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Abstract

Silicon (Si) has long been regarded as a beneficial element for plants and is associated with
improved stress tolerance. However, species vary in their ability to accumulate Si, which
impacts on the benefits conferred from applying Si fertiliser in agriculture. Si accumulation
likely also varies among genotypes within a species, but this possibility has not yet been
extensively investigated. Wheat is an important staple food crop and known Si
accumulator. In this study, significant differences in Si accumulation between wheat
landraces were identified, allowing for the classification of high and low Si accumulating
landraces. Whether the responses to varying levels of external Si, damage, osmotic stress,

and drought varied between these two categories was then investigated.

Overall, this study highlights the importance of considering genotypic variation when
examining the potential effects of applying Si fertiliser in agriculture. Significant differences
in Si accumulation between wheat landraces were found at all levels of Si availability
(Chapter 2). These differences were partially attributed to differences in transpiration rate
and were not correlated with genetic differences or variation in putative Si transporter
gene expression. Si did not affect spine density, but there was a negative correlation
between Si accumulation and growth (Chapter 2). In Chapter 3, repeated damage caused a
localised increase in Si concentration only in damaged leaves, although damage did not
affect the density of silicified spines. The localised increase in Si was comparable among all
landraces and required a minimum of two damage events. The expression of jasmonic acid-
related genes was unaffected by Si. In Chapter 4, Si caused a small increase in osmotic
stress tolerance for both high and low Si accumulating landraces. However, Si did not
significantly improve growth or yield during drought for any landrace. Osmotic stress

decreased Si accumulation for all landraces whereas drought increased it.
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1 Chapter 1: General Introduction

1.1 The importance of wheat as a staple crop

Wheat (Triticum aestivum) is an important staple food crop worldwide, with around 734
million tonnes of wheat produced globally in 2018 (FAOSTAT). Wheat is the primary source
of calories for 30 % of the global population, and the primary source of protein for 60 % of
the global population (Chaves et al., 2013). However, the human population is expected to
increase to 9.7 billion by 2050, increasing the pressure to produce more food (United
Nations, 2019; Godfray et al., 2010). Presently, food insecurity affects one quarter of the
world’s population (FAO, 2020), but stagnating wheat yields are predicted to exacerbate
food insecurity (Ray et al., 2012; Grassini et al., 2013). Between 1949 and 1978, global
wheat production increased at a rate of 3.3 % per year, but between 1982 and 1991, the
rate of increase was only 1.5 % per year (Mohammadi, 2018). Current increases in global
wheat yield, which stand at 0.9 % per year, will be insufficient to meet the increased

demand caused by a rising human population (Ray et al., 2013).

1.2 Factors that supress wheat yield

There are many abiotic and biotic stresses that supress wheat yields globally. At present,
the global average wheat yield is approximately 3 t ha™, but there is much variation
between countries, with the UK averaging over 7 t ha™ compared to less than 2t hain
Australia (Hawkesford et al., 2013). This variation in yield is the result of different stresses
that occur in different environments. Currently, drought stress is estimated to reduce
wheat yields by approximately 20 % (Daryanto et al., 2016), with around 17 % of the global
cultivated area affected by drought between 1980 and 2006 (Dai, 2013). Additionally,
anthropogenic climate change is affecting global precipitation patterns and temperature
(IPCC, 2014), which is predicted to decrease global wheat yields (Challinor et al., 2014;
Asseng et al., 2015). In the future, global wheat production is predicted to decrease by 6 %
for every 1 °C temperature increase (Asseng et al., 2015). Supporting this, in Europe, crop
yield losses due to drought and heatwaves more than tripled in 1991-2015 compared to

1964-1990 (Bras et al., 2021).

Further yield losses are caused by soil salinisation, which affects significant amounts of
agricultural land. It is estimated that a fifth of irrigated land is affected by soil salinity (FAO
and ITPS, 2015), and current land clearing and irrigation practices are further increasing the

problem of salinity (Munns and Gilliham, 2015). Although wheat is a moderately salt-
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tolerant species (Maas and Hoffman, 1977), its yield can nevertheless be affected by saline
conditions. In India, the yield of wheat grown in salt-affected land is 39 % lower compared

to wheat grown in non-affected land (Qadir et al., 2014).

Between 2001 and 2003, 10.2 % of global wheat yield was lost due to pathogen infection
(Oerke, 2006). In Australia, disease is estimated to cause annual wheat production losses of
AUSS913 million (Murray and Brennan, 2009). Globally, viruses are estimated to cause
plant yield losses of over $30 billion (Nicaise, 2014). Barley yellow dwarf is one of the main
viruses affecting cereals, including wheat, and causes annual production losses of £10
million per year in the UK (Nicaise, 2014). In wheat, animal pests have been estimated to
reduce yield by 8.7 % in the absence of pesticides (Oerke, 2006). Combined, pests and
pathogens cause global wheat yield losses of 21.5 % (Savary et al., 2019).

1.3 Strategies to improve wheat yields

Several strategies are currently being used to improve wheat yields. Recent genomics
advances have accelerated crop breeding programmes. For example, a recent genome
wide association study (GWAS) in wheat identified 62 marker-trait associations for drought
tolerance, which could be used in marker assisted selection to breed cultivars with
improved drought tolerance (Mwadzingeni et al., 2017). However, breeding for improved
stress tolerance is difficult due to the large number of genes involved, and the existence of
complex genotype-environment interactions (Mohammadi, 2018; Araus et al., 2002; Sallam
et al., 2019). Cultivars bred for improved disease resistance are often quickly overcome by
the pathogen evolution (Chaves et al., 2013). Overall, breeding programmes are slow and
expensive, and have yet to increase yields at the rate required to ensure future food

security (Ahmar et al., 2020).

Pesticides are commonly employed to protect wheat against pests. Nevertheless, 7.9 % of
wheat yield is lost every year due to herbivory, even after crop protection methods are
applied (Oerke, 2006). Additionally, pesticides have a variety of negative environmental
consequences including reducing insect diversity (Beketov et al., 2013) and negative effects
on human health (Kim et al., 2017; Damalas and Eleftherohorinos, 2011). Insect pests
rapidly develop resistance to novel pesticides (Bass et al., 2015). Thus, there is increasing

interest in finding alternative methods to reduce herbivory.
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Crop irrigation can be used to alleviate water limitations, but often creates new problems.
Irrigation can increase competition for already scarce water resources and results in ground
water being extracted at unsustainable rates (FAO and ITPS, 2015). In Bangladesh, using
river water for irrigation has increased soil salinity in some downstream regions (FAO and
ITPS, 2015). In some cases, wastewater is used for irrigation, but this is associated with risks
both to the environment and human health (Khalid et al., 2018). It has been suggested that
desalinised sea water be used for crop irrigation, but this has high energy requirements,
can increase fertiliser requirements, and can result in soil salinisation (Martinez-Alvarez et
al., 2016). Increasing crop tolerance to water stress and hence reducing the need for

irrigation is important for ensuring sustainable agriculture in the future.

1.4 The potential of Si fertilisers

As discussed above, there are many problems associated with current strategies to limit
stress-induced crop losses, notably the long time required for crop breeding, and the
environmental costs associated with pesticide use and irrigation. A further alternative to
increase crop yield is silicon (Si) fertilisation, which has been shown to improve plant
tolerance to an array of biotic and abiotic stresses, including drought and herbivory
(reviewed in Debona et al., 2017; Singh et al., 2020; Thorne et al., 2020). Si fertilisation
could provide farmers with a quick and cheap method of improving crop yield, in contrast
to the above methods which are often slow to take effect and too expensive to be
implemented by small-holder farmers. Furthermore, the benefits of Si fertilisation have

been found in a range of species including the major crops: rice, wheat, maize, and barley.

Si is the second most abundant element in the earth’s crust after oxygen (Wedepohl, 1995)
and is present in the soil in a variety of forms, with silicon dioxide (SiO,) being the most
prevalent (Sommer et al., 2006). However, plants only absorb Si from the soil in the form of
silicic acid (Si(OH)a4), which is often scarce in the soil (Coté-Beaulieu et al., 2009). Typically,
soils contain 100-500 umol L silicic acid, although the exact availability varies depending
on soil type, temperature, and pH (Sommer et al., 2006). However, wheat accumulates
around 1.75 % Si by dry weight (Deshmukh et al., 2020) and the potential exists for wheat
to extract large amounts of bioavailable Si from the soil (reviewed in Guntzer et al., 2012;
Ma and Yamaji, 2006). As wheat is harvested, plant matter, including Si, is removed from
the field, which depletes soil Si levels over repeated cropping cycles (Vandevenne et al.,

2011). The rates of Si weathering are small compared to Si accumulation in crops, with the
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result that many soils are, or risk being, Si deficient and require Si supplements (Savant et

al., 1997; Schaller et al., 2021).

Si fertiliser could be used to improve crop yields and has fewer negative environmental
impacts than other crop improvement strategies. Si fertiliser comes in several forms.
Silicate slags are among the cheapest Si fertilisers and contain additional nutrients including
potassium, nitrogen, and phosphorus, but typically contain only 10-15 % Si (Ito, 2015).
Sodium- and potassium- silicate fertilisers and wollastonite are more expensive alternatives
but contain 18-24 % Si. Cereal straw is rich in Si phytoliths and can be pyrolysed to produce
cheap and readily available Si fertiliser (Li and Delvaux, 2019; de Tombeur et al., 2021). In
some areas, Si fertiliser is already applied to crops, and this is expected to become
increasingly common in the future (reviewed in Haynes, 2014). In other areas, as an
alternative to Si fertiliser, straw is left on or returned to the field to reduce Si depletion

(Schaller et al., 2021).

In addition to its beneficial effect on crops, Si fertilisation could also be used to tackle
current climate change. Through the process of enhanced weathering, silicate rocks react
with atmospheric carbon dioxide to release silicic acid, which can be used by plants, and a
bicarbonate leachate that stores carbon and reduces ocean acidification (Beerling et al.,
2018). In sorghum, although no stress was experimentally imposed, basalt application
resulted in a small improvement in seed yield as well as accelerating weathering in the field
and thus capturing carbon (Kelland et al., 2020). A recent study has indicated that basalt
application is likely to be an economically feasible method of carbon capture (Beerling et

al., 2020).

Despite the potential benefits, there remain several issues associated with the use of Si
fertiliser. Some cheap forms of Si fertiliser contain toxic amounts of aluminium and iron
(Ito, 2015), which build-up in the soil over time, potentially leading to future yield losses
and health issues. Si also negatively affects the value straw by reducing its digestibility
(zahoor et al., 2017), which inhibits the secondary use of crop residues as biofuels or as a
feedstock for livestock (Gressel, 2008; Cougnon et al., 2020). Although smaller than the
emissions associated with nitrogen-phosphorus-potassium (NPK) fertilisers, the mining and
transport of Si fertilisers such as wollastonite create pollution which contributes to global
climate change. Si in the soil can impact on rhizosphere microbial communities, affecting

organic matter decomposition. For example, it was shown that Si delayed leaf litter
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decomposition in the common reed, Phragmites australis, because it limited growth of
fungal decomposers (Schaller et al., 2014). Further investigation into the long-term impact

of Si fertiliser is required.

The economic feasibility of Si fertiliser depends on the crop, typical yield, current
production costs, and the predicted yield increase with Si fertiliser. When production costs
are low, larger yield gains are needed to offset the additional cost of Si fertiliser.
Nevertheless, Si fertiliser can be used to improve abiotic and biotic stress tolerance, which
may allow large yield increases when crops are produced in suboptimal environments
(Thorne et al., 2020). While Si fertiliser is often used when growing rice in countries such as
China and Japan, there is less evidence in the scientific literature that Si fertilisation is
economically viable for other species such as wheat. Thus, further research is needed to
evaluate the efficacy of Si fertilisers in a wider range of species and to establish the

optimum level of Si fertilisation for a given soil-type for each species.

1.5 Si uptake and distribution in plants

Si transport has most extensively been studied in rice, where two Si transporters, Lsil and
Lsi2, are used to transport silicic acid from the soil through the root (Ma et al., 2006,
2007a). Lsil homologs have now been identified in a range of plant species (Table 1.1),
including wheat (Montpetit et al., 2012). Lsil is a plasma-membrane localised Nodulin-like
26 intrinsic protein (NIP) Il aquaporin with six transmembrane domains and two Asn-Pro-
Ala (NPA) motifs(Ma et al., 2006; Mitani et al., 2008). The NIP Il aquaporin family is
characterised by a unique aromatic arginine (ar/R) selectivity filter comprising of the amino
acids Gly-Ser-Gly-Arg (GSGR). It has been suggested that this selectivity filter, combined
with a precise 108 amino acid spacing between NPA domains, allows Si absorption (Mitani
et al., 2008; Deshmukh et al., 2015, 2020). Supporting this, in tobacco, an amino acid
substitution in Lsil has been proposed to explain its low Si accumulation (Coskun et al.,

2019b).

In Si accumulators, Si uptake also involves a second transporter, Lsi2, which was first
identified in rice (Ma et al., 2007a). Lsi2 is a member of a putative anion transporter family
with eleven predicted transmembrane domains and is localised to the plasma membrane
(Ma et al., 2007a). Lsi2 is hypothesised to function as an efflux transporter, such that Si
efflux is an active process driven by the proton gradient across the plasma membrane (Ma

et al., 2007a). Homologs of OsLsi2 have been identified in several species (Table 1.1). In
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tomato, a lack of functional Lsi2 transporters has been proposed to explain the low Si
accumulation of this species (Sun et al., 2020). Nevertheless, many questions remain

regarding the role of Lsi2 as a Si transporter and further investigation is needed to verify its

putative role in Si transport (Coskun et al., 2021).
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Table 1.1 List of identified Si transporters.

