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ABSTRACT
Approaches to supplementing silicon in soilless media

and the value of silicon in the mitigation

of drought stress

by
Mackenzie Grace Dey, Master of Science

Utah State University, 2022

Major Professor: Dr. Bruce Bugbee
Department: Plants, Soils, and Climate

Silicon (Si) is a beneficial nutrient and it is thought to be especially beneficial
to plants during stress. Although abundant in most soils, Si is minimally bioavailable
in soilless media. The addition of media amendments that steadily release Si over a
crop lifecycle would be beneficial. The dissolution of Si from ten substrates and
media additives were quantified in water. Typical media substrates like coconut coir,
peat moss, perlite, rock wool, sand, and vermiculite released less than 0.03 mmol
Si-L! substrate-day! for less than 60 days. Steel slag released inconsistently and
caused an alkaline pH. Diatomaceous earth released steadily, but is expensive
compared to other Si additives. Wollastonite, a calcium silicate mineral, and rice hulls
steadily released Si in water and were selected for further study in peat-based media.
Rice hulls at 12% by volume released an average of 1.5 mmol Si-L*! media-leaching
event! over 120 days. Wollastonite (1 g wollastonite-L ! peat) release quickly reached

a maximum of 2.1 mmol Si-L! media-leaching event!, then gradually decreased over
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120 days averaging 1.4 mmol Si-L! media‘leaching event . In peat-based media over
120 days, rice hulls gradually increased media pH by 1.0 unit and wollastonite
increased pH by 0.8 units. In coconut coir-based media, both amendments increased
media pH up to 1.3 units, but varied based on leaching volume. Rice hulls had a
slower release than wollastonite and would be valuable for crops with lifecycles
longer than four months in the same media. Wollastonite would be better suited for
crops with lifecycles under four months. In a separate study, wollastonite was
incorporated into peat-based media to supplement Cannabis (Cannabis sativa L.
“Trump’) grown under precision drought stress. Precision drought stress, sometimes
referred to as “eustress,” can reduce stem and petiole elongation with a minimal
reduction in photosynthetic rate. Silicon supplementation did not have a statistically
significant effect on dry mass or height during drought stress, but it significantly
reduced the incidence of powdery mildew (Golovinomyces sp.). Precision drought
stress warrants further study as a method to reduce stem and petiole elongation in
high-value crops such as Cannabis. Silicon can decrease powdery mildew, but

warrants further investigation during drought stress.

(98 pages)



PUBLIC ABSTRACT

Approaches to supplementing silicon in soilless media and the value of silicon in the

mitigation of drought stress

Mackenzie Grace Dey

Silicon (Si) is not considered an essential element for plants to complete their
lifecycle, but is known to be beneficial for plants under environmental stress such as
drought. Unlike natural soils, Si is minimally bioavailable in soilless media. With
indoor agriculture and greenhouse production increasing, the benefits of Si have been
seen and Si should be supplemented. This work aimed to characterize and quantify
the dissolution of Si from media substrates and additives to achieve a steady-state
release of Si in soilless media. Typical media components such as coconut coir, peat
moss, perlite, rock wool, sand, and vermiculite minimally released Si and depleted
within 60 days. Wollastonite, a calcium silicate mineral, and rice hulls steadily
released Si in water. The dissolution of wollastonite rapidly released bioavailable Si
in peat-based media, but decreased over 120 days while rice hulls gradually released.
Both amendments increased coconut coir and peat-based media pH. Either would
provide bioavailable Si over the lifecycle of many crop species. To test the
dissolution of Si, wollastonite was used to amend peat-based media to grow Cannabis
sativa L. under precision drought stress. Precision drought stress can be a useful

method for growers to maintain plant size and photosynthetic rates, but it is a
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sensitive system to balance. We hypothesized that Si would increase the resiliency of
Cannabis in this system under drought stress. Although Si supplementation did not
increase tolerance of Cannabis to drought stress, Si supplementation inhibited
powdery mildew (Golovinomyces sp.), a common fungal disease in outdoor and
indoor production, in all three trials compared to Si non-supplemented treatments.
Silicon is a beneficial nutrient for crops that should be supplemented in soilless media
to increase tolerance to environmental stress such as drought stress and biotic stress

such as fungal disease, but requires further study.
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CHAPTER 1

LITERATURE REVIEW

Introduction

The earth’s crust is comprised of approximately 29.5% silicon (Si) by weight,
which is the second most abundant element in soils behind oxygen at 52.7% (Strawn
et al., 2015). Although abundant, Si is not considered an essential element for plants
since most plants can complete their lifecycles without it (Epstein, 1999). This limited
interest in studying the effect of Si on plant growth. In recent years, multiple studies
have demonstrated the value of Si for plant growth (Coskun et al., 2019). These
studies have been so influential that some argue for a redefinition of “essentiality”
because Si accumulates in higher concentrations than many micronutrients and, in
some cases, macronutrients in some plant species (Brown et al., 2021; Epstein, 1994).
Silicon has been well studied for being advantageous for plants under stress
conditions such as: disease suppression, pest mitigation, and tolerance to water stress
(Coskun et al., 2019; Zargar et al., 2019). However, much remains unknown or not
well-understood. This introduction will review Si availability in soils, how plants
uptake the element, how Si is used throughout the plant, the effects of Si on various
aspects of plant health, and how Si has the potential to be advantageous in precision

drought stress.



Silicon forms and availability in soil

Silicon is an integral element in the structure of many minerals. Silicon is a
base element in tetrahedral sheets that can be exchanged with aluminum. Silicon,
being a semi-metal, can be found in many forms, but the most abundant form is
silicon dioxide (Si02), often referred to as silica. Many minerals contain crystalline
silica structures such as quartz, keatite, and tridymite (Strawn et al., 2015). Moreover,
primary minerals commonly found in most soils are Si-rich. As these primary
minerals weather, Si is leached over time creating secondary minerals like kaolinite,
smectite, and vermiculite (Strawn et al., 2015). However, just as calcium, magnesium,
and other essential plant nutrients, Si inevitably leaches out of soil systems (Strawn et
al., 2015). Crystalline Si dissolves slowly in water, but solubility increases at an
alkaline pH (Fatzinger & Bugbee, 2021). Due to the unique traits of Si as a semi-
metal, Si can also be found as amorphous silica (SiO2-nH>O) creating opal. This
hydrophilic form of Si is easily soluble in water (Alexander et al., 1954) and is

commonly used as desiccants for food preservation.

Although abundant in soils as SiO», the bioavailable form of Si in plants is
orthosilicic acid, a form of mono-silicic acid [Si(OH)4 or H4Si04]. Moreover, mono-
silicic acids are pH sensitive. As mentioned, Si becomes unstable and precipitates in a
solution pH of 4-8, so alkaline or acidic solutions are made and then brought to a
neutral, plant-friendly pH. Some of these solutions require stabilizers like glycerin or
polyethylene glycol (Preari et al., 2014). Polymerization of such mono-silicic acids

can influence the concertation of bioavailable Si in solution (Preari et al., 2014).



Epstein (1994) reported the concentration of bioavailable Si in soil solutions ranged
from 0.1 to 0.6 mmol Si-L! (mM Si), which is higher in concentration than some
macronutrients like nitrogen. Even if deemed nonessential, all plants take up Si and
incorporate the element in their tissues (Boldt et al., 2018; Boldt & Altland, 2021;

Epstein, 1994).
Role of silicon in plants

All plants accumulate Si, ranging on average from 0.1 to 10%, but vary in
their accumulation (Epstein, 1994, 1999). Silicon accumulating species are defined by
having greater than 10,000 mg-kg™! (>1%) foliar Si in the dry mass of tissue (Epstein,
1994; Ma et al., 2001). Several important species to horticulture and agronomy in
Poaceae [wheat (T7iticum aestivum L.), rice (Oryza sativa L.), barley (Hordeum
vulgare L.), oats (Avena sativa L.), and sugarcane (Saccharum officinarum L.)],
Cucurbitaceae [cucumber (Cucumis sativa L.), pumpkin (Cucurbita pepo L.),
watermelon (Citrullus lanatus (Thunb.) Matsum. & Nakai)], Asteraceae [sunflower
(Helianthus annuus L.) and zinnia (Zinnia elegans Jacq.), and Cannabaceae [cannabis
(Cannabis sativa L.)] are Si accumulators (Epstein, 1999; Frantz et al., 2010). Non-
accumulating, or excluding, species have less than 10,000 mg-kg™! (<1%) foliar Si
(Epstein, 1994; Ma et al., 2001), which includes several ornamental and horticultural
species (Epstein, 1999; Boldt & Altland, 2021). Foliar Si is defined as Si
concentrations in the aerial shoot because some species accumulate Si in their roots.
Boldt and Altland (2021) found that petunia (Petunia xhybrida E. Vilm.), an

excluding species, accumulated Si in the roots when excess Si was bioavailable.



Uptake of Si can be either passive or active depending on whether the plant is an
accumulating or excluding species (Ma & Yamaji, 2006). Some accumulating species
have active or passive uptake of Si. Rice actively uptakes Si with influx (Lsil) and
efflux (Lsi2) transporters in the roots that transfer mono-silicic acid to the xylem then
a Si influx transporter (Lsi6) assists with xylem unloading to the aerial shoots.
Researching this topic further is crucial to better understand these mechanisms in
more species (Farooq & Dietz, 2015; Ma et al., 2006, 2007). Silicon excluders
passively uptake Si through mass flow following the transpiration stream (Kaur &

Greger, 2019; Ma et al., 2007; Yamaji & Ma, 2007; Yamaji et al., 2008).

Once introduced to the xylem, orthosilicic acid polymerizes to amorphous
silica gel and is mobile throughout the plant body (Kaur & Greger, 2019; Yamaji et
al., 2008). Once transported, the amorphous gel polymerizes back to silicon dioxide
depositing Si cells or aggregates known as phytoliths (Piperno, 1986, 1988, 2006).
These immobile phytoliths are found throughout the plant body from roots to shoots
to floral structures and fruits to add protection and rigidity until plant death, when
they are introduced back into the soil to be recycled by new plant generations (Greger
et al., 2018; Jarvis, 1987; Matoh et al., 1991). Silicon is polymerized underneath the
cuticle layer, adding overall rigidity and creating a barrier to the epidermal cells, thus
minimizing access to the valuable vascular tissue (Coskun et al., 2016; Mitani et al.,
2005). Silicon also becomes incorporated in plant cell walls by binding with
hemicellulose, adding mechanical support to cell walls and preventing lodging

(Guerriero et al., 2016; Hattori et al., 2003; Ma & Yamaji, 2006; Zhao et al., 2013)



while fortifying vascular tissues like sclerenchyma cells in species like date palm
(Palma dactylifera (L.) Mill.) (Bokor et al., 2019; Mitani et al., 2005; Zhao et al.,
2013). In the roots, Si aggregates form in the Casparian strip, which these aggregates
are proposed to regulate the intake and uptake of various elements and compounds to
the vascular system (Fleck et al., 2015; Sangster & Parry, 1976). Silicon has been
linked with promoting the creation and maintenance of aquaporins to support water
intake (Coskun et al., 2016; Kumawat et al., 2021; Liu et al., 2015). Many plants have
trichomes that contain silicon dioxide and are utilized as leaf protective organs to

ward off herbivores and other pests (Frantz et al., 2008; Ranger et al., 2009)
Benefits of silicon

Biotic

Many studies have shown the benefit of Si from the aforementioned uses of Si
once in the plant body, especially during situations of stress. Both indoor and outdoor
agricultural settings struggle with biotic stressors such as pests and disease, which can
be alleviated by Si. As stated previously, Si can affect trichome production resulting
is decreased predation from herbivores (Frantz et al., 2008; Massey et al.,
2006; Pullin & Gilbert, 1989; Reynolds et al., 2009). Some plants, like stinging nettle
(Urtica dioica L.), have evolved to develop trichomes with irritating solutions that
aggravate herbivore tissue that comes in contact with (Pullin & Gilbert, 1989). Plants

also deposit silica under the cuticle layer, creating a physical barrier. Not only does

this barrier add rigidity to individual cells and the overall plant body, but this barrier



also inhibits pests such as aphids and mites from gaining access to photosynthates in
tissues (Frantz et al., 2008; Liu et al., 2020; Mitani et al., 2005; Ranger et al., 2009).
As pests masticate through the silica layer, the glass-like barrier wears down pests’
teeth and jaws, rendering them useless (Frantz et al., 2008). Moreover, this barrier
reduces bacterial infection and fungal spore proliferation due to the decreased surface

area of accessible tissue (Hayasaka et al., 2008; Kim et al., 2002).

Many economically important crops in both indoor and outdoor agriculture
are affected by fungal infections. Li et al. (2019) inoculated pumpkin (Cucurbita
pepo var. pepo L.) with powdery mildew (Podosphaera xanthii (Schltdl.) U. Braun &
S. Takam. and Erysiphe cichoracearum DC.) in plots with and without wollastonite, a
calcium silicate, to amend for Si. Silicon supplementation mitigated the effects of the
powdery mildew by significantly decreasing colonization on the pumpkin shoots.
Other studies have displayed similar benefits of Si for powdery mildew in several
species like wheat (Belanger et al., 2003; Guevel et al., 2007; Remus-Borel et al.,
2005)], muskmelon [Cucumis melo L. (Buttaro et al., 2009), Arabidopsis spp. Heynh.
in Holl & Heynh. (Fauteux et al., 2006; Vivancos et al., 2015), cucumber (Liang et
al., 2005; Schuerger & Hammer, 2003), strawberry [Fragaria *ananassa Duchesne
(Liu et al., 2020)], rose [Rosa sp. L. (Shetty et al., 2012)], and zucchini [ Cucurbita

pepo Mill. (Savvas et al., 2009)].

