynthesis (Bjorn, 2002).
Blue (460-480 nm) and red (650-700 nm) light are strongly absorbed by chlorophylls
while green light is reflected (McDonald, 2003). Depending on type, LEDs can emit
wavelengths between 250 nm (ultraviolet) and 1,000 nm (infrared) or more. However,
440 (B), 660 (R), and 730 (far-red) nm are greatly optimized by most plants (Nelson,
2012). There are three main groups of photoreceptors that are important for light
absorption. These proteins are categorized into families which are phytochromes (phy),
cryptochromes (cry), and phototropins. These photoreceptors, when absorbing their
respective light, initiate specific responses in plants at all stages. Phytochromes are the
primary photoreceptors that regulate flowering of photoperiodic crops (McDonald, 2003).

These pigments exist as either Pr (red light-absorbing phy) or Per (far-red light-absorbing
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phy). Upon light absorption of red (660 nm), Pr is transformed to Prr which is the
physiologically active form. In addition, light absorption of far-red light (700 to 800 nm)
converts Prr into Pr. Cryptochromes absorb B and ultraviolet-A and B light between 320
and 400 nm. There are two members of this family which are cry 1 and cry 2 identified in
Arabidopsis (Casal, 2000). However, some studies have shown that along with
phytochromes, cryptochromes also regulate flowering (Lin et al., 2008; Devlin and Kay,
2000). Phototropins are B-light receptors that control a range of responses such as
phototropism, light-induced stomatal opening, and chloroplast movements in response to

changes in light intensity.

Plant Responses to Red and Far-Red Light

Red and FR are phytochrome-mediated responses that can be reversed to regulate
flowering. Red light triggers a response by converting phytochromes into their
biologically active form, Fr. Exposure to FR light can counteract the response and Prr
reverts to inactive Pr. Proportions of Prr and Pr depend on the R:FR, which mediates
extension growth and flowering responses in plants (Sager et al., 1988). Different
mechanisms and pathways of flowering exist in SDPs and LDPs in response to the R and
FR. Therefore, studying the use of LEDs that emit R and/or FR light can increase the

understanding of how these light spectra in photoperiodic lighting regulate flowering.

Potato (Solanum tuberosum L.) plantlets grown under LEDs emitting red and far-
red had increased shoot length (Miyashita et al.,1995). In addition, dry weight, leaf area,
growth, morphology, and photosynthesis were significantly affected. In long-day plants

such as bellflower (Campanula carpatica Jacq.) ‘Blue Clips’ and English pea (Pisum
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sativum L.) ‘Utrillo’, red light increased plant height and far-red inhibited flowering in
pansy (Viola xwittrockiana Gams.) ‘Crystal Bowl Yellow’ (Heins and Runkle, 2001).
Total leaf area, height, and dry shoot weight of impatiens (Impatiens walleriana J.
Hooker) ‘SuperElfin XP Red’, salvia (Salvia splendens J.A. Schultes) ‘Vista Red’,
tomato (Solanum lycopersicum L.) ‘Early Girl’, and petunia (Petunia xhybrida (Hooker)
Vilmorin ‘Wave Pink’ increased when grown under R LEDs (Wollaeger and Runkle,
2015). Dianthus (Dianthus L.) ‘Floral Lace Purple’ and ‘Super Parfait Strawberry’ grew
taller with LED or incandescent lamps during a night-interruption study (Kohyama et al.,
2014). Inhibition or promotion of stem elongation and plant height occurs when red:far-
red ratios are either high or low. For petunia ‘Suncatcher Midnight Blue’ cuttings grown
under a R:FR ratio, stem elongation was greater (Currey and Lopez, 2013). A low R:FR
ratio (0.8) promoted stem elongation of tussock bellflower when grown under INC lamps
(Kristiansen, 1988). Plant height in Easter lily (Lilium longiflorum Thunb.) ‘Nellie

White’ was inhibited when R:FR ratios were high.

In night-interruption studies, flowering of short day plants such as cocklebur
(Xanthium strumarium L.), chrysanthemum (Chrysanthemum indicum L.), and soybean
(Glycine max L. Merr.) was inhibited when R:FR ratios were either high or low
(Borthwick et al., 1952; Cathey and Borthwick, 1957; Downs, 1958). The effect on
flowering by either high or low R:FR ratios is species specific. Craig and Runkle (2013)
found that in chrysanthemum ‘Adiva Purple’, a R:FR of 0.66 or above reduced flowering
percentage and in African marigold (7agetes erecta L.) ‘American Antigua Yellow’,
flowering was greater under NI with only FR. For all species, including dahlia (Dahlia x

hortensis Syn.) ‘Dahlinova Figaro Mix’, stem length increased as the R:FR of the NI
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increased, reaching a maximum of 0.66. It was concluded that a moderate to high R:FR

(0.66 or greater) is most effective at interrupting the long night.

Traditional Lighting Sources

Traditionally, growers have used incandescent (INC), fluorescent (FL), and high-
pressure sodium (HID) lamps (Bula et al., 1991). Incandescent are the least efficient lamp
and have low intensity, short life span, and release infrared heat. For supplemental
lighting in greenhouses, these lamps are not suitable to produce effective lighting for
photosynthesis. However, for day-length extension studies, which require relatively low
light levels for photoperiodic lighting, incandescent is recommended. In addition, these
lamps emit high amounts of FR photons, which promote flowering in LDP, inhibits
flowering in short-day plants (SDPs), and promotes elongated stems, which can
sometimes be an undesirable trait. Although not commonly used in greenhouses, FL are
more efficient in light output and energy consumption than INC (Nelson, 2012). Blue (B)
and green (G) light are mostly emitted from FL. For adequate voltage, FL require ballasts
which adds to costs and dead load of a structure. High intensity discharge lamps are
commonly used for supplemental lighting, which increases total quantity of
photosynthetic light during the day (Lopez, 2013). Metal halide (MH) and high-pressure
sodium lamps (HPS) are most commonly used in the greenhouse for supplemental
lighting (Nelson, 2014). Proportions of B are mostly emitted by MH (Fisher and
Donnelly, 2001) and HPS emit light that is in the orange (O), red (R), and yellow (Y)
spectrum. Higher photosynthetically active radiation (PAR) intensity, quantum flux
density, and heat are emitted from these HID lamps and spacing from plants is very

important because plant tissue can be damaged if placed too close (Boodley and
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Newman, 2009). Many governments around the world have passed laws to reduce
electricity consumption by phasing out INC bulbs and replacing them with energy-
efficient alternatives, such as compact FL lamps or light-emitting diodes (LEDs)

(Bullough et al., 2011).

Light-Emitting Diodes (Grow Lights)

Light emitting diodes are fourth generation lighting sources and are the emerging
technology in horticulture. These devices have proven to be more efficient when
compared to the traditional lighting sources (Nelson and Bugbee, 2014). LEDs are solid-
state semiconductors and when turned on or off, the action is instant. As for life
expectancy, LEDs can operate between 20,000 and 50,000 hours (Morrow, 2008). Single
diodes or lamps do not need to be replaced constantly because LEDs do not burn out and
factors such as design, materials used, and heat release affect life expectancy (Fisher,
2001). Another important feature of LEDs is that heat does not escape from the surface
but instead through a heat sink, which allows for proximity between plants and LEDs. As
for consumption of energy, LEDs are more efficient and use less energy than any other
traditional greenhouse lights (Nelson, 2012). Operating costs and carbon emissions are
lowered when using LEDs (Bullough, 2011). Another feature regarding color emission
from LEDs is that the composition can be created or adjusted (color tuning) for specific
plant responses (Yano and Fujiwara, 2012). LED grow lights include toplights, inter-
lights, tubular LEDs (TLEDs), and flowering lamps. Toplights, inter-lights, and TLEDs
are considered module lighting systems, which are for multilayer production systems
such as city (vertical) farming, tissue culture, and indoor research facilities such as grow

rooms and growth chambers. Toplights have high lighting outputs and low heat emission
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and are used specifically for high wire and leafy vegetables (Philips, 2017). Interlights
allow plants to receive light horizontally and vertically and are used for plants that rise
such as cucumbers and tomatoes. TLEDs are replacement lamps for traditional
fluorescent tubes used in tissue culture and offer more uniformed lighting and produce
less heat (Philips, 2017). The latest are flowering lamps that emit FR, R + white (W), and
R + W + FR light for photoperiodic applications on a wide range of photoperiodic plants.
Using LEDs reduces energy usage by up to 90% and offers big energy savings versus
traditional light sources (Philips, 2017). In addition, custom light recipes enhance quality,
consistency, and flowering (Kohyama et al., 2014; Rantanen et al., 2014; Meng and
Runkle, 2014). Sole or supplementary lighting from LEDs have been successful in
culturing a range of horticultural crops. African marigold (7argetes erecta L.) ‘Orange
Boy’ grown under R LEDs had higher dry weight (Heo et al., 2002). A 4-hour NI study
using R and white LEDs increased flowering time of chrysanthemum (Ho et al., 2012).
Also for chrysanthemums, stem length was increased when subjected to a subsequent 30-
min DE provided by R and FR LEDs (Lund et al., 2007). Poinsettias supplemented with
LED lighting below the canopy had greater dry weight and increased plant width
(Bergstrand et al., 2015). Flowering time and blooming period for Fressia hybrid (Eckl.
ex Klatt) ‘“Yvonne’ was accelerated under green and red LED lighting, respectively (Lee
and Hwang, 2014). These studies and so many others focus on a range of applications in
which LED technology can be used in horticulture. However, the use of LEDs seems to
be restricted and are mostly used in research settings compared to commercial
production. This is because the initial costs of LEDs are high. However, Kim et al. (2007)

noted that the efficiency of LEDs can compensate for their expense. In addition, more
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research with LEDs needs to be conducted on a broader range of crops to fulfill the needs

of growers wanting to switch over to this new and promising technology.

Gibberellic Acid and Light

Gibberellic acid (also called Gibberellin Az, GA, and GA3) is a hormone found in
plants. Its chemical formula is C19H2206 and when purified, it is a white to pale-yellow
solid. Plants produce low amounts of GA3, therefore this hormone is available
commercially. Gibberellic acid is a very influential hormone by controlling plant
development, promoting growth, and elongating cells (Gupta, 2013). This hormone
produces bigger leaves and longer stems, establishes robust root systems, enhances
photosynthesis, stimulates seed germination, and triggers transitions from the vegetative
to the flowering stage (Gupta, 2013). Applications of very low concentrations can have a
profound effect, while too much will have the opposite effect (Riley, 1987). Gibberellic
acid was first identified in Japan in 1926, as a by-product of the plant pathogen
Gibberella fujikuroi, which infects rice plants. The pathogen causes plants to develop or
grow much taller than normal, which is referred to as bakanae or foolish seedling disease.
The role of GA influencing flowering is complex but plausible. Lang (1956) initially
discounted the idea of GA being a universal flowering stimulus. Only in certain species,
GA acts as a mobile signal transmitting photoperiodic flowering stimulus (Kobayashi and
Weigel, 2007; Simpson and Dean, 2002). However, the role of GA3 in flower
development is considered universal and essential (Griffiths et al., 2006; Hu et al., 2008;
Singh et al., 2002; Chhun et al., 2007). For flower induction, soaking bulbs, rhizomes,
corms. or spraying the foliage with a GA3 solution are common applications (Dennis et

al., 1993; Delvadia et al., 2009; Ranwala et al., 2002). The effect of various GA3 levels
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was studied on flowering in gerbera (Gerbera jamesonni Hooker f.) ‘Alcochete’. Results
revealed that foliar application of 100 ppm performed greater for flowering parameters
such as days to anthesis and number of ray florets per flower (Chauhan et al., 2014).
Pobudkiewicz and Nowak (1992) also found that flowering parameters of gerbera such as
flower size were enhanced when GA3z was applied at 200 ppm and for Singh et al. (2009)
flower size in chrysanthemum was maximized at 200 ppm as well. Early flowering was
seen in damask rose (Rosa x damascene Mill.) when applied with GA3 at 200 ppm
(Porwal et al., 2002). In philodendron (Philodendron Schott) ‘Black Cardinal’, a single
foliar spray of GAj at concentrations of 125, 250, 500, or 1,000 mg-L"! induced flowering
in 170 days and mean flower number increased as GA3 concentrations increased (Chen et
al., 2003). Double spraying with GA3 accelerated bud development of ajania (4jania
pacifica K. Bremer & Humphries) ‘Bea’ (Zalewska and Antkowiak, 2013). Kaaz and
Karaguzel (2010) found that goldenrod (Solidago x hybrida Mill.) ‘Tara’ sprayed once or
twice with GA had the best flowering characteristics such as accelerated days to anthesis
and higher number of secondary inflorescences. There are statistically valid interactions
between light and GAs and both factors are known to have synergistic effects mainly on
germination. In certain species, growth and flower initiation are also affected (Lona and
Bocchi, 1956; Lockhart, 1956). Dissanayake et al. (2010) studied the effects of light
quality (e.g. red, far-red, blue, yellow, green, and blue) and endogenous GA on
germination of guayule (Parthenium argentatum A. Gray). This research found that a
higher ratio of red to far-red radiation stimulated GA production, which increased
germination. Toyomasue et al. (1993) also found similar results in lettuce seed.