Effect of Si on

Plant species  Transporter Cellular localisation . Reference
gene expression
Barley HvLsil L(?calls?d to distal _S|de of ex9derma| and endodermal root cells; expression Unaffected Chiba et al. (2009)
higher in basal region than tips
HvLsi2 Roots: expression higher in basal region than tips Decreased Mitani et al. (2009a)
HvLsi6 Root tips and mature region (epidermis and endodermis) In roots:
Shoots: in leaf blades and sheaths; parenchyma cells of vascular bundle unaffected Yamaji et al. (2012)
Reproductive stage: nodes, awn, flag leaf blade and sheaf, peduncle
Brachypodium BdLsil-1 Not examined Not measured Gtazowska et al. (2018)
Cucumber CSiT-1 3d: decreased
Roots, mature leaves (less in young leaves, petals, stem) Wang et al. (2015b)
CSiT-2 6 d: increased
Cslsi2 Highest in roots, also stem, laminae, petioles Increased in Sun et al. (2018)
roots only
Date palm PdNIP2-1
Roots Unaffected Bokor et al. (2019)
PdNIP2-2
Finger millet EcLsil
EcLsi2 Roots and shoots Increased Jadhao et al. (2020)
EcLsi6
Horsetail Ealsi2-1
Roots and shoots Not measured Vivancos et al. (2016)
Ealsi2-2
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EaNIP3;1 Roots and shoots Unaffected
EaNIP3;3 Roots and shoots Not measured Grégoire et al. (2012)
EaNIP3;4 Roots Not measured
Grape vine VVNIP2;1 Roots, green berries, flowers Unaffected Noronha et al. (2020)
Maize ZmlLsil Mainly in seminal roots; low in crown roots Unaffected
Mitani et al. (2009b)
ZmLsi6 Crown roots, leaf sheaf, blade
ZmLsi2 Roots- higher in basal region than in tips Decreased Mitani et al. (2009a)
Potato StLsil Roots and leaves Increased
Vulavala et al. (2016)
StLsi2 Roots, leaves, tuber flesh, tuber skin, stolon, and stem Unaffected
Pumpkin CmLsil Roots and shoots; in roots: distal side of root endodermis and exodermis Not measured Mitani et al. (2011)
CmlLsi2 Roots and shoots Not measured Mitani-Ueno et al. (2011)
Rice OslLsil Distal side of root endodermis and exodermis Decreased Ma et al. (2006)
OslLsi2 Proximal side of root endodermis and exodermis Decreased Ma et al. (2007a)
Flowering stage, in nodes, unelongated stem Yamaji et al. (2015)
OsLsi3 During flowering stage, in nodes, peduncle, rachis, unelongated stem Not measured Yamaji et al. (2015)
OsLsi6 Before heading, in xylem parenchyma cells of the leaf sheathes and blades = Not measured
Yamaji and Ma (2009)
At reproductive stage, in node | (connected to flag leaf and panicle)
Ryegrass LpLsil Roots Decreased Pontigo et al. (2021)
Sorghum SblLsil Not examined Not measured Markovich et al. (2015)
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Soybean GmNIP2-1 Roots Decreased Deshmukh et al. (2013)
GmNIP2-2
Tobacco NtNIP2;1 Roots Decreased Zellner et al. (2019)
Tomato SlLsil Root tip and basal region, no polarity Unaffected
Sun et al. (2020)
SlLsi2 Roots Increased
Wheat Talsil Roots Unaffected Montpetit et al. (2012)
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The expression pattern of OsLsi2 is similar to that of OsLsi1 (Yamaji and Ma, 2011). In rice,
Lsil and Lsi2 have different, polar, localisation patterns which are predicted to form an
efficient directional transport system for Si uptake (reviewed in Ma and Yamaji, 2015). Lsil
is capable of bidirectional transport (Mitani et al., 2008). However, active Si efflux by Lsi2 is
hypothesised to create a concentration gradient promoting the uptake of Si from the soil
(Ma et al., 2007a). In rice, both Lsil and Lsi2 are localised at the exodermis and endodermis
in the mature region of main and lateral roots. However, Lsil is localised to the distal cell
side, whereas Lsi2 is localised to the proximal side. Si is transported across the exodermis
and endodermis symplastically, but apoplastically across the cortex (Figure 1.1; Ma et al.,

2006; Yamaji and Ma, 2007).

In other species, the absence of aerenchyma likely results in a different mechanism of Si
uptake. In barley, silicic acid is taken up from the external solution by Lsil from the distal
side of epidermal and cortical cells, as well as by hypodermal cells in the lateral roots
(Chiba et al., 2009). In maize, Lsil is localised to the distal side of the epidermal and
hypodermal cells in seminal and crown roots, as well as in the cortex cells of lateral roots
(Mitani et al., 2009b). In both barley and maize, silicic acid is then transported to the
endodermis by the symplastic pathway (Chiba et al., 2009; Mitani et al., 2009b). Finally,
silicic acid is hypothesised to be released to the stele by Lsi2, which is localised at the
endodermis without polar localisation (Mitani et al., 2009a). Although the OsLsi2 homolog
has not yet been identified in wheat, there is evidence that Si is absorbed by active
transport in wheat (Jarvis, 1987; Rains et al., 2006; Casey et al., 2003; Rafi and Epstein,
1999).

The majority of absorbed silicic acid is transported from the roots to the shoots via the
transpiration stream (reviewed in Ma and Yamaji, 2015). A homolog of Lsi1, Lsi6, is required
to unload silicic acid from the xylem and into the shoot (Mitani et al., 2009b; Yamaji et al.,
2008, 2012). Lsi6 is localised at the adaxial side of the xylem parenchyma cells in the leaf
sheaths and leaf blades (Yamaji et al., 2008). At the reproductive stage, silicic acid is
deposited in the husk of rice and barley by the cooperative action of Lsi2, Lsi3, and Lsi6

(Yamaji et al., 2015).
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Figure 1.1 Si transport in a typical grass species. Silicic acid from the soil is transported into
the root symplast by the action of aquaporins such as Lsil channels. The silicic acid then
diffuses across the root into the endodermis. It is hypothesised that at the endodermis, Lsi2
transports silicic acid into the stelar apoplast from where it diffuses into the xylem and is
transported to the shoot in the transpiration stream. In rice, the presence of aerenchyma
means that Lsi2 is localised at both the exodermis and endodermis. In the shoot, silicic acid
is unloaded from the xylem by further aquaporins such as Lsi6 and deposited in the cell
walls and in specific silica cells, also known as phytoliths, which are silica-filled cells that can

take a variety of different forms. Based on Ma and Yamaji 2015.

Supplying plants with Si affects the expression of Si transporter genes, although the
response varies among species. In rice and soybean, the expression of Si transporters is
usually decreased by Si supply (Ma et al., 2006; Deshmukh et al., 2013). It appears that high
accumulation of silicic acid in the shoot results in a signal being produced that supresses Si
transporter gene expression (Mitani-Ueno et al., 2016). However, some studies have found
that Lsil expression increases in rice in response to Si supply (Ye et al., 2013; Ma et al.,
2015). Likewise, in cucumber, Si supply has been found to both decrease (Holz et al., 2019)

and increase the expression of Lsi1 (Wang et al., 2015a). In maize, barley, and wheat, Lsi1

25



expression appears to be unaffected by Si supply (Montpetit et al., 2012; Chiba et al., 2009;
Mitani et al., 2009b).

In most species, the addition of Si decreases the expression of Lsi2 (Ma et al., 20073;
Mitani-Ueno et al., 2011; Mitani et al., 2009a). However, in sorghum, both Lsi1 and Lsi2
have been shown to be upregulated in response to Si supply, although Lsi6 is
downregulated (Soukup et al., 2017). In cucumber, one Lsi2 homolog was upregulated and

one downregulated in response to increasing Si availability (Holz et al., 2019).

1.6 Sideposition

High levels of silicic acid result in its autopolymerisation into silica (Yoshida et al., 1962a).
While most silicic acid is transported to the shoots, some is deposited in the roots,
predominantly in the tangential and radial walls of endo- and exo-dermal tissues (Bennett,
1982; Lux et al., 2003). It appears that Si is integrated into the cell wall by cross-linking with
other wall components, such as hemicelluloses, pectins, and phenolics (Sakai and Thom,
1979; Fleck et al., 2015; He et al., 2015). Recently, a mechanism of silica deposition has
been proposed involving a unique lignin polymer, ASZ lignin, that catalyses the
condensation of silicic acid into a silica aggregate (Zexer and Elbaum, 2020). The growth of
the silica aggregate may then capture ferulic acid-bound hemicellulose and thus is

incorporated into the cell wall (Soukup et al., 2017).

In the leaves, Si is deposited beneath the cuticle layer of the cell wall in epidermal cell
layers (Yoshida et al., 1962b). Once Si is deposited, it is not remobilised (Samuels et al.,
1991), and older leaves typically exhibit greater Si deposition (Sangster, 1970). Many plant
structures also become silicified, including trichomes, leaf hairs, and spines (Hartley et al.,
2015). Additionally, Si is deposited in the form of phytoliths, also known as silica cells,
which can take a wide variety of different forms (reviewed in Shakoor et al., 2014).
Although transpiration is needed to transport silicic acid into the leaves, depositing Si into
phytoliths is an active process requiring biological factors such as proteins or sugars (Kumar
et al., 2017). These biological factors are released into the apoplasm to induce silicification
in the paramural space (Kumar and Elbaum, 2018). Recently, Siliplantl (Slp1) has been
identified as a protein involved in precipitating silica in sorghum silica cells (Kumar et al.,

2020).
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1.7 Sihas a limited effect on unstressed plants

Si has been reported to induce a plethora of effects in planta, although the mechanisms
underpinning these effects remain to be determined. Numerous studies have reported that
Si regulates secondary metabolism to improve stress tolerance (reviewed in Ahanger et al.,
2020). However, there is currently little evidence to support the idea that Si has a
biochemical role, such that it interacts with intracellular processes such as gene expression.
To the contrary, due to the lack of effect of Si on gene expression in a transcriptome
analysis in Arabidopsis, Fauteux et al. (2006) concluded that Si does not affect plant
metabolism. Instead, it is likely that the observed effects of Si are due to it acting as a
mechanical barrier; the so-called “apoplastic obstruction hypothesis” (Coskun et al.,

2019a).

The vast majority of studies report beneficial effects of Si only in the presence of some
form of stress (e.g. Chen et al., 2016; Yan et al., 2020; Yeo et al., 1999). Nevertheless, a few
studies have reported positive effects of Si in the absence of experimentally-imposed stress
(Flores et al., 2019; Artyszak, 2018; Ligaba-Osena et al., 2020). In field-grown wheat,
applying Si affected carbon turnover, phosphorous availability, and nitrogen use efficiency
(Neu et al., 2017). In rice, Si accumulation correlated with lower levels of phenolic
biosynthesis (Goto et al., 2002) as well as improving grain production and stimulating
amino acid remobilisation (Detmann et al., 2012). It is unknown why some studies report
effects of Si during unstressed conditions, but it is possible that these studies may have
involved unintended, unreported, mild stress conditions that resulted in a Si effect being

observed (Coskun et al., 2019a).

Supporting a limited role of Si in the absence of stress, several studies have reported that
increasing Si availability results in very few changes in gene expression when plants are
grown in optimal conditions (Watanabe et al., 2004; Chain et al., 2009; Rasoolizadeh et al.,
2018). Using proteomics, Jang et al. (2018) identified only seven Si-regulated proteins in
rice. Likewise, in unstressed conditions, Si had only a minimal effect on the metabolome of
cowpea (Fuhrs et al., 2012). However, other transcriptomic studies have reported
numerous genes whose expression is affected by Si fertilisation in the absence of stress
conditions (Holz et al., 2019; Brunings et al., 2009). Zhu et al. (2019) identified 1237 up-
and 232 downregulated genes when Si was supplied to cucumber grown in the absence of
experimentally imposed stress, which were mainly related to the plant stress response,

metabolism, signalling, and ion homeostasis. In date palm, 263 metabolites were
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differentially accumulated in either the leaves or roots in response to increased Si
availability, including many antimicrobials, salicylic acid (SA)- and jasmonic acid (JA)-
derivatives, and antioxidants (Jana et al., 2019). Differences in experimental design and

growth conditions may explain these contrasting results.

1.8 Siincreases tolerance to abiotic stress

Under stress conditions, Si has been reported to improve a range of physiological and
biochemical parameters. Si is commonly found to reduce oxidative damage during abiotic
stress (Gong et al., 2005; Pei et al., 2010; Liang et al., 2008; Cooke and Leishman, 2016).
During drought and salinity stress, Si reduces oxidative damage by an average of 30 %
(Thorne et al., 2020). This reduction in oxidative damage is achieved by increasing
antioxidative enzyme activity (Figure 1.2). This has been reported to occur, for example,
during alkaline (Abdel Latef and Tsran, 2016), freezing (Liang et al., 2008), drought (Tale
Ahmad and Haddad, 2011), and salinity stress (Daoud et al., 2018). Additionally, Ma et al.
(2016) linked Si treatment to increased expression of antioxidative enzyme genes.
However, there are a few exceptions reporting contrasting effects of Si on antioxidative
enzyme activity. Gong et al. (2008) reported decreased catalase (CAT) activity, and no
difference in superoxide dismutase (SOD) or peroxidase (POX) activity in drought-stressed
wheat. In drought-stressed sunflowers, the effect of Si on antioxidative enzyme activity
varied among cultivars, and only 8 out of 12 cultivars tested had decreased H,0; levels with
Si (Gunes et al., 2008). Despite such exceptions, there is strong evidence for a link between

Si accumulation and increased antioxidative enzyme activity.
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Figure 1.2: Effect of Si on oxidative damage. (1) During abiotic stress conditions,
accumulation of reactive oxygen species (ROS) inside the cell causes protein oxidation, lipid
oxidation (resulting in increased electrolyte leakage out of the cell), and activation of stress
response genes. (2) During drought stress, Si increases the root hydraulic conductance (Lp)
and stomatal conductance (G;). This can allow more water to enter the cell and hence
reduce the accumulation of ROS. (3) During salt stress, as well as improving the plant water
status, Si reduces Na* and ClI accumulation in shoot by forming endodermal barriers in the
root. This reduces the accumulation of ROS and limits ion toxicity. (4) Antioxidative
enzymes are activated by increased cellular ROS, and their activity may be further
increased by Si. These enzymes scavenge ROS within the cell, thus protecting it against
oxidative damage. (5) Si deposited outside the cell reduces cuticular evapotranspiration,

protecting the plant against water stress.

Plants use Si to improve photosynthetic parameters during drought (Gong et al., 2005;
Sonobe et al., 2009), salinity (Daoud et al., 2018; Harizanova and Koleva-Valkova, 2019),
zinc (Song et al., 2014) and cold stress (Joudmand and Hajiboland, 2019). During abiotic
stress, Si accumulation is correlated with increases in the content of chlorophyll and other
pigments in the leaf (Chen et al., 2011; Maghsoudi et al., 2016b; Hajiboland et al., 2017). Si-

induced increases in stomatal conductance may also increase the photosynthetic rate
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(Sonobe et al., 2009; Sattar et al., 2019; Gong and Chen, 2012; Amin et al., 2018). Si
accumulation is also correlated with the upregulation of the activity of enzymes involved in
photosynthetic pigment biosynthesis (Alamri et al., 2020). Phytoliths may protect cells from
UV radiation, thus preventing photoinhibition and consequently improving photosynthetic

capacity (Pierantoni et al., 2017).