Similarly, Si supplementation significantly reduced the infection of rice blast
[Magnaporthe oryzae (T.T. Hebert) M.E. Barr (Brunings et al., 2009; Hayasaka et al.,

2008; Rodrigues et al., 2003)] and wheat blast [ Pyricularia grisea Sacc. (Filha et al.,



2011; Oliveria et al., 2019)] in both of these economically and agriculturally
important species. As in aerial shoots, soil studies have suggested that roots are also
protected from infections like root rot (Phytophthora spp. de Bary) in Si
accumulating and non-accumulating species like strawberry (Abd-El-Kareem et al.,
2019)], avocado [Persea americana Mill. (Bekker et al., 2006), tomato [Solanum
lycopersicum L. (Huang et al., 2001)], cucumber (Liang et al., 2005), ginseng [Panax
ginseng Meyer (Abbai et al., 2019)], and rubber tree [Hevea brasiliensis Miill. Arg.
(Shabbir et al., 2021)]. Many of these studies concluded that the polymerization of Si

under the cuticle layer in roots helped decrease disease proliferation.

Abiotic

Just as Si increases biotic stress tolerance, abiotic stressors that are becoming
more frequent and intense with the changing climate can be ameliorated with Si
supplementation. With strict water budgets and hotter average temperatures, drought
stress is devastating crops world-wide. Hattori et al. (2005) grew two sorghum
(Sorghum bicolor (L.) Moench) cultivars (drought tolerant and drought sensitive) in
sand-based media supplemented with and without potassium silicate (K»>SiO3). Both
cultivars with and without Si supplementation were not affected by Si when supplied
with ample water, but after a 22-day dry period, the dry mass of both cultivars
decreased only 24-26% when supplemented with Si whereas the non-supplemented
sorghum cultivars were 77-80% less compared to the well-watered controls. Hattori et
al. (2005) concluded that the Si supplemented sorghum cultivars were able to extract

more water from the media, regulate transpiration better, and maintain a higher



stomatal conductance resulting in increased water use efficiency versus the non-
amended treatments. Other studies have shown similar advantages of Si
supplementation with drought (Ahmed et al. 2011; Chen et al. 2011; Gao et al., 2004,
2006; Gong et al., 2003, 2005; Gong & Chen, 2012; Hattori et al., 2008; Lobato et al.,

2009).

Not only has Si been linked to regulated transpiration and stomatal
conductance, but has also been suggested to give mechanical support to cells, which
prevents lodging, fortifies fine root hairs, and helps maintain turgor pressure (He et
al., 2015; Ma & Yamaji, 2006; Savant et al., 1999; Zhao et al., 2013). The
fortification of fine root hairs allows the roots to survive drought conditions longer
and helps the plant obtain water to sustain photosynthesis and cell elongation. Silicon
has been proposed to also promote the creation of aquaporins that distribute the
acquired water more efficiently (Coskun et al., 2016; Kumawat et al., 2021; Liu et al.,
2015). Similar mechanisms are used to increase tolerance of crop species to salinity

stress.

Oxidative stress is a key factor to both drought and salinity stress damage.
Silicon has been linked with oxidative stress management within the plant body
(Coskun et al., 2016; Farooq et al., 2013; Hossam et al., 2020). Many studies
associate Si with increased antioxidant activity and concentrations of oxidative-stress
induced compounds, but some argue that Si mitigates stress-induced strains (Coskun
et al., 2016). For example, Si aggregates strengthening the Casparian strip is proposed

to increase regulation of water and beneficial nutrient uptake, limiting the amount of



salts, or other undesirable ions, that enter the vascular tissue and are retained in the

root tissue (Coskun et al., 2016; Li et al., 2008; Liang et al., 2007).

Heavy metal toxicity is also alleviated by Si (Wu et al., 2013). Just as in
salinity stress, Si has been linked to retaining heavy metals in the root tissue and
preventing their entry to the vascular tissue and therefore the aerial shoots, thereby
reducing oxidative stress (Liang et al., 2007; Wu et al., 2013). This effect has been
noted with metals such as aluminum (Puntigo et al., 2017; Yunxia et al., 2004),
cadmium (Farooq et al., 2013; Farooq et al., 2016), copper (Bosnic et al., 2019; El-
Beltagi et al., 2020; Filho & Monterio, 2020; Flora et al., 2019; Frantz et al., 2011; Li
et al., 2008), lead (Bharwana et al., 2013; Tripathi et al., 2016), manganese
(Doncheva et al., 2009; Iwasaki & Matsumura, 1999), and zinc (Gu et al., 2012;
Mehrabanjoubani et al., 2015; Song et al., 2011). Some proposed mechanisms are as
previously stated, with Si “selecting” certain ions to be introduced into the vascular
tissue or remain in the root tissue, while some argue that Si alters soil composition by
changing pH, making certain heavy metals biologically unavailable (Liang et al.,

2007; Matichenkov & Bocharnikova, 2001).

Although the benefits of Si during abiotic stress are well-known and accepted,
many of the aforementioned mechanisms are proposed and require further
investigation (Coskun et al., 2019). Furthermore, some studies have conflicting,
inconclusive, and/or insignificant results on the suggested benefits of Si during
drought stress, thus highlighting the importance of conducting further research

(Coskun et al., 2019; Janislampi, 2012; Tibbitts, 2018).
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Role of silicon in nutrient availability

Silicon has been shown to mitigate heavy metal toxicity, but macronutrients
such as nitrogen (Cuong et al., 2017; Shen et al., 2009), phosphorus (Cuong et al.,
2017; Shen et al., 2009), potassium (Cuong et al., 2017; Shen et al., 2009),
magnesium (Greger et al., 2018), and calcium (Greger et al., 2018) have been found
to increase with Si supplementation. Silicon is proposed to increase availability of the
nutrients in the soil solution and/or nutrient partitioning within the plant tissue with
and without stress. Greger et al. (2018) found that Si decreased nitrogen and
potassium uptake, but increased phosphorus availability in maize (Zea mays L.),
lettuce (Lactuca sativa L.), carrot (Daucus carota subsp. sativus (Hoffm.) Schiibl. &
G. Martens), wheat, and pea (Pisum sativum L.). However, this contradicts what Shen
et al. (2009) found when soybean (Glycine max (L.) Merr.) supplemented with Si
showed increased nitrogen, phosphorus, and potassium uptake under UV-B radiation
in hydroponics and Cuong et al. (2017), who found similar results with rice grown in
soil. These differences can be from media type, species type, and differences of Si

application.

Silicon has been well documented to increase phosphorous availability in
soils, thus reducing phosphorus deficiency in multiple crop species (Greger et al.,
2018; Koski- Vahald, 2001; Kostic et al., 2017; Ma & Takahashi, 1990; Owino-
Gerroh & Gascho, 2005;). Kostic et al. (2017) grew winter wheat ‘Pobeda’ in acidic
(pH 4.0) sandy loam textured soil with either low phosphorous concentrations with Si

supplementation (Na2Si03), no pH adjustment to the soil with ample phosphorus, or
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low phosphorus with calcium carbonate (CaCO3) supplementation. After four weeks,
soil samples and plant tissue samples indicated that the Si and calcium carbonate
treatments significantly increased the biomass of the wheat. The addition of Si also
increased the uptake of phosphorus and the total concentration of phosphorus in the
wheat comparatively to the addition of phosphorus alone. Moreover, the Si
supplemented wheat took up more phosphorus from the soil than the phosphorous-
fertilized wheat, leading to more efficient use of the phosphorus. This has larger
implications for the reduction of phosphorus run-off to waterways and would
decrease the potential of eutrophication. Also, the increase of soil pH reduced the

availability of aluminum.

Supplemental Si increased the uptake of some micronutrients, such as iron
(Bityutskii et al, 2014; Greger et al., 2018; Pavloviv et al., 2013, 2016), and boron
(Greger et al., 2018). Although the literature suggests positive, and some negative,
relationships of Si on essential nutrient uptake, more research must be done to better

understand these mechanisms in controlled environments and in the field.

Supplementing silicon in soilless media

Many nursery and greenhouse growers do not supplement their media with Si
and it is minimally bioavailable in soilless media. However, Si is beneficial as
previously highlighted. Silicon can be supplemented through liquid fertilization, but it
is difficult to maintain the solubility of Si in higher concentrations unless the solution

is maintained at an alkaline pH (pH=11.3) (Fatzinger & Bugbee, 2021). Foliar
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applications can be used, but the Si does not become incorporated in the plant tissue.
Rather a film is created on the surface of the cuticle layer for pest management
(Asgharipour & Mosapour, 2016; Menzies et al., 1992; Oliveira et al., 2019). Studies
have supported the mentioned findings and have suggested that root-available Si is
the most effective mechanism for Si accumulation, while foliar sprays are effective
for biotic stress, but do not have much of an effect on growth or yield (Guével et al.,
2007; Laane, 2018; Liang & Sun, 2005; Suriyaprabha et al., 2014). Media
amendments provide a simple way to supplement Si to the root-zone solution

(Dallagnol et al., 2012; Haque et al., 2019; Liang et al., 2005; Pilon et al., 2013).

Components sold for this purpose include parboiled rice hulls, steel slag,
diatomaceous earth, and wollastonite. Although many studies have reported results of
plants grown with various Si-containing additives, the release rate of bioavailable Si

is poorly characterized.

Silicon is known to be beneficial, but is minimally available in soilless media
and some soil types. Supplementation is crucial to achieve the aforementioned effects

of the nutrient.
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Objectives and Hypotheses

Objective 1: The objective of this research is to characterize the rate of bioavailable

silicon from dissolution of ten media components in soilless media.

Hypothesis 1: The dissolution of wollastonite will be more consistent than other

media additives.

Objective 2: The objective of this research is to compare colorimetric analysis to
inductively coupled plasma — optical emission spectrometry for the analysis of

bioavailable silicon.

Hypothesis 2: Colorimetric measurements are as accurate as inductively coupled

plasma optical emissions spectroscopy for bioavailable silicon analysis

Objective 3: The objective of this research is to investigate the value of
supplementing silicon using wollastonite to increase the resiliency of Cannabis to

drought stress.

Hypothesis 3: The addition of silicon to soilless media will reduce the detrimental
effects of water stress on dry mass and plant height compared to treatments

without silicon



14

Literature Cited

Abbai, R., Kim, Y. J., Mohanan, P., ElI-Agamy Farh, M., Mathiyalagan, R., Yang, D. U.,
& Yang, D. C. (2019). Silicon confers protective effect against ginseng root rot by
regulating sugar efflux into apoplast. Scientific Reports, 9(1), 1-10.

Abd-El-Kareem, F., Elshahawy, 1. E., & Abd-Elgawad, M. M. M. (2019). Effectiveness of
silicon and silicate salts for controlling black root rot and induced pathogenesis-
related protein of strawberry plants. Bulletin of the National Research Centre, 43(1),
91.

Alexander, G. B., Heston, W. M., & Iler, R. K. (1954). The solubility of amorphous silica
in water. The Journal of Physical Chemistry, 58(6), 453-455.

Bekker, T. F., Kaiser, C., & Labuschagne, N. (2006). Efficacy of water soluble silicon
against Phytophthora cinnamomi root rot of avocado: A progress report. South
African Avocado Growers Association Yearbook, 29, 58-62.

Bélanger, R. R., Benhamou, N., & Menzies, J. G. (2003). Cytological evidence of an
active role of silicon in wheat resistance to powdery mildew (Blumeria graminis f.
Sp. Tritici). Phytopathology®, 93(4), 402—412.

Bharwana, S., Ali, S., Farooq, M. A., Igbal, N., Abbas, F., & Ahmad, M. S. A. (2013).
Alleviation of lead toxicity by silicon is related to elevated photosynthesis,
antioxidant enzymes suppressed lead uptake and oxidative stress in cotton. J.
Bioremed. Biodeg., 4.

Bityutskii, N., Pavlovic, J., Yakkonen, K., Maksimovi¢, V., & Nikolic, M. (2014).
Contrasting effect of silicon on iron, zinc and manganese status and accumulation of
metal-mobilizing compounds in micronutrient-deficient cucumber. Plant Physiology
and Biochemistry, 74,205-211.

Bokor, B., Soukup, M., Vaculik, M., Vd’a¢ny, P., Weidinger, M., Lichtscheidl, L.,
Vévrova, S., Soltys, K., Sonah, H., Deshmukh, R., Bélanger, R. R., White, P. J., El-
Serehy, H. A., & Lux, A. (2019). Silicon uptake and localisation in date palm
(Phoenix dactylifera) — A unique association with sclerenchyma. Frontiers in Plant
Science, 10.

Boldt, J. K., & Altland, J. E. (2021). Petunia (Petunia xhybrida) Cultivars vary in silicon
accumulation and distribution. HortScience, 56(3), 305-312.

Boldt, J. K., Locke, J. C., & Altland, J. E. (2018). Silicon accumulation and distribution in
petunia and sunflower grown in a rice hull-amended substrate. HortScience, 53(5),
698-703.



15

Bosni¢, D., Bosnié, P., Nikoli¢, D., Nikoli¢, M., & Samardzi¢, J. (2019). Silicon and iron
differently alleviate copper toxicity in cucumber leaves. Plants, 8(12), 554.