Yamaguchi and Kamiya (2001) emphasized that light stimulates GA biosynthesis in
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lettuce as well as Arabidopsis (4rabidopsis thaliana L.) seed. As for stem elongation,
Vince (1967) saw an increase in garden peas ‘Alaska’ and ‘Duke of Albany’” when
exposed to far-red light and saturated with GA3. Reid et al. (2002) and Foo et al. (2006)
reported that phytochrome A-mediated FR light responses regulate GA synthesis in
plants, and therefore, affect stem elongation. Floral induction of sorghum (Sorghum
bicolor L.) ‘Moench’ was hastened by 30 days when supplemented with GA3 and
exposed to far-red light (Williams and Morgan, 1979). Similar results were seen in a
previous study (Williams and Morgan, 1977) suggesting that the conversion of FR to R at
the beginning of the dark period significantly increases effectiveness of GA3 in
promoting floral initiation of sorghum. However, this observation needs to be furthered

tested in other plant species to fully assess the regulation of flowering by light and GA;.
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CHAPTER III

EFFECT OF SILICON SUPPLEMENTATION ON GROWTH AND FLOWERING OF

CUT FLOWERS

Abstract

The role of silicon (Si) as a needed supplement in soilless media is gaining
interest. This research studied the effects of diatomaceous earth (DE) as a supplemental
Si source on growth and flower characteristics, physiology, and nutrient uptake of cut
flowers such as Dahlia spp. (Cav) ‘Dahlinova Montana’, Rudbeckia hirta (L.) ‘Denver
Daisy’, and Gerbera jamesonii (L.) ‘Festival Light Eye White Shades’. Nine Si
treatments were established, and plants were either well-watered at 10 centibars or water-
stressed at 20 centibars. Silicon treatments included application of DE across the top of
the pots (top-dressed) as well as incorporated, and Metro-Mix 360 media with and
without Si. There were six pots per Si treatment which were randomized within irrigation
(well-watered or water-stressed). Significant effects were seen from Si supplementation,
irrigation, and interaction in all plants. Growth and flower characteristics, leaf nutrient

content as well as tolerance to stress were improved mostly by application of DE.

Introduction

Silicon (Si) is the second most abundant element on earth and is present in various
forms. In plants, except for members of the family Equisetaceae, Si is a nonessential and
beneficial element, meaning that plants can complete their life cycles without the mineral

nutrient (Epstein, 1994). However, plants deprived of Si are often weaker structurally and
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more prone to abnormalities of growth, development, and reproduction. The benefits of
Si are mostly evident when plants are under stress conditions (Ma and Yamaji, 2006).
Several studies show that plants benefit in many important ways from supplemental
soluble Si including greater tolerance of environmental stresses, such as cold, heat,
drought, salinity, mineral toxicity or deficiency, improved growth rates, and resistance to

insects and fungi (Cherif et al., 1994; Ma, 2004; Liang et al., 2006).

Common use of soilless substrates in greenhouse and nursery production limits
the availability of Si to plants (Voogt and Sonneveld, 2001). Plants grown under
production systems often appear weaker structurally compared to crops grown in the field
(Kamenidou, 2008). Therefore, adding Si-related compounds as an amendment has been
highly recommended. Miyake and Takahashi (1978) brought interest to Si nutrition of
horticultural crops when observing Si deficient tomatoes. In the Netherlands, the use of
Si supplementation in a hydroponic system is recommended for crops such as cucumber
(Cucumus sativus L.) and roses (Rosa hybrida. L.) (Kamenidou et al., 2010; De Kreij et
al., 1999). Plants with Si added to the nutrient formula also showed a decrease in leaf and
flower senescence (Reezi, 2009). The shelf life of cut flowers, specialty pot crops, and
plugs was also extended (Carvalho-Zanao, 2012). Hydroponically produced gerbera

supplemented with Si had improved overall crop and flower quality (Savvas et al., 2002).

Other considerations such as solubility, availability, physical properties, and
contaminants must be considered before choosing a source. Silicon is available from
natural resources, fertilizers (organic and inorganic), and industrial by-products. Most
horticultural studies use Si from by-products such as liquid silicates, slag, and basalt dust

(Berthelsen et al., 2003; Muir et al., 2001; Savant et al., 1999). Diatomaceous earth (DE)
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is a sedimentary rock from the deposition of silica-rich diatoms. The cell walls of diatoms
contain amorphous silica (Si02-H20). There is limited research focusing on the effects of
DE regarding growth and flower characteristics, as well as water-stress related issues in
horticultural crops. Most studies utilizing DE focused on retention of water or circulation
of oxygen in plant media (Meerow and Broschat, 1996). However, supplementation of
DE has been proven to improve plant growth, quality, and nutrient uptake in agronomic
crops such as rice (Pati et al., 2016). Use of DE to improve plant growth of ornamentals
is limited, thus the objectives of this work were to determine the effects of DE as a Si
supplement on Rudbeckia hirta (L.) ‘Denver Daisy’, Dahlia spp. (Cav.) ‘Dahlinova

Montana’, and Gerbera jamesonii (L.) ‘Festival Light Eye White Shades’.

Materials and Methods

On 8 May 2015, two 128 plug cell trays of Rudbeckia hirta L. ‘Denver Daisy’,
five 51 plug cell trays of Dahlia Cav. ‘Dahlinova Montana’, and two 128 plug cell trays
of Gerbera jamesonii L. ‘Festival Light Eye White Shades’ were obtained from Park
Seed (Greenwood, SC). Before transplanting, all species were placed on a mist bench.
Cuttings and plugs were transplanted into standard 15-centimeter pots filled with Metro-
Mix 360 media (Sun Gro Horticulture, Bellevue, WA) that did not contain silicon (Si) on
28 May 2015, and a single treatment of Metro-Mix 360 media (Sun Gro Horticulture,
Bellevue, WA) that contained 20 to 50 ppm soluble Si (RESiLIENCE™) derived from
wollastonite (King and Reddy, 2000). A single plant was placed in each pot and plants
were grown at the Department of Horticulture and L.A. research greenhouses in
Stillwater, OK under natural photoperiods. Temperatures were set at 37°C during the day

and 26°C during the night.
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Eight Si treatments were established with diatomaceous earth (Perma-Guard, Inc.,
Kamas, UT) which had 0.09 g/L of soluble Si. Application of DE included top-dressed
rates at 20, 40, 60, 80 and incorporated rates at 50, 100, 150, and 200 g. Media with and
without (control) Si were used as well. For each species, there were six pots per Si rate
per irrigation treatment in which plants were well-watered at 10 centibars and water-
stressed at 20 centibars. Tensiometers (IRROMETER, Riverside, CA) were used to

control irrigation. Plant species and Si treatments were randomized within irrigation.

Data collected on plants included height from the media surface to the tallest
opened flower, width (average of two perpendicular measurements), shoot dry weight,
number of flowers, flower diameter, leaf resistance, and transpiration. Shoot weight was
determined by cutting the stems at media level then dried for 2 d at 52.2°C. For
elemental analyses, leaves were collected from five plants per Si and irrigation treatment
of each species. Silicon solubility of DE and nutrient analysis of leaf samples were
analyzed by the Soil, Water and Forage Analytical Laboratory (SWFAL) at Oklahoma
State University, using a LECO TruSpec Carbon and Nitrogen Analyzer (LECO
Corporation, St. Joseph, MI). Soil and leaf Si analysis was performed using five pots per
silicon and irrigation treatment of each species by SWFAL at Oklahoma State University,
using the 0.5 M ammonium acetate method (Wang et al. 2004). Transpiration and leaf
resistance were recorded weekly using a LI-1600 Steady State Porometer (LI-COR Inc.,
Lincoln, NE) and soil moisture values were collected daily between 13 May 2015 and 20
May 2015 using the FieldScout TDR 200 meter (Plainfield, IL) from one pot per
treatment. Analysis of variance methods (PROC MIXED) were used with a two-factor

factorial arrangement with irrigation and silicon treatment as the factors of
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interest. Separate analyses were conducted for each plant species. When interactions of
irrigation and Si treatment were significant, simple effects were reported. Mean
separations were determined using a DIFF option in an LSMEANS statement and a

SLICE option (when appropriate) and with a 0.05 level of significance.

Results

Dabhlia spp. (Cav.) ‘Dahlinova Montana’

A significant interaction of Si treatment with irrigation was seen for leaf
resistance, transpiration, and soil Si (Table 1). Under the well-watered condition, soil Si
was greatest when supplemented with 60 and 80 g top-dressed as well as 100, 150, and
200 g incorporated (Table 2). Incorporated at 150 and 200 g were greatest compared to
other treatments. Transpiration was greatest in plants under the control as well 40 and 60
g top-dressed. Under the water-stressed condition, leaf resistance was greatest when
plants were supplemented 40 and 80 g top-dressed as well as 50, 150, and 200 g
incorporated. Top-dressed at 80 g and incorporated at 150 g were the greatest compared
to other treatments. Soil Si content was greatest under the incorporated rates compared to
top-dressed rates and Metro-Mix with Si. However, 150 and 200 g incorporated yielded
the greatest result compared to other treatments. Only plants treated with 100 g

incorporated had the greatest transpiration.

The main effect of Si treatment (DE) was seen on height, shoot dry weight, and
stem diameter (Table 1). Height was greatest under the control, Metro-Mix with Si, all
top-dress treatments, and incorporated treatments at 100 and 200 g (Table 3). However,

top-dressed at 60 and 80 g as well as 100 g incorporated were greatest compared to the
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rest. Shoot dry weight was greatest under the control, all top-dress rates, and incorporated
at 100 g. Top-dressed at 20 and 40 g were greatest compared to other treatments. Stem
diameter was greatest under all top-dressed rates, incorporated rates at 50 and 100 g.

However, top-dressed at 20, 40, and 80 g were greatest compared to other treatments.

The main effect of Si treatment (DE) was seen on leaf nutrient content (Table 1).
Total N was greatest under the top-dressed treatments, 100, 150, and 200 g incorporated
(Table 4). Phosphorous was greatest under 80 g top-dressed as well as 100, 150, and 200
g incorporated. For both N and P, incorporated at 200 g was greatest compared to other
treatments. Sulfur was greatest under all top-dressed treatments and incorporated
treatments at 100, 150, and 200 g. However, top-dressed at 80 g was greatest compared to
the rest. Magnesium was greatest under top-dressed treatments at 40 and 80 g as well as
incorporated treatments at 50, 100, and 150 g. Incorporated at 100 g was greatest
compared to other treatments. Calcium was greatest under 50, 100, 150 g incorporated
and Metro-Mix with Si, but the latter treatment was greatest compared to the rest. Silicon
was greatest under the control, top-dressed rates at 20, 40, and 60 g, incorporated rates at
100 and 150 g, as well as Metro-Mix with Si. However, the control, 100 g incorporated,
and Metro-Mix with Si yielded the greatest result. For Cu, the greatest values were seen
under top-dressed treatments at 40 and 80 g. Iron was greatest under top-dressed
treatments at 40, 60, and 80 g as well as incorporated treatments at 100 and 150 g. For
both Cu and Fe, 40 g top-dressed yielded the greatest result. Manganese was greatest

under 150 and 200 g incorporated.