Plant Si accumulation can improve plant water status during abiotic stress (Gong and Chen,
2012; de Camargo et al., 2019; Shi et al., 2016). This is partly a consequence of Si
accumulation increasing water use efficiency (WUE; Chen et al., 2011; Hajiboland et al.,
2017), as well as being correlated with increased levels of compatible solutes (Pei et al.,
2010; Sayed and Gadallah, 2014; Hajiboland et al., 2017; Yang et al., 2019). Si modulates
WUE via transpiration. In rice, Si deposited beneath the cuticle could reduce cuticular
transpiration, and therefore limit water loss (Yoshida et al., 1962b). However, the majority
of studies, in species including sorghum, cucumber, and tomato, report that Si
accumulation increases transpiration during stress conditions (Liu et al., 2015; Wang et al.,
2015b; Li et al., 2015; Shi et al., 2016). Alternatively, Si accumulation may affect
transpiration through its effects on root hydraulic conductance (Chen et al., 2018). Si
accumulation has been reported to improve root hydraulic conductance during both water
stress (Sonobe et al., 2010; Shi et al., 2016), and salt stress (Wang et al., 2015b; Zhu et al.,

2015) in several species.

Si accumulation is correlated with the accumulation of soluble sugars and amino acids,
which increases the water potential gradient and subsequent water uptake (Zhu et al.,
2015; Sonobe et al., 2010; Ming et al., 2012). However, the effect of Si accumulation on
compatible osmolytes is not consistent, with Si being reported to increase (Tale Ahmad and
Haddad, 2011; Alzahrani et al., 2018; Yang et al., 2019; Hajiboland et al., 2017) and
decrease (Pei et al., 2010; Yin et al., 2014; Yang et al., 2019; Kang et al., 2016) the levels of
proline and soluble sugars in drought-stressed plants. Generally, Si accumulation increases
polyamine levels during drought and salt-stress (Wang et al., 2015b; Yin et al., 2016; Ali et
al., 2018; Yin et al., 2019). Thorne et al. (2020) concluded that during drought or salinity

stress, Si accumulation induces a small increase in compatible solutes.

lonic toxicity due to salinity mainly stems from excess Na* and CI" ions and is significantly
alleviated by Si fertilisation (Figure 1.3). Some studies have reported that Si increases

potassium uptake, which could alleviate salinity stress by improving the tissue K*:Na* ratio
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(Tahir et al., 2010, 2006; Ali et al., 2012). Additionally, Si fertilisation consistently reduces
accumulation of Na* (and CI') in the shoot but not the root (Ahmad et al., 1992; Cooke and
Leishman, 2016; Muneer et al., 2014). In salt-stressed rice, Si blocks apoplastic bypass flow
in the root which occurs in regions where the Casparian strip is incomplete, and thus
reduces ion transfer to the shoots (Gong et al., 2006; Yeo et al., 1999). Reduction of
apoplastic bypass flow by Si also reduces nutrient accumulation and therefore improves

tolerance to, for example, cadmium stress (Rizwan et al., 2012; Howladar et al., 2018).

Transcription: (i

HKT, 505, 1

Figure 1.3: Effect of Si on salt accumulation. (1) During salt stress conditions, accumulation
of Na* and CI" results in reactive oxygen species (ROS) accumulation and oxidative damage
to the cell. (2) Si inhibits the production of ROS, protecting the cell against oxidative
damage. (3) Si may increase the transcription of HKT1, SOS, and NHX transporters to relieve
ion toxicity. (4) Si reduces root-to-shoot translocation of Na* and CI'. (5) Si may also

stimulate accumulation of K* into the cell to improve the K*:Na* ratio.

1.9 Si both prevents and reduces the negative effects of biotic stress
Si deposited in the cell wall can reduce plant susceptibility to pathogen stress. When
infecting plants, pathogens release a range of molecules, known as effectors, into plant

cells (reviewed in Jones and Dangl, 2006). According to the apoplastic obstruction
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hypothesis, Si deposited in the apoplasm inhibits the release of pathogen effectors into the
cytoplasm (Coskun et al., 2019a). Supporting this, Si was found to interfere with the
signalling network between soybean and the hemibiotroph Phytophthora sojae, creating an
incompatible reaction by preventing pathogen effectors from reaching plant receptors
(Rasoolizadeh et al., 2018). Likewise, Si deposited in the cell wall can inhibit infection by

rice blast (Kim et al., 2002) and brown spot (Ning et al., 2014).

In addition to acting as a mechanical barrier, Si supplementation is correlated with changes
in defence-related enzyme activity that improve disease tolerance. In hydroponically-grown
rice, plants that were switched from non-Si fertilised to Si fertilised growing conditions and
simultaneously inoculated with bacterial blight showed the same high resistance as plants
grown continuously with Si, with Si found to increase PPO and PAL activity, as well as
increase the expression of several defence genes (Song et al., 2016). Si reduced tan spot
disease severity in wheat, with enzymes involved in plant defence showing higher activity
in plants supplied with Si (Dorneles et al., 2017). Likewise, in response to blast infection in
wheat, Siincreased the expression of defence-related genes, which was correlated with
reduced disease severity (Cruz et al., 2015). Other studies have also correlated Si with
increased defence-related enzyme activity (Gomes et al., 2005; Han et al., 2016). In
sorghum, Si was found to enhance resistance to the fungus Alternaria alternata by
stimulating biochemical defence reactions, rather than by acting as a mechanical barrier
(Bathoova et al., 2021). However, using two near-isogenic rice lines with differing
susceptibilities to rice blast, Cai et al. (2008) suggested that both Si-induced defence

response and cell silicification contribute to Si-induced rice resistance.

However, in contrast to the commonly found increase during abiotic stress, during biotic
stress conditions, Si accumulation is usually correlated with decreased antioxidative
enzyme activity, despite also reducing oxidative damage (reviewed in Debona et al., 2017).
Si deposition in the cell wall inhibits pathogen entry, thus reducing the need for
antioxidative enzymes (Coskun et al., 2019a). In wheat infected with powdery mildew, Si
supplementation was correlated with decreased activity of antioxidant enzymes (Moldes et
al., 2016). Likewise, Debona et al. (2014) found that while Si improves wheat resistance to
leaf blast, plants treated with Si had lower levels of antioxidative enzyme activity. Other
mechanisms appeared to be enhancing plant resistance, with Si-treated plants having
higher GR enzyme activity, which may help them to maintain protein synthesis under

infected conditions (Debona et al., 2014).
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As well as reducing pathogen stress, Si fertilisation is also associated with beneficial effects
during herbivory (Figure 1.4). Si deposited in the form of phytoliths, or as silicified
structures including spines and trichomes on the leaf surface, reduces both insect and
mammalian herbivory (reviewed in Hartley and DeGabriel, 2016). For example, Si reduced
digestibility and caused mandible wear in African armyworm (Massey and Hartley, 2009).
Silica phytoliths reduce plant digestibility to insect herbivory by inhibiting the crushing of
plant cells, and thus the release of nutrients (Hunt et al., 2008). Furthermore, phytoliths
can increase leaf abrasiveness, therefore deterring mammalian herbivores (Massey and
Hartley, 2006; Massey et al., 2008). Si deposited in the root epidermis can also protect
grasses from root herbivory (Moore and Johnson, 2017). However, the extent to which
phytoliths, rather than grit on the plant surface, are responsible for mandible wear, is
debated (Sanson et al., 2007), and the effectiveness of Si defences is likely herbivore-
dependent (Hall et al., 2020a). Mir et al. (2019) found that, in rescuegrass, higher plant Si
accumulation did not affect phytolith morphology, but it did reduce leaf tissue

consumption by a grasshopper.

In response to herbivory, plants typically initiate jasmonic acid (JA) signalling to co-ordinate
a defence response (reviewed in Howe and Jander, 2007). Several studies have examined
the effect of Si on JA signalling, but with contrasting results. While there is general
agreement that JA promotes Si accumulation, it is currently debated whether Si inhibits or
promotes JA accumulation (Figure 1.4). Kim et al., (2011, 2014) and Hall et al. (2019)
provide evidence that Si inhibits JA accumulation, while Ye et al. (2013) and Lin et al. (2019)
argue that Si promotes JA accumulation. During unstressed conditions, Jang et al. (2018)
found that Si increased JA levels at all time-points tested, although the extent of the

increase varied depending on the concentration of Si used and the time-point.

Transcriptomic studies provide further insight into the effect of Si on the plant pathogen
response. In wheat, powdery mildew infection changed the expression of nearly 900 genes,
but this response was not present in Si-treated plants, suggesting Si provides almost full
protection against infection (Chain et al., 2009). A similar study in Arabidopsis found that
while Si did not provide complete protection against powdery mildew infection, Si reduced
the observed decrease in downregulated gene expression, causing the gene expression
profile to be more similar to that observed in uninfected plants, and thus suggesting that Si

had improved pathogen tolerance (Fauteux et al., 2006).
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Figure 1.4 Effect of Si during herbivory. (1) Si phytoliths and other silicified structures
increase insect mandible wear and reduce herbivory. (2) Herbivores release a variety of
molecules, known as effectors, into the cell, activating the jasmonic acid (JA)-mediated
defence response. Si deposited in the cell wall inhibits the entry of effectors. (3) Activation
of the JA defence pathway increases Si accumulation. In turn, Si may promote JA
biosynthesis, although Si-mediated inhibition of the JA pathway has also been reported. (4)
Si increases the expression of defence-related genes and the accumulation of defence-

related secondary metabolites.

1.10 Applying Si fertiliser in agriculture is not universally beneficial
Although the majority of studies report that Si supplementation improves stress tolerance,
there are nevertheless studies that find no significant effect of growing plants with
additional Si. In particular, although higher Si content can increase leaf abrasiveness and
deter foliar herbivores, it has been suggested that plant Si content does not have a
significant effect on phloem feeders (Massey et al., 2006; Rowe et al., 2020). In Medicago
sativa, Si addition was positively correlated with an increase in aphid abundance on the
plants, which was attributed to the increased plant biomass induced by Si (Johnson et al.,
2017). A recent meta-analysis concluded that Si defences are more effective against

chewing herbivores than fluid feeders (Johnson et al., 2020). Nevertheless, there are
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examples of Si application correlating with a reduction in herbivory by phloem feeding
herbivores (Yang et al., 2017) and the conclusion that Si accumulation has no effect on

phloem feeders may be too generalised (Keeping and Kvedaras, 2008).

Few studies have examined whether plants can use Si to protect against viral infections, but
it appears that a beneficial effect of Si accumulation during viral infection is not as universal
as has been reported for other pathogens. In tobacco, Si-fertilised plants showed an
enhanced defence response to tobacco ringspot virus (TRSV), but not to tobacco mosaic
virus (TMV, Zellner et al., 2011). Similarly, Si supplementation improved tolerance to the
viruses cowpea chlorotic mottle virus (CCMV) and cowpea mild mottle virus (CMMV) in

mung bean, but not in yardlong bean or chickpea (Izaguirre-Mayoral et al., 2017).

In some studies, increased Si availability was correlated with beneficial effects on
biochemical and physiological parameters but did not increase growth during stress
(Rezende et al., 2017; Berni et al., 2020). In maize, increased Si accumulation decreased Zn
accumulation, but overall, negatively impacted on growth during Zn stress (Bokor et al.,
2014). Ruppenthal et al. (2016) found no effect of increasing soil Si availability through Si
supplementation on growth in soybean during drought stress. While Si accumulation
increased with increasing Si availability in non-stressed plants, there was no effect of Si
supplementation on Si accumulation in drought-stressed plants, despite Si
supplementation correlating with reduced membrane damage (Ruppenthal et al., 2016).
Likewise, in drought-stressed wheat, Sattar et al. (2019) reported Si supplementation
significantly increased root, but not shoot, dry weight, whereas Xu et al. (2017) reported
that Si supplementation increased wheat shoot fresh weight, but not dry weight, during
osmotic stress. A lack of Si supplementation effect on growth during osmotic stress has also
been reported in tall fescue (Vandegeer et al., 2021b) and barley (Hosseini et al., 2017,
Maillard et al., 2018).

There is a plethora of reasons regarding why the literature is full of inconsistent results
regarding the effect of Si in plants. Variation in experimental conditions likely explains
much of the differences. Si takes time to accumulate (Deshmukh et al., 2020; Ma and
Yamaji, 2006), and therefore, a more limited Si effect may be reported during short-term
experiments. The failure of many studies to measure plant Si content prevents
understanding of how plants use Si to improve stress tolerance and establishing the

conditions in which Si supplementation is most likely to be beneficial. The use of foliar Si
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fertiliser or seed priming compared to soil fertilisation is likely to further impact on the Si
response, as will the use of different Si fertilisers such as silicate slag compared to Si-rich
biochar. Some studies do not report balancing the ions when adding Si fertiliser (e.g.
Ahmad et al., 2016; Joudmand and Hajiboland, 2019; Seleiman et al., 2019), and thus, their
reported beneficial effect of Si may be the result of potassium or sodium fertilisation.
Finally, the effect of Si appears to be species specific, with species able to accumulate
higher levels of Si showing stronger responses when Si is readily available. Supporting this,
transforming Arabidopsis with the wheat Lsi1 gene increased Si accumulation and
pathogen tolerance (Vivancos et al., 2015). Adding to this, genotypic variation is likely to
further affect the Si response. Notably, studies using multiple genotypes often report

different Si effects depending on the genotype (Farooq et al., 2015; Ali et al., 2018).

1.11 Variation in Si accumulation

Plants vary significantly in their ability to accumulate Si from the soil. A meta-analysis of
over 700 plant species found that, in general, liverworts and horsetails accumulate more Si
than angiosperms and gymnosperms (Hodson et al., 2005), although Si accumulation in
liverworts and horsetails has been examined to a lesser extent compared to angiosperms.
Several important monocot crop species, including wheat, barley, maize, and rice,
accumulate large amounts of Si (Guntzer et al., 2012). Nevertheless, some dicots
accumulate significant levels of Si, and there is significant variation in Si accumulation even

within plant families (Katz, 2014; Deshmukh et al., 2020).

Additionally, there is also wide variation in Si uptake between cultivars of the same species
(MclLarnon et al., 2017; Mitani-Ueno et al., 2014, 2011; Chiba et al., 2009; Ma et al., 2007b;
Hartley et al., 2015; Ma et al., 2003; Wu et al., 2006). However, in some cases, such
genotype-specific variation is only apparent when plants are grown with an adequate
supply of Si (Cotterill et al., 2007). In other cases, genotypes respond differently to
increased Si availability, with four out of sixteen sorghum genotypes found not to
accumulate significantly more Si in response to Si fertilisation (De Lima et al., 2019). Even
with Si fertilisation, Deshmukh et al. (2020) did not find significant variation in Si
accumulation between genotypes among eight species, including high and low Si-

accumulating species.