Brown, P. H., Zhao, F. J., & Dobermann, A. (2021). What is a plant nutrient? Changing
definitions to advance science and innovation in plant nutrition. Plant and Soil, 1-13.

Brunings, A. m., Datnoff, L. e., Ma, J. f., Mitani, N., Nagamura, Y., Rathinasabapathi, B.,
& Kirst, M. (2009). Differential gene expression of rice in response to silicon and rice
blast fungus Magnaporthe oryzae. Annals of Applied Biology, 155(2), 161-170.

Buttaro, D., Bonasia, A., Minuto, A., Serio, F., & Santamaria, P. (2009). Effect of silicon
in the nutrient solution on the incidence of powdery mildew and quality traits in
carosello and barattiere (Cucumis melo L.) grown in a soilless system. The Journal of
Horticultural Science and Biotechnology, 84(3), 300-304.

Coskun, D., Britto, D. T., Huynh, W. Q., & Kronzucker, H. J. (2016). The role of silicon in
higher plants under salinity and drought stress. Frontiers in Plant Science, 7.
https://www.frontiersin.org/article/10.3389/fpls.2016.01072

Coskun, D., Deshmukh, R., Sonah, H., Menzies, J. G., Reynolds, O., Ma, J. F.,
Kronzucker, H. J., & Bélanger, R. R. (2019). The controversies of silicon’s role in
plant biology. New Phytologist, 221(1), 67-85.

Cuong, T. X., Ullah, H., Datta, A., & Hanh, T. C. (2017). Effects of silicon-based fertilizer
on growth, yield and nutrient uptake of rice in tropical zone of Vietnam. Rice Science,
24(5), 283-290.

Doncheva, S. N., Poschenrieder, C., Stoyanova, Z., Georgieva, K., Velichkova, M., &
Barcelo, J. (2009). Silicon amelioration of manganese toxicity in Mn-sensitive and
Mn-tolerant maize varieties. Environmental and Experimental Botany, 65(2-3), 189-
197.

El-Beltagi, H. S., Sofy, M. R., Aldaej, M. 1., & Mohamed, H. 1. (2020). Silicon alleviates
Copper toxicity in flax plants by up-regulating antioxidant defense and secondary
metabolites and decreasing oxidative damage. Sustainability, 12(11), 4732.

Epstein, E. (1994). The anomaly of silicon in plant biology. Proceedings of the National
Academy of Sciences, 91(1), 11-17.

Epstein, E. (1999). Silicon. Annual Review of Plant Physiology and Plant Molecular
Biology, 50(1), 641-664.

Farooq, M. A., Ali, S., Hameed, A., Ishaque, W., Mahmood, K., & Igbal, Z. (2013).
Alleviation of cadmium toxicity by silicon is related to elevated photosynthesis,
antioxidant enzymes; suppressed cadmium uptake and oxidative stress in cotton.
Ecotoxicology and Environmental Safety, 96, 242-249.



16

Farooq, M. A., Detterbeck, A., Clemens, S., & Dietz, K.-J. (2016). Silicon-induced
reversibility of cadmium toxicity in rice. Journal of Experimental Botany, 67(11),
3573-3585.

Farooq, M. A., & Dietz, K.-J. (2015). Silicon as versatile player in plant and human
biology: Overlooked and poorly understood. Frontiers in Plant Science, 6.

Fatzinger, B., & Bugbee, B. (2021). pH 11.3 Enhances the solubility of potassium silicate
for liquid fertilizer. American Society for Horticultural Science (p. 1).

Fauteux, F., Chain, F., Belzile, F., Menzies, J. G., & Bélanger, R. R. (2006). The
protective role of silicon in the Arabidopsis—powdery mildew pathosystem.
Proceedings of the National Academy of Sciences, 103(46), 17554—17559.

Filha, M. S. X., Rodrigues, F. A., Domiciano, G. P., Oliveira, H. V., Silveira, P. R., &
Moreira, W. R. (2011). Wheat resistance to leaf blast mediated by silicon.
Australasian Plant Pathology, 40(1), 28-38.

Fleck, A. T., Schulze, S., Hinrichs, M., Specht, A., WalBmann, F., Schreiber, L., & Schenk,
M. K. (2015). Silicon promotes exodermal casparian band formation in Si-
accumulating and Si-excluding species by forming phenol complexes. PLoS
One, 10(9), e0138555.

Flora, C., Khandekar, S., Boldt, J., & Leisner, S. (2019). Silicon alleviates long-term
copper toxicity and influences gene expression in Nicotiana tabacum. Journal of
Plant Nutrition, 42(8), 864—878.

Frantz, J. M., Khandekar, S., & Leisner, S. (2011). Silicon differentially influences copper
toxicity response in silicon-accumulator and non-accumulator species. Journal of the
American Society for Horticultural Science, 136(5), 329-338.

Frantz, J. M., Locke, J. C., Datnoff, L., Omer, M., Widrig, A., Sturtz, D., Horst, L., &
Krause, C. R. (2008). Detection, distribution, and quantification of silicon in
floricultural crops utilizing three distinct analytical methods. Communications in Soil
Science and Plant Analysis, 39(17-18), 2734-2751.

Frantz, J., J.C. Locke, D.S. Sturtz, and S. Leisner. 2010. Silicon in ornamental crops:
Detection, delivery, and function, p. 111-134. In: F. Rodriguez (ed.). Silicio na
Agricultura: Anais do V Simposio Brasileiro sobre Silicio Agricultura. Universidade
Federal de Vicxosa, Vicxosa, Brazil.

Greger, M., Landberg, T., & Vaculik, M. (2018). Silicon influences soil availability and
accumulation of mineral nutrients in various plant species. Plants, 7(2), 41.

Gu, H.-H., Zhan, S.-S., Wang, S.-Z., Tang, Y.-T., Chaney, R. L., Fang, X.-H., Cai, X.-D.,
& Qiu, R.-L. (2012). Silicon-mediated amelioration of zinc toxicity in rice (Oryza
sativa L.) seedlings. Plant and Soil, 350(1), 193-204.



17

Guerriero, G., Hausman, J. F., & Legay, S. (2016). Silicon and the plant extracellular
matrix. Frontiers in Plant Science, 7, 463.

Guével, M.-H., Menzies, J. G., & Bélanger, R. R. (2007). Effect of root and foliar
applications of soluble silicon on powdery mildew control and growth of wheat
plants. European Journal of Plant Pathology, 119(4), 429—-436.

Gunes, A., Kadioglu, Y. K., Pilbeam, D. J., Inal, A., Coban, S., & Aksu, A. (2008).
Influence of silicon on sunflower cultivars under drought stress, II: Essential and
nonessential element uptake determined by polarized energy dispersive X-ray
fluorescence. Communications in Soil Science and Plant Analysis, 39(13—14), 1904—

1927.

Hattori, T., Inanaga, S., Araki, H., An, P., Morita, S., Luxova, M., & Lux, A. (2005).
Application of silicon enhanced drought tolerance in Sorghum bicolor. Physiologia
Plantarum, 123(4), 459-466.

Hayasaka, T., Fujii, H., & Ishiguro, K. (2008). The role of silicon in preventing
appressorial penetration by the rice blast fungus. Phytopathology, 98(9), 1038—1044.

He, C., Ma, J., & Wang, L. (2015). A hemicellulose-bound form of silicon with potential
to improve the mechanical properties and regeneration of the cell wall of rice. The
New Phytologist, 206(3), 1051-1062.

Huang, C.-H., Roberts, P. D., & Datnoff, L. E. (2011). Silicon suppresses fusarium crown
and root rot of tomato. Journal of Phytopathology, 159(7-8), 546-554.

Iwasaki, K., & Matsumura, A. (1999). Effect of silicon on alleviation of manganese
toxicity in pumpkin (Cucurbita moschata Duch cv. Shintosa). Soil Science and Plant
Nutrition, 45(4), 909-920.

Janislampi, K. W. (2012). Effect of silicon on plant growth and drought stress tolerance.
Utah State University.

Kim SG, Kim KW, Park EW, Choi D (2002) Silicon-induced cell wall fortification of rice
leaves, a possible cellular mechanism of enhanced host resistance to blast.
Phytopathology 92:10951103

Koski-Vihila, J., Hartikainen, H., & Tallberg, P. (2001). Phosphorus mobilization from
various sediment pools in response to increased pH and silicate concentration.
Journal of Environmental Quality. Wiley Online Library. 30(2), 546-552.

Kostic, L., Nikolic, N., Bosnic, D., Samardzic, J., & Nikolic, M. (2017). Silicon increases
phosphorus (P) uptake by wheat under low P acid soil conditions. Plant and Soil,
419(1-2), 447-455.

Kumawat, S., Khatri, P., Ahmed, A., Vats, S., Kumar, V., Jaswal, R., Wang, Y., Xu, P.,
Mandlik, R., Shivaraj, S. M., Deokar, A., Sonah, H., Sharma, T. R., & Deshmukh, R.
(2021). Understanding aquaporin transport system, silicon and other metalloids



18

uptake and deposition in bottle gourd (Lagenaria siceraria). Journal of Hazardous
Materials, 409, 124598.

Li, J., Leisner, S. M., & Frantz, J. (2008). Alleviation of copper toxicity in Arabidopsis
thaliana by silicon addition to hydroponic solutions. Journal of the American Society
for Horticultural Science, 133(5), 670-677.

Li, P, Song, A., Li, Z., Fan, F., & Liang, Y. (2012). Silicon ameliorates manganese
toxicity by regulating manganese transport and antioxidant reactions in rice (Oryza
sativa L.). Plant and Soil, 354(1), 407—419.

Li, Y., Both, A. J., Wyenandt, C. A., Durner, E. F., & Heckman, J. R. (2019). Applying
wollastonite to soil to adjust pH and suppress powdery mildew on
pumpkin. HortTechnology, 29(6), 811-820.

Liang, Y. C., Sun, W. C,, Si, J., & Romheld, V. (2005). Effects of foliar- and root-applied
silicon on the enhancement of induced resistance to powdery mildew in Cucumis
sativus. Plant Pathology, 54(5), 678—685.

Liang, Y., Sun, W., Zhu, Y.-G., & Christie, P. (2007). Mechanisms of silicon-mediated
alleviation of abiotic stresses in higher plants: A review. Environmental Pollution,
147(2), 422-428.

Liu, B., Davies, K., & Hall, A. (2020). Silicon builds resilience in strawberry plants
against both strawberry powdery mildew Podosphaera aphanis and two-spotted
spider mites Tetranychus urticae. PLOS ONE, 15(12), €0241151.

Liu, P, Yin, L., Wang, S., Zhang, M., Deng, X., Zhang, S., & Tanaka, K. (2015).
Enhanced root hydraulic conductance by aquaporin regulation accounts for silicon
alleviated salt-induced osmotic stress in Sorghum bicolor L. Environmental and
Experimental Botany, 111, 42-51.

Ma, J. F., Tamai, K., Yamaji, N., Mitani, N., Konishi, S., Katsuhara, M., Ishiguro, M.,
Murata, Y., & Yano, M. (2006). A silicon transporter in rice. Nature, 440(7084),
688—691.

Ma, J., & Takahashi, E. (1990). Effect of silicon on the growth and phosphorus uptake of
rice. Plant and Soil, 126(1), 115-119.

Ma, J. F., & Yamaji, N. (2006). Silicon uptake and accumulation in higher plants. Trends
in plant science, 11(8), 392-397.

Matichenkov, V. V., & Bocharnikova, E. A. (2001). Chapter 13 The relationship between
silicon and soil physical and chemical properties. In L. E. Datnoff, G. H. Snyder, &
G. H. Korndorfer (Eds.), Studies in Plant Science (Vol. 8, pp. 209-219). Elsevier.

Mehrabanjoubani, P., Abdolzadeh, A., Sadeghipour, H. R., & Aghdasi, M. (2015). Impacts
of silicon nutrition on growth and nutrient status of rice plants grown under varying
zinc regimes. Theoretical and Experimental Plant Physiology, 27(1), 19-29.



19

Mitani, N., & Ma, J. F. (2005). Uptake system of silicon in different plant species. Journal
of experimental botany, 56(414), 1255-1261.

Oliveira, T. B., Aucique-Pérez, C. E., & Rodrigues, F. de A. (2019). Foliar application of
silicon decreases wheat blast symptoms without impairing photosynthesis. Bragantia,
78, 423-431.

Owino-Gerroh, C., & Gascho, G. J. (2005). Effect of silicon on low pH soil phosphorus
sorption and on uptake and growth of maize. Communications in Soil Science and
Plant Analysis, 35(15-16), 2369-2378.

Pavlovic, J., Samardzic, J., Kostic, L., Laursen, K. H., Natic, M., Timotijevic, G.,
Schjoerring, J. K., & Nikolic, M. (2016). Silicon enhances leaf remobilization of iron
in cucumber under limited iron conditions. Annals of Botany, 118(2), 271-280.

Pavlovic, J., Samardzic, J., Maksimovi¢, V., Timotijevic, G., Stevic, N., Laursen, K. H.,
Hansen, T. H., Husted, S., Schjoerring, J. K., Liang, Y., & Nikolic, M. (2013). Silicon
alleviates iron deficiency in cucumber by promoting mobilization of iron in the root
apoplast. New Phytologist, 198(4), 1096—1107.

Piperno D.R. (1984). A comparison and differentiation of phytoliths from maize and wild
grasses: use of a morphological criteria. American Antiquity. 49:361-383. 21.

Piperno D.R. (1988). Phytolith analysis: An archaeological and geological perspective.
Academic Press, London, 280 p.