A significant effect for irrigation was seen on all growth and flowering

characteristics (Table 1). Well-watered plants had greater height, width, shoot dry weight,
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mean flower number, stem diameter, and flower diameter compared to water-stressed
plants (Table 5). Iron was the only nutrient in the leaf tissues affected by irrigation. Plants

under the water-stressed condition had the greatest amount (Table 6).

Gerbera jamesonii (Bolus ex Hooker f.) ‘Festival Light Eye White Shades’

A significant interaction of Si treatment with irrigation was seen for soil Si and
transpiration (Table 7). Under the well-watered condition, soil Si was greatest when DE
was supplemented at 150 and 200 g incorporated (Table 8). However, 200 g incorporated
yielded the greatest result compared to other treatments. Under the water-stressed
condition, soil Si was greatest under 100 and 150 g incorporated. Transpiration was
greatest under the control, top-dressed treatments, and Metro-Mix with Si. However, 80 g

top-dressed was the greatest compared to other treatments.

The main effect of Si treatment (DE) was seen on height, width, shoot dry weight,
and Ni content in the leaf tissue (Table 7). Height was greatest under 80 g top-dressed as
well as 50, 100, and 150 g incorporated (Table 9). Width was greatest under top-dressed
rates at 20, 40, and 60 g and all incorporated rates. For both height and width, 100 and
150 g incorporated were the greatest compared to other treatments. Shoot dry weight was
greatest under incorporated at 100 and 150 g, but the former treatment was greatest
compared to the rest. Nickel content in the leaves was greatest under the control,
incorporated rates at 50 and 100 g, as well as Metro-Mix with Si (Table 10). However,
the control, 50 and 100 g incorporated yielded the greatest result compared to the other

treatments.
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A significant effect of irrigation was seen on width, leaf nutrient content, and leaf
resistance (Table 7). Well-watered plants had greater widths compared to water-stressed
plants (Table 11). Potassium, Ca, Na, and Mn levels were greater in water-stressed plants
compared to well-watered plants (Table 12). Leaf resistance was also greater in plants
subjected to the water-stressed condition compared to plants under the well-watered

condition (data not shown).

Rudbeckia hirta (L.) ‘Denver Daisy’

A significant interaction of Si treatment with irrigation was seen for leaf Si
content and leaf resistance (Table 13). Under the well-watered condition, Si in the leaf
was greatest under 20 and 60 g top-dressed, 50 and 100 g incorporated as well as Metro-
Mix with Si (Table 14). Under the water-stressed condition, Si in the leaf was greatest
under 60 g top-dressed and Metro-Mix with Si. Under both irrigation treatments, Metro-
Mix with Si yielded the greatest result compared to other treatments. Leaf resistance was

greatest in plants supplemented 150 g incorporated.

The main effect of Si (DE) supplementation was seen on height, width, and
flower diameter (Table 13). Height was greatest under 60 g top-dressed, 100 g
incorporated, and Metro-Mix with Si (Table 15). However, 100 g incorporated was
greatest compared to the rest. Width was greatest under all top-dress treatments,
incorporated treatments at 50 and 100 g, and Metro-Mix with Si. Top-dressed at 80 g,
100 g incorporated, and Metro-Mix with Si yielded the greatest results. Flower diameter
was greatest under 50 g incorporated and Metro-Mix with Si, but the latter was greatest

compared to the other treatments.
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The main effect of Si (DE) supplementation was seen on leaf nutrient content
(Table 13). Total N was greatest when plants were supplemented at 150 and 200 g (Table
16). Phosphorous was greatest under incorporated rates at 100, 150, and 200 g. Greater
amounts of K were seen under incorporated rates at 100, 150, and 200 g. Sulfur increased
under top-dressed treatments at 20, 40 and 60 g as well and all incorporated treatments,
but 50 g top-dressed yielded the greatest result compared the rest. Magnesium was
greatest under the control, the top-dressed treatments, and incorporated at 50 and 100 g.
However, the control was the greatest compared to the treatments. Copper was greatest
under 60 g top-dressed, 50, 100, and 200 g incorporated. Greater amounts Fe were seen
under 50 and 200 g incorporated. Manganese was greatest under 150 and 200 g
incorporated. For N, P, K, Cu, and Fe incorporated at 200 g yielded the greatest result

compared to other treatments.

A significant effect of irrigation was seen on all growth and flower characteristics
as well as leaf nutrient content, transpiration, and soil Si (Table 13). Plants that were
well-watered grew taller and wider (Table 17). Shoot dry weight and stem diameter were
greater in well-watered plants as well as mean flower number and flower diameter.
Nutrients such as S, Mg, Ca, and Mn were greater in the leaf tissue of water-stressed
plants compared to well-watered plants (Table 18). Soil Si and transpiration were greater
in plants under the water-stressed condition compared to those that were well-watered

(Table 19).

Discussion

Amending the soilless substrate with varying methods and rates of DE increased

plant height, width, shoot dry weight, stem diameter, and flower diameter in dahlia,
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gerbera, and rudbeckia in this study. Several other studies have reported similar benefits
of supplemental Si on growth and flowering characteristics. Hwang et al. (2005) reported
that adding 200 mg-L™! of potassium metasilicate increased plant height and shoot dry
matter in cut roses (Rosa hybrid L.). Stem quality was also improved in cut roses when Si
was added to a recirculated nutrient solution in a closed hydroponic system (Ehret et al.,
2005). Flower diameter of calibrachoa (Calibrachoa xhybrida Cerv.), fuchsia (Fuchsia
hybrid hort. Ex Siebold & Voss), and petunia (Petunia xhybrida Vilm.) increased when
supplemented with a weekly drench of potassium silicate at 100 mg-L™! (Mattson and
Leatherwood, 2010). Silicon supplementation improved growth of two cultivars of
French marigolds (Tagetes patula L.) by increasing stem diameter, shoots, and dry
weights (Sivanesan et al., 2010). Growth and biomass parameters were increased in
certain cultivars of begonia (Begonia semperflorens Link et Otto) and pansy (Viola x
wittrockiana Hort.) grown in vitro when supplemented with potassium silicate (Lim et
al., 2012) Savvas et al. (2002) reported a higher percentage of flowers in hydroponically-
grown gerbera (Gerbera jamesonni L.) supplemented with Si. For growth and flower

development, Si is very important especially for plants growing in a soilless substrate.

Amending the soilless substrate with varying methods and rates of DE as
supplemental Si increased nutrients in dahlia, gerbera, and rudbeckia in this study. Based
on the analysis of Kalra (1997), most of the increases in all nutrients were within the
optimum range adequate for plant growth. Levels greater than the maximum range were
not considered excess or toxic. Nickel concentrations in dahlia were less than the
minimum range (Table 4). However, these levels were not considered insufficient

because often there are no symptoms to accurately determine Ni deficiency (Buechel,
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2017). Epstein (1994) has noted that the presence of Si does in fact affect absorption and
translocation of several macro-nutrients and micro-nutrients. Early studies conducted by
Fisher (1929) reported that the addition of Si made P more available in barley (Hordeum
vulgare L.) plants. Mali and Aery (2008) found that in wheat (77itium aestivum L.) K
uptake was improved even at low concentrations of Si by way of the H-ATPase being
activated. Phosphorus and K are essential nutrients for flowering characteristics.
Friedman et al. (2007) conducted a study on cut flowers such as sunflower (Helianthus
annuus L.) and celosia (Celosia argentea L.) and reported that growth and flower
parameters were increased when supplemented with an effluent containing high amounts
of N, P, and other nutrients. Kamenidou et al. (2008, 2010) also found an increase in N
for sunflowers and gerbera but most of the levels exceeded the range. Nitrogen
metabolism is a major factor in stem and leaf growth and too much can delay or prevent
flowering. Calcium is part of the structure of cell walls and is necessary for cell growth
and division. Ma and Takahashi (1993) reported that there was an antagonistic effect
between Si and Ca in rice in which one can decrease the amount of the other. However,
our study found the opposite effect in which the Metro-Mix with Si increased Ca content
in dahlia (Table 4) and rudbeckia (Table 16). Kamenidou et al. (2010) and Savvas et al.
(2002) also reported that supplemental Si increased Ca but within gerbera. There was an
increase in metals such as Cu, Fe, and Mn in dahlia (Table 4) and gerbera (Table 10) due
to DE having trace amounts of these elements (Pati et al., 2016). However, Si is known to
increase tolerance to toxicity effects in which none were observed or reported. The levels
of these nutrients did not reach excess and were in optimum range. Muhammad et al.

(2015) reported an overall review about how stress from metals can be reduced by several
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functions in which Si plays an important role such as reducing activity of the metals or
stimulating chelation. The levels of these metals seemed relatively low and there may not
have been enough to cause negative effects. Silicon levels in the leaf tissue and media for
all the plants were low as well. Potentially the plants could be classified as non-

accumulators of Si (<0.5%) which was reported for gerbera (Bloodnick, 2017).

Amending the soilless substrate with varying methods and rates of DE improved
leaf resistance and transpiration in dahlia, gerbera, and rudbeckia in this study.
Improvements in these physiological traits were mostly seen when Si (DE)
supplementation interacted with irrigation. An increase in leaf resistance and a decrease
in transpiration can benefit the floricultural market by improving quality and shelf life of
cut flowers (Jana and Jeong, 2014). A foliar spray of sodium silicate at 100 mg-L!
increased leaf resistance and decreased transpiration in zinnias (Kamenidou et al., 2009).
Yoshida and Kitagishi (1962) noted that the effects are related to Si being deposited in
the cuticular layers of leaves serving as a barrier which reduces the loss of water.
Considering the effect of irrigation, plants under the well-watered condition had greater
yield in growth and flowering, which was expected. However, Si is known to maintain
growth and flowering characteristics as well as nutrient levels in water-stressed plants. In
Kentucky bluegrass (Poa pratensis L.), drought stress hindered physiological and quality

attributes, but application of Si had alleviated the adverse effects (Saud et al., 2014).
Conclusion

Several growth and flowering characteristics were improved depending on rate

and application method of diatomaceous earth (DE). Benefits for dahlia, gerbera, and
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rudbeckia included increased height, width, shoot dry weight, stem, and flower diameter.
An increase in nutrients such as N, P, K, Mg, and Ca was seen mostly for dahlia and
rudbeckia. The adverse effects that typically occur under water-stressed conditions were
alleviated and plant quality as well as physiological traits such as leaf resistance and
transpiration were maintained in all three plants due to Si supplementation. Diatomaceous
earth as supplemental Si was beneficial for plant growth, flowering, and nutrient content
under well-watered and water-stressed conditions. To conclude, this research supports the
fact that DE is beneficial to plants but is dependent upon species, rate, and method of
application. Benefits of DE include an increase in growth parameters, leaf nutrient
content, tolerance to stress in which plant quality can be maintained. Future studies
should further assess the use of DE as there are many sources of this product with varying
properties. Also, using DE as a Si supplement in other plants will help to broaden

information regarding Si supplementation in the floriculture industry.
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Appendix

Table 1. Analysis of variance for growth, flowering, leaf nutrient content, soil silica, and physiology of Dahlia spp. (Cav.) ‘Dahlinova Montana’.