Genotypic variation in Si accumulation capacity may influence the extent to which Si

fertilisation can improve stress tolerance. However, to date, few studies have examined
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whether there is a correlation between Si accumulation and the effect of Si. In chickpea,
ten cultivars responded to drought stress by increasing Si accumulation to different
extents, but this did not correlate with significant increases in growth (Gunes et al., 2007).
Sapre and Vakharia (2017) found variation both in osmotic stress tolerance and Si
accumulation among ten wheat cultivars, but the correlation between Si concentration and
changes in oxidative damage was not significant. In sorghum, differences in aphid tolerance
between three genotypes were not correlated to differences in Si accumulation (Sampaio
et al., 2020). In sugarcane, the effect of Si under water deficit conditions varied among
cultivars, with a significant positive effect on dry weight observed in only one out of four

cultivars tested (de Camargo et al., 2019).

The causes of such genotypic variation in Si accumulation remain unknown but may relate
to differences in Si transporters and/or their abundance. In pumpkin, the different ability of
two pumpkin cultivars to take up Si has been attributed to a single amino acid change in
the Lsil transporter (Mitani et al., 2011). However, in rice, the Lsil amino acid sequence
appears to be strongly conserved among different cultivars (Mitani-Ueno et al., 2014).
Instead, differences in rice Si accumulation may be the result of variation in Si transporter
gene expression (Ma et al., 2007b; Wu et al., 2006). The high density of the Lsil transporter
in rice compared to other species is hypothesised to explain high Si accumulation in this
species (Mitani and Ma, 2005; Nikolic et al., 2006). Variation in other Si transporters may
also be important. Talukdar et al. (2019) identified SNPs in OsLsi2 and OsLsi3 that were
linked to differences in Si accumulation in a panel of 50 rice accessions, while Swain and
Rout (2020) suggested that variation in Lsi2 expression may explain variation in Si uptake

among rice genotypes.

1.12 Aims and objectives

Wheat is an important crop species worldwide, but significant yield losses occur due to
abiotic and biotic stresses. There is abundant evidence in the literature that Si can improve
wheat tolerance to a variety of stresses. However, the magnitude of the Si effect is not
consistent. One reason for this inconsistency could be that variation in genotype affects the
response to Si. However, there is a lack of studies exploring the causes and consequences
of genotype-specific Si responses. There is interest in using genetically diverse, traditional
wheat landraces to breed new elite cultivars with enhanced stress tolerance (Lopes et al.,
2015), yet whether such landraces vary in their response to Si fertilisation has not been

investigated. Nevertheless, variation in the response to Si could have consequences for the
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widespread use of Si fertilisation to improve plant stress tolerance. Notably, it remains to
be determined whether there is a positive correlation between Si accumulation and a
beneficial Si effect, or whether there are genotypes that do not receive benefits from Si
fertilisation. To address this knowledge gap, this thesis uses genetically diverse wheat
landraces to investigate the causes and consequences of variation in Si accumulation

between genotypes. Overall, the main objectives of this thesis were:

1. To examine whether there is variation in Si accumulation among wheat landraces,
and to determine the cause of any variation

2. To investigate whether mechanical damage induces landrace-specific responses in
Si accumulation

3. To determine whether there is variation in the response of landraces to Si during

osmotic and drought stress.
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2 Chapter 2: Variation in Si accumulation among wheat
landraces

2.1 Introduction

Wheat is an important food crop worldwide, and can accumulate significant levels of Si
(Deshmukh et al., 2020; Hodson et al., 2005). For example, when grown for 30 days with 20
ppm Si, wheat accumulated 1.75 % Si in the leaves (Deshmukh et al., 2020). Wheat uses Si
to improve tolerance to a range of biotic and abiotic stresses in wheat. Si reduces the
severity of pathogen infection, including powdery mildew (Moldes et al., 2016), spot blotch
(Domiciano et al., 2010), and blast (Debona et al., 2014). Using Si fertilisation to increase
the plant-available Si in the soil by 74 % improved wheat yield by around 15 % when plants
were infected with tan spot and head blight (Pazdiora et al., 2021). Accumulation of Si in
the shoots can also reduce herbivory in wheat (Cotterill et al., 2007; Griffin et al., 2015;
Jeer et al., 2021). Furthermore, Si can improve wheat tolerance to drought (Ahmad et al.,
2016; Gong et al., 2003), salinity (Ahmad et al., 1992; Saleh et al., 2017), and freezing stress
(Liang et al., 2008). Grain yield increased by 70 % when wheat seeds were primed with 60

mM sodium silicate prior to drought-stress (Hameed et al., 2021).

Some of the mechanisms underpinning the beneficial effects of Si are currently debated. Si
deposited in the cell wall can act as a physical barrier deterring herbivory (Massey and
Hartley, 2009; Hartley et al., 2015) and preventing the entry of pathogens (Coskun et al.,
2019a). Deposition on the plant surface, particularly near stomatal guard cells (Vandegeer
et al., 2021b), suggests Si fertilisation could decrease transpiration, which has been
reported in some wheat studies (Bukhari et al., 2020; Sattar et al., 2017). However, other
studies in wheat have reported that Si increases transpiration, especially during drought
stress (Gong and Chen, 2012; Javaid et al., 2019; Sattar et al., 2018). Another topic of
debate is the location where Si manifests its activity; many studies focus only on Si
accumulation in the shoot (e.g. Ahmad et al., 2007; Ali et al., 2012; Ma et al., 2016; Tahir et
al., 2006), and the importance of root Si accumulation in improving stress tolerance

remains unknown.

Si uptake in wheat roots is likely to involve at least two transporters: Lsil and Lsi2,

analogous to what is found in rice (reviewed in Ma and Yamaji, 2015). Lsi1 is an aquaporin
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involved in uptake of silicic acid from the soil (Ma et al., 2006) while Lsi2 likely functions as
an active efflux transporter and has been suggested to be driven by the proton gradient
across the plasma membrane (Ma et al., 2007a). Although Lsi1 has been identified and
characterised in wheat (Montpetit et al., 2012), the wheat Lsi2 gene has not been formally
characterised. Nevertheless, several studies have provided evidence that Si accumulation in
wheat is an active process (Casey et al., 2003; Frick et al., 2020; Rains et al., 2006). When Si
is readily available, wheat typically accumulates 1-2 % Si by dry weight (Ali et al., 2012;
Deshmukh et al., 2020; Domiciano et al., 2010; Tahir et al., 2010). The majority of this Si is
transported into the shoots (Jarvis, 1987), where it is deposited as special silica structures
known as phytoliths in the epidermis cells, as well as in the cell wall (Mecfel et al., 2007;
Ponzi and Pizzolongo, 2003). Structures including trichomes, macrohairs, and spines can
also be silicified (Hartley et al., 2015). In roots, Si is deposited in the endodermis of seminal
and adventitious roots, although the exact deposition pattern varies among cultivars

(Bennett, 1982).

Si accumulation can vary between genotypes, but it remains to be determined whether this
has any physiological relevance, for instance with respect to stress tolerance. Previous
studies have found that significant variation in Si accumulation exists between cultivars in
barley (Chiba et al., 2009; Ma et al., 2003), rice (Ma et al., 2007b), pumpkin (Mitani-Ueno et
al., 2011), and tall fescue (McLarnon et al., 2017). Cotterill et al. (2007) reported significant
variation among six wheat cultivars when Si fertiliser was used. The cause of this variation
in Si accumulation is currently unknown. As silicic acid is transported to the shoot in the
transpiration stream, it is possible that variation in Si accumulation between species and
cultivars relates to differences in transpiration rate (Exley, 2015). However, recent evidence
has indicated that differences in the expression levels of Si transporter genes may be the
cause of differences in Si accumulation between cultivars (MclLarnon et al., 2017).
Differences in Si uptake between rice varieties have been linked to both differences in gene

expression (Ma et al., 2007b; Wu et al., 2006) and sequence (Talukdar et al., 2019).

Landraces are traditional varieties that were bred by farmers to be locally-adapted to their
environment (Zeven, 1998). Typically, landraces are highly tolerant to biotic and abiotic
stresses, although produce lower yields compared to modern cultivars (Lopes et al., 2015;

Zeven, 1998). Due to their high genetic diversity, landraces have been proposed as an
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important source of novel alleles to increase crop adaptation to stressful environments
(Dwivedi et al., 2016). Increasingly, landraces are being used in crop breeding programs to
improve wheat stress tolerance (Lopes et al., 2015). It is hypothesised that there will be
significant variation in Si accumulation among landraces, although the Si accumulation

ability of landraces has not yet been investigated.

Crop genetic diversity panels are collections of genotypes, often including landraces, that
aim to capture significant amounts of the genetic diversity present in crop species. The
YoGl diversity panel is a collection of 350 genetically diverse wheat landraces taken from 65
countries and includes landraces adapted to a variety of different environmental conditions
(Harper, unpublished). In this study, 98 landraces were selected from the YoGl panel. After
determining the Si accumulation capacity of each these landraces, a selection that differed
significantly in their Si accumulation was selected for more detailed experiments to
investigate variation in Si accumulation and deposition when supplied with different
amounts of Si, as well as potential mechanisms that could explain the observed variation in

Si accumulation.

2.2 Methods

2.2.1 Experimental design and plant growth conditions

2.2.1.1 Experiment 1: Investigating diversity in wheat Si accumulation

To investigate whether there is significant variation in Si accumulation among genotypes, a
diversity panel of 98 wheat (Triticum aestivum) landraces was taken from the YoGI
biodiversity panel (Harper, unpublished). The panel was formed using material from the
following collections: The International Maize and Wheat Improvement Center (CIMMYT),
Mexico; Crop Research Institute, Prague; and John Innes Germplasm Resource Unit, the
Biotechnology and Biological Sciences Research Council Designing Future Wheat
programme. Due to space and cost limitations, it was not possible to use all 350 landraces
that form the YoGI panel, and thus a subset of 98 landraces was selected, which was
representative of the diversity found across the YoGl panel. A phylogenetic tree was
constructed in TASSEL (Bradbury et al., 2007) and a minimum of one landrace was selected
from each of 54 tree clusters, with two landraces selected from the largest clusters.
Additionally, six more modern landraces were selected, as well as ten landraces that were

known to be the fastest or slowest to reach the heading stage. A mixture of winter and
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spring cultivars was selected. The landraces originate from countries across the globe,
although the climate and soil properties of the regions of origin are unknown. A full list of

landraces is available in Table 2.2.

Using the 98 landraces, a screen was conducted to investigate variation in Si accumulation
among wheat landraces and to identify landraces that exhibited low and high Si
accumulation. The screen was initially carried out between October 2017 and May 2018
with plants grown without Si fertilisation (-Si). However, due to the low plant Si
accumulation observed, the screen was repeated between March and July 2019 with Si
fertilisation (+Si). Four seeds of each landrace were planted in 0.5 L pots filled with F2+S
compost (Levington) and treated with Calypso insecticide (Bayer). One week after
germination, seedlings were thinned to two plants per pot. Plants were grown for seven
weeks under controlled glasshouse conditions (16 h daylight; 20 °C /15 °C day/night). For
+Si plants, starting one week after germination and continuing until harvest, plants
received 100 mL 1.5 mM sodium metasilicate (Na,SiO3.9H,0) twice weekly. As the +Si
screen was conducted after the —Si screen, the sodium ions were not balanced between
the two screens. Plants were watered as required with tap water to maintain the soil
moisture content. For both screens, three temporally separate replicates were conducted,
separated by at least two weeks. At harvest, shoot and root fresh weight were recorded.
Roots were cleaned with tap water and excess water removed prior to weighing. Plants

were then oven dried at 70 °C until constant mass was achieved and dry weight recorded.

2.2.1.2 Experiment 2: Effect of Si availability on Si accumulation

To further examine variation in Si accumulation between wheat landraces, as well as the
potential causes of this variation, ten landraces that consistently accumulated high levels of
Si and ten landraces that consistently accumulated low levels of Si in the —Si screen of
landraces were grown hydroponically at three Si levels. Additional plants for the three
highest and three lowest Si-accumulating landraces were grown and harvested weekly to

investigate whether Si accumulation varies over time.

Seeds were germinated in sand for 10 d, then transferred to 9 L hydroponics boxes filled
with %-strength Hoagland’s solution. Three different levels of Si were applied to the

hydroponics boxes: no additional Si (=Si), 0.9, and 1.8 mM Si, to represent the range of Si
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concentrations that are typically found in soils (Sommer et al., 2006) as well as the
maximum solubility of silicic acid (ller, 1979). Five temporally separate replicates were
conducted, separated by at least two weeks. For each replicate, at each level of Si
availability, all landraces were grown in one hydroponics box, such that three 9 L boxes
were used for each replicate. Each hydroponics contained a total of 50 seedlings: one
seedling of each of the twenty landraces, plus additional seedlings of the six landraces used
for weekly harvests. Sodium metasilicate (Na,SiO3.9H,0) was used for the Si treatments
and sodium chloride was used to balance sodium levels across all levels of Si availability.
The pH was adjusted to 5.6-6.0 using 1 M HCl or 0.1 M KOH. The nutrient solution was
changed every 3-4 d and aerated throughout the experiment. Plants were grown in
controlled glasshouse conditions (16 h daylight, 20 °C/15 °C day/night). To investigate
whether Si accumulation varies over time, every week, from two to seven weeks after
germination, one plant from each Si treatment for each of six landraces was harvested. The
remaining plants were harvested six weeks after germination. At harvest, roots were
washed in deionised water and then shoot and root fresh weights were recorded. Plants

were oven-dried at 70 °C until constant mass was achieved and dry weight recorded.