Pontigo, S., Godoy, K., Jiménez, H., Gutiérrez-Moraga, A., Mora, M. de la L., & Cartes,
P. (2017). Silicon-mediated alleviation of aluminum toxicity by modulation of Al/Si
uptake and antioxidant performance in ryegrass plants. Frontiers in Plant Science, §.

Pontigo, S., Ribera, A., Gianfreda, L., de la Luz Mora, M., Nikolic, M., & Cartes, P.
(2015). Silicon in vascular plants: Uptake, transport and its influence on mineral
stress under acidic conditions. Planta, 242(1), 23-37.

Preari, M., Spinde, K., Lazic, J., Brunner, E., & Demadis, K. D. (2014). Bioinspired
insights into silicic acid stabilization mechanisms: The dominant role of polyethylene
glycol-induced hydrogen bonding. Journal of the American Chemical Society,
136(11), 4236—4244. https://doi.org/10.1021/ja411822s

Pullin, A. S., & Gilbert, J. E. (1989). The stinging nettle, Urtica dioica, increases trichome
density after herbivore and mechanical damage. Oikos, 54(3), 275-280.

Ranger, C. M., Singh, A. P., Frantz, J. M., Canas, L., Locke, J. C., Reding, M. E., Vorsa,
N. (2022) Influence of silicon on resistance of Zinnia elegans to Myzus persicae
(Hemiptera: Aphididae). Environmental Entomology. Oxford Academic. (n.d.).

Rémus-Borel, W., Menzies, J. G., & Bélanger, R. R. (2005). Silicon induces antifungal
compounds in powdery mildew-infected wheat. Physiological and Molecular Plant
Pathology, 66(3), 108—115.



20

Rodrigues, F. A., Benhamou, N., Datnoff, L. E., Jones, J. B., & Bélanger, R. R. (2003).
Ultrastructural and Cytochemical Aspects of Silicon-Mediated Rice Blast Resistance.
Phytopathology®, 93(5), 535-546.

Sangster, A. G., & Parry, D. W. (1976). Endodermal silicification in mature, nodal roots of
Sorghum bicolor (L.) Moench. Annals of Botany, 40(2), 373-379.

Sattar, A., Cheema, M. A., Ali, H., Sher, A., [jaz, M., Hussain, M., ... & Abbas, T. (2016).
Silicon mediates the changes in water relations, photosynthetic pigments, enzymatic
antioxidants activity and nutrient uptake in maize seedling under salt
stress. Grassland science, 62(4), 262-269.

Savant, N. K., Datnoff, L. E., & Snyder, G. H. (1997). Depletion of plant-available silicon
in soils: A possible cause of declining rice yields. Communications in Soil Science
and Plant Analysis, 28(13—14), 1245-1252.

Savvas, D., Giotis, D., Chatzieustratiou, E., Bakea, M., & Patakioutas, G. (2009). Silicon
supply in soilless cultivations of zucchini alleviates stress induced by salinity and
powdery mildew infections. Environmental and experimental botany, 65(1), 11-17.

Schuerger, A. C., & Hammer, W. (2003). Suppression of powdery mildew on greenhouse-
grown cucumber by addition of silicon to hydroponic nutrient solution is inhibited at
high temperature. Plant Disease, 87(2), 177-185.

Shabbir, I., Abd Samad, M. Y., Othman, R., Wong, M. Y., Sulaiman, Z., Jaafar, N. M., &
Bukhari, S. A. H. (2020). White root rot disease suppression in rubber plant with
microbial co-inoculants and silicon addition. Rhizosphere, 15, 100221.

Shabbir, I., Abd Samad, M. Y., Othman, R., Wong, M.-Y., Sulaiman, Z., Jaafar, N. M., &
Bukhari, S. A. H. (2021). Evaluation of bioformulation of Enterobacter sp.
UPMSSBY7 and mycorrhizae with silicon for white root rot disease suppression and

growth promotion of rubber seedlings inoculated with Rigidoporus microporus.
Biological Control, 152, 104467.

Shen, X., Li, J., Duan, L., Li, Z., & Eneji, A. E. (2009). Nutrient acquisition by soybean
treated with and without silicon under ultraviolet-b radiation. Journal of Plant
Nutrition, 32(10), 1731-1743.

Shetty, R., Jensen, B., Shetty, N. P., Hansen, M., Hansen, C. W., Starkey, K. R., &
Jorgensen, H. J. L. (2012). Silicon induced resistance against powdery mildew of
roses caused by Podosphaera pannosa. Plant Pathology, 61(1), 120—131.

Song, A., Li, P, Li, Z., Fan, F., Nikolic, M., & Liang, Y. (2011). The alleviation of zinc
toxicity by silicon is related to zinc transport and antioxidative reactions in rice. Plant
and Soil, 344(1), 319-333.

Strawn D. G., Bohn H. L., O’Connor G. A. (2015). Soil Chemistry. 4" ed. Wiley. 43.



21

Struyf, E., Smis, A., Van Damme, S., Garnier, J., Govers, G., Van Wesemael, B., Conley,
D. J., Batelaan, O., Frot, E., Clymans, W., Vandevenne, F., Lancelot, C., Goos, P., &
Meire, P. (2010). Historical land use change has lowered terrestrial silica
mobilization. Nature Communications, 1(1), 129.

Tibbitts, S. A. (2018). Effect of silicon on wheat growth and development in drought and
salinity stress (Doctoral dissertation, Utah State University).

Tripathi, D. K., Singh, V. P., Prasad, S. M., Dubey, N. K., Chauhan, D. K., Rai, A. K.
(2016). LIB spectroscopic and biochemical analysis to characterize lead toxicity
alleviative nature of silicon in wheat (7riticum aestivum L.) seedlings. ScienceDirect,
154, 89-98.

Vermeire, M.-L., Kablan, L., Dorel, M., Delvaux, B., Riséde, J.-M., & Legreve, A. (2011).
Protective role of silicon in the banana-Cylindrocladium spathiphylli pathosystem.
European Journal of Plant Pathology, 131(4), 621.

Vieira Filho, L. O., & Monteiro, F. A. (2020). Silicon modulates copper absorption and
increases yield of Tanzania guinea grass under copper toxicity. Environmental
Science and Pollution Research, 27(25), 31221-31232.

Vivancos, J., Labbé, C., Menzies, J. G., & Bélanger, R. R. (2015). Silicon-mediated
resistance of Arabidopsis against powdery mildew involves mechanisms other than
the salicylic acid (SA)-dependent defence pathway. Molecular Plant Pathology,
16(6), 572-582.

Wang, Y., Stass, A., & Horst, W. J. (2004). Apoplastic binding of aluminum is involved in
silicon-induced amelioration of aluminum toxicity in maize. Plant Physiology,
136(3), 3762-3770.

Wu, J.-W., Shi, Y., Zhu, Y.-X., Wang, Y.-C., & Gong, H.-J. (2013). Mechanisms of
enhanced heavy metal tolerance in plants by silicon: A review. Pedosphere, 23(6),
815-825

Zargar, S. M., Mahajan, R., Bhat, J. A., Nazir, M., & Deshmukh, R. (2019). Role of silicon
in plant stress tolerance: Opportunities to achieve a sustainable cropping system. 3
Biotech, 9(3), 73.

Zhao, D., Hao, Z., Tao, J., & Han, C. (2013). Silicon application enhances the mechanical
strength of inflorescence stem in herbaceous peony (Paeonia lactiflora Pall.). Scientia
horticulturae, 151, 165-172.



22

CHAPTER II

BIOAVAILABLE SILICON: DISSOLUTION FROM

SUBSTRATES AND MEDIA ADDITIVES

Abstract. Silicon (Si) is beneficial for plants but is minimally bioavailable in soilless
media. Several Si amendments are commercially available, but the dissolution of Si is
not well characterized. The ideal additive would have a steady release of bioavailable
Si over time. Then dissolution of Si from media additives and substrates in water and
in peat-based media were characterized. Perlite, sphagnum peat moss, vermiculite,
and coconut coir minimally released Si (< 0.03 mmol Si-L ! substrate-day™!) in shaken
water containers. The dissolution of Si from rice hulls averaged 0.21 mmol Si-L™! rice
hulls-day™! for 60 days in water. The dissolution of wollastonite (VanSil® W-10), a
calcium-silicate, released an average of 4 mmol Si-L! wollastonite-day™! for 160
days. Studies showed that a peat-based media amended with wollastonite (1 g
wollastonite-L! peat) and leached with 150 mL nutrient solution twice a week peaked
with a release of 2.1 mmol Si-L media!‘leaching event’!, then gradually decreased
over 120 days. The release of Si from rice hulls in peat-based media (12% rice hulls
by volume), however, gradually increased over time. After 120 days, pH of the
wollastonite-amended peat-based media increased by 0.8 pH units, whereas the rice
hull-amended media increased by 1.0 pH unit. Both amendments increased coconut
coir-based media in 30 days, but varied based on leachate volume. These results

suggest that supplementing soilless media with rice hulls to increase Si bioavailability
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would be beneficial for long-term, container-grown crops and wollastonite would be

beneficial for crops in greenhouse production with shorter lifecycles.

Introduction

Silicon (Si) is the second most abundant element in soils after oxygen
(Epstein, 1999). While predominately found as silicon dioxide (Si0Oz), the
bioavailable form for plants is known as mono-silicic acid, ortho-silicic acid, or silicic
acid (H4S104 or Si(OH)4). Ortho-silicic acid and silicic acids are forms of mono-
silicic acid, but these terms are used interchangeably (Laane, 2018). Although
abundant in natural soils, Si is not considered an essential nutrient for plants because
many species do not need it to complete their lifecycle (Epstein, 1994). Some argue
for Si to be redefined as essential because many studies have shown the benefits of Si,
such as reducing biotic and abiotic stress, in outdoor and indoor agriculture (Brown et
al., 2021; Epstein, 1994; Verma et al., 2021). Natural soils consist of 31% Si on
average (Epstein, 1999), but soilless media, often composed of sphagnum peat moss,
pine bark, and/or perlite, has minimal bioavailable Si (Frantz et al., 2010).
Supplementing Si in soilless media is becoming more important with increasing

greenhouse and indoor agriculture production (Voogt & Sonneveld, 2001).

Recent studies have highlighted the benefit of supplying Si in soilless media
on plant morphology and biotic resistance. Silicon supplementation has improved
floral traits such as flower diameter, stem height, stem straightness, and stem

thickness in gerbera [ Gerbera jamesonii Bolus ex. Hooker f. (Kamenidou et al.,
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2010)], sunflower [Helianthus annuus L. (Kamenidou et al., 2008)], and zinnia
[Zinnia elegans Jacq. (Kamenidou et al., 2009)]. Mattson and Leatherwood (2010)
reported that some ornamental crops petunia (Petunia xhybrida (Sweet) D. Don ex
W. H. Baxter) and argyranthemum (4rgyranthemum sp. Webb ex Sch.Bip.) increased
in height, diameter, dry weight, and/or flower diameter with Si accumulation, but
these results were species dependent. Shi et al. (2014) found that Si alleviated
oxidative stress of tomato (Solanum lycopersicum L.) seedlings and improved seed
germination during drought stress. Heine et al. (2007) found that Si supplementation
in peat-based media increased resistance of tomato and bitter gourd (Mormodica
charantia L.) roots to Pythium aphanidermatum (Edson) Fitzp. Jeong et al. (2012)
reported that potassium silicate drenches on chrysanthemum (Chrysanthemum
xmorifolium (Ramat.) Hemsl.) reduced aphid (Macrosiphoniella sanborni Gillette)
colonies by 40-57% compared to non-Si-supplemented controls. Others found
decreased susceptibility to common diseases like powdery mildew (Golovinomyces
spp. (U.Braun) V.P.Heluta) with increasing Si bioavailability (Savvas et al., 2009;

Shetty et al., 2012; Tibbitts, 2018).

There are several methods to supply Si, including foliar sprays (Asgharipour
& Mosapour, 2016; Mantovani et al., 2018; Menzies et al., 1992), fertigation (Boldt
et al., 2021; Buck et al., 2010; Nikpay & Soleyman-Nejadian, 2014), and media
amendments (Altland et al., 2016; Boldt et al., 2018; Jayawardena et al., 2016; Sistani
et al., 1997; Somapala et al., 2016). Foliar sprays can be useful, and are commonly

used for pest or disease control as it creates an effective film over the cuticle, but the
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Si does not become incorporated in the plant tissue (Li et al., 2020). Some studies
suggest that foliar sprays are not effective compared to soil or substrate-applied Si if
accumulation is the goal (Dallagnol et al., 2012; Liang et al., 2005; Pilon et al., 2013).
A common way to supply Si to the root-zone in containers is by fertigation, but Si
solubility can be difficult to maintain at higher concentrations in stock solutions.
Some Si forms, like potassium silicates, can become insoluble and precipitate when
pH decreases below 11.3 (Fatzinger & Bugbee, 2021). This can abrade dosing
injectors over time and clog drip emitters if pH is not monitored and corrected. Media
amendments can be a simpler way to supplement Si in the root-zone (Haque et al.,

2019).

Commercially available Si additives include steel slag, rice hulls,
diatomaceous earth, and wollastonite. Steel slag, a byproduct of the metal industry,
has been well investigated as a Si supplement; it also provides magnesium and
calcium (Das et al., 2020; Ito et al., 2015; Zhang et al., 2017). Frantz et al. (2010)

found that steel slag had a lower release rate in water than rice hulls.