Source Height Width Shoot dry weight Stem diameter Mean flower Flower
(cm) (cm) (2) (cm) number diameter
(cm)
Si Treatment *z ns woE oAk ns ns
Irrigation skskoksk skokoskosk skokosksk skskok skokoskosk skskoksk
Si Treatment x Irrigation ns ns ns ns ns ns
Source TN P S K Mg Ca Na Si Zn Cu Fe Mn Ni
() (o) B ) (» ()  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)
Sl Treatment ksk k * ns skkok skokoskosk ns skokoskosk ns skoksk sk skokoskosk ns
Irrigation ns ns ns ns ns ns ns ns ns ns HAK ns ns
Si Treatment x Irrigation ns ns ns ns ns ns ns ns ns ns ns ns ns
Source Leafresistance  Transpiration  Soil silica
(secrem™) (ppm)
Si Treatment HA ns ook
Irrigation skskoksk skskoksk skskoksk
Si Treatment x Irrigation ok oAk ok

NS, *, & #sx ks indicate non-significant or significant at P < 0.05, 0.01, 0.001, 0.0001, respectively.

71



Table 2. Leaf resistance, transpiration, and soil Si of Dahlia spp. (Cav.) ‘Dahlinova Montana’ affected by interaction of Si treatment with irrigation.

Well-watered Water-stressed
(10 cb) (20 cb)
Source Rate Soil Si Transpiration Leaf resistance Soil Si Transpiration
(g/pot) (ppm) (sec:em™) (ppm)
Control 0 47.8¢* 8.9a 6.6d 53.5bcd 4.8b
DE Top-dressed 20 56.1de 6.8bc 7.7bcd 49.5d 4.5b
40 59.7bcd 9.0a 9.4abc 51.5cd 2.9cd
60 65.8abc 8.9a 7.5bed 47.8d 4.2bc
80 65.1abc 6.8bc 10.9a 49.7d 3.3cd
DE Incorporated 50 58.8cd 7.0b 8.8abcd 62.0ab 4.9b
100 67.9ab 5.2d 6.8cd 59.3abc 6.5a
150 70.1a 7.3b 11.4a 63.1a 3.2cd
200 72.7a 5.7cd 9.8ab 63.6a 2.9d
Metro Mix w/Si 53.1de 6.7bc 7.9bcd 50.3d 4.6b

“Means (n=6) with the same letter within the same column are not statistically significant at P <0.05.
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Table 3. Growth and flowering characteristics of Dahlia spp. (Cav.) ‘Dahlinova Montana’ affected by Si treatment averaged across irrigation.

Source Rate Height Width Shoot dry weight Stem diameter Mean flower Flower diameter
(g/pot) (cm) (cm) (2) (cm) number (cm)
Control 0 24.9ab” 26.9a 15.8abcd 3.8bc 7.1a 5.7a
DE Top-dressed 20 24.1ab 29.1a 18.9a 4.5a 8.0a 5.8a
40 24.8ab 27.9a 19.0a 4.5a 8.5a 5.4a
60 26.9a 29.3a 17.9ab 4.3ab 5.7a 4.9a
80 26.8a 26.9a 16.2abc 4.5a 7.0a 5.3a
DE Incorporated 50 22.2b 24.3a 14.5bcd 3.9abc 5.9a 4.9a
100 26.6a 27.5a 15.2abcd 4.3ab 6.3a 6.3a
150 22.1b 25.9a 11.8d 3.4c 5.4a 5.3a
200 23.9ab 25.1a 12.6¢cd 3.4c 5.5a 5.4a
Metro Mix w/Si 24.9ab 27.4a 13.1cd 3.8bc 6.4a 5.4a

“Means (n=6) with the same letter within the same column are not statistically significant at P <0.05.
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Table 4. Leaf nutrient content of Dahlia spp. (Cav.) ‘Dahlinova Montana’ affected by Si treatment averaged across irrigation.

Source Rate TN P S K Mg Ca Na Si Zn Cu Fe Mn Ni
(g/pot) (%) (%) (%) (%) (%) (%) (%) (ppm)  (ppm)  (ppm) (ppm) (ppm)  (ppm)
Control 0 3.55bcd*  0.29¢ 0.33bc  3.51a  0.92bc 1.74de  0.02a 84.1a 38.5a 12.0d 92.2d 151.6d 0.007a
DE Top-dressed 20 3.88ab 0.33bc 0.39ab 3.33a  0.91bc 1.81cd 0.03a 69.labc  46.6a 14.4cd 106.6¢cd 149.3d  0.004a
40 4.11ab 0.34bc 0.39ab  3.19a 0.97ab 1.75de 0.03a  77.3ab 53.6a 18.2a 232.7a 163.9cd  0.004a
60 4.09ab 0.33bc 0.35abc 3.23a  0.84c 1.61e 0.02a  69.7abc  39.5a 14.4cd 161.7abcd 150.2d  0.004a
80 3.83ab 0.34abc  0.41a 347a  0.96ab  1.85bcd 0.02a 38.1c 44.9a 17.5ab 171.5abc  188.8bc  0.003a
DE Incorporated 50 3.21cd 0.29¢ 0.34bc  3.48a2  0.98ab 1.93abc  0.02a 47.9bc  45.2a 14.8bcd 133.8bcd 189.9bc  0.007a
100 3.75abcd 0.35abc  0.39ab 3.54a  1.03a 1.99ab  0.03a 82.9a 57.9a 15.1bc 188.6ab  204.6b  0.010a
150 3.79abc  0.38ab 0.37ab 3.81a 0.98ab  2.00ab 0.03a 67.5abc  42.2a 14.1cd 163.1abcd 272.1a  0.057a
200 4.27a 0.39a 0.37ab  3.54a  0.92bc  1.88bcd 0.02a  45.8bc 39.9a 13.3cd 104.5cd  250.4a  0.010a
Metro Mix w/Si 3.19d 0.33bc 0.31c 344a  0.82c 2.07a 0.03a 94.3a 42.5a 11.9d 97.1d 1947 0.340a
Optimum levels 2.5 0.20 0.25 1.50 0.25 1.00 y y 27.0 5.0 100.0 20.0 0.050
4.5 0.75 1.00 5.50 1.00 4.00 100.0 30.0 500.0 300.0 5.00

“Means (n=6) with the same letter within the same column are not statistically significant at P < 0.05.
YOptimum levels not reported.
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Table 5. Growth and flowering characteristics of Dahlia spp. (Cav.) ‘Dahlinova Montana’ affected by irrigation averaged across Si treatments.

Source Rate Height Width Shoot dry weight Stem diameter Mean flower Flower diameter
(cb) (cm) (cm) (2) (cm) number (cm)

Well-watered 10 27.4a 29.7a 19.8a 4.3a 8.4a 6.8a

Water-stressed 20 22.0b 24.2b 11.2b 3.8b 4.8b 4.1b

“Means (n=6) with the same letter within the same column are not statistically significant at P <0.05.
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Table 6. Leaf nutrient content of Dahlia spp. (Cav.) ‘Dahlinova Montana’ affected by irrigation averaged across Si treatments.

Source Rate TN P S K Mg Ca Na Si Zn Cu Fe Mn Ni
(cb) (%) (%) (%) (%) (%) (%) (%) (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)
Well-watered 10 3.73a> 0.35a 0.37a 3.39a 0.93a 1.83a 0.028a 68.1a 46.1a 15.1a 116.6b 186.0a  0.006a
Water-stressed 20 379a 0.33a 0.35a 3.52a 0.94a 1.89a 0.025a 67.2a 44.1a 13.9a 176.4a 197.2a 0.084a
Optimum levels 2.50 0.20 0.25 1.50 0.25 1.00 y y 27.0 5.0 100.0 20.0 0.050
4.50 0.75 1.00 5.50 1.00 4.00 100.0 30.0 500.0 300.0 5.00

“Means (n=6) with the same letter within the same column are not statistically significant at P < 0.05.
YOptimum levels not reported.
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Table 7. Analysis of variance for growth, flowering, leaf nutrient content, soil silica, and physiology of Gerbera jamesonii (L.) ‘Light Eye White Shades’.

Source Height Width Shoot dry weight Stem diameter Mean flower Flower diameter
(cm) (cm) (2) (cm) number (cm)
Si Treatment *z * * ns ns ns
Irrigation ns Hk ns ns ns ns
Si Treatment x Irrigation ns ns ns ns ns ns
Source TN P S K Mg Ca Na Si Zn Cu Fe Mn Ni
) (0 () () () (%) (%) (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)
Si Treatment ns ns ns ns ns ns ns ns ns ns ns ns *x
Irrigation ns ns ns ns * * *x * ns ns ns ns ns
Si Treatment x Irrigation ns ns ns ns ns ns ns ns ns ns ns ns ns
Source Leafresistance  Transpiration  Soil silica
(secrem™) (ppm)
Si Treatment ns ns okl
Irrigation * HorAK *
Si Treatment x Irrigation ns *x *x

INS, *, ** kkxkEE* indicate non-significant or significant at P < 0.05, 0.01, 0.001, 0.0001, respectively.
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Table 8. Soil Si and transpiration of Gerbera jamesonii (L.) ‘Festival Light Eye White Shades’ affected by interaction of Si treatment with irrigation.

Well-watered

Water-stressed

(10 cb) (20 cb)
Source Rate Soil Si Soil Si Transpiration
(g/pot) (ppm) (ppm)
Control 0 43.6bc” 32.7cd 7.3abc
DE Top-dressed 20 41.3c 30.4d 8.2ab
40 45.5bc 35.8cd 8.5ab
60 43.0bc 48.2b 8.5ab
80 47.2bc 47.6b 8.7a
DE Incorporated 50 42.3c 41.5bc 6.9bc
100 50.4bc 59.5a 6.1c
150 52.1ab 59.4a 7.0bc
200 56.9a 45.3b 5.8¢c
Metro Mix w/Si 43.6bc 36.3cd 7.2abc

“Means (n=6) with the same letter within the same column are not statistically significant at P <0.05.
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Table 9. Growth and flowering characteristics of Gerbera jamesonii (L.) ‘Festival Light Eye White Shades’ affected by Si treatment averaged across
irrigation.

Source Rate Height Width Shoot dry weight Stem diameter Mean flower Flower
(g/pot) (cm) (cm) (2) (cm) number diameter
(cm)
Control 0 8.9b” 20.8b 3.9¢c 0.9a 0.4a 0.6a
DE Top-dressed 20 11.1b 21.7ab 5.9bc 1.2a l.1a 2.1a
40 11.2b 22.5ab 4.9bc 0.7a 0.5a l.1a
60 10.4b 22.4ab 5.4bc 0.6a 0.3a 0.2a
80 11.8ab 20.0b 5.9bc 0.3a 0.8a 1.2a
DE Incorporated 50 12.1ab 21.6ab 5.7bc 1.3a 0.6a 1.0a
100 15.1a 25.2a 8.6a 1.5a 1.2a 2.8a
150 15.3a 24.9a 7.2ab 1.5a 1.0a 2.1a
200 10.8b 23.1ab 5.0bc 1.5a 1.0a 1.6a
Metro Mix w/Si 10.8b 19.5b 4.9bc 0.8a 0.8a 0.6a

“Means (n=6) with the same letter within the same column are not statistically significant at P <0.05.
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Table 10. Leaf nutrient content of Gerbera jamesonii (L.) ‘Festival Light Eye White Shades’ affected by Si treatment averaged across irrigation.

Source Rate P S K Mg Ca Na Si Zn Cu Fe Mn Ni
(g/pot) (%) (%) (%) (%) (%) (%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
Control 0 0.26a* 0.40a 2.63a 0.62a 1.45a 0.07a 107.6a 46.6a 24 8a 591.1a 145.4a 2.29a
DE Top-dressed 20 0.31a 0.48a 3.18a 0.66a 1.55a 0.08a 253.4a 56.6a 31.5a 392.1a 129.8a 0.128b
40 0.28a 0.39a 3.30a 0.62a 1.48a 0.07a 185.2a 52.8a 20.9a 235.6a 129.2a 0.002b

60 0.46a 1.01a 3.06a 0.77a 2.12a 0.16a 308.0a 84.1a 133.8a 390.6a 156.9a 0.191b
80 0.54a 1.03a 3.31a 0.79a 2.02a 0.14a 264.7a 115.2a 171.8a 566.7a 190.8a 0.066b

DE Incorporated 50 0.29a 0.42a 3.10a 0.73a 1.71a 0.07a 223.7a 57.9a 14.4a 649.9a 165.3a 2.12a
100 0.27a 0.38a 3.06a 0.62a 1.42a 0.12a 263.2a 51.8a 20.3a 736.4a 161.9a 2.23a
150 0.26a 0.32a 3.03a 0.55a 1.26a 0.07a 172.1a 43.9a 11.6a 305.9a 161.8a 0.103b
200 0.26a 0.31a 2.97a 0.56a 1.33a 0.06a 163.9a 43.6a 10.5a 291.1a 219.1a 0.131b
Metro Mix w/Si 0.37a 0.62a 3.10a 0.70a 1.88a 0.08a 308.1a 79.2a 67.9a 742.7a 198.8a 1.48ab
Optimum levels 0.20 0.25 1.50 0.25 1.00 y y 27.0 5.0 100.0 20.0 0.05
0.75 1.00 5.50 1.00 4.00 100.0 30.0 500.0 300.0 5.0

“Means (n=6) with the same letter within the same column are not statistically significant at P < 0.05.
YOptimum levels not reported.
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Table 11. Growth and flowering characteristics of Gerbera jamesonii (L.) ‘Festival Light Eye White Shades’ affected by irrigation averaged across Si treatments.