2.2.2 Si measurements

For all experiments, shoot and root Si concentration was measured by portable X-ray
fluorescence spectroscopy (P-XRF) using the method described in Reidinger et al. (2012).
Dried leaf material was ball-milled (Retsch MM400 Mixer mill, Haan, Germany) and ground
material was pressed at 10 tons into pellets using a manual hydraulic press with a 13 mm
die (Specac, Orpington, UK). Si analysis (% Si dry weight) was performed using a P-XRF
instrument (Nitron XL3t900 GOLDD analyser: Thermo Scientific Winchester, UK) held in a
test stand (SmartStand, Thermo Scientific, Winchester, UK). The P-XRF machine was
calibrated using Si-spiked synthetic methyl cellulose (Sigma-Aldrich, product no. 274429)
and validated using Certified Reference Materials of NCS DC73349 ‘Bush branches and
leaves’ obtained from China National Analysis Center for Iron and Steel. To avoid signal loss
by air absorption, the analyses were performed under a helium atmosphere (Reidinger et
al., 2012). A reading of each side of the pellet was taken, approximately one hour apart, to
account for u-drift in the instrument (i.e. variation in readings between consecutive runs
using identical parameters; Johnson, 2014). The two readings were averaged to obtain the

Si concentration (% dry weight).
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2.2.3 Si transporter single nucleotide polymorphism identification

Using identified single nucleotide polymorphism (SNP) data provided by Dr Andrea Harper,
SNPs in putative Si transporter genes were identified. Analysis of variance (ANOVA),
conducted in R (version 3.6.1, R Core Team, 2020), was used to investigate whether any of
the identified SNPs were associated with significantly different Si accumulation across the
diversity panel of 98 landraces. Only SNPs with a minor allele frequency greater than 5 %

were used.

2.2.4 Associative transcriptomics

Associative transcriptomics (AT) is a recently developed method that uses transcriptome
data to test for associations between differences in gene sequence or expression and traits
of interest (Harper et al., 2012). Polyploid species often display functional redundancy or
differential expression of homoeologous genes, in addition to having large sequence repeat
regions (Borrill et al., 2019). Such complex, polyploid genomes are not easily amenable to
Genome Wide Association Study (GWAS) techniques, but by using transcriptome data
instead of genomic data, AT aims to avoid some of the issues associated with applying
GWHAS to polyploid species such as wheat. For these analyses, Single Nucleotide
Polymorphism (SNP) and transcript abundance data (reads per kb per million aligned reads;
RPKM) from RNA sequencing of the leaves of 15-days-old wheat seedlings, grown in

glasshouse conditions without additional Si, was provided by Dr Andrea Harper.

An association analysis was performed to look for SNPs correlating with differences in Si
accumulation among the 98-landrace diversity panel when grown with Si. A mixed linear
model (MLM) was fitted in R (version 3.6.1, R Core Team, 2020) using the GAPIT package
(Lipka et al., 2012; Zhang et al., 2010). Population structure was incorporated using kernel-
PCA and optimisation (PSIKO, Popescu et al., 2014) as a fixed effect. Relatedness was
included as a random effect using a kinship matrix generated by GAPIT (Zhang et al., 2010).
A Shapiro-Wilk test was used to evaluate whether Si values followed a normal distribution,
and a logit transformation was applied to satisfy the assumption of normality. SNPs with a
minor allele frequency of less than 5 % were excluded from the analysis to minimise the
risk of spurious associations. A total of 179 254 SNP markers were used. Model fit was

assessed using Q-Q plots between expected and observed log10(P) values, which indicated
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that model over-fitting was a problem. A significance level of 0.05 was set after applying a

false discovery rate (FDR) controlling procedure (Benjamini and Hochberg, 1995).

Gene expression marker (GEM) analysis was performed in R (version 3.6.1, R Core Team,
2020) using scripts provided by Dr Andrea Harper (Harper et al., 2012). A fixed effect linear
model was used to test for associations between GEMs based on transcript abundance and
shoot Si concentration. Population structure was incorporated using PSIKO as a fixed effect
(Popescu et al., 2014). Transcripts with RPKM values less than 0.4 averaged across
landraces were removed. A total of 46 248 GEMs was used for the analysis. Si values were
logit transformed to satisfy the assumption of normality. A significance level of 0.05 was set

after applying a FDR controlling procedure (Benjamini and Hochberg, 1995).

2.2.5 Differential gene expression analysis

Due to problems with model over-fitting for GWAS, differential expression (DE) analyses on
subsets of high and low Si-accumulating landraces were performed to investigate whether
there were any consistent differences in gene expression between the two groups. In
contrast to GWAS and AT, DE uses only information on gene expression, and does not
consider differences in gene sequence (SNP data). Additionally, DE compares gene
expression for two groups, in this case high and low Si accumulators, rather than across all

landraces.

Data normalisation and DE analysis was performed using the DESeq2 package (Love et al.,
2014) in R (version 3.6.1, R Core Team, 2020). Transcriptomic count data from the leaves of
15-days-old wheat seedlings grown in glasshouse conditions without Si supplementation
was provided by Dr Andrea Harper. Genes with low expression, defined as having a mean
count of one across landraces, were removed prior to the analysis. A significance level of

0.05 was set after applying an FDR controlling procedure (Benjamini and Hochberg, 1995).

In total, four DE analyses were performed using different groupings of high and low Si

accumulators:

e Group 1: 20 highest and 20 lowest Si accumulating landraces identified from

experiment 1
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e Group 2: Nine highest and seven lowest Si accumulators from experiment 1 for +Si
plants only

e Group 3: Seven high and five low Si accumulating landraces identified from
experiment 2

e Group 4: Five high and five low landraces used for subsequent experiments (see 3

and 4)

DE analyses were performed using different groups of high and low Si accumulators to
reduce the likelihood of false positives. Such false positives most commonly occur when
the contrasting groups are small (five or less). Thus, groups containing different numbers of
high and low Si accumulating landraces were used. Shoot Si accumulation was significantly
different between high and low Si accumulators for all groups (t-tests, P < 0.05 for all
comparisons; Table 2.6). Only genes identified as being differentially expressed between
high and low Si accumulators in all four analyses were considered as true hits. Gene
annotation was done using Ensembl (Howe et al., 2021) and gene ontology enrichment

analysis was performed using Panther (Mi et al., 2021).

2.2.6 Spine and stomatal density

For experiment 2, at harvest, approximately 5 cm of one leaf from each plant was cut with
scissors and painted with clear nail varnish to make an epidermal peel. Once dry, the
varnish was removed from the leaf using transparent sticky tape and stuck to a microscope
slide. A Nikon Eclipse 50 | light microscope (Nikon Instruments, Kingston Upon Thames,
Surrey) at 200 x magnification was used to count the number of stomata and spines for ten
fields of view. The average spine/stomata density was calculated as spines/stomata mm-2.

Spine and stomatal density were only measured for two replicates.

2.2.7 Experiment 3: Scanning electron microscope and energy dispersive X-ray
spectroscopy

To investigate whether Si is deposited differently in high and low Si-accumulating
landraces, one high (H1) and one low (L4) Si-accumulating landrace was selected for
scanning electron microscope and energy dispersive X-ray spectroscopy (SEM-EDX)
analysis. Two replicate plants of each landrace were used. Plants were grown in compost,
supplemented with 50 mL 1.5 mM sodium metasilicate (Na,SiO3.9H,0) twice weekly and
leaf samples were taken at 37-days-old. A rectangular section (~3 mm x 10 mm) of leaf
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material was cut with a razor blade from a mature, expanded leaf blade on the main stem
and immediately placed in deionised water. The samples were transferred to a fixative
composed of 2.5 % glutaraldehyde and 4 % formaldehyde in 100 mM phosphate buffer.
The samples were put in a vacuum chamber to remove the air and ensure leaves were
completely under the fixative. An antistatic wetting agent and a cocktail stick were used for
leaf segments that floated on top of the fixative. The samples were rotated for 6 h. Samples
were washed twice in 100 uM phosphate buffer. An acetone graduated series was then
used to dehydrate the samples by rotating samples for 30 min in 25, 50, 70, 90, 100, 100,
and 100 % acetone. Samples were critical point dried and mounted on aluminium stubs
using sticky carbon tape. Samples were coated in carbon and stored in a desiccator
overnight. A JEOL 7800F Prime High Resolution Field Emission Scanning Electron
Microscope coupled to an EDX (Thermo-Scientific) was used to image the samples and

determine their elemental composition at an accelerating voltage of 15 kV.

2.2.8 Stomatal conductance

Transpiration is related to stomatal conductance (Lawson and Blatt, 2014). Therefore,
stomatal conductance was used as a proxy for transpiration rate. For plants from
experiment 2, after two weeks establishment in hydroponics, the stomatal conductance of
six landraces was measured using an AP4-UM-3 porometer (Delta-T devices Ltd,
Cambridge, United Kingdom). The three highest and three lowest Si-accumulating
landraces based on the —Si screen from experiment 1 (2.2.1.1) were selected. However,
these were later reclassified based on the results of experiment 2 (2.2.1.2), such that three
high, two medium, and one low Si-accumulating landrace were used. Measurements were
conducted in the glasshouse and the porometer was recalibrated before every use.
Measurements were made at approximately midday. Large, healthy, new leaves from the
top of the plant were used for measurements. Both sides of the leaf were measured and
the average calculated. A minimum of five readings, on at least five different days, were
taken for each landrace at each Si level for each replicate. The average stomatal

conductance across all days for each plant was used for statistical analysis.

2.2.9 Experiment 4: Transpiration measurements
To further investigate whether differences in transpiration rate were correlated with

differences in Si accumulation, an experiment was designed to measure transpiration
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based on water loss over time. Seeds were germinated in sand for 10 d, then transferred to
50 mL falcon tubes filled with ¥%:-strength Hoagland’s solution. The nutrient solution was
changed every two days. Half the plants were grown with 0.2 mM (low) Si and half the
plants were grown with 1.8 mM (high) Si. A low Si treatment of 0.2 mM Si was selected
instead of a no Si treatment due to the lack of variation in Si accumulation when plants are
grown without Si. Dissolved sodium metasilicate (Na,Si03.9H,0) was used as a source of Si.
Six landraces were selected, covering the full range of Si accumulating abilities and three

plants per landrace per Si treatment were used.

After growing in falcon tubes for two weeks, the amount of nutrient solution in the falcon
tubes was measured over three consecutive days to measure water loss. Tubes filled with
nutrient solution but without plants were used to measure the evaporation rate. The

transpiration and water uptake rates were calculated based on plant dry weight (DW) as:
Equation 2.1:
Transpiration (mL H,0 hr=1 g DW™1)

_ Initial volume (mL) — Final volume (mL) — Evaporation (mL)
B Time (hr) X Shoot dry weight (g)

Equation 2.2:

Root water uptake (mL H,0 hr~! g DW 1)

_ Intial volume (mL) — Final volume (mL) — Evaporation (mlL)
B Time (hr) X Root dry weight (g)

Due to the similarity of results between transpiration and water uptake, only the results for

the transpiration rate are presented.

2.2.10 Measuring Si transporter gene expression

To investigate the possible causes of variation in Si concentration between landraces, the
expression levels of the Si transporters Lsil, Lsi2, Lsi3, and Lsi6 were determined using
reverse transcriptase quantitative polymerase chain reaction (RT-qPCR). Primers were
designed to match all homoeologs, based on existing wheat sequences where available, or
on homology to the barley sequence (Table 2.1). Ensembl (Howe et al., 2021) was used to
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identify homoeologs and wheat-expression.com (Borrill et al., 2016; Ramirez-Gonzalez et
al., 2018) was used to check that putative genes were expressed. Primers were designed to
match all homoeologs. Standard curves using serial 1:10 dilutions at 4 concentrations were
used to determine primer efficiency for gPCR. Only primers with standard curve slopes

between -3.0 and -3.6 were selected for subsequent qPCR.

The three highest and three lowest Si-accumulating landraces, and one medium Si-
accumulating landrace were selected for RT-qPCR. Expression was measured for —Si plants
and plants supplemented with 1.8 mM Si from experiment 2. Three biological replicates
were used. Root tissue was collected and ground under liquid nitrogen using a mortar and
pestle and RNA extracted using a Nucleospin RNA Plant and Fungi kit with DNase treatment
(Macherey Nagel Bioanalysis), according to the manufacturer’s instructions. RNA quality

was checked using a NanoDrop 1000 (ThermoFisher).

Two cDNA synthesis reactions were performed using Reverse Transcriptase Superscript ||
M-MLV (Invitrogen). gRT-PCR was performed using fast SYBR green master mix (Applied
Biosystems) with 2 uL cDNA and 350 nM primer on a QuantStudio3 Real Time PCR System
instrument (ThermoFisher) with cycle conditions: denaturation: 95 °C for 20 s; cycling: 95
°Cfor 1s, 60 °C for 20 s for 40 cycles; determination of melt curve to determine primer
specificity by checking for single product amplifications. Two technical replicates of each of
the two cDNAs were used (four technical replicates for each biological sample). After
testing several potential housekeeping genes, actin was selected as a reference gene
because it was expressed at a consistent level in all samples. A no template control was
included. gPCR results were analysed using the method of Muller et al. (2002) and an
adapted version of the Q-gene excel software (Simon, 2003). Primer efficiency was

calculated as:

Equation 2.3:

1
Primer efficiency — 105tandard curve gradient
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Equation 2.4:

Normalised expression values were then calculated as:

Actin primer ef ficiency¢t vatue

Normalised expression = —; : i
Si transporter primer ef ficiencyCt vatue

The average normalised expression for each of the four technical replicates per sample was

used.
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Table 2.1: List of primers used for qPCR.

Target Forward Primer Reverse Primer Product Ensembl gene name (all homoeologues)

Gene size

Actin TACTCCCTCACAACAACCGC CTCCTAGCCGTTTCCAGCTC 104 TraesCS1A02G020500, TraesCS1B02G024500, TraesCS1D02G020000
Lsil CCTTCTCCAGCGAGATCCAC CCTCCGACACCACCTTCTTG 129 TraesCS6A02G307300, TraesCS6B02G335900, TraesCS6D02G286400

Lsi2 TCATCGCCTTCAACAGCAAG | TCCTTCCAGTACATGCAGAGC 115 TraesCS5A02G529900, TraesCS4B02G361900, TraesCS4D02G354900
Lsi3 TGTTCAAGTACCTCGGCAAC | TTGAGGATGAACTCGGTGAGG 144 TraesCS4A02G412500, TraesCS4B02G312600, TraesCS4D02G310100
Lsi6 | TACTCGAACGAGATCCACGAC | TCTCCGATATCACCTTCTTGCC 132 TraesCS7A02G187800, TraesC57B02G092900, TraesCS7D02G188800
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2.2.11 Statistical analysis

All statistical analyses were performed using R software (version 3.6.1, R Core Team, 2020).
Summary statistics were calculated using the Rmisc package (Hope, 2013) and graphs were
produced using the ggplot2 package (Wickham, 2016). Two-way analysis of variance
(ANOVA) was used to test the effect of Si supplementation and landrace on Si
concentration, dry weight, spine density, stomatal density, stomatal conductance,
transpiration, and gene expression. Three-way ANOVA was used to test the effect of Si
supplementation, landrace and time on Si concentration for plants that were harvested
weekly. In all ANOVAs, temporal replicate was included as a factor to account for variation

caused by plants being grown at different times.