Rice hulls are well-studied and are commonly used to supplement Si (Boldt et
al., 2018; Frantz et al., 2010; Jayawardena et al., 2016; Sistani et al., 1997; Somapala
et al., 2016). Diatomaceous earth has been used as a form of pest control but is less
studied (Mills-Ibibofori et al., 2019; Pati et al., 2016). Wollastonite is a naturally
occurring calcium silicate mineral (CaSiO3) that is about 51% SiO,.Wollastonite has
shown promise as a Si amendment but is not as well studied (Haque et al., 2019,

2020). Frantz et al. (2010) tested several steel slags, wollastonite, and parboiled rice
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hulls added to a peat-based media for 21 days and found that rice hulls released the
highest amount of Si per gram of material tested, steel slag released the second, and
wollastonite released the least. However, Si release rates from these products over

time are not well characterized.

Therefore, the dissolution of bioavailable Si over time from diverse media

components and additives were characterized.
Materials and Methods
Release rate in water

Dissolution of Si from sphagnum peat moss (fibrous blond, ProMoss® 111
TBK; PRO-MIX, Quebec, Canada), coconut coir (Black Gold®; Sun Gro
Horticulture, Agawam, MA), expanded coarse perlite (Hess®, Hess Perlite, Malad
City, ID), vermiculite (Horticultural coarse grade; Perlite Vermiculite Packaging
Industries, Inc., North Bloomfield, OH), coarse diatomaceous earth (AxisDE®; EP
Minerals, LLC, Reno, NV), powdered diatomaceous earth (Natural DE®; EP
Minerals), parboiled rice hulls (PBH; Riceland Foods, Inc., Stuttgart, AK), steel slag
(Plant Tuff®; Levy Corp., Dearborn, MI), Ottawa sand (30-40 mesh particle size;
VWR Chemicals BDH®, Ottawa, Canada), play sand (Sandtastik® Sparkling White
Play Sand; Sandtastik Products Ltd., Port Colborne, Ontario, Canada), rock wool
(GRO-BLOCK™, Grodan®, Roermond, The Netherlands) and wollastonite (VanSil®
W-10; Vanderbilt Minerals, LLC, Norwalk, CT) were quantified. Plant Tuff® had

four replicate jars, wollastonite three replicates, and rice hulls three replicates to
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ensure repeatability of the release rates. The mass of 50 mL of each media component
was measured, added to a quart-sized jar, then filled to 500 mL with deionized (DI)
water (Figures 2.1A-B). These glass jars minimally leached Si and did not affect
release rate concentrations (data not shown). Filled jars were placed uncovered on an
orbital shaker (Orbital-Genie™ Benchtop Orbital Shaker; Scientific Industries, Inc.,
Bohemia, NY) at 75 rpm on a lab bench (air temperature 25 + 2 C). Every week jars
were hand mixed by swirling prior to sampling and then filtered with Whatman®
grade 1 (11 um) cellulose filter paper (Cytiva, Marlborough, MA). Solution Si
concentrations were then measured by using a colorimeter (LaMotte® SMART 3
colorimeter; La Motte, Chestertown, MD). The remaining solution in each jar was
decanted, and the water was replaced with 450 mL of deionized (DI) water for a total
volume of 500 mL. Measurements of media components with steady release rates of
Si were terminated after 60 days, and those without were continued for an additional

70-100 days.
Figure 2.1

The Method of the Dissolution of Silicon from Substrates and Media Additives in
Water Method
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500 mL
c DI H,0 =
50 mL
media
Shaker table set
at: 75rpm

Note. Dissolution of silicon (Si) from substrates and media additives in water were
measured in glass jars that minimally leached Si. Method shown by photo (A) and

diagram (B).
Release rate from soilless media

Wollastonite and rice hulls were further studied in soilless media. Each
column was constructed out of 3-inch diameter (7.62 cm), 10-inch (25.4 cm) tall
polyvinylchloride (PVC) piping fit with a filter of landscape fabric at the bottom and
had a total media volume of 1 L (Figures 2.2A-B). Wollastonite-amended columns
included 1 gram wollastonite, 0.75 grams wetting agent (AquaGro® 2000 G;
Aquatrols, Paulsboro, NJ), and 1.23 grams of hydrated lime (to adjust pH to 6.0;
Chemstar® Type S lime; Chemstar Products, Minneapolis, MN) per liter of sphagnum
peat moss. Rice hull-amended columns included 12% rice hulls by volume, 0.75
grams wetting agent, and 1.5 grams hydrated lime per L of sphagnum peat moss to

adjust pH to 6.0.
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Rice hulls and wollastonite were also added to coconut coir to study the effect
of these additives on media pH over time. Rice hull-amended columns were
comprised of 12% rice hulls by volume and 0.75 g wetting agent per L coconut coir.
Wollastonite-amended columns were comprised of 1 g wollastonite and 0.75 g
wetting agent per L coconut coir. Coconut coir pH started at 6.5 + 0.08 pH units, thus

no pH adjustment was made. Total media volume in each column was 1 L.

All columns were initially flushed with 600 mL of tap water (Logan, UT) to
compact the soilless media. The columns were subsequently leached using the pour-
through method (Yeager et al., 1983) twice weekly (2 to 5 days between flushes) with
150, 300, or 600 mL of nutrient solution. Each treatment had two replicates. The
nutrient solution contained 1.5 mmol-L"! (mM) Ca(NO3)2, 2.25 mM NH4Cl, 2 mM
KNO3, 0.8 mM MgS0s4, 0.35 mM HNO3, 3 uM MnCly, 3 uM ZnCl,, 40 uM H3BOs3,
4 uM Cu-EDTA, 0.1 uM Na;MoOs, and 0.1 uM NiCl (pH: 6.0 + 0.1; electrical
conductivity (EC): 1.2 + 0.06 mS-cm™). Nutrient solution was made with reverse
osmosis water to reduce the addition of Si and was titrated with potassium hydroxide
(KOH) or hydrochloric acid (HCI) before flushing to maintain pH at 6.0 + 0.1.
Phosphorous (P) and iron (Fe) were excluded from the nutrient solution due to
interferences with the colorimeter analysis. If P and Fe had been included, inductively
coupled plasma-optical emission spectrometry (ICP-OES) analysis would have been
required. Leachate was collected in plastic containers until there was no residual
dripping (=60 min.). Leachate pH (Oakton® pH electrode, Oakton Instruments,

Vernon Hills, IL; Hanna HI2209 Benchtop pH Meter, Hanna Instruments, Smithfield,
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RI) was immediately measured. Silicon concentrations were measured by

colorimeter.

Figure 2.2

The Method of the Dissolution of Silicon from Substrates and Media Additives from
Media

Nutrient solution

1 liter media

filter mes)

1

Leachate

Note. A photograph of the 12 columns that were used to quantify release rate of

silicon (Si) in media (A) and a diagram to show leaching events (B).
Wollastonite pH

The dissolution of wollastonite releases two molecules of hydroxide for every

molecule of Si (Equation 1).
CaSiO; + 3H,0 - H,Si0, + 20H~ (1)
Colorimetric analysis

Silicon concentrations of leachates were quantified colorimetrically using the

heteropoly blue method (Eaton et al., 2005; LaMotte® silica low range test kit 3664-
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SC, La Motte, Chestertown, MD). The silica low range test was used to have higher
resolution of Si in solution. Samples were blanked with DI water to account for color
added by reagents and operator effect. The concentration of the blank was subtracted
from the concentration of each leachate sample. A blank was made for each treatment
solution every time leachates were tested. Samples were then analyzed by ICP-OES
at the Utah State University Analytical Laboratory (USUAL; Logan, UT) to test the

accuracy of colorimetric analysis.
Heavy metal analysis

Basil (Ocimum basilicum ‘Genovese’) and sunflower ‘Pacino Gold” were
grown for six weeks in soilless media amended with wollastonite, steel slag, or no Si
additive for heavy metal uptake analysis. Pots (11.4-cm diameter) were filled with a
base substrate of 85 sphagnum peat moss : 15 coarse grade perlite (v:v; SunGro
Horticulture) and 0.196 L-m™ of a wetting agent (SOAX, Oasis Grower Solutions,
Kent, OH). It was amended with 1.17 g-L*! wollastonite (VanSil® W-10) and 1.78
kg m™ dolomitic limestone (ECOpHRST; National Lime and Stone Co., Findlay,
OH), with 7.12 g-L! steel slag (PlantTuff®) and 1.48 kg-m? lime, or only with 2.67
kg m™ lime. This provided =170 g Si per pot to the Si-amended treatments and
adjusted initial media pH to 6.0 for all treatments. Each treatment contained three

replicates per species.

Plants were grown in a glass-glazed greenhouse (Toledo, OH) from 24

January to 7 March 2020. Supplemental irradiance was provided by 1000-W high
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pressure sodium lamps between 0600 — 2000 nr when benchtop ambient irradiance
was less than 300 pmol-m-s! photosynthetic photon flux density (PPFD). Air
temperature and PPFD were measured with aspirated thermocouples and quantum
sensors (MQ-200; Apogee Instruments, Logan, UT), respectively, and recorded every
15 min using a Campbell Scientific datalogger (CR10X; Campbell Scientific, Logan,
UT). Mean air temperatures were 25.2 + 1.2 °C day/21.0 + 1.9 °C night, and mean
daily light integral (DLI) was 11.4 + 1.3 mol'm2d!.

Plants were irrigated as needed with 15N-2.2P-12.4K (Jacks 15-5-15, JR
Peters, Inc., Allentown, PA) at a concentration of 150 mg-L! N. At two and four
weeks after transplant, plants were provided 150 mL of magnesium sulfate (1.06 g-L!
magnesium sulfate heptahydrate; Magriculture, Giles Chemical, Waynesville, NC).

After six weeks, aboveground tissue was separated into leaves and stems
(including stems and inflorescences). They were dipped in acidified water (0.1 M
HCl), rinsed in 18 MQ water, placed in paper bags, dried in a forced-air oven at 60 °C
for a minimum of five days, and weighed for dry mass. Leaves were ground into a
fine powder using a mortar and pestle for elemental analysis. Tissue samples were
digested in nitric acid (HNO3) and hydrogen peroxide (H>O>) for heavy metal
analysis with ICP-OES at USUAL.

Results
Release rate in water

The dissolution of Si from wollastonite had the highest release rate in water

(4.03 +0.65 mmol Si-L! wollastonite-day™') over 150 days (Figure 2.3A; Table 2.1).



Peat moss, coconut coir, perlite, and sand released the least Si (< 0.03 mmol Si-L!

substrate-day™!; Figure 2.3B).

Figure 2.3

Dissolution of Silicon from Media Components in Water
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Note. Wollastonite (Vansil® W-10) released the most silicon (Si) over 160 days (A).

Release rates without wollastonite and steel slag (Levy Plant Tuff®) are graphed (B).

Note the scale change. Media components minimally released Si and were depleted

before day 60.

Release rates from Figure 2.3A-B are given per volume and mass listed in

Table 2.1.
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Numerical Summary of Figure 2.3
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Substrate or additive

mmol Si per day

per liter substrate

mmol Si per day

per kilogram substrate

Wollastonite (n=3)

Steel slag (n=4)

Rice hulls (n=3)
Powdered diatomaceous earth
Coarse diatomaceous earth
Vermiculite

Grodan®

Play sand

Ottawa sand

Coconut coir

Perlite

Peat

4.03 +0.65

0.67 +0.45

0.22 +£0.07
0.34
0.28
0.08
0.04
0.03
0.03
0.01
0.02

0.01

4.64 +0.37

0.34+0.14

1.63 +0.08
0.95
0.64
0.55

<0.001

0.02
0.02
0.39
0.14

0.08

Note. This table shows the average release rates by volume and mass up to 60 days.

Peat moss, coconut coir, vermiculite, Grodan®, and perlite were measured until

silicon (Si) depletion (30-40 days). Where sample size is not listed, one replicate was

evaluated.
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Si release from soilless media

Rice hull-amended peat leached with 150 mL nutrient solution (15% leaching
fraction) released an average of 1.47 + 0.27 mmol Si-L! media‘leaching event™!, 300
mL (30% leaching fraction) released 0.95 + 0.20 mmol Si-L-! media-leaching event!,
and 600 mL (60% leaching fraction) released 0.57 + 0.17 mmol Si-L"! media‘leaching
event'! over 120 days (Figure 2.4). Rice hulls released steadily and gradually
increased over time, while wollastonite peaked at day 10, then decreased over time.
Wollastonite-amended peat with a 15% leaching fraction peaked at 2.1 mmol Si-L"!
media-leaching event™! then decreased to about 0.85 mmol Si-L! media-leaching
event™! at day 120 but averaged 1.44 + 0.40 mmol Si-L! media‘leaching event™! over
the span of the study. Wollastonite columns with a 30% leaching fraction peaked at
1.8 mmol Si-L! media-leaching event™! and decreased to 0.25 mmol Si-L!
media-leaching event! but averaged 0.94 + 0.51 mmol Si-L-! media-leaching event!
over 120 days. Wollastonite columns with a 60% leaching fraction peaked at 1.3
mmol Si-L-! media-leaching event™! then decreased to less than 0.1 mmol Si-L-!
media-leaching event ! but averaged 0.50 + 0.41 mmol Si-L-! media‘leaching event!

over 120 days (Figure 4).
Figure 2.4

Release of Silicon from Peat Moss Amended with Wollastonite or Rice Hulls
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Note. Release of silicon (Si; mmol Si-L! media-leaching event!) over 120 days. Each
data point represents the average of two replicate columns with error bars
representing standard deviation (n=2). Leachate Si concentration correlated with
leaching volume and time between leaching events. Some of the variability was
associated with the time interval between leaching events, which varied from 2 to 6
days. The longer intervals tended to increase the concentration of Si in the leachate as

the amendments were able to release more Si.