Source Rate Height Width Shoot dry weight
(cb) (cm) (cm) (&)

Well-watered 10 12.3a* 23.6a 6.2a

Water-stressed 20 11.2a 20.8b 5.3a

Stem diameter  Mean flower  Flower diameter

(cm) number (cm)
1.1a 0.9a 1.4a
0.9a 0.6a 1.1a

“Means (n=6) with the same letter within the same column are not statistically significant at P < 0.05.

81



Table 12. Leaf nutrient content of Gerbera jamesonii (L.) ‘Festival Light Eye White Shades’ affected by irrigation averaged across Si treatments.

Source Rate P S K Mg Ca Na Si Zn Cu Fe Mn Ni
(cb) (%) (%) (%) (%) (%) (%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
Well-watered 10 0.27a* 0.4la 3.01b 0.61a 1.45b 0.068b 184.2a 51.5a 26.1a 402.0a 154.8b 0.67a
Water-stressed 20 0.24a 0.66a 3.14a 0.72a 1.79a 0.117a 265.6a 74.8a 75.4a 578.4a 177.1a 1.07a
Optimum levels 0.20 0.25 1.50 0.25 1.00 y y 27.0 5.0 100.0 20.0 0.05
0.75 1.00 5.50 1.00 4.00 100.0 30.0 500.0 300.0 5.0

“Means (n=6) with the same letter within the same column are not statistically significant at P < 0.05.
YOptimum levels not reported.
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Table 13. Analysis of variance for growth, flowering, leaf nutrient content, soil silica, and physiology of Rudbeckia hirta (L.) ‘Denver Daisy’.
Source Height Width Shoot dry weight Stem diameter Mean flower Flower diameter
(cm) (cm) (2) (cm) number (cm)
Si Treatment *z * ns ns ns ok
Irrigation kok skokoksk skskoksk skokok skokoksk skskoksk
Si Treatment x Irrigation ns ns ns ns ns ns
Source TN P S K Mg Ca Na Si Zn Cu Fe Mn Ni
) (%) (B (%) () (%) (%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
Sl Treatment skskoskosk skskesksk skksk skkek skkek sk ns skskoksk ns ns * skokokosk ns
Irrigation ns ns Rk opg kR ke g ek ns ok ns * ns
Si Treatment x Irrigation ns ns ns ns ns ns ns oo ns ns ns ns ns
Source Leaf resistance Transpiration Soil silica
(sec-cm™) (ppm)
Si Treatment Hokokk ns ootk
Irrigation skskoksk skokoskosk skskoksk
Si Treatment x Irrigation ookl ns ns

INS, *, ** kkx kEE* indicate non-significant or significant at P < 0.05, 0.01, 0.001, 0.0001, respectively.
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Table 14. Soil Si and transpiration of Rudbeckia hirta (L.) ‘Denver Daisy’ affected by interaction of Si treatment with irrigation.

Well-watered Water-stressed
(10 cb) (20 cb)
Source Rate Leaf Si Leaf Si Leaf resistance
(g/pot) (ppm) (ppm) (seccem™)
Control 0 276.6bc? 345.7bc 11.2¢
DE Top-dressed 20 281.5abc 373.4bc 6.5ef
40 260.2bc 357.8bc 6.4ef
60 313.8abc 412.0ab 5.3ef
80 261.9bc 321.3bcd 4.9f
DE Incorporated 50 292 .3abc 346.3bc 7.de
100 377.4ab 261.1cd 9.8¢cd
150 196.4cd 208.9d 18.5a
200 91.4c 201.6d 14.8b
Metro Mix w/Si 406.5a 522.4a 6.6¢ef

“Means (n=6) with the same letter within the same column are not statistically significant at P <0.05.

84



Table 15. Growth and flowering characteristics of Rudbeckia hirta (L.) ‘Denver Daisy’ affected by Si treatment averaged across irrigation.

Source Rate Height Width Shoot dry weight Stem diameter Mean flower Flower diameter
(g/pot) (cm) (cm) (2) (cm) number (cm)
Control 0 30.8bc* 23.0bc 12.8a 4.3a 6.4a 6.2b
DE Top-dressed 20 31.1bc 26.9ab 17.6a 4.4a 10.5a 5.4bc
40 30.9bc 26.9ab 18.1a 3.9a 9.8a 5.5bc
60 34.8abc 27.2ab 23.4a 4.7a 11.1a 5.9bc
80 30.9bc 28.2a 24.2a 4.5a 9.7a 6.4b
DE Incorporated 50 32.2bc 26.1abc 18.2a 4.2a 9.6a 6.5ab
100 46.4a 27.8a 19.9a 3.8a 8.9a 5.9bc
150 25.3¢c 21.9¢ 15.5a 4.0a 7.0a 4.9bc
200 27.4bc 23.1bc 16.1a 3.7a 8.5a 4.5¢
Metro Mix w/Si 39.2ab 29.2a 20.2a 4.3a 11.1a 8.1a

“Means (n=6) with the same letter within the same column are not statistically significant at P < 0.05.
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Table 16. Leaf nutrient content of Rudbeckia hirta (L.) ‘Denver Daisy’ affected by Si treatment averaged across irrigation.

Source Rate TN P S K Mg Ca Na Zn Cu Fe Mn Ni
(g/pot) (%) (%) (%) (%) (%) (%) () (ppm)  (ppm) (ppm)  (ppm)  (ppm)
Control 0 2.40de” 0.20e 0.41cd  3.09d 1.21a 3.35b 0.02a  39.7a 6.03de 979¢c  137.6bc  0.002a
DE Top-dressed 20 2.79cde  0.22cde 0.49abc  3.31bcd 1.20ab 3.33b 0.02a 40.4a 8.0bcde 130.9bc 131.7bcd 0.002a
40 2.98bc 0.26bcd  0.48abc  3.53bcd 1.10ab 2.89bc  0.02a 42.7a 8.9bcde 134.5bc 114.4d 0.002a
60 2.94bc 0.23cde 0.52ab  3.25cd 1.13ab 3.28bc  0.04a 39.8a 8.6abcd 132.6bc 125.7cd  0.003a
80 2.87cd 0.21de 0.44bcd 3.29bcd 1.12ab 3.17bc  0.04a  33.1a 7.5cde 91.7¢c  129.5¢cd  0.462a
DE Incorporated 50 2.82cde  0.24bcde 0.55a 3.27bcd 1.15ab 3.27bc  0.02a 44.2a  10.9ab 209.2ab 137.1bc  0.533a
100 2.96bc 0.27abc  0.53ab  3.74ab 1.12ab 3.26bc  0.03a 36.8a 10.0abc  168.8bc 152.1b 0.308a
150 3.38ab 0.28ab 0.48abc  3.72abc 1.09bc 3.26bc  0.03a 37.6a 7.6¢cde 139.5bc  208.7a 0.145a
200 3.51a 0.31a 0.50abc  4.13a  0.97cd 2.79c¢ 0.03a 43.6a 1l4a 285.2a 203.8a 0.575a
Metro Mix w/Si 2.37e 0.21de 0.34d 3.14d  096d 4.0la 0.0la 37.1a S.1e 105.9bc  140.3bc  0.002a
Optimum levels 2.50 0.20 0.25 1.50 0.25 1.00 y 27.0 5.0 100.0 20.0 0.050
4.50 0.75 1.00 5.50 1.00 4.00 100.0 30.0 500.0 300.0 5.00

“Means (n=6) with the same letter within the same column are not statistically significant at P < 0.05.
YOptimum levels not reported.
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Table 17. Growth and flowering characteristics of Rudbeckia hirta (L.) ‘Denver Daisy’ affected by irrigation averaged across Si treatments.

Source Rate Height Width Shoot dry weight Stem diameter Mean flower
(cb) (cm) (cm) (2) (cm) number

Well-watered 10 36.8a” 29.9a 25.0a 4.6a 12.6a

Water-stressed 20 22.0b 24.2b 11.2b 3.7b 4.8b

Flower diameter
(cm)

7.9a
4.1b

“Means (n=6) with the same letter within the same column are not statistically significant at P < 0.05.
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Table 18. Leaf nutrient content of Rudbeckia hirta (L.) ‘Denver Daisy’ affected by irrigation averaged across Si treatments.

Source Rate TN P S K Mg Ca Na Zn Cu Fe Mn Ni
(cb) (%) (%) (%) (%) (%) (%) (%) (ppm) (ppm) (ppm) (ppm) (ppm)
Well-watered 10 2.88a* 0.25a 0.43b 3.48a 1.03b 2.82b 0.029a 37.5a 8.3a 140.4a 141.9b 0.24a
Water-stressed 20 2.92a 0.24a 0.52a 3.42a 1.18a 3.70a 0.223a 41.5a 8.4a 158.8a 154.3a 0.17a
Optimum levels 2.50 0.20 0.25 1.50 0.25 1.00 y 27.0 5.0 100.0 20.0 0.05
4.50 0.75 1.00 5.50 1.00 4.00 100.0 30.0 500.0 300.0 5.00

“Means (n=6) with the same letter within the same column are not statistically significant at P < 0.05.
YOptimum levels not reported.
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Table 19. Soil Si and transpiration of Rudbeckia hirta (L.) ‘Denver Daisy’ affected by irrigation averaged across Si treatments.

Source Rate Soil Si Transpiration
(cb) (ppm)

Well-watered 10 35.8b? 4.56b

Water-stressed 20 47.7a 8.10a

“Means (n=6) with the same letter within the same column are not statistically significant at P <0.05.
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CHAPTER 1V

EFFECT OF LED LIGHTING ON GROWTH AND FLOWERING OF CUT FLOWERS

Abstract

Use of light emitting diodes (LED) technology is beginning to replace traditional
lighting in greenhouses. This research focused on the effects of LED lighting and GA3
supplementation on growth and flowering of cut flowers. Dahlia spp. (Cav.) ‘Karma
Serena’ and ‘Karma Maarten Zwaan’, Liatris spicata (Gaertn. ex Schreb) ‘Kobold’, and
Lilium asiatic (L.) ‘Yellow Cocotte’ and ‘Montreux’ were subjected to varying light
treatments including LED flowering lamps and halogen lamps. The flowering lamps
emitted a combination of red + far-red + white and red + white. Photoperiod was
extended by operating all lamps for 7 hours in the night and the experiment ran from late
fall to early spring. Results varied within species and cultivars in response to light and
GA;. Light was the most effective on growth and flowering characteristics especially in
liatris and both cultivars of dahlia. In liatris, flowering occurred 2 weeks early under sole
LED lighting than under other light treatments and no light. Although flowering occurred
earliest in both cultivars of dahlias under no light, plants under light treatments had
greater height, width, and shoot weight. There were significant effects of GA3 on growth
and flowering characteristics in dahlia cultivars and lily cultivars such as greater height,

width, and flower number. A significant interaction of light with GA3 influenced height,
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width, mean flower number, flower diameter, days to anthesis, and flowering percentage

in dahlia and lily cultivars.