Data normality was checked using Shapiro-Wilk tests and homogeneity of variance was
tested using Levene’s tests. To satisfy the test assumptions, Si concentrations were logit
transformed, shoot dry weight and gene expression data was log transformed, and spine
density was square root transformed. Untransformed values were used for stomatal
density and stomatal conductance. A significance level of P < 0.05 was used for all analyses,
except for gene expression analyses, where a Bonferroni correction to account for multiple
testing was applied. Significant results were analysed by performing Tukey’s Honest

Significance Difference (HSD) post-hoc tests using the emmeans package (Lenth, 2021).

2.3 Results

2.3.1 Significant variation in Si accumulation among wheat landraces
Significant variation in Si accumulation across the 98 landraces used in experiment 1 was
observed for both plants that received Si supplementation and those that did not (Figure
2.1; Table 2.3). Si supplementation increased the amount of variation in Si accumulation
between landraces. There was a positive correlation between Si accumulation with and
without Si supplementation (r = 0.49, P < 0.001). Increased Si supply resulted in 69.5 % to
155.7 % more Si being accumulated depending on the landrace, and on average, plants
grown with supplementary Si accumulated 109 + 0.002 % more Si compared to plants

grown without additional Si.
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Landrace

Figure 2.1: Variation in shoot Si concentration for a diversity panel of 98 wheat landraces
(Experiment 1). —Si plants did not receive Si supplementation. +Si plants were
supplemented 1.5 mM sodium silicate. Shown in order of increasing Si for +Si plants. Mean

values + standard error (SE) are shown. N = 3.

Based on shoot Si concentration when grown with and without Si fertilisation, ten
landraces that accumulated high levels of Si, and ten landraces that accumulated low levels
of Si were selected for further experiments. These two groups differed significantly in their
Si accumulation (Table 2.4) and were designated as high (H) and low (L) Si accumulators,
respectively. When grown with Si, high Si accumulators had an average shoot Si

concentration of 1.05 £ 0.03 % compared to 0.90 + 0.02 % for low Si accumulators.

2.3.2 Negative correlation between Si accumulation and growth

To determine whether there was an effect of Si on growth, the relationship between Si
accumulation and shoot dry weight was investigated. There was a negative correlation
between shoot dry weight and shoot Si concentration across the diversity panel (Figure 2.2;

—=Si:r=-0.84, P =< 0.001; +Si: r =-0.43, P < 0.001).
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Figure 2.2: Correlation between shoot Si concentration and shoot dry weight for plants
grown with and without Si supplementation (Experiment 1). Plotted are the results for

each landrace for each replicate.

2.3.3 No evidence of genetic causes of variation in Si among wheat diversity
panel

To specifically test whether SNP differences in putative Si transporter genes correlated with
differences in Si accumulation among landraces, SNPs in putative Si transporters were
identified and their effect on Si accumulation was tested using ANOVA. No SNPs were
identified in putative Lsil or Lsi2 sequences. Across all homoeologs, 28 SNPs were
identified in putative Lsi3 sequences and 12 SNPs in putative Lsi6 sequences. However, only
eight of these SNPs had a minor allele frequency greater than 5 % and so were used to test

for an association with Si accumulation. No significant associations were found (Table 2.5).

As no significant SNPs were identified in Si transporter genes, whether differences in Si
accumulation between landraces correlated with differences in gene sequence and
expression across the whole genome was investigated. AT analyses were performed using

the Si concentrations for the diversity panel of 98 landraces when grown with Si. No
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significant SNPs or GEMs were identified, although model over-fitting was a problem due to

the low number of landraces used.

Differential expression (DE) analyses were performed to investigate whether there were
differences in gene expression between high and low Si accumulators. No significant
differences in gene expression were found for the Si transporter genes. However, 59 genes
were identified as being consistently differentially expressed between groups of high and
low Si accumulators. These genes related to a range of processes (Table 2.7). A gene
enrichment analysis indicated that genes related to the biological processes of cold
acclimation, water deprivation, and the response to abscisic acid (ABA) were significantly
over-represented. This corresponded to a group of genes encoding putative dehydrins that
were expressed at lower levels in high Si accumulators relative to low Si accumulators.
Dehydrins are a group of hydrophilic proteins involved in protecting the plant during
dehydration (Graether and Boddington, 2014). When focussing on molecular functions or
cellular components, no pathways were identified as being significantly over- or under-

represented.

2.3.4 Increasing Si availability increases variation in Si accumulation among
selected landraces

To further characterise variation in Si accumulation among wheat landraces, the ten
highest and ten lowest Si accumulators identified from the diversity panel for —Si plants
were selected and grown hydroponically at different levels of Si availability (experiment 2).
Increasing Si availability significantly increased both shoot and root Si accumulation in all
landraces, although the increase was larger in the shoots (Figure 2.3). At all levels of Si
availability, there was significant variation in shoot Si accumulation among landraces, but
this variation was more pronounced at higher levels of Si availability (Table 2.8). There was

no significant variation in root Si accumulation between landraces (Table 2.8).

To investigate the causes and consequences of variation in Si accumulation in subsequent
experiments, this study aimed to identify landraces that consistently accumulated high or
low levels of Si. It was hypothesised that landraces with contrasting Si accumulating
abilities may respond differently to Si supplementation. Thus, one major aim of this study
was to identify landraces that consistently accumulated either high or low levels of Si, in

different growing conditions and with different levels of Si availability. However, slightly
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different trends in Si accumulation ability were observed between plants from experiment
1 (in compost) and experiment 2 (hydroponics). In particular, there was a larger range in Si
accumulating ability among the landraces in experiment 2, when plants were grown
hydroponically with supplementary Si, suggesting that an extra category of Si accumulation
ability was required. Thus, landraces were reclassified as high, low, and medium Si-
accumulation types that were consistently ranked as having the highest, lowest, and middle

Si concentration at a given level of Si availability, respectively (Figure 2.3).

To establish the accumulation types, landraces were ranked according to their Si
accumulation in both experiment 1 and experiment 2, at each level of Si availability.
Landraces that were consistently ranked as the highest or lowest Si accumulators at all
levels of Si availability were classified as high (H) and low (L) Si accumulators respectively.
However, some landraces showed variable levels of Si accumulating ability depending on
the experiment and Si availability. Such landraces were classified as medium (M) Si
accumulators. Among the medium Si accumulators, M1-M3 were identified as high Si
accumulators in experiment 1 when grown without Si addition, while M4-M8 were
identified as low Si accumulators. Landraces H1-H6 displayed high Si accumulation when
grown both in compost and hydroponically, while landraces L2-L5 likewise displayed low Si-
accumulating ability. Interestingly, landrace L1 was identified as a high Si accumulator in
the —Si diversity panel screen, while H7 was identified as a low Si accumulator. For plants
supplemented with 1.8 mM Si, the average shoot Si concentration was 2.35 £ 0.11 %, 2.80

+0.12 %, and 3.24 £ 0.10 % for low, medium, and high Si accumulators, respectively.
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Figure 2.3: Variation in Si accumulation among selected wheat landraces grown with
different levels of Si (Experiment 2). a) Shoot Si concentration. b) Root Si concentration.
Note the different scales on the y-axis. Statistically significant impacts and interactions,
determined by two-way ANOVA, are indicated in each panel, where *** P <0.001, ** P <
0.01, and * P < 0.05. Mean values + SE are shown. N = 5. L: landrace, Si: level of Si
availability. Landraces were assigned as low (L), high (H), and medium (M) Si accumulators
based on their Si accumulation in both experiments 1 and 2. For a small number of plants,
the roots were too small to measure the root Si concentration, resulting in missing bars and

error bars.

2.3.5 Limited variation in Si accumulation over time
Previous studies have found that plants take several weeks or longer to accumulate high
levels of Si (Deshmukh et al., 2020; Hodson and Sangster, 1998). To investigate whether

landraces accumulate Si at different rates, plants were grown hydroponically at three levels
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of Si supplementation and harvested weekly to measure their Si concentration (experiment
2). Three high and three low Si-accumulating landraces were selected based on the results
from the —Si screen with 98 landraces, although two landraces were reclassified as medium

Si accumulators based on the results of the hydroponics experiment (2.3.4).

Only small changes in root and shoot Si accumulation were observed over time (Figure 2.4).
The ANOVA results indicated that there was a significant effect of time on shoot and root Si
accumulation (Table 2.9). However, post-hoc testing indicated that this was driven by a
significant decrease of 11.1 + 3.2 % and 27.8 + 15.6 % in shoot and root Si, respectively, for
—Si plants when averaged across all landraces between weeks 3 and 7. Compared to three-
weeks-old plants, there was a small but non-significant increase in shoot Si for seven-
weeks-old plants of 4.7 £ 0.9 % and 15.0 £ 4.5 % for plants supplemented with 0.9 mM and
1.8 mM Si, respectively. For plants supplemented with 0.9 mM Si and 1.8 mM Si,
respectively, root Siwas 24.6 £ 9.0 % and 4.9 £ 2.1 % lower for seven-weeks-old plants

compared to three-weeks-old plants, but this decrease was not significant.
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Figure 2.4: Variation in Si accumulation over time for landraces grown at different levels
of Si availability (Experiment 2). a) Shoot Si concentration. b) Root Si concentration. Note
different scales on y-axis. Mean values + SE are shown. N = 3. Due to the small size of some
plants, especially at earlier time-points, it was not possible to determine the Si
concentration of all samples, resulting in missing bars and error bars. High (H), Low (L), and

Medium (M) Si-accumulating landraces are indicated.

2.3.6 No consistent effect of different levels of Si availability on growth

Shoot dry weight was highly variable between landraces and Si treatments (experiment 2;
Figure 2.5). ANOVA results indicated that while dry weight varied significantly among
landraces, there was no significant effect of Si (Table 2.8). Although the effect was not
significant, there was a trend such that landraces L4, M5, M8, H4, H5, and H6 consistently
exhibited larger shoot dry weight when grown in the presence of Si than when grown
without Si. By contrast, landraces L3, M6, and H7 exhibited a lower shoot dry weight when

grown at high levels of Si availability.
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Figure 2.5: Variation in shoot dry weight for plants grown at different levels of Si
availability (Experiment 2). Statistically significant impacts and interactions, determined by
two-way ANOVA, are indicated in each panel, where *** P <0.001, ** P<0.01,and * P<
0.05. Mean values + SE are shown. N = 5. L: landrace, Si: level of Si supplementation.
Landraces were assigned as low (L), high (H), and medium (M) Si accumulators based on

shoot Si when grown hydroponically with 1.8 mM and 0.9 mM Si.
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2.3.7 Variable effect of Si on spine density

In the leaves, Si is often deposited in structures such as leaf hairs, trichomes, and spines
(Figure 2.6; Hartley et al., 2015). It was hypothesised that differences in Si accumulation
between landraces may correlate with differences in spine density. However, although
spine density varied significantly among landraces, no significant effect of Si on spine
density was observed in experiment 2 (Figure 2.7; Table 2.8). There was a positive
correlation between shoot Si concentration and spine density for plants supplemented with
0.9 mM Si (0.9 mM Si: r =0.36, P = 0.024), but not for plants grown with 1.8 mM Si (r =
0.29, P =0.091), or for =Si plants (r = 0.14, P = 0.440).

Figure 2.6: Scanning electron microscope (SEM) image of a silicified spine. 270 x

magnification. White arrow indicates spine. Plant from experiment 3 (2.2.7).
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Figure 2.7: Variation in spine density for plants grown at different levels of Si availability
(Experiment 2). Statistically significant impacts and interactions, determined by two-way
ANOVA, are indicated in each panel, where *** P < 0.001, ** P<0.01, and * P <0.05. Mean
values * SE are shown. N = 2. L: landrace, Si: level of Si supplementation. Landraces were
assigned as low (L), high (H), and medium (M) Si accumulators based on shoot Si when

grown hydroponically with 1.8 mM and 0.9 mM Si.

To further examine differences in Si deposition between landraces, the leaf of one high
(H1) and one low (L4) Si-accumulating landrace was selected and imaged using SEM-EDX
(experiment 3; Figure 2.8). Si deposition was similar in both landraces, with high levels of Si
deposited in silica cells and as silicified spines. Lower levels of Si deposition were observed

across the leaf surface.
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Figure 2.8: Variation in Si deposition between a high and low Si-accumulating landrace
(Experiment 3). Representative scanning electron microscope (SEM) images (a and c) and
energy dispersive X-ray (EDX) fluorescence of Si deposition (b and d) of a low Si-
accumulating landrace (L4; a and b) and a high Si-accumulating landrace (H1; c and d). For

EDX images, green intensity indicates Si concentration.

2.3.8 No correlation between shoot Si concentration and stomatal conductance
The extent to which Si accumulation relates to transpiration rate is currently debated
(Exley, 2015; Kumar et al., 2017; McLarnon et al., 2017). Therefore, the relationship
between Si accumulation and transpiration rate in the wheat landraces was investigated.
Stomatal conductance is often correlated with transpiration rate (Lawson and Blatt, 2014).
Thus, the stomatal conductance of six landraces was measured (experiment 2). Three high
and three low Si-accumulating landraces were selected based on the results from the
screen with 98 landraces, although two landraces were reclassified as medium (M) Si

accumulators based on the results of the hydroponics experiment (2.3.4).
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There was no significant effect of Si supplementation on stomatal conductance, although
there was significant variation present among landraces (Figure 2.9; Table 2.8). There was a
significant negative correlation between stomatal conductance and shoot Si concentration
for plants supplemented with 0.9 mM Si (r = -0.46, P = 0.014), but not for —Si plants (r =
0.01, P =0.996), or those supplemented with 1.8 mM Si (r = 0.07, P = 0.750). No effect of Si
on the stomatal density was found, although there was significant variation between

landraces (Table 2.8).
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Figure 2.9: Variation in stomatal conductance for plants grown at different levels of Si
supplementation (Experiment 2). Statistically significant impacts and interactions,
determined by two-way ANOVA, are indicated in each panel, where *** P <0.001, ** P <
0.01, and * P < 0.05. Mean values + SE are shown. N = 5. L: landrace, Si: level of Si
availability. Landraces were assigned as low (L), high (H), and medium (M) Si accumulators

based on shoot Si when grown hydroponically with 1.8 mM and 0.9 mM Si.