Leaching volume influenced the release and concentration of Si in leachates.
For both amendments, leaching with 600 mL (60% leaching fraction) resulted in a

consistent release of Si that quickly depleted wollastonite after 120 days (Figure 2.4).
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The addition of 12% rice hulls, leached with 600 mL, surpassed the calculated
maximum concentration of Si that could be released by wollastonite (8.5 mM Si) in
96 days (Figure 2.5). Wollastonite was depleted of Si for both the 300 and 600 mL
treatments in about 100 days. Both amendments released similar amounts of Si when

leached with 150 mL (Figure 2.5).

Figure 2.5

Cumulative Concentration of Silicon Released by Wollastonite or Rice Hulls in Peat
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Note. Cumulative concentration of silicon (Si) released by wollastonite (1 g-L! peat)
and rice hulls (12% incorporation, by volume) over time. Each data point represents

the average release from two columns (n=2).
Effect of amendment on pH

Wollastonite (1 g-L! peat) and rice hulls (12% incorporation, by volume)
increased peat-based media pH over time (Figure 2.6A). Across all three leaching
volume treatments, wollastonite raised media pH about 0.8 pH units while rice hulls

raised media pH about 1.0 pH units over 120 days (Figure 2.6A).

Both wollastonite (1 g-L! peat) and rice hulls (12% incorporation, by volume)
in coconut coir-based media increased media pH, but varied based on leaching
volume (Figure 2.6B) unlike peat-based media. Wollastonite amended coconut coir
based-media leached with a 15% fraction raised media pH by 1.2 units and has
stabilized at around a pH of 7.35. A leaching fraction of 30% increased pH to 7.0 then
decreased to 6.6 in 30 days. A leaching fraction of 60% increased media pH to 6.6
then decreased to 6.3. Rice hull amended coconut coir based-media pH increased to
6.9 then decreased to 6.75 with a 15% fraction. A 30% leaching fraction increased
media pH to 6.9 then decreased to 6.45. A 60% leaching fraction increased media pH

6.65 then decreased to 6.2.

Both amendments affected media pH, but the substrate base was influenced

differently (Figure 2.6A-B).

Figure 2.6
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Note. pH increased over time in both wollastonite and rice hull amended peat-based
(A) and coconut coir-based media (B). Nutrient solution was maintained at a pH of
5.9 + 1.0. Data points represent the average of the treatment (A: n=6; B: n=2) and
error bars represent standard deviation. Figure 2.6A: Leaching volumes were not
different from one another and were pooled for peat-based media. Data over 120
days. Figure 2.6B: Note scale change. Leaching volumes were graphed separately

over a 30-day period.

Colorimetric analysis

Colorimetric analysis was compared to ICP-OES analysis to ensure accurate
measurements. The ICP-OES analysis explained 97% of the colorimetric analysis of
Si in leachates (Figure 2.7A). Percent error varied among Si concentrations, but no

obvious pattern is seen (Figure 2.7B).

Figure 2.7

Comparison of Silicon Analysis Methods
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Note. Comparison of colorimetric to inductively coupled plasma-optical emission
spectrometry (ICP-OES) silicon (Si) analysis (n=106). Figure 2.7A: Regression is
shown in blue (y=0.99x+0.16; * = 0.97). The 1:1 line is shown in black. Figure 2.7B:
Percent error of colorimetric analysis to inductively coupled plasma-optical emission
spectroscopy (ICP-OES). Differences between measurement methods may be caused
by time duration between sampling, sample storage temperature, and/or dilution

errors (n=106). There was no difference in deviations as Si concentration increased.
Heavy metal analysis

Nine heavy metals were analyzed in leaves of basil and sunflower grown in a
non-amended or wollastonite-amended peat:perlite media. While chromium uptake
was higher in sunflower than basil, the uptake of the other metals was similar
between species, so they were pooled for analysis. Aluminum, barium, cadmium, and
strontium concentrations were significantly higher in wollastonite amended media

compared to the non-amended control (Table 2.2).

Table 2.2

Heavy Metal Analysis of Basil and Sunflower Grown with Wollastonite
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Element  (-) Wollastonite (+) Wollastonite Significance
(mg/kg) (mg/kg) (p-value)

Al 41+1.6 73+1.5 0.009
As 0.21 +£0.07 0.21 +£0.08 0.48
Ba 6.2+0.6 7.6 +0.7 0.003
Cd 0.15+0.01 0.16 £ 0.01 0.04
Co 0.18 +£0.06 0.24 +0.08 0.14
Cr 0.27 +£0.04 0.32 +£0.04 0.09
Pb * * *

Se - - -

Sr 25425 33+1.9 0.0004

Note. Basil (n=3) and sunflower (n=3) were grown in soilless media amended

with and without wollastonite. Average and standard deviation of metal uptake is

shown. Species were pooled (n=6) due to an insignificant interaction between species

apart from chromium. Significance was determined using an alpha level of 0.05.

Below detection limit (BDL) is represented with hyphens (--). *Lead (Pb) was not

statistically analyzed due to only one out of the six replicates being above the

detection limit.

Basil and sunflower were also grown in media amended with Plant Tuff®.

Aluminum, arsenic, barium, chromium, and strontium were significantly higher in

Plant Tuff® amended media than the non-amended control treatment (Table 2.3).

However, these concentrations are not biologically important because they did not

cause any notable toxicity effects.
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Heavy Metal Analysis of Basil and Sunflower Grown with Plant Tuff®

Element  (-) Plant Tuff® (+) Plant Tuff® Significance
(mg/kg) (mg/kg) (p-value)
Al 4.06+ 1.6 10.5 +3.1 0.002
As 0.21 +£0.07 0.34+0.11 0.02
Ba 6.22 +0.62 9.73 +£0.9 0.0001
Cd 0.15+0.01 0.08 +£0.02 NA
Co 0.18 £0.06 0.19 +0.08 0.86
Cr 0.27 +£0.04 0.32 +0.04 0.03
Pb - - ----
Se -—-- === ===
Sr 25.14+2.53 30+ 2.38 0.008

Note. Sunflower (n=3) and basil (n=3) were grown in soilless media amended with

and without Plant Tuff®. Species were pooled (n=6) due to an insignificant interaction

between species and treatment effect. Significance was determined using an alpha

level of 0.05. Below detection limit (BDL) is represented with hyphens (--).

Significance was not calculated for cadmium (Cd) because the control plant tissue

had higher concentrations of Cd than the Plant Tuff® supplemented plant tissue

(represented with NA).
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Discussion

Soilless media components minimally released Si, but media amendments can
be added to supplement for Si. The ideal Si additive would have a steady-state release
of Si throughout the lifecycle of the crop. Diatomaceous earth had a steady-state
release of Si but is expensive and would require large quantities to supply adequate
Si. Rice hulls had a comparable release rate as diatomaceous earth and they increase
the volume of the media, which reduces overall media cost. Steel slag released a high
concentration of Si but the release was inconsistent probably because of variable
particle size. Steel slag, at the rate evaluated, also caused an alkaline pH of 11.3,
which would require accurate liming and application of the additive to maintain a
suitable root-zone pH for crop production. Wollastonite had the highest release of Si
in water over 160 days when compared to the other substrates (Figure 2.1A), but this
is inconsistent with the findings of Frantz et al. (2010). They observed that rice hulls
released the most Si per gram tested while wollastonite released the least. The particle
size used by Frantz was not reported so the results could be associated with different

particle sizes.

Release of Si from the dissolution of rice hulls and wollastonite was further
studied in soilless media. In all leaching volumes, rice hulls steadily released and
slowly increased from 0.5 to 1.75 mmol Si-L! media-leaching event in the 15%
leaching fraction over 120 days while wollastonite peaked at about 2.1 mmol Si-L"!
media-leaching event!, but slowly decreased and depleted over time (Figure 2.4). If a

complete nutrient solution was used, microbial colonies might have been better
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supported, potentially helping decompose the rice hulls more rapidly and releasing
more Si (Marxen et al., 2016; Oliverio et al., 2020). In this study, Vansil® W-10
wollastonite was used, which is the coarsest particle grade commercially available,
and has a lower risk of inhalation than finer grades (Vanderbilt, 2015). Using an even
coarser grade may increase the longevity of Si release over time in soilless substrates.
The ratio of 1 g wollastonite- L' peat was the only application rate studied, so more or
less could be applied if desired, but the addition of lime would need to be adjusted to
account for the increase of pH caused by more or less wollastonite. Rice hulls
released less total Si than wollastonite until about day 80 but had a higher maximum
release of Si (22.4 mmol Si-L-! peat) and a longer sustained release than wollastonite

(8.5 mmol Si-L"! peat; Figure 2.5).

Although these amendments release Si, mono-silicic acid may not remain
soluble in the root-zone solution due to its instability (Schaller et al., 2021). The
volume of rice hulls added to media mixes can be altered depending on cost and crop
needs, but the concentration of released Si would vary. These results suggest that
wollastonite would be a beneficial addition to soilless media mixes for short-term,
high turn-over containerized crops with fast lifecycles. Rice hulls would be better
suited to provide a steady release of Si for longer-term container-grown crops,
provided the breakdown of the rice hulls over time does not negatively impact
substrate physical properties. Temperature may influence the release rate of Si from

either additive depending on the environmental conditions, but was not studied in this
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study. Regardless of additive, the longevity of release depends on watering style (e.g.,

irrigation frequency and volume).

Leachate volume and time between leaching influenced Si release. The
greatest amount of Si was released using 600 mL (Figures 2.4 and 2.5) but quickly
depleted the release of Si from wollastonite compared to other leaching volumes. The
30% leaching fraction released Si quicker than the 15% leaching fraction but
extended the life of the Si additive about 10 days longer than the 60% leaching
fraction (Figures 2.4 and 2.5). The lowest volume tested (i.e., 15% leaching fraction)
is more akin to greenhouse and nursery growers’ practices to reduce nutrient and
water waste. This low leaching volume maintained a steady release of Si in both
amendments while extending the life of the additives about 30 days (Figures 2.4 and
2.5). Noise in the data (Figure 2.4) corresponded with time between leaching events.
Leaching style can also affect Si release. If water or nutrient solution is not applied
slowly to the growing media, channeling may occur and misrepresent the release of Si

from the whole container (Atland, 2021).

Silicon media additives influenced media pH. Both rice hulls and wollastonite
increased peat-based media, but rice hulls raised pH more than wollastonite in peat-
based media (Figure 2.6A). Rice hulls and wollastonite amended coconut coir-based
media increased media pH over time (Figure 2.6B), but, wollastonite raised coconut
coir-based media pH more than rice hulls. A leaching fraction of 15% increased
media pH the most (Figure 2.6B). The dissolution of wollastonite releases hydroxide

ions as Si is released, which raises pH (supplemental Figure 2.8; Equation 1). The
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amount of additive may need to be adjusted depending on the media base being used.
Sphagnum peat moss is acidic (pH of 3.0-4.0; Lee et al., 2021) and may or may not
require additional lime depending on the type and volume of Si amendment added.
Coconut coir is less acidic than peat moss (pH 4.2-6.1; Abad et al., 2002) and may or
may not need lime to adjust starting pH to a suitable range for crop production. It is
important to note that media bales differ in pH and should be checked prior to mixing

each media batch to adjust recipes to ensure a suitable root-zone environment.

Silicon amendments, particularly from mined products, can supply other
undesired elements. The heavy metal concentrations in plant tissue were well under
legal concentration limits for human and animal consumption in the United States
(U.S. Food and Drug Administration, 2022), but regulations vary by country.
Wollastonite purity and elemental concentration might vary based on the area mined,

but other wollastonite sources were not studied.

Silicon release rates were measured primarily by colorimetric analysis.
Phosphorous and Fe interfere with the analysis (Eaton et al., 2005) and so were
excluded from the nutrient solution. Elemental concentrations could have been
analyzed with ICP (Hansen et al., 2013), but this is expensive. Colorimetric analysis
is an affordable way to measure Si in solution if interferences are not present.
Although P interferes with the colorimetric Si test, the active uptake of P should
reduce this interference in leachates collected from container-grown plants, but this
should be kept in mind when colorimetrically analyzing nutrient solutions or

leachates for Si concentrations. Results are comparable to ICP-OES analysis (Figures
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2.7A-B). Testing for Si is inherently difficult because of the natural instability of
mono silicic acid (Laane, 2018). Temperature and length between testing samples
colorimetrically versus ICP-OES may have resulted in differing measurements

(Figure 2.8) due to the reported instability of mono silicic acid (Laane, 2018).