Introduction

Light is the single most important variable with respect to plant growth and
development and is often the most limiting factor (Nelson, 2012). Therefore, using
artificial lighting (AL) or grow lights (GL) in commercial greenhouses is beneficial for
plants and growers. Altering photoperiod and increasing light levels are reasons for using
these lights. The different lighting sources that growers can use include incandescent
(INC) lamps, fluorescent lamps (FL), and high intensity discharge (HID) lamps. Light
emitting diodes (LED) are fourth generation lighting sources and are the emerging
technology in horticulture (Morrow, 2008). Before choosing a lighting device, several
factors such as efficiency, total energy emissions, life expectancy, and costs are
considered. In addition, it is important to know the three most important light factors that
affect plant growth which are light quality, light quantity, and light duration (Nelson,
2012). LEDs have proven to be advantageous in all these factors when compared to the

traditional lighting sources (Bourget, 2008).

Energy inputs range from 10 to 30% of total production costs for the greenhouse
industry (Bessho and Shimizu, 2012). Thus, any new lighting technology that
significantly reduces consumption of electricity for crop lighting while maintaining or
improving crop value is of great interest to growers. Light sources such as fluorescent,
metal halide, high pressure sodium, and incandescent lamps are generally used for plant

growth under greenhouse conditions and have been around for half a century (Hahn et al.,
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2000). However, these light sources have disadvantages of having less suitable
wavelength spectra for plant growth, limited lifetime of operation, require high amounts

of electricity, and produce heat that can burn plant foliage (Singh et al., 2014).

In the 1990s, light-emitting diodes (LEDs) were investigated for the first time for
plant growth, and were found to be efficient alternatives to traditional lamps used in
lighting systems (Briggs and Christie, 2002). Compared with conventional lamps, LEDs
are smaller in size and weight, have a long lifetime, low heat emissions, wavelength
specificity, and much lower energy consumption (Massa et al., 2008). In addition to
changes in plant productivity, increased suppression of pathogens in tomato and
cucumber have been noted (Kim et al., 2005). Physiological and morphological effects of
LEDs have been studied on several plants including potato (Solanum tuberosum L.),
wheat (Triticum aestivum L.), lily (Lilium candidum L.), lettuce (Lactuca sativa L.),
spinach (Spinacia oleracea L.), strawberry (Fragaria x ananassa Duchesne), marigold
(Tagetes erecta L.), chrysanthemum (Chrysanthemum indicum L.), and salvia (Salvia

divinorum Epling & Jativa) using various LED products (Jeong et al., 2012).

Light-emitting diodes have the potential to shorten the crop time, reduce costs,
and add new plants for specialty cut flower production during the winter (Massa, 2008).
This light source may also induce greater flowering for winter crops, however research is
limited to propagation, vegetables, and seedling production. Commercial LED fixtures
for photoperiodic lighting have been recently developed for flowering applications and
are alternatives to INC lamps. Craig and Runkle (2013) quantified how red to far red ratio
of photoperiodic lighting from LEDs influenced flowering and extension growth of short-

day plants. Investigation on the efficacy of commercial LED products developed for
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flowering applications on long-day plants (Kohyma et al., 2014). A coordinated grower
trial conducted with five commercial greenhouse growers to investigate the efficacy of
red + white + far red LEDs to regulate flowering of daylength-sensitive ornamental crops

(Meng and Runkle, 2014).

Gibberellic acid is a hormone found in plants that is produced in low amounts.
Gibberellic acid is a very influential hormone that can control plant development,
promote growth and elongate cells. There are studies that show valid interactions
between light and GA3 which mostly affects germination of seedlings (Dissanayake et al.,
2010; Toyomasue et al.,1993). Flower initiation can also be affected (Lona and Bocchi,
1956; Lockhart, 1956), though more research needs to be conducted to further assess this
regulation. Only in certain plant species, can GA3 act as a mobile signal transmitting
photoperiodic flowering stimulus (Kobayashi and Weigel, 2007; Simpson and Dean,
2002). The objectives of this study were to evaluate the use of LED flowering lamps,
traditional lamps, and a combination of both as well as the plant hormone GA3 on Lilium
asiatic L. (‘Yellow Cocotte’ and ‘Montreux’), Dahlia spp. Cav. (‘Karma Serena’ and

‘Karma Maarten Zwaan’), and Liatris spicata Gaertn. ex Schreb (‘Kobold”).

Materials and Methods

On 15 September 2015, bulbs of Lilium asiatic (L.) ‘Yellow Cocotte’ and
‘Montreux’ were received and graded at 12 to 14 and 16 to 19 cm, respectively. Cuttings
of Dahlia spp. (Cav.) ‘Karma Serena’ and ‘Karma Maarten Zwaan’, which are short-day
plants arrived 14 October 2015. Liatris spicata (Gaertn. ex Schreb) ‘Kobold’ corms,

which are long-day plants arrived 12 November 2015 and were graded at 8 to 10 cm.
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Plant material were obtained from Gloeckner & Company Incorporated (Harrison, NY).
Before transplanting, both cultivars of dahlia were placed on a mist bench and ‘Yellow
Cocotte’ and ‘Montreux’ were placed in a cooler at 4°C upon arrival for 1 month. Liatris
were not placed in the cooler and were immediately treated. All bulbs and corms were
soaked in aqueous solution of different gibberellic acid (GA3) (Plant Hormones LLC, St.
Augustine, WA) concentrations for 30 minutes (min). Dahlia leaves were sprayed to
glisten once with different rates of GAs solution after potting. Tween-20 was also added
in the GA3 solution as a surfactant at a concentration of 0.01%. Rates for liatris were 50,
170, and 250 ppm with 12 pots per rate. Asiatic lily “Yellow Cocotte’ had rates of 40,
140, and 340 ppm with 12 pots per rate, while ‘Montreux’ had rates of 20, 50, 70, 100,
120, 150, 170, 200, and 250 ppm with five pots per rate. Dahlia ‘Karma Serena’ rates
were 50, 100, and 150 ppm with 10 pots per rate and ‘Maarten de Zwaan’ had a rate of
150 ppm with seven pots. All species and cultivars included a control rate in which water
was used. Standard 15-centimeter pots filled with Metro-Mix 360 media (Sun Gro
Horticulture, Bellevue, WA) were used for all plant material with a single plant per pot.
All were grown at the Department of Horticulture and L.A. research greenhouses in
Stillwater, OK. For each greenhouse, temperatures were 23°C during the day and 18°C
during night with a photosynthetic photon flux density (PPFD) between 600 to 1200

pmol-m?s,

Four light treatments were established in four different but similar greenhouses.
Philips GreenPowered LED Flowering lamps (Amsterdam, Netherlands) and standard
halogen bulbs were used and installed 0.914 meters above bench area and 0.914 meters

apart. In the first light treatment, there were 19 14-W LED lamps with a spectrum of red
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+ white + far-red. The second light treatment had 11 15-W LED lamps with a spectrum
of red + white and 12 40-W halogen bulbs—Ilamps and bulbs were installed alternatively.
The third light treatment included 23 40-W halogen bulbs and the fourth treatment did
not have lights (control). Plant species and GAj; rates were randomized within light

treatments.

Plants were supplemented 7 hours of light after sunset. Before daylight savings
time (08 November 2015), lighting was delivered above the bench areas from 1900 to
0200 HR. After daylight savings time, lighting was delivered between 1700 to 2400 HR.
Lights were on during this time frame up until the end of the study. Standard timers were
used to switch the lights on and off and standard light strings were used in which bulbs

were installed.

A quantum sensor (LI-250A; LI-COR Biosciences, Lincoln, NE) measured
photon output of the LED lamps and halogen bulbs. In each greenhouse where light was
supplemented, measurements were randomly recorded across the bench area and were
taken at pot level. The mean photon outputs were 0.030, 0.020, and 0.030 umol-s™'-m
for LED emitting red + white + far-red, LED emitting red + white, and halogen,
respectively. According to Meng and Runkle (2016), relative spectral distribution

(wavelength) of the LED flowering lamps is between 600 and 800 nm.

Data collected from plants included date of first flower (anthesis), flower
diameter, number of flowers, plant height (from media surface to tallest flower or bud),
width (average of two perpendicular measurements), and shoot dry weight. The date of

first flower was only recorded when petals were fully opened. A digital caliper (Tresna
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Instrument., LTD, Guangxi Province, China) measured flower diameter. Shoot weight
was determined by cutting the stems at media level and then dried for 3 days at 54.4°C.
Data was analyzed with SAS version 9.4 software (SAS Institute, Cary, NC). Analysis of
variance methods (PROC MIXED) were used with a two-factor factorial arrangement
with light and GA3 as the factors of interest. Separate analyses were conducted for each
plant species. When interactions of light with GA3 were significant, simple effects were
reported. Mean separations were determined using a DIFF option in an LSMEANS

statement and a SLICE option (when appropriate) and with a 0.05 level of significance.

Results

Liatris spicata (Gaertn. Ex Schreb) ‘Kobold’

A main effect of light was seen on all growth characteristics as well as mean
flower number and days to anthesis (Table 1). Plants under LED and halogen flowered
the earliest (Table 2). Average number of terminal spikes was greatest under the control
and halogen lighting. However, the control yielded the greatest result. Plant height was
greatest under LED and LED + halogen lighting compared to plants under halogen and
the control. Plant width was greater under LED and LED + halogen. However, LED was
greatest. Shoot weight was greatest under halogen compared to the control, LED, and

LED + halogen.

Gibberellic acid rates had a significant effect on plant width, shoot weight, and
mean flower number (Table 1). For width, plants receiving 0, 50, and 170 ppm GA3 had
greater widths (Table 3). Shoot weight was greatest under 0, 50, and 250 ppm GA3. For

width and shoot dry weight, the control rate yielded the greatest results compared to the
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rest. Average number of terminal spikes was greatest at 0, 170, and 250 ppm GA3, but the

latter rate was greatest.

Dabhlia spp. (Cav.) ‘Karma Serena’

The interaction of light with GA3 had a significant effect on mean flower number
and flowering percentage (Table 4). Within the 0 ppm GAj; rate, plants under halogen had
the greatest flower number compared to the control, LED, and LED + halogen (Table 5).
Flower number within the 50 ppm GA3 rate was greatest for plants under halogen and
LED + halogen. Within the 100 ppm GAj3 treatment, halogen, LED + halogen, and LED
had the greatest flower number. However, halogen and LED + halogen yielded the
greatest results. Flowering percentage within the 50 and 150 ppm GA3 rates was greatest
under the control, halogen, and LED + halogen. Within the 100 ppm GAj3 treatment,

flowering was greatest under the control, LED, and halogen lighting.

Light had a significant effect on height, width, shoot dry weight, and days to
anthesis (Table 4). Time to flower was longest under halogen and LED + halogen (Table
8). Height was greatest under halogen and LED + halogen compared to control and LED.
Plant width and shoot dry weight was greatest under LED + halogen compared to the

control, LED and halogen.

Only height and flower diameter were significantly affected by GA3 (Table 4).
Gibberellic acid rates at 50, 100, and 150 ppm produced the tallest plants compared to the
0 ppm. The 0, 50, and 150 ppm GAj rates resulted in the greatest flower diameter.

However, the control yielded the greatest result.
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Dabhlia spp. (Cav.) ‘Karma Maarten Zwaan’

A significant interaction of light with GA3 was seen on height (Table 4). Within
the 0 GAj3 rate, height was greatest under LED compared to the control, halogen, and
LED + halogen (Table 7). Within the 150 ppm GA3 rate, plant height was greatest under

halogen and LED + halogen. However, halogen yielded the greatest result.

A significant effect of light was seen on width, shoot dry weight, mean flower
number, and days to anthesis (Table 4). Time to flower was longest under LED and LED
+ halogen (Table 8). However, LED + halogen was the greatest. Flower number was
greatest under halogen and LED + halogen. However, halogen yielded the greatest result.
Plant width was greatest under LED and LED + halogen, but the latter light treatment
yielded the greatest result. Shoot dry weight was the greatest under LED, halogen, and

LED + halogen.