2.3.9 Positive correlation between Si and transpiration at high level of Si
availability

Due to the high variability associated with the stomatal conductance measurements, and to
further investigate whether Si accumulation is correlated with transpiration rate,

transpiration was measured based on water loss over time (experiment 4; Figure 2.10).
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There was no significant effect of Si treatment on transpiration rate, although there was
significant variation between landraces (Table 2.10). For high Si plants, there was a positive
correlation between transpiration rate and shoot Si concentration (Figure 2.11, r =0.61, P =
0.011), but the correlation with root Si concentration was not significant. There was no
significant correlation between transpiration rate and shoot or root Si concentration for

low Si plants (data not shown).
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Figure 2.10: Variation in transpiration rate among wheat landraces grown at different
levels of Si supplementation (Experiment 4). Statistically significant impacts and
interactions, determined by two-way ANOVA, are indicated in each panel, where *** P <
0.001, ** P<0.01, and * P < 0.05. Mean values + SE are shown. N = 3. L: landrace, Si: level
of Si availability. Landraces were assigned as low (L), high (H), and medium (M) Si

accumulators based on shoot Si when grown hydroponically with 1.8 mM and 0.9 mM Si.
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Figure 2.11: Correlation between transpiration and shoot Si concentration for plants
grown with 1.8 mM Si (Experiment 4). Shown are the results for individual plants. Six

landraces were used: L4, L5, M7, H1, H3, and H7, with three replicates per landrace.

2.3.10 No correlation between Si accumulation and Si transporter gene
expression

There was no significant effect of Si treatment or landrace on Si transporter gene
expression (experiment 2; Figure 2.12; Table 2.11). Additionally, there was no significant
correlation between shoot or root Si concentration and gene expression for any Si
transporter (data not shown). There was no significant difference in Si transporter gene

expression between high and low Si accumulators at any level of Si supplementation (data

not shown).
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Figure 2.12: Variation in Si transporter gene expression between landraces supplemented (+Si) or not (-Si) with 1.8 mM Si (Experiment 2). a) Lsi1. b) Lsi2.
c) Lsi3. d) Lsi6. Mean values * SE are shown. N = 3. No statistically significant impacts or interactions were found. Landraces were assigned as low (L), high

(H), and medium (M) Si accumulators based on shoot Si when grown hydroponically with 1.8 mM and 0.9 mM Si.
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2.4 Discussion

2.4.1 Si accumulation varies significantly among wheat landraces

Significant variation in Si accumulation among a diversity panel of 98 wheat landraces was
found. Previous studies have also reported significant variation in Si accumulation between
cultivars of rice (Ma et al., 2007b; Mitani-Ueno et al., 2014; Talukdar et al., 2019), barley
(Chiba et al., 2009; Ma et al., 2003), tall fescue (McLarnon et al., 2017), and pumpkin
(Mitani-Ueno et al., 2011). However, this study is the most extensive to date examining
variation in Si accumulation in wheat. While significant variation in Si accumulation was
observed both when landraces were grown in compost and in hydroponics, the difference
in Si accumulation between high and low Si accumulators was higher when plants were
grown hydroponically. This is likely the result of higher Si availability in hydroponics
compared to in compost. The increased range in Si accumulation ability when plants were
grown hydroponically highlights the need to consider Si availability when assessing

genotype Si accumulation potential.

In contrast to the high variation in shoot Si concentration, no significant variation in root Si
between landraces was found. Root Si increased with increasing levels of Si availability, but
this increase was similar for all landraces. Previous studies have focussed on shoot Si
accumulation and have not measured root Si. However, root Si accumulation may be
important, for example, in limiting the apoplastic bypass flow of toxic elements such as
sodium, thus reducing their accumulation in the shoot (Yeo et al., 1999; Gong et al., 2006;
Flam-Shepherd et al., 2018). In this study, for a small number of plants, the roots were too
small to measure root Si concentration and this lack of data reduced statistical power. For
plants treated with 1.8 mM Si, although the variation was not significant, root Si varied
nearly two-fold among landraces. Further research is needed to confirm whether landraces
vary in root Si accumulation as this could impact on whether landraces respond differently

to Si fertilisation during stress conditions.

While some studies have suggested Si accumulation is a slow process occurring over
several weeks (Deshmukh et al., 2020; Hodson and Sangster, 1998), other studies have
demonstrated that significant Si accumulation can occur over a period of hours (Zexer and
Elbaum, 2020; Waterman et al., 2021). In this study, only a very small increase in shoot Si

concentration was observed when plants were grown continuously with Si over a five week
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period, and Si concentration decreased over time in the roots and for —Si plants. Cotterill et
al. (2007) reported similar results in wheat, with Si concentration significantly increasing
between one-week- and three-weeks-old plants, but not between three- and ten-weeks-
old plants. In rice, Si accumulated rapidly over a 12 h period when plants were moved from
—Si to +Si media (Wu et al., 2006; Ma et al., 2007b). However, although Si continued to
increase over a three month period, it was at a lower rate, and there was no increase in Si
during the second month (Ma et al., 2006). Further work is needed to establish whether
wheat landraces vary in their rate of Si accumulation over a period of hours or days rather

than weeks.

Although Si supplementation significantly increased Si accumulation in all landraces, the
effect of Si on spine density was less consistent. While there was a positive correlation
between Si concentration and spine density for plants supplemented with 0.9 mM Si, this
correlation was insignificant when plants were supplemented with 1.8 mM Si. In the grass
Festuca ovina, Si supplementation increased the number of silicified spines, and in Festuca
arundinacea, higher Si accumulation was correlated with higher spine density (Hartley et
al., 2015). Similarly, in Brachypodium distachyon, increasing Si availability increased the
number of spines (Hall et al., 2019). However, Rafi et al. (1997) reported that although Si
increased the roughness of leaves and awns, there was no effect of Si on spine number or

shape in wheat.

2.4.2 Evidence of a trade-off between Si and growth

In general, a positive effect of Si on growth is only observed during stress conditions
(Coskun et al., 2019a). Walsh et al. (2018) reported no effect of Si on wheat when grown in
optimal conditions . However, there are some reports of Si increasing wheat growth when
grown in the absence of experimentally-imposed stress conditions (Maghsoudi et al.,
2016a; Neu et al., 2017; Sienkiewicz-Cholewa et al., 2018). Here, although not significant,
there was a trend for some landraces to respond positively to Si, while others exhibited a
negative response. Previous studies have reported negative effects of Si when plants were
grown at high levels of Si fertilisation in both rice (Flores et al., 2021; Ju et al., 2017) and
wheat (Alzahrani et al., 2018). It is possible that different genotypes have different optimal

levels of Si availability, and that high levels of Si reduce growth in some genotypes.
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Further adding to the complex effects of Si on growth, it was hypothesised that there
would be a positive correlation between high Si accumulation and growth. However, the
opposite trend was found with a significant negative correlation between shoot Si
concentration and shoot dry weight. Studies in other species have likewise reported a
negative correlation between Si accumulation and biomass in non-stressed plants (de
Tombeur et al., 2021; Johnson and Hartley, 2018). Simpson et al. (2017) suggested that
there is a trade-off between Si and growth, with higher Si accumulation associated with a
lower growth rate, especially for larger plants. Si deposition is an active process involving
the use of active efflux transporters (Ma et al., 2007a; Ma and Yamaji, 2015) and thus there

may be an energetic cost associated with high Si uptake (Simpson et al., 2017).

2.4.3 Mechanism of Si accumulation

Siis transported from the roots to the shoots in the transpiration stream (Ma and Yamaji,
2015). Consequently, in addition to relating to Si transporter abundance and activity, it has
been suggested that Si accumulation will correlate with transpiration rate (Exley, 2015).
However, subsequent studies in sorghum have found that although the transpiration
stream is important for transporting silicic acid to the shoot, Si deposition is independent of
transpiration rate (Kumar et al., 2017, 2020). Therefore, whether variation in Si
accumulation among wheat landraces related to differences in transpiration was

investigated.

There was a negative correlation between stomatal conductance and shoot Si
concentration when plants were supplemented with 0.9 mM Si, although not at 1.8 mM Si.
However, there was a positive correlation between transpiration and Si concentration for
plants supplemented with 1.8 mM Si. The porometer readings were highly variable
between days, and the presence of the porometer on the leaves may have affected the
stomatal conductance (Clarke and Clarke, 1996; Idso et al., 1988). Measuring water loss
rather than stomatal conductance may be a more accurate way of estimating transpiration

rate.

Alternatively, a correlation between Si accumulation and transpiration may only occur
when Si is abundant. By changing the humidity and wind level to manipulate the

transpiration rate in cucumber, Faisal et al. (2012) found evidence that Si accumulation
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occurred through entirely passive mechanisms at high levels of Si availability, but Si is
actively accumulated when scarce. Supporting this, here, no correlation between
transpiration and Si accumulation was observed when plants were grown with limited Si,
while there was a positive correlation when plants were supplemented with a high level of

Si.

Other studies have also provided evidence that plants, including wheat, accumulate Si
through active processes (Gocke et al., 2013; Jarvis, 1987; Rains et al., 2006). Thus,
variation in Si accumulation may relate to differences in Si transporter abundance and
activity. Differences in Si accumulation between genotypes have been attributed to
differences in Si transporter gene expression in rice (Ma et al., 2007b; Wu et al., 2006). In
poinsettia, Hu et al. (2019) found consistent variation in Lsi1 and Lsi2 gene expression
between cultivars, although the differences were not well correlated with differences in Si
accumulation. In this study, Si transporter gene expression between landraces was highly
variable and did not correlate with Si accumulation. However, primers were used that were
able to bind to all homoeologous copies of Si transporter genes. It is possible that
correlations between gene expression and Si accumulation would have been found had

homoeologue-specific primers been used.

Si transporter gene expression varies both along the length of the root and with plant age
(Soukup et al., 2017; Yamaji et al., 2008; Yamaji and Ma, 2007). In rice and cucumber, Si
supply has been correlated with both increased (Ma et al., 2015; Wang et al., 2015a; Ye et
al., 2013) and decreased (Holz et al., 2019; Ma et al., 2006; Mitani-Ueno et al., 2016) Lsi1
gene expression. In ryegrass, there was a negative correlation between Lsil expression and
Si accumulation (Pontigo et al., 2021). However, in wheat, Si fertilisation had no effect on
Lsi1 expression (Montpetit et al., 2012). Overall, across studies, Si transporter gene
expression is highly variable, and therefore it is perhaps unsurprising that no correlation
between gene expression and Si accumulation was found in this study. Gene expression
does not always correlate with protein abundance or function, and plant aquaporins have
been shown to be post-translationally regulated (Verdoucq et al., 2014). Focusing on
protein abundance rather than gene expression may provide more insight into the causes

of variation in Si accumulation among wheat landraces.
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2.4.4 No genetic differences between landraces

When applied to the diversity panel of 98 landraces, AT did not identify any significant SNPs
or GEMs. This could be the result of model over-fitting, which was a problem with the SNP
analysis, although it would be expected that strong results would still be apparent in this
case. Two population structures were tested, using a PSIKO or a principal components
analysis (PCA) model, but both models over-corrected the population structure; using more
landraces may have improved the model fit. However, AT has been successfully used to
identify genes associated with stem strength using only 100 wheat accessions (Miller et al.,
2016). Alternatively, high Si accumulation may be a polygenic trait, with several common
variants having only a small phenotypic effect, but the ability of association studies to
identify such genetic markers is limited (Korte and Ashley, 2013). The SNP data used in this
study was obtained from transcriptomic data. SNPs located within promoter regions, or
other regions of the genome that are not transcribed, and thus not investigated here, could

correlate with differences in Si accumulation.

It is also possible that SNP differences do not contribute to differences in Si accumulation
between wheat landraces. Nevertheless, previous association studies have identified
genetic differences that may influence variation in Si accumulation. Using 350 rice
accessions, Talukdar et al. (2015) identified several quantitative trait loci (QTLs) related to
germanium sensitivity which may affect Si accumulation, although no QTLs were associated
with OsLsil or OsLsi6. In a later study, SNPS in OsLsi2 and OsLsi3 were linked to differences
in Si accumulation in a panel of only 50 rice accessions (Talukdar et al., 2019). However, as
a diploid species with a relatively small genome, it may be easier to identify relevant

genetic differences in rice compared to in a polyploid species such as wheat.

Previous studies have focussed on the effect of Si availability on gene expression, rather
than whether there are differences in gene expression between genotypes. By focussing on
differences between genotypes, this study aimed to investigate whether there were
consistent differences in gene expression between landraces of varying Si-accumulating
ability, rather than whether Si fertilisation is associated with changes in gene expression. As
with the gPCR data, no significant differences in Si transporter gene expression were found.
However, 59 genes were identified as being differentially expressed between groups of

high and low Si accumulators. This included lower expression of five putative dehydrin
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genes in high Si accumulators compared to low Si accumulators. If Si accumulation
correlated with stress tolerance, it would be hypothesised that stress response-related
gene expression would be higher in high Si accumulators. The lower dehydrin gene
expression identified in this DE analysis is in contradiction with this hypothesis. However,
the gene expression data used in this study was from 15-days-old plants grown without Si.
As gene expression is highly variable, and does not always reflect protein abundance and
activity, further investigation is needed to establish whether there are consistent

differences in gene expression based on Si accumulation among wheat landraces.

2.5 Conclusion

Using a diversity panel of 98 wheat landraces, significant genotypic variation in Si
accumulation was found. However, there was a negative correlation between Si
accumulation and dry weight, suggesting that breeding wheat for increased Si
accumulation may need to be balanced against the need to produce large plants with a
high yield. Further work growing 20 landraces hydroponically allowed landraces that
consistently accumulated high, medium, or low levels of Si to be identified. However,
variation in Si accumulation between landraces was not related to differences in Si
transporter gene expression or sequence. There was a positive correlation between
transpiration and Si accumulation when plants were grown at a high availability of Si,
suggesting that variation in Si concentration between landraces may partly be the result of
differences in transpiration, at least at high levels of Si supplementation. Further research
is needed to investigate the consequences of variation in Si accumulation among landraces,
and to establish whether breeding wheat for increased Si accumulation is likely to have a

beneficial effect on crop yield.
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2.6 Appendix

Table 2.2: Shoot Si concentration for the 98-landrace diversity panel. Landraces in bold were used for subsequent hydroponics experiments.