Concentrations of bioavailable Si from leachates were estimated instead of
being quantified by traditional in-plant elemental concentrations. Although plant
tissue analysis gives an exact concentration, plant uptake can be calculated and
estimated with water use efficiency (WUE) and desired tissue concentrations with
mass balance since Si is primarily taken up passively through mass flow, unless the
crop is a Si accumulator (Ma & Yamaji, 2006). Quantifying the release rates of media
components provides an estimate of the concentration of Si available for uptake, and
Si concentrations in plant tissue can be calculated using WUE. If WUE is known, the
percent desired elemental concentration can then be calculated to approximate
supplementation (Equations 2 and 3). This example uses 0.01 g Si per gram dry mass,
or 1% Si on a dry mass basis, which is the threshold defined for a Si-accumulating
species. Many greenhouse and nursery crops are well below this threshold, although
notable exceptions include cucumber (Cucumis sativas L.) and other cucurbits,
lantana (Lantana camara L.), phlox (Phlox spp. L.), sunflower (Helianthus annuus
L.), verbena (Verbena bonariensis L.), and zinnia (Zinnia elegans Jacq.) (Boldt &

Altland, 2018; Frantz et al., 2010).
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WUE X Tissue concentration = Solution concentration needed (2)

3 g dry mass o 0.01gSi  30mgSi 1.07 mmol Si 3)
L H,0 gdrymass L H,0 or L H,0

This desired concentration in Equation 3 can be satisfied by supplementing
wollastonite or rice hulls in soilless media (Figures 2.4 and 2.5). This mass balance
technique is commonly used in hydroponic culture (Bugbee, 2004; Langenfeld et al.,
2022) and works well if the specific element is passively taken up. Silicon is mainly
taken up passively following the transpiration stream but can be active if the species
is a Si accumulator (Ma & Yamaji, 2006) and/or exposed to stress. Prakash et al.
(2010) found correlations between Si concentration of growing media and final Si
concentration in rice (Oryza sativa L.) tissue. Knowing the concentration of Si
supplied in the root-zone solution, at non-saturating concentrations, can give an
accurate estimation of how much Si will be in plant tissue. Amending soilless media
with a Si additive that steadily and continually releases Si throughout the crop

lifecycle can provide the aforementioned benefits.

Conclusion

The dissolution of wollastonite and parboiled rice hulls steadily released
bioavailable Si over time in peat-based media with minimum effects on media pH and
heavy metal concentration in the plant tissue of two species at the incorporation rates
evaluated. Silicon concentrations were analyzed by colorimeter, which is an

affordable, time effective, and reliable method for quantifying Si concentrations,
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compared to ICP-OES, for aqueous samples that do not contain interfering elements.
Wollastonite would be beneficial for container production of crops grown less than 4

months and rice hulls would be better suited for longer-term container-grown crops.
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Supplemental Data

To track the change of pH and release of Si over time from wollastonite, a 1 L
Erlenmeyer flask was filled with 100 grams of wollastonite and diluted to one liter
with DI water. One milliliter of 1.0 M 2-(N-morpholino)ethanesulfonic acid (MES)
buffer titrated with KOH to a pH of 5.8 was added. The solution was stirred at 300

rpm on a stir plate and the pH was measured after 8 h. The solution was left overnight
for the wollastonite to settle. The following morning, the water was decanted and
fresh DI water with one milliliter of 1.0 M MES buffer was added to bring the total
solution to one liter. This was done daily for three weeks, then was done twice a week
for the next three weeks, then once a week for next three weeks, and every other week

for the remainder of the 93-day study.
Figure 2.8

Effect of Wollastonite on pH



58

Wollastonite pH

in DI water |

0 20 40 60 80

Note. Wollastonite continuously increased solution pH until day 90, suggesting the
wollastonite was depleted of silicon (Si) in the rapidly stirred water. The pH increased
as Si was released because with every mole of mono-silicic acid released, two moles
of hydroxide were released (Equation 1). As the pH change became smaller, it
suggests that Si release rate decreased. After pH was measured after 8 hr, water was

decanted and refilled with deionized water and buffer to bring pH to 5.8.
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CHAPTER III

SILICON DID NOT IMPROVE TOLERANCE TO PRECISION DROUGHT

STRESS IN VEGETATIVE CANNABIS

Abstract. Precision drought stress (PDS) has the potential to reduce stem elongation
without reducing photosynthesis. Precision drought stress could help growers increase
yields of Cannabis sativa L. by decreasing the likelihood of lodging, but PDS is a
sensitive system. We aimed to stabilize PDS with silicon (Si) since Si has been shown
to increase the tolerance of plants to drought stress, especially Si-accumulating
species such as Cannabis. Drought was applied to vegetative Cannabis with and
without Si to see if Si would strengthen Cannabis in this system. Plants treated with
PDS with and without Si were 10% to 40% shorter and had 20% to 75% less dry
mass than control treatments among three trials. Benefits from supplementing Si to
Cannabis under drought were not consistently seen, but powdery mildew
(Golovinomyces sp. (U.Braun) V.P.Heluta) was inhibited in every trial by Si
accumulation in tissues compared to Si non-supplemented treatments. Precision
drought stress has potential to reduce plant growth without impairing plant health but
requires further study with Si supplementation to investigate the benefits Si has on the
system. Although Si did not consistently increase resistance of Cannabis to drought

stress, Si supplementation in soilless media increased biotic resistance of Cannabis.
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Introduction

Drought stress is an environmental factor that hinders plant growth and
development (Farooq et al., 2012), but, if controlled, can be beneficial. This is
sometimes referred to as “eustress” or “precision drought stress” (PDS) and can be
applied by several ways, but is usually done by manipulating matric or osmotic
potential (Vazquez-Hernandez et al., 2019). Precision drought stress has been shown
to promote desirable defense responses in plants like increased secondary metabolite
production (Isah, 2019) and maintained plant size (Boyer, 1970; Carillo et al., 2021)

without hindering yields.

Some studies have shown PDS to be a successful method to increase the
production of secondary metabolites in high-value crops. Caplan et al. (2019)
withheld water from Cannabis and found a significant increase in cannabinoid (CBD)
concetrations. An increase in the production of derisible terpenes or the concentration
of specific terpenes has been seen in other common oil-producing species such as
basil [Ocimum basilicum L. (Al-Hugqail et al., 2020; Simon et al., 1992)], sage [Salvia
officinalis L. (Caser et al., 2019) and Salvia miltiorrhiza Bunge (Liu et al., 2011)],
and safflower [Carathamus tinctorius L. (Chavoushi et al., 2020)] (for review Akula
& Ravishankar, 2011; Yadav et al., 2021). An increase in secondary metabolite
production is beneficial for oil-yielding crops, but some of these crops are grown

indoors with restricted space that growers wish to control.
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Some of these crops are grown indoors where restricted spaces lead growers
to look at compact cultivars of production strategies that can be utilized to control
growth. A typical procedure to manage plant growth is to apply hormone-based
synthetic or natural plant growth regulators (PGRs). These hormones, typically
gibberellic acid-inhibitor or ethylene-forming compounds, reduce stem elongation.
Plant growth regulators are effective but wear off at various rates and can require
multiple applications for an even effect, which can be time-intensive. Instead, PDS
could be applied to maintain plant size. Boyer (1970) measured photosynthetic rates
and leaf enlargement while withholding water from corn (Zea mays L.), soybean
(Glycine max (L.) Merr.), and sunflower (Helianthus annuus L.). Boyer (1970) found
that leaf enlargement decreased by 10% to 15% between -0.7 to -1.2 MPa (-7 to -12
bars) in all three species and maintained typical photosynthetic rates. Leaf expansion
is usually seen as a positive use of energy for plants to maximize photon capture, but
stem and petiole elongation occurs simultaneously, and this is seen as a negative use
of energy in indoor agriculture (Kutschera & Niklas, 2007). This creates large plants
that can take up more space in restricted environments of greenhouse and indoor
agriculture production, which usually elicits the use of PGRs. Applying PDS could be
an alternative method to reduce leaf expansion and stem elongation to maximize yield
in these limited spaces, especially for crops intended for consumption. However, PDS
is a sensitive system to balance: too much stress and photosynthetic rates rapidly

decrease from stomatal closure, or not enough stress and plant size will be unaffected
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(Boyer, 1970). Studies have coupled the application of drought with silicon (Si) to

strengthen plants (see review Luyckx et al., 2017).

In recent years, the value of supplementing crops with Si during drought stress
has become better known and understood (Verma et al., 2021). The observed benefits
for crops during abiotic stress have increased interest in Si supplementation (Luyckx
et al., 2016). These benefits have been most noticeable in Si-accumulating species,
which have > 10,000 mg Si-kg™! dry tissue (1% total dry mass is Si) in the aerial
shoot (Epstein, 1999). These species tend to require higher concentrations of Si in the
root-zone, such as Cannabis (Guerriero et al., 2019). Supplementing Si strengthened
stems in other Si-accumulating, herbaceous species (Kamenidou et al., 2008, 2009,
2010; Mattson & Leatherwood, 2010), likely by distributing Si underneath the cuticle
layer and binding with hemicellulose and cellulose in cell walls that add mechanical
support to plant tissue (Coskun et al., 2016; Ma & Yamaji, 2006). Silicon
supplementation may be able to reduce the susceptible of Cannabis to lodging with
large, top-heavy female inflorescences as it has in other species (Shah et al., 2019).
Silicon supplementation is especially beneficial for greenhouse and indoor agriculture
production systems that use soilless media, which typically lacks sufficient levels for

Si accumulators (Frantz et al., 2010).

The aim of this study was to investigate the value of supplementing silicon
when applying PDS to keep vegetative Cannabis compact by reducing stem

elongation.
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Materials and Methods
Plant Material

Cannabis sativa L. ‘Trump’ cuttings were rooted in a 1:1 ratio of peat (fibrous
blond, ProMoss® III TBK; PRO-MIX, Quebec, Canada) to perlite (Hess®, Malad
City, ID) media adjusted to pH 5.8 with hydrated lime (Chemstar® Type S lime;
Chemstar Products, Minneapolis, MN). Cuttings were placed in humidity domes and
misted under a photosynthetic photon flux density (PPFD) of 250 pmol-m2-s’!
supplemented by light-emitting diodes (LEDs) (Physiospec; Fluence Biosciences,
Austin, TX) with a 18/6 hr day/night photoperiod. Temperature was maintained at 26

C.

After two weeks of rooting, cuttings were randomly assigned and transplanted
into 1.7-L pots filled with their designated Si media treatment (see below). Once
transplanted, cuttings were pinched at the fourth node and watered with Si
supplementation (+Si) nutrient solution to ensure health for one week. Plants were
selected for uniformity and transplanted to 6.7-L pots with their coordinating media
treatment. Plants were watered as needed with tap water for four days to ensure no
transplant shock, then were randomly selected for placement on the bench. Water
treatments (drought stress and no stress) were randomly assigned within the Si
supplemented (+Si) and Si non-supplemented (-Si) treatments, and they were started
after the four-day transplanting period. All pots had the same quantity of 2-L per hour

drip emitters. Plants were harvested 22-30 days after the start of drought stress
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treatments. Fresh mass (g) was collected then dry mass (g) after the tissue dried in an
80 C drying oven for four days. Trial 1 had three replicates per treatment, Trial 2 had

four, and Trial 3 had five.
Environmental Conditions

Transplanted cuttings were grown in a greenhouse (Logan, UT) 8 July to 2
Nov. 2022. Ambient sunlight was supplemented by LEDs (model LUXX-200-277-88
/ 80R Spectrum, LUXX Lighting Systems, Los Angeles, CA) with a PPFD of 300
umol-m2-s! for a 16/8 hr day/night photoperiod to maintain vegetative conditions.
The daily light integral (DLI) varied from 16-35 mol-m2-d!. Air temperatures were

maintained at 25/20 C day/night and relative humidity was 40%/60% day/night.
Media

Cuttings were randomly selected and transplanted to either -Si or +Si media.
Silicon non-supplemented media was made with 85% sphagnum peat moss by
volume, 15% vermiculite by volume (Horticultural coarse grade; Industries, Inc.,
North Bloomfield, OH), wetting agent (AquaGro® 2000 G; Aquatrols, Paulsboro,
NJ) added at a rate of 0.75 g-L! peat, and hydrated lime (Chemstar Products) at a rate
of 1.5 g-L'! peat to raise pH to 5.8. Silicon supplemented media was a base of the -Si
media with the addition of wollastonite (Vansil® W-10; Vanderbilt Minerals, LLC,
Norwalk, CT) at 1 g-L"! peat and hydrated lime added was adjusted to 1.25 g-L™! peat

to raise pH to 5.8.



65

Nutrient Solution

The -Si nutrient solution was made with Peters 21-5-20 Excel (JR Peters Inc.,
Allentown, PA) with N at 120 mg-L™!, and with additions to increase total P to 30
mg-L!, 1 mg-L! Cu-EDTA, 0.4 mg-L"! B, ] mg-L! Fe-DTPA, 21 mg-L"!' S, and 183
mg-L! K. The +Si nutrient solution was identical to the -Si solution but with the
addition of 17 mg-L"!' Si (ppm) +Si nutrient solution was made as the -Si solution but
with the addition of 17 mg Si-L™! (ppm) from AgSil® (K,SiOs; PQ Corp., Valley
Forge, PA) maintained in solution with KOH (pH maintained at 11.3) in a separate
concentrate tank. Both nutrient solutions were maintained at a pH of 5.9 + 0.2 and

electrical conductivity (EC) of 1.35 + 0.1 mS-cm™'.
Precision Drought Stress

Precision drought stress was induced through matric potential using a data
logger (CR1000x; Campbell Scientific, Logan, UT) with dielectric sensors (TEROS
12; METER, Pullman, WA) and solenoid valves to maintain desired volumetric water
content (VWC). One dielectric sensor was placed in a representative pot for each
treatment. Sensors were placed in the middle of the pot (10 cm from bottom) parallel
to the bottom of the container in the media. When the representative pot reached the
minimum VWC, dielectric sensors signaled the flow of either -Si or +Si fertigation by
solenoid valves until the programmed maximum VWC was met. Treatments

receiving no stress maintained a VWC between 40% to 60% while drought stress



66
treatments would receive a watering to 60% VWC once a VWC of 20% (Trial 2),

25% (Trial 1) or 30% (Trial 3) was met (Figure 3.1).
Figure 3.1

Volumetric Water Content for Trial 3
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Note. Volumetric water content (VWC) of all treatments during the last two weeks of
Trial 3. One plant represented a treatment and controlled the watering of the other
replicate pots. Ticks on the graph represent a watering event for either the silicon (Si)
non-supplemented (-Si; dark red) or Si supplemented (+Si; dark blue) water stressed
treatments. Pots of the -Si drought stress treatment were watered two times more than
the +Si drought stress treatment during the last two weeks of the study. This
difference in watering is most likely due to the incorrect selection of presentative pot

for the treatment and/or sensor malfunction.
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Data collection

Height and leaf area (for Trial 3 only) were measured and recorded weekly
from start of transplanting until harvest, then fresh and dry mass (g) were collected at
the end of each trial. Tissue samples were collected from young leaves and analyzed
through inductively coupled plasma optical emission spectroscopy (ICP-OES)
analysis for elemental concentrations at The Utah State University Analytical
Laboratories (USUAL; Logan, UT) in Trial 3 only. Silicon concentrations were
analyzed by the oven-induced digestion (OID) method (Kraska & Breitenbeck, 2010)
then analyzed by colorimeter (LaMotte® SMART 3 colorimeter; La Motte,
Chestertown, MD) with the heteropoly blue method (Eaton et al., 2005; LaMotte®

silica low range test kit 3664-SC; La Motte, Chestertown, MD).