The main effect of GA3 was seen on days to anthesis and flowering percentage
(Table 4). Time to flower was longest under 0 GA3 rate compared to the 150 ppm GA3
rate (Table 9). Flowering percentage was greatest also under the 0 GA3 rate compared to

the 150 ppm GA;j rate.

Lilium asiatic (L.) ‘Yellow Cocotte’ and ‘Montreux’

No significant effects were seen by light or GA3 as main effects on growth and
flowering characteristics of ‘Yellow Cocotte’ cultivar, though an interaction of light with
GA3 was seen on flower diameter and flowering percentage (Table 10). Within the 0 ppm
GAs rate, LED and LED + halogen had the greatest flower diameter (Table 11). Plants
within the 40 ppm GA3 rate had the greatest flower diameter under LED + halogen.
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Within 340 ppm GAj rate, plants under LED and LED + halogen had the greatest flower
diameters. However, LED + halogen yielded the greatest result. Flowering percentage
was greatest under LED and halogen within the 0 ppm GA3 rate (Table 12). However,
LED was greatest. Within the 40 ppm GAj; rate, plants under halogen and LED + halogen
had the greatest flowering percentage. Within the 140 ppm GAj rate, plants under LED
and LED + halogen had the greatest flowering percentage, with the former light treatment
yielding the greatest result. Within the 340 ppm GA3 rate, plants under LED + halogen

had the greatest flowering percentage.

For ‘Montreux’, an interaction of light with GA3 was seen for height, width, mean
flower number, and anthesis (Table 10). For height, plants within the 150 and 170 ppm
GA; rates were tallest under halogen and LED + halogen (Table 13). However, LED +
halogen yielded the greatest result under both GAj3 rates. Plants within the 0 ppm GA3
rate under LED and halogen had the greatest widths (Table 14). However, LED was
greatest. Mean flower number was greatest within the 0 ppm GA3 rate under halogen and
LED + halogen (Table 15). However, halogen yielded the greatest result. Within the 20
ppm GA3 rate, plants under the control, halogen, and LED + halogen produced the most
flowers. However, the control and halogen were the greatest. Within the 50 ppm GA3
rate, plants under the control, LED, and halogen had the greatest flower number, but the
control yielded the greatest result. Within the 120 ppm GA3 rate, plants under the control
and halogen produced the most flowers compared to plants under LED. Within the 150

ppm GA; rate, time to flower was shortest under halogen and LED + halogen (Table 16).

No significant effect of light was seen on any growth or flower characteristics

(Table 17). A significant effect was seen for GA3 on flower diameter and flowering
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percentage (Table 10). Flower diameter was greatest when plants were supplemented
GA; at 0, 20, 150, and 170 ppm (Table 18). Flowering percentage was greatest under 20,
50, 120, and 170 ppm. However, 20 ppm GA3 yielded the greatest result for both flower

diameter and flowering percentage.

Discussion

The use of sole LED, LED + halogen, and sole halogen lamps emitting red (R)
and far-red (FR) light effectively promoted growth and flowering in liatris, dahlia
(‘Karma Serena’ and ‘Karma Maarten Zwaan’), and Asiatic lily (‘Yellow Cocotte’ and
‘Montreux’). Red light is most effective at inhibiting flowering in short-day plants (SDP).
This was true for ‘Karma Serena’ and ‘Karma Maarten Zwaan’ under LED, halogen, and
LED + halogen (Table 8). Craig and Runkle (2013) reported that flowering in SDPs such
as chrysanthemum (Chrysanthemum indicum L.) and dahlia was delayed under
incandescent and LED lights. Inhibition of flowering by R light was also seen in
cocklebur (Xanthium strumarium L.), chrysanthemum, and soybean (Glycine max L.
Merr.) (Borthwick et al., 1952; Cathey and Borthwick, 1957; Downs, 1958). Delaying
flowering in SDPs such as dahlia especially during the winter months is ideal. During this
season, the days are shorter and the nights are longer. Therefore, SDPs will want to spend
photosynthates in the production of reproductive organs, which will result in lack of
growth and development of vegetative parts. Extension growth and greater biomass is
promoted under R light and this was seen for liatris (Table 2) and ‘Karma Serena’ under
LED flowering lamps and halogen lamps (Table 8). Miyashita et al., (1995) noted that
red light from LEDs increased shoot length of potato (Solanum tuberosum L.) plantlets.

Height was also greatest under either LED flowering lamps emitting R + W or R + W +
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FR as well as incandescent lamps in ageratum (4Ageratum houstonianum L.), calibrachoa
(Calibrachoa x hybrida Cerv.), dianthus, and petunia. Height and shoot dry weight was
greatest for salvia (Salvia splendens Sellow ex J.A. Schultes) and tomato (Solanum
lyopersicum L.) under LEDs emitting red (Wollaeger and Runkle, 2014). Meng and
Runkle (2014) reported that stem length of verbena (Verbena x hybrid L.) increased
under incandescent and LED flowering lamps compared to control. Dry weight and plant
width were increased in poinsettia (Euphorbia pulcherrima Willd. ex Klotzsch) when
grown under supplementary LED lighting emitting R and B (Bergstrand et al., 2015). An
increase in all these growth parameters are necessary cut flower qualities. Far-red + R are
most effective for promoting flowering in long-day plants (LDP). This was true for liatris
that were under sole LED lighting emitting R + W + FR (Table 2). Meng and Runkle
(2014) have also reported that photoperiodic lighting with a mixture of R and FR light
from LEDs and incandescent lamps was most effective at promoting flowering in LDPs.
Flowering of Gypsophila paniculata (L.) ‘Baby’s Breath’ and Eustoma grandiflorum
(Salisb.) ‘Lisianthus’ was also promoted under a combination of R and FR light
(Nishidate et al., 2012; Yamada et al., 2009). The presence of FR in LED lamps
shortened the flowering time and increased number of flowers in petunia (Petunia x
hybrida Juss.). Hastening of flowering while maintaining plant quality will decrease the
costs of labor and inputs as well as assure an early market season. Neither R nor FR light
from the lamps influenced flowering of ‘Yellow Cocotte’ and ‘Montreux’. Bieleski et al.
(2000) also reported that the use of R light in a night-break setting was not effective for

increasing anthesis or flower bud opening in multiple cultivars of Asiatic lilies. It was
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also noted that flowering in lilies was more influenced by variations in day-length and not

during a night break with supplemental lighting.

Gibberellic acid (GA3) effectively promoted growth and flowering characteristics
in liatris, ‘Karma Serena’, ‘Karma Maarten Zwaan’, and ‘Montreux’. Research conducted
has noted the presence and influence of GA3 in growing tissues, shoot apices, leaves, and
flowers (Jones and Phillips, 1966). Cell division and expansion are stimulated by GA3
especially in response to light or darkness (Feng et al., 2008). Flower initiation,
development, sex expression, and number are also regulated by GA3 (Griffiths, 2006).
Bulyalert (1998) reported that exogenous applications of GA3 increased width and height
as well as flowering percentage in liatris. The significant effect of GA3 on flower
diameter and height in three cultivars of dahlia was not analyzed, but an increase in these
features was observed and reported (Pudelska and Podgajna, 2013). Flower diameter was
also increased in Asiatic hybrid cut lily flowers when treated with GA3 and a standard
preservative (Rabiza-Swider et al., 2015). The following studies have reported similar

results in other cut flowers.

Application of GA3 promoted shoot elongation in different cultivars of
chrysanthemums (Schimdt et al., 2003; Zalewska et al., 2008). Foliar application of GA3
increased stem length in a variety of cut flower cultivars that were field-grown
(Bergmann et al., 2016). Bultynck and Lambers (2004) reported that the addition of
exogenous GAj3 promoted leaf elongation and increased shoot biomass in Aegilops
caudata (L.) and Aegilops tauschii (L.). Pobudkiewicz and Nowak (1992) found that
flowering size of gerbera (Gerbera jamesonni Hooker f.) was enhanced when GA3 was

applied at 200 ppm. Mean flower number was increased in philodendron (Philodendron
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Schott) ‘Black Cardinal’ as GA3 concentrations increased (Chen et al., 2003).
Dobrowolska and Janicka (2007) also reported that application of GA3 at concentration of

10 mg-dm™ increased flower number in Impatiens hawkeri (L.) ‘Riviera Pink’.

Interaction of light with GAj3 effectively promoted growth and flowering
characteristics of ‘Karma Serena’, ‘Karma Maarten Zwaan’, ‘Montreux’ and ‘Yellow
Cocotte’. Yamaguchi and Kamiya (2001) have concluded that light and GA3 are highly
interactive and are involved in the same pathways that regulate germination and
dormancy. Light and GAj3 are likely interacting within similar pathways regulating
growth and flowering. A study reported that cell expansion was promoted in the leaves of
dwarf bean (Phaseolus vulgaris L.) and stem elongation was increased in garden peas
(Pisum sativa L.) when exposed to FR light and saturated with GA3 (Vince, 1967). In
Kentucky bluegrass (Poa pratensis L.), shoot elongation was increased when endogenous
levels of GAj3 interacted with light (Tan and Qian, 2003). Williams and Morgan (1979)
noted that the exposure of GA3 to FR light hastened flowering in sorghum (Sorghum
bicolor L.). White et al. (1990) reported that although greenhouse potted plants Aquilegia
xhybrida (L.) ‘Bluebird’ and ‘Robin’ all flowered when treated with 100 mg-L!
exogenous GA3, there was no synergistic effect with the supplemental lights emitting R
and FR. An increase in flower number was also observed but not due to an interaction of
light with GA3z. Another study reported that GA3 should be applied to plants before cold
temperature exposure and light treatments should be applied after cold temperature
exposure to improve floral development. There could be even more of an effect between
light and GA3 on lily bulbs based on exposure to cold temperatures before or after.

‘Yellow Cocotte’ and ‘Montreux’ were the only plants exposed to a cold treatment before
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applications of GA3 and light. Possibly, the cold treatment contributed to the lack of
growth and flowering rates in both cultivars in which we applied GA3 after cold
exposure. If there is a relationship among light, GA3, and cold temperature, additional
research needs to be conducted with more cut flowers to further assess the hypothesized

reaction to these three factors.

Conclusion

LED flowering lamps are equally effective as incandescent/halogen lamps at
regulating growth and flowering. Although the LED flowering lamps and halogen bulbs
have similar light intensity, energy consumption from LEDs was 14 to 15 watts per lamp
whereas incandescent/halogen used about 75 watts per bulb. A 46 to 50 percent decrease
in energy consumption occurred which is valuable for growers concerned with energy
costs. Not only was there improvement in energy use, but quality of plants was
maintained and improved with the use of LED flowering lamps. Results of this study and
that of many others show that GA3 plays an important role in flowering stimulation as
well as plant growth. In addition, light and GA3 have a synergistic relationship with each
other regarding plant and flower development of plants. More research needs to be
conducted using and evaluating an array of LED flowering lamps considering costs and

other factors along with the use of the plant hormone GA3 on a variety of plants.
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Appendix

Table 1. Analysis of variance for growth and flowering characteristics of Liatris spicata (Gaertn. ex Schreb) ‘Kobold’.
Source Height Width Shoot dry weight ~ Number of terminal Days to Flowering
(cm) (cm) (2) spikes anthesis %
nght skskskskz skokoskosk skokoskosk skskoskosk skskoskosk ns
GA3 ns ok * * ns ns
Light x GA3 ns ns ns ns ns ns
NS, *, & Hkx ks indicate non-significant or significant at P < 0.05, 0.01, 0.001, 0.0001, respectively.
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Table 2. Growth and flowering characteristics of Liatris spicata (Gaertn. ex Schreb) ‘Kobold’ affected by light averaged across GAs.

Light Type Height Width Shoot dry weight Number of Days to Flowering
(cm) (cm) (2) terminal spikes anthesis %
Control 47.3b” 35.2¢ 13.9b 3.5a 88a 96a
LED 64.7a 49.4a 17.2b 2.3bc 70b 100a
Halogen 52.1b 40.9bc 22.0a 3.1ab 73b 98a
LED + Halogen 65.9a 44.9ab 16.8b 1.8c 77ab 98a

“Means (n=12) with the same letter within the same column are not statistically significant at P < 0.05.
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Table 3. Growth and flowering characteristics of Liatris spicata (Gaertn. ex Schreb) ‘Kobold’ affected by GA3 averaged across light.