Statistical Analysis

Data were analyzed by SAS® Studio (9.4M7; SAS Institute, Cary, NC) using
a two-way analysis of variance (ANOVA) for the factorial of water stress and Si.
Trials were treated as blocks, thus pooled together then analyzed. The interaction
term was first tested for significance (p-value < 0.05) then main effects were tested.
Diagnostics and a Box-Cox analysis were checked to ensure normality of the dataset.
A post-hoc test using Tukey’s honest significant difference (HSD) method was used

to contrast treatment effects.



Results

Height

Drought stress significantly limited Cannabis height (p<0.001) in all three
trials (Figures 3.2A-C), but the severity of height reduction was dependent on the
amount of stress applied. Trial 2 (Figure 3.2B) was stressed the most (i.e., lowest
VWC before re-watering) and Trial 3 (Figure 3.2C) was stressed the least. The +Si

treatments did not consistently impact plant height under PDS.

Figure 3.2

Precision Drought Stress and Silicon on Cannabis Height
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Note. Plant height of Cannabis sativa L. ‘“Trump’ grown with or without precision
drought stress (PDS) and with or without supplemental silicon (Si). Height was
shorter reduced with PDS in all three trials, but and the amount severity of the stress

correlated with the severity in reduction of height.

The main effect of +Si, pooled across drought stress, did not statistically affect

plant height in these trials (Table 3.1).

Table 3.1

Significance of Precision Drought Stress and Silicon on Cannabis Height

Height No Stress Drought Stress
Trial +Si -Si +Si -Si
1 100% 97 + 0.04% 79 +0.03% 72 +0.03%
2 100% 122 + 0.05% 60 + 0.04% 71 +0.06%
3 100% 90 +0.1% 86 + 0.08% ---
significance ns ns

Note. Significance (p < 0.05) of supplementing silicon (+Si) with and without drought
stress on plant height relative to +Si no water stress control of Cannabis. Trial 3 Si
non-supplemented (-Si) drought stress treatment was not included due to

experimental errors. “ns” represents statistical insignificance.
Leaf Area

Leaf area was significantly smaller in the +Si drought stressed treatments, but
not the -Si drought stressed treatments in Trial 3 (Figure 3.3). The -Si drought

stressed treatments seemed to significantly increase in leaf area after day 15 through
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the end of the trial, but this was experimental error caused by an increase in watering
from selecting an unrepresentative pot for the treatment and/or sensor malfunction

(Figure 3.1).

Figure 3.3

Precision Drought Stress and Silicon on Leaf Area
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Note. Drought stress limited leaf area index (cm?-cm) in the silicon supplemented
(+Si) treatments, but not the Si non-supplemented (-Si) treatments. Data only

collected for Trial 3.
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Dry mass

Dry mass was significantly lower with drought stress in all three trials
(»<0.001), but not as severely in Trial 3 due to selecting the incorrect representative
pot for the treatment that effected the watering treatments (Figure 3.1). Dry mass was
higher in the +Si no PDS treatment compared to -Si no PDS by 4.4% in Trial 1 and
5.1% in Trial 3, but not significantly (Figure 3.4 and Table 3.2). Silicon
supplementation did not increase dry mass for drought stress treatments in Trial 2 or 3

but did in Trial 1 by 10.5% although this was not statistically significant.

Figure 3.4

Precision Drought Stress and Silicon on Dry Mass
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Note. Dry mass (g) was reduced with drought stress. Silicon supplementation (+Si)
did not increase biomass accumulation in Trial 2 but did in Trial 1 and 3 compared to

Gk

Si non-supplemented treatments. Note scale change among trials. represents

experimental error with the -Si water stress treatment.

Dry masses were compared to +Si no stress treatments. Silicon
supplementation did not make a difference on growth with and without drought stress

among the three trials (Table 3.2).

Table 3.2

Significance of Precision Drought Stress and Silicon on Dry Mass

Dry Mass No Stress Drought Stress
Trial +Si -Si +Si -Si
1 100% 96 + 0.04% 54 +0.03% 48 +0.01%
2 100% 138 +0.12% 25 +0.02% 34 +0.05%
3 100% 95 +0.3% 74 +0.03% ---
significance ns ns

Note. Significance (p < 0.05) of supplementing silicon (+Si) with and without drought
stress on Cannabis relative dry mass to +Si non stress treatment. “ns” represents not

significant.

Treatments +Si tended to have less dry biomass partitioned to leaves and
heavier stems, regardless of water treatment (Table 3.3). Percent dry biomass

increased in +Si water treatments compared to -Si treatments (Table 3.3).



Table 3.3

Fresh and Dry Mass of Trial 3

75

Trial
3
no
+Si  stress
no
-Si  stress
+Si  stress
-Si  stress

Fresh mass (g) Dry mass (g)
%

% % bio-

leaves stem total leaves leaves stem total leaves mass
124.3 852 209.5 59% 42.12 2287 6499 65% 31%
165.9 89 2549 65% 4645 2133 67.78 69% 27%
89.2 56.1 1453 61% 29.82 17.16 4698 64% 32%

160.6 102.5 263.1 61% 38.9 1898 57.88 67% 22%

Note. Dry mass (g) of leaves and stems from one replicate in each treatment from

Trial 3. Silicon supplementation is denoted by “+Si” and silicon non-supplemented

by ‘6_Si7"

Silicon Accumulation

Treatments +Si no stress and +Si drought stress accumulated similar

concentrations of Si, as did the -Si no stress and drought stress treatments (Figure

3.5). Treatments +Si accumulated 3.7 times more Si than -Si treatments.

Figure 3.5

Silicon Concentrations of Cannabis Leaf Tissue
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Note. Tissue analysis of silicon (Si) concentrations from dried, young leaves of
Cannabis. Silicon supplementation is denoted by “+Si” and Si non-supplemented by

“-Si”. Only data from Trial 3 was collected and shown.

Biotic Resistance

In all three trials, both +Si drought stressed and +Si not stressed treatments
reduced powdery mildew infections (Figure 3.6) due to Si accumulation in plant

tissue compared to —Si treatments (Figure 3.5).

Figure 3.6

Effect of Silicon on Powdery Mildew Resistance in Cannabis
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Stress

Drought
Stress

Note. Silicon supplemented (+Si) treatments had increased resistance to powdery
mildew (Golovinomyces sp.) compared to Si non-supplemented (-Si) treatments from
Si accumulation in tissues. Pictures are from Trial 3, but similar effects were

observed in all trials.
Discussion

Precision drought stress reduced stem elongation (Figures 3.2A-C) and dry
mass accumulation (Figures 3.4A-C) in all three trials as expected, but Si was not

shown to be beneficial. Unexpected results could be due to experimental errors
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including a lack of uniformity of replicates within and among treatments or sensor
malfunction. One replicate container had the dielectric sensor that represented the
treatment to control watering, which is realistic to how growers would apply PDS.
However, some representative plants had accelerated, or decelerated, growth rates
even though they appeared to be an “average” in the beginning of the trial. This
influenced the watering for every pot in the treatment as seen in the -Si drought stress
containers from Trial 3 (Figure 3.1). The representative pot was the largest plant of
the treatment (data not shown) that grew rapidly after day 15 and went through water
faster than the other replicates (Figure 3.1). The sensor could have been moved to an
average of the treatment, but, in the future, recording leaf area to understand the
relative growth rate of each replicate would be beneficial in selecting for the true
average in each treatment. This increase in water meant this treatment was no longer
drought stressed and as a result height (Figures 3.2A-C), leaf area (Figure 3.3), and
dry mass (Figures 3.4A-C) rapidly increased across all replicates in Trial 3. This
could be avoided by changing the method for selecting uniformity or by controlling
each replicate with an individual dielectric sensor to avoid selecting for uniformity.

However, this would be costly and unrealistic for growers to implement.

Precision drought stress was difficult to apply uniformly among replicates
within a treatment and to replicate. Trial 1 seemed to have an adequate amount of
drought applied where +Si drought stress were taller and had greater dry mass
compared to -Si drought stress plants (Figure 3.2A) but neither was statistically

significant. More drought stress was applied in Trial 2, but it was too much stress
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(Figure 3.2B), then Trial 3 did not have enough (Figures 3.1 and 3.2C). An adequate
amount of stress could potentially show the benefit of Si as seen in Trial 1 (Figures
3.2A and 3.4A). Hattori et al. (2005) saw benefit of Si supplementation with sorghum
(Sorghum bicolor (L.) Moench) under drought stress as have other studies (Ahmed et
al., 2016; Coskun et al., 2016; Hajiboalnd et al., 2017; Ma et al., 2004), but it is
difficult to reproduce. Janislampi (2012) and Tibbitts (2018) observed benefits from
Si supplementation on plants under drought stress, but their results were statistically
insignificant and inconclusive. Increased drought stress might have built upon the
promising trends observed in Trial 1 of this study, but too much stress reduces
stomatal conductance, transpiration and photosynthetic rates (Chen et al., 2011), as
seen in Trial 2. There is a fine line when applying PDS. Boyd (1970) demonstrated
that the difference between -1.2 to -1.6 MPa decreased photosynthetic rates by 50%

to 75% in corn, soybean, and sunflower.

Although Si did not increase tolerance of Cannabis to PDS in all trials, biotic
stress tolerance increased compared to -Si treatments. All +Si treatments were
resilient to powdery mildew (Golovinomyces sp. (U.Braun) V.P.Heluta) infection in
all three trials (Figure 3.6). Similar results have been observed by Dixon et al. (2022)
in Cannabis and in other Si-accumulating species such as cucumber [Cucumis sativus
L. (Guével et al., 2007; Liang et al., 2005)], bitter gourd [Momordica charantia L.
(Dallagnol et al., 2012)], muskmelon [ Cucumis melo L. (Guével et al., 2007)],
pumpkin [Cucurbita pepo var. pepo L. (Li et al., 2019)], wheat [(Guével et al., 2007;

Tibbitts, 2018)], and zucchini [Cucurbita pepo L. (Savvas et al., 2009)]. Tolerance
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has been linked to Si polymerization under the cuticle layer (Hattori et al., 2003; Ma
& Yamaji, 2006), as well as binding with cellulose, hemicellulose, and lignin in cell
walls (Guerriero et al., 2016; Ma & Yamaji, 2006; Zhao et al., 2013) to strengthen

plant tissues.

Conclusions

Precision drought stress reduced height and dry mass in Cannabis compared
to well-watered treatments. Silicon (Si) supplementation did not benefit Cannabis
under drought stress in these studies but reduced powdery mildew infection of Si
supplemented treatments on the aerial shoots due to the accumulation of Si in tissues.

Precision drought stress has shown potential but requires further study in Cannabis.
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CHAPTER IV

CONCLUSIONS

Silicon (Si) is a beneficial element that can easily be supplemented in soilless
media with amendments. Wollastonite and rice hulls were found to steadily release Si
over time and minimally affected pH in peat-based media mixes. Wollastonite had a
rapid, quick release of Si that would make it a valuable addition to greenhouse media
mixes for crops with a lifecycle less than four months. Rice hulls released slower than
wollastonite, but had a higher theoretical maximum of Si that could be released,
which would be valuable in nursery production with long-term containerized crops.
Other methods to add Si to soilless media are available, but media amendments are a

simple way growers can supplement the nutrient.

Supplementing Si in soilless media can provide increased biotic and abiotic
stress tolerance as shown in the literature and seen in this study. We hypothesized that
the addition of Si with precision drought stress would stabilize this sensitive system
by strengthening vegetative Cannabis to reduce stem elongation. Our results suggest
that Si may be beneficial during drought stress, but the severity of drought needs to be
further investigated: too much drought and the beneficial threshold of Si is exceeded
and not enough stress and there is no difference made by Si supplementation. In
general, it is difficult to show the benefits of Si during drought stress. Benefits can be

observed, but may not be statistically significant or consistent. However, many
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studies have seen increased resistance to common fungal diseases, such as powdery

mildew, which was seen in this study.

Further investigation of applying precision drought stress for high-value crops
such as Cannabis could help maximize space for profits and maintain quality.
Investigating the severity of drought stress, method of applying stress (matric or
osmotic), and test species would help increase the understanding of how differing

species are affected by this system.
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