GA; Rate (ppm) Height Width Shoot dry weight Number of terminal Days to Flowering
(cm) (cm) (2) spikes anthesis %
0 59.7a* 47.4a 19.8a 2.4ab 77a 98a
50 59.5a 43.2ab 17.6ab 2.3b 76a 94a
170 54.6a 40.6ab 15.2b 2.6ab 78a 100a
250 56.3a 39.3b 17.3ab 3.5a 76a 100a

“Means (n=12) with the same letter within the same column are not statistically significant at P < 0.05.
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Table 4. Analysis of variance for growth and flowering characteristics of Dahlia spp. (Cav.) ‘Karma Serena’ and ‘Karma Maarten Zwaan’.

Cultivar Source Height Width Shoot dry weight Mean flower  Flower diameter ~ Days to Flowering
(cm) (cm) (2) number (cm) anthesis %
Karma Serena nght skkekskz skeskesksk skeskesksk skskesksk ns skskesksk %
GA3 R ns ns ok * ns ns
Light x GA3 ns ns ns * ns ns *
Karma Maarten Zwaan Light ok oAk oAk * ns *E ns
GA3 ns ns ns ns ns * *
Light x GA3 oAk ns ns ns ns ns ns

NS, *, *# #kx ks indicate non-significant or significant at P < 0.05, 0.01, 0.001, 0.0001, respectively.
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Table 5. Mean flower number of Dahlia spp. (Cav.) ‘Karma Serena’ affected by interaction of light with GAs.

Source 0 50 100 150
Control 3.1¢* 2.4b 2.3b 2.8a
LED 2.2¢ 2.9b 3.1ab 3.1a
Halogen 6.6a 5.4a 4.4a 3.7a
LED + Halogen 5.1b 4.5a 4.4a 2.3a

“Means (n=12) with the same letter within the same column are not statistically significant at P <0.05.
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Table 6. Flowering percent of Dahlia spp. (Cav.) ‘Karma Serena’ affected by interaction of light with GAs.

Source 0 50 100 150
Control 100a* 100a 100a 100a
LED 100a 89b 100a 80b
Halogen 100a 100a 100a 100a
LED + Halogen 100a 100a 80b 100a

“Means (n=12) with the same letter within the same column are not statistically significant at P <0.05.
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Table 7. Height (cm) of Dahlia spp. (Cav.) ‘Karma Maarten Zwaan’ affected by interaction of light with GAs.

Source 0 150
Control 37.8¢* 75.2¢
LED 97.0a 88.4bc
Halogen 83.1b 104.9a
LED + Halogen 81.0b 95.5ab

“Means (n=7) with the same letter within the same column are not statistically significant at P <0.05.
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Table 8. Growth and flowering characteristics of Dahlia spp. (Cav.) ‘Karma Serena’ and ‘Karma Maarten Zwaan’ affected by light averaged across GAs.

Cultivar Light Type Height Width Shoot dry weight Mean flower Flower diameter  Days to Flowering

(cm) (cm) (2) number (cm) anthesis %
Karma Serena Control 58.9b* 32.5¢ 9.1d X 7.1a 46¢ X
LED 67.1b 43.9b 35.0c X 7.1a 61b X
Halogen 95.8a 46.7b 43.6b X 8.5a 74a X
LED + Halogen 85.9a 56.9a 52.9a X 7.9a 80a X

Karma Maarten Zwaan Control X 23.4¢Y 5.7b 2.4b 8.4a 46b 100a

LED X 43.9ab 34.4a 2.3b 8.1a 60ab 92a

Halogen X 34.5bc 32.5a 4.7a 8.7a 57b 100a

LED + Halogen X 55.9a 44.0a 3.4ab 9.1a 82a 93a

“Means (n=12) with the same letter within the same column are not statistically significant at P <0.05.
YMeans (n=7) with the same letter within the same column are not statistically significant at P < 0.05.
X[nteraction was significant for these factors.
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Table 9. Growth and flowering characteristics of Dahlia spp. (Cav.) ‘Karma Serena’ and ‘Karma Maarten Zwaan’ affected by GA3 averaged across light.

Cultivar GAsRate  Height Width Shoot dry weight Mean flower  Flower diameter Days to Flowering
(ppm) (cm) (cm) (2) number (cm) anthesis %
Karma Serena 0 65.0b” 45.5a 30.5a X 8.6a 67a X
50 81.0a 45.7a 35.8a X 7.3ab 62a X
100 81.3a 45.5a 38.5a X 6.8b 64a X
150 80.3a 43.4a 35.7a X 7.8ab 69a X
Karma Maarten Zwaan 0 X 41.1a¥ 27.5a 3.3a 9.4a 69a 100a
150 X 37.6a 30.8a 3.1a 7.8a 54b 92b
“Means (n=12) with the same letter within the same column are not statistically significant at P < 0.05. X

YMeans (n=7) with the same letter within the same column are not statistically significant at P < 0.05.
XInteraction was significant for these factors.
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Table 10. Analysis of variance for growth and flowering characteristics of Lilium asiatic (L.) ‘Yellow Cocotte’ and ‘Montreux’.

Cultivar Source Height Width Shoot dry Mean flower  Flower diameter Days to Flowering
(cm) (cm) weight number (cm) anthesis %
(g)
Yellow Cocotte Light ns” ns ns ns ns ns ns
GA; ns ns ns ns ns ns ns
Light x GA3 ns ns ns ns * ns *
Montreux Light ns ns ns ns ns ns ns
GA; ns ns ns ns ** ns *
Light x GA3 ok Hk ns * ns * ns

INS, *, ** kkxkEE* indicate non-significant or significant at P < 0.05, 0.01, 0.001, 0.0001, respectively.
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Table 11. Flower diameter (cm) of Lilium asiatic (L.) “Yellow Cocotte’ affected by interaction of light with GAs.

Source 0 40 140 340
Control 8.9b” 9.2b 9.7a 9.7b
LED 10.4a 9.8b 10.4a 10.1ab

Halogen 9.8b 9.4b 10.1a 9.5b
LED + Halogen 10.5a 10.7a 10.0a 10.9a

“Means (n=12) with the same letter within the same column are not statistically significant at P < 0.05.
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Table 12. Flowering percent of Lilium asiatic (L.) ‘Yellow Cocotte’ affected by interaction of light with GA3.

Source 0 40 140 340
Control 58b* 67b 58bc 75ab
LED 100a 67b 75a 50bc
Halogen 75ab 75a 33c 33¢
LED + Halogen 58b 75a 67ab 100a

“Means (n=12) with the same letter within the same column are not statistically significant at P < 0.05.
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Table 13. Height (cm) of Lilium asiatic (L.) ‘Montreux’ affected by interaction of light with GAs.

Source 0 20 50 70 100 120 150 170 200 250
Control y 58.4a 50.8a y 76.2a 62.9a 47.5b 38.1b 50.8a 58.4a
LED 67.3a* 68.6a 62.9a 69.3a 54.1a 53.3a y y y y
Halogen 68.6a 63.5a 43.2a y y 54.6a 57.2ab 55.9ab 60.9a y
LED + Halogen 63.5a 73.2a 26.7a y 77.5a y 85.1a 76.9a 85.1a 90.2a

“Means (n=5) with the same letter within the same column are not statistically significant at P <0.05.
YBulbs did not germinate prior to termination of experiment.
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Table 14. Width (cm) of Lilium asiatic (L.) ‘Montreux’ affected by interaction of light with GAs.

Source 0 20 50 70 100 120
Control y 20.1a 18.8a y 24.1a 21.8a
LED 38.1a* 42.7a 29.9a 36.3a 33.0a 19.1a
Halogen 25.4ab 23.6a 25.4a y y 21.8a
LED + Halogen 13.5b 25.4a y y 20.1a y

150
24.9a

24.9a
24.9a

170
29.2a

29.2a
24.1a

200
27.4a

27.4a
28.7a

250
26.2a

27.9a

“Means (n=5) with the same letter within the same column are not statistically significant at P <0.05.
YNo leaves to measure.
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Table 15. Mean flower number of Lilium asiatic (L.) ‘Montreux’ affected by interaction of light with GAs.

Source 0 20 50 70 100 120 150 170 200 250
Control y 6.0a 6.5a y y 6.0a 5.0a 4.0a 7.0a 5.0a
LED 3.0b* 3.0b 5.0ab 4.3a 3.0a 2.0b y y y y
Halogen 5.3a 5.8a 5.0ab y y 4.0a 5.0a 4.5a 6.0a y
LED + Halogen 4.0ab 3.7ab 3.5b y 4.5a y 5.5a 4.0a 4.0a 5.0a
“Means (n=5) with the same letter within the same column are not statistically significant at P < 0.05.

YInflorescences did not reach anthesis prior to termination of experiment.
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Table 16. Days to anthesis of Lilium asiatic (L.) ‘Montreux’ affected by interaction of light with GAs.

Source 0 20 50 70 100 120 150
Control y 121a 106a y y 114a 132a
LED 131a” 135a 104a 119a 124a 87a y
Halogen 103a 119a y y y 130a 90b
LED + Halogen 114a 104a 99a y 114a y 103b

170
142a

107a
106a

200
104a

107a
114a

250
122a

103a

“Means (n=5) with the same letter within the same column are not statistically significant at P <0.05.
YDays to anthesis not recorded.
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Table 17. Growth and flowering characteristics of Lilium asiatic (L.) ‘Yellow Cocotte’ and ‘Montreux’ by light averaged across GAs.

Cultivar Light Type Height Width Shoot dry weight Mean flower  Flower diameter Days to Flowering

(cm) (cm) (2) number (cm) anthesis %
Yellow Cocotte Control 745.5a 15.0a 4.0a 24a X 54a X
LED 44.5a 19.6a 3.5a 2.0a X 47a X
Halogen 38.4a 16.3a 4.2a 2.0a X 43a X
LED + Halogen 54.1a 19.8a 4.8a 2.1a X 55a X

Montreux Control X X 3.2aY X 3.0a X 0.24a

LED X X 33a X 2.8a X 0.30a

Halogen X X 3.8a X 3.2a X 0.26a

LED + Halogen X X 4.1a X 3.5a X 0.32a

“Means (n=12) with the same letter within the same column are not statistically significant at P < 0.05.
YMeans (n=>5) with the same letter within the same column are not statistically significant at P < 0.05.
X[nteraction was significant for these factors.

134



Table 18. Growth and flowering characteristics of Lilium asiatic (L.) ‘Yellow Cocotte’ and ‘Montreux’ affected by GA3 averaged across light.

Cultivar GA; Rate Height Width Shoot dry weight Mean flower  Flower diameter Days to Flowering
(ppm) (cm) (cm) (2) number (cm) anthesis %

Yellow Cocotte 0 48.5a” 19.6a 4.5a 2.1a X X X
40 47.2a 16.8a 4.4a 2.4a X X X
140 42.9a 17.3a 3.9a 2.0a X X X
340 43.4a 17.0a 3.7a 2.0a X X X

Montreux 0 X X 4.8aY X 5.6ab X 0.35b
20 X X 6.9a X 7.2a X 0.55a
50 X X 4.0a X 2.8b X 0.40ab
70 X X 2.1a X 0.8¢c X 0.15¢
100 X X 3.2a X 0.9¢ X 0.20bc
120 X X 2.1a X 2.9b X 0.30b
150 X X 3.9a X 3.5ab X 0.40ab
170 X X 5.1a X 5.5ab X 0.40ab
200 X X 2.3a X 1.6bc X 0.15¢
250 X X 1.6a X 0.7¢ X 0.10c

“Means (n=12) with the same letter within the same column are not statistically significant at P < 0.05.
YMeans (n=5) with the same letter within the same column are not statistically significant at P < 0.05.
Xnteraction was significant for these factors.
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