Shoot Si Concentration (%)

Landrace | Collection Plant ID Plant Name Origin (Mean + SE)
=Si +Si

YoGIl_002 | CIMMYT BW 7112 RA SHIH PAI PA’I China 047 + 0.03 |099 + 0.07
YoGI_003 | CIMMYT BW7227 ARTEMOVKA Former Soviet Union | 0.41 + 0.08 | 0.86 + 0.05
YoGI_006 | CIMMYT BW 15958 V763.153 Pakistan 049 + 0.12 |1.00 + 0.07
YoGI_011 | CIMMYT CWI 2166 K7155.41 Kenya 052 + 0.06 |1.22 + 0.16
YoGIl_013 | CIMMYT CWI 2168 K6995.4A Kenya 047 + 0.02 |091 + 0.05
YoGI_015 | CIMMYT | CWI 3909 OUBAARD South Africa 051 + 0.04 |1.03 + 0.08
YoGIl_021 | CIMMYT CWI 6075 KOELZ W 9375:AE India 048 + 0.07 |0.97 + 0.03
YoGl_022 | CIMMYT CWI1 6076 KOELZ W 9376:AE India 046 = 0.06 |1.10 = 0.07
YoGIl_028 | CIMMYT CWI17129 KOELZ W 11192:AE India 051 + 0.08 |1.00 + 0.08
YoGl_034 | CIMMYT CWI19915 ROOI KLEINKORING South Africa 047 = 0.05 094 <+ 0.08
YoGIl_038 | CIMMYT CWI 12335 AUSTRAL Argentina 052 + 0.02 |1.01 + 0.02
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YoGl_047
YoGI_051
YoGI_052
YoGl_054
YoGl_059
YoGl_064
YoGl_067
YoGl_075
YoGl_079
YoGl_081
YoGl_085
YoGl_088
YoGl_098
YoGl_103
YoGl_104
YoGl_110
YoGl_114
YoGl_118

YoGI_130

CIMMYT
CIMMYT
CIMMYT
CIMMYT
CIMMYT
CIMMYT
CIMMYT
CIMMYT
CIMMYT
CIMMYT
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins

Watkins

CWI 13432
CWI 13629
CWI 13644
CWi 13647
CWI 15005
CWI1 27304
CWI 31262
CWI1 52382
CWI153414
DW 4633
1190014
1190032
1190045
1190091
1190092
1190105
1190126
1190141

1190181

WHITE FIFE
AMERICANO

RINK

NEW ZEALAND
LAGEADINHO
TAIAN-KEN
KENYA
0AX93.21.34
NOVOMICHURINKA X
AKBUGDAY
Sarajevo 4

Dehak

Douchani

Rodi Garamseli
Desi

Hatif de Sabne
Dolatkhani (white)
China 15

Kujawianka
Wieclawicka
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Japan
Uruguay
United States
United States
Brazil

Kenya
Australia
Mexico
Former Soviet Union
Kyrgyzstan
Yugoslavia
India

Syria

India

India

France

India

China

Poland

0.43
0.49
0.48
0.54
0.47
0.42
0.45
0.45
0.44
0.57
0.44
0.44
0.41
0.50
0.43
0.50
0.42
0.44

0.40

e = S e e o e e o o e o S

I+

I+

0.05
0.08
0.04
0.04
0.06
0.04
0.02
0.07
0.04
0.11
0.07
0.05
0.05
0.06
0.08
0.11
0.05
0.02

0.07

0.85
0.79
0.88
1.13
0.89
0.85
0.84
0.98
0.93
0.89
0.96
0.82
1.00
1.08
0.87
0.96
0.82
0.87

0.88

I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+

I+

I+

0.10
0.01
0.03
0.08
0.05
0.05
0.05
0.05
0.04
0.09
0.05
0.04
0.03
0.05
0.06
0.04
0.02
0.07

0.08



YoGI_133
YoGI_134

YoGI_135

YoGl_142
YoGl_143
YoGl_144
YoGl_152
YoGl_156
YoGl_162
YoGl_164
YoGl_168
YoGl_169
YoGI_170
YoGl_171
YoGl_172
YoGl_178
YoGl_181
YoGl_182
YoGl_186

Watkins
Watkins

Watkins

Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins

1190190
1190191

1190195

1190218
1190219
1190223
1190246
1190273
1190299
1190305
1190319
1190320
1190323
1190324
1190325
1190336
1190349
1190352
1190374

Roux de Presles
Rouge des Ardennes

Gahu (Nepali) or Kyo
(Sikkimese)

Sbei Noir
Alicante 1
Shan wheat
Soor Ghanum
Seville 17
Smyrna 6
Sinai 1
China 15
China 2
China 14
China 20
1190325
Hungary 2
Golema Franga
Sarajevo 8
Sarakhs
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France

France
India

Tunisia
Spain
Burma
India
Spain
Turkey
Egypt
China
China
China
China
United Kingdom
Hungary
Bulgaria
Yugoslavia

Iran

0.46
0.42

0.40

0.42
0.55
0.44
0.59
0.40
0.49
0.43
0.43
0.45
0.44
0.49
0.49
0.43
0.44
0.45
0.47

I+

I+

I+

I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+

I+

0.06
0.03

0.04

0.04
0.05
0.05
0.06
0.06
0.05
0.05
0.08
0.06
0.03
0.07
0.05
0.02
0.09
0.04
0.03

0.98
0.89

0.98

0.94
1.10
0.93
1.12
0.82
0.91
0.97
0.86
1.05
0.91
0.94
0.91
1.00
0.92
1.11
1.00

I+

I+

I+

L e o = S o 5 N S e = S o o« S EER PR NS

I+

0.05
0.01

0.01

0.05
0.08
0.05
0.08
0.04
0.05
0.04
0.09
0.09
0.05
0.04
0.05
0.02
0.02
0.05
0.13



YoGI_189
YoGl_190
YoGl_191
YoGl_193
YoGI_196
YoGl_197
YoGl_198
YoGl_202
YoGl_203
YoGl_207
YoGl_210
YoGl_215
YoGI_221
YoGl_227
YoGl_231
YoGl_235
YoGl_237
YoGI_240
YoGl_242

Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins

1190396
1190397
1190398
1190406
1190420
1190433
1190436
1190450
1190451
1190468
1190474
1190483
1190521
1190568
1190605
1190627
1190636
1190645
1190652

Trigo Rietti
Trigo Ribeiro
Abu Fashi

Desi

Dhania

Soor Ghanum
China Sh108
Miercurea Ciucului
Samanta 117
Afghanistan 46
Afghanistan 109
Surka Oscista
Dandi

China 19
Karabash

Persia 45

Native hard
Mundia

China Sh107
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Portugal
Portugal
Palestine
India

India

India

China
Romania
Romania
Afghanistan
Afghanistan
Poland
India

China
Greece

Iran

Tunisia
India

China

0.40
0.47
0.48
0.51
0.43
0.48
0.41
0.42
0.46
0.48
0.43
0.42
0.50
0.43
0.41
0.48
0.45
0.45
0.44

L L s s o & o o e o o e o X S S X SO & S F S S

I+

0.04
0.03
0.06
0.06
0.03
0.06
0.03
0.04
0.04
0.04
0.07
0.04
0.06
0.05
0.05
0.05
0.04
0.05
0.03

0.89
0.92
1.05
0.93
0.87
0.89
0.93
0.70
0.79
0.89
0.87
1.04
0.95
0.89
0.92
0.95
0.82
1.00
0.95

I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+

I+

0.08
0.03
0.12
0.10
0.08
0.02
0.06
0.04
0.06
0.08
0.07
0.13
0.05
0.05
0.08
0.07
0.06
0.06
0.06



YoGl_243
YoGl_249
YoGl_255
YoGl_257
YoGl_259
YoGl_261
YoGl_265
YoGl_270
YoGl_277
YoGI_280
YoGl_285
YoGl_286
YoGl_287
YoGl_291
YoGl_298
YoGI_299
YoGl_313
YoGl_320
YoGl_324

Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Watkins
Prague

Prague

Prague

1190662
1190670
1190685
1190694
1190700
1190705
1190729
1190740
1190751
1190755
1190772
1190777
1190779
1190784
1190810
1190811
01C0200519
01C0203773
01C0202172

Samanta 1252
Zlotka Miczynskiego
Trigo duros

Lyallpur 8A

Kaifeng 323-9
Kooseh
Gandum-i-Jiruft
Siberia W94421
Armavir

Crimea W94465
Yenisei W43320
Finland 3

Tulun 458

Oberdan

Turkestan W84532
Algeria W7558
Eritrospermum 5755
Jade

MCB 192
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Romania
Poland
Spain

India

China

Iran

Iran

USSR

USSR

USSR

USSR
Finland
USSR

Italy

USSR
Tunisia
Uzbekistan
Saudi Arabia

Peru

0.42
0.42
0.44
0.49
0.44
0.44
0.44
0.49
0.40
0.42
0.50
0.48
0.44
0.45
0.47
0.59
0.47
0.50
0.50

L L s s o & o o e o o e o X S S X SO & S F S S

I+

0.03
0.03
0.04
0.02
0.05
0.06
0.03
0.10
0.07
0.04
0.04
0.05
0.07
0.03
0.05
0.14
0.03
0.06
0.02

0.84
0.83
0.86
0.96
0.89
0.85
0.78
0.89
0.80
0.88
0.87
0.94
0.83
0.87
0.93
0.97
0.87
0.98
1.03

I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+ I+

I+

0.02
0.04
0.00
0.03
0.09
0.02
0.01
0.02
0.08
0.06
0.04
0.05
0.02
0.02
0.08
0.11
0.04
0.03
0.08



YoGl_328
YoGl_329
YoGI_330
YoGl_334
YoGl_336
YoGl_343
YoGl_345

YoGI_348

YoGl_349
YoGl_350

Prague
Prague
Prague
Prague
IBTI
IBTI
IBTI

IBTI

IBTI
IBTI

01C0201384
01C0201385
01C0201531
01C0202818
Unknown

GedifluxRL (id#40001)
GedifluxRL (id#39977)

GedifluxRL (id#39779)

GedifluxRL (id#40037)

Unknown

Nohoean
Nora
Orchon
Suwon 222
Apache USA
Muck
STAMM-101

Vilmorin-27

Shamrock

Paragon control

Norway
Norway
Mongolia
Korea
Unknown
Germany

Austria

France

United Kingdom

Unknown
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0.44
0.44
0.56
0.50
0.47
0.47
0.45

0.46
0.49
0.47

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0.02
0.06
0.08
0.02
0.03
0.03
0.03

0.04
0.03
0.04

0.86
0.88
1.01
0.95
1.14
0.91
0.99

0.94
1.15
0.88

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0.02
0.05
0.05
0.07
0.07
0.04
0.05

0.02
0.07
0.07



Table 2.3: ANOVA results for Si, landrace, and their interaction on shoot Si concentration

for a diversity panel of 98 wheat landraces. Replicate was included as a factor to account

for differences between plants grown at different times. Statistically significant results are

highlighted in bold.

Shoot Si (%)

df F P
Landrace 96 1.85 <0.001
Si 1 3542.47 <0.001
Replicate 2 44.88 <0.001
Landrace xSi | 96 0.61 0.998

Table 2.4: ANOVA results for Si, accumulation type, and their interaction on shoot Si

concentration for 20 landraces selected as being either high or low Si accumulators.

Replicate was included as a factor to account for differences between plants grown at

different times. Statistically significant results are highlighted in bold.

Shoot Si (%)

df F P

Accumulation type
Si

Replicate

Accumulation type x Si
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RN R

52.54 <0.001
639.00 <0.001
7.98 <0.001
3.83 0.053



Table 2.5: ANOVA results for the effect of single nucleotide polymorphisms (SNPs) in Si

transporter genes on Si accumulation. The number of landraces with each allele is also

indicated.
SNP No. landraces No. landraces No. landraces
with dominant with minor allele | with N/ mixed df F p
allele allele
Lsi3_A4 83 (A) 12 (G) 2 (R) 2 041 0.666
Lsi3_A7 84 (T) 11 (C) 2(Y) 2 0.40 0.669
Lsi3_A10 85 (G) 10 (T) 2 (K) 2 041 0.668
Lsi6_D3 75 (G) 21 (N) 1(R) 2 039 0.677
Lsi6_A3 87 (C) 10 (T) NA 1 0.03 0.873
Lsi6_B1 52 (C) 26 (T) 18 (N), 1 (Y) 3 027 0.847
Lsi6_B4 71 (A) 20 (T) 6 (W) 2 0.20 0.817
Lsi6_B6 87 (T) 9 (N) 1(Y) 2 253 0.085
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Table 2.6: Average shoot Si concentrations and t-test results for the groups of high and

low Si accumulators used for DE analyses. The average shoot Si was calculated using the

results for plants that received Si supplementation in experiment one (mean + SE).

Statistically significant results are highlighted in bold.

Average Shoot Si concentration

(%)

Group used for DE
analysis Low Si High Si t P

accumulators accumulators
Group 1 0.83 £0.01 1.06 £ 0.01 3.89 <0.001
Group 2 0.79 £ 0.02 1.13 £ 0.02 3.20 0.002
Group 3 0.82 £ 0.04 1.08 £ 0.04 3.01 0.005
Group 4 0.82 £ 0.04 1.06 £ 0.05 2.71 0.010
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Table 2.7: Genes identified as being differentially expressed between high and low Si accumulators using differential expression (DE) analysis. The
analysis was repeated using four groups of high and low Si accumulating landraces (2.2.5). The log fold change and P-value for each gene for each group are
indicated. The five genes identified by GO enrichment analysis as being over-represented are highlighted in bold. These corresponded to five dehydrin

genes that are involved in the response to abiotic stress.

Group 1 Group 2 Group 3 Group 4
Fold P Fold P Fold P Fold P

Ensembl gene name Gene annotation change change change change

Leucine-rich repeat
TraesCS1A02G431200 | receptor-like protein kinase | -0.02129 | 2.40E-13 | -0.04559 1.03e-15 | -0.09702 | 5.44E-15 | -0.09742 | 9.41E-15

family protein
TraesCS1B02G093100 | F-box protein 0.00674 | 2.56E-13 |0.035422 | 5.57E-13 | 0.069214 | 2.86E-12 | 0.097195 | 4.09E-10
TraesCS1B02G219500 E'r';'i/ig'box superfamily | ) 51898 | 1.076-16 | -0.04553 | 8.52E-14 | -0.09691 | 2.256-13 | -0.09731 | 1.08E-13
TraesCS1B02G274500 | Pectinesterase 0.013698 | 1.47E-13 | 0.009886 | 1.74E-11 |0.069281 | 1.07E-12 | 0.097276 | 4.94E-13
TraesCS1D02G056900 | . /0CUs lectin protein .0.02128 | 9.78E-14 | -0.04552 | 1.06E-13 |-0.09692 | 2.31E-13 |-0.09731 | 1.06E-13

kinase family protein
TraesCS2B02G333700 | Glutamate decarboxylase | 0.014478 | 4.80E-13 | 0.035412 | 1.03E-10 | 0.069188 | 2.796-12 | 0.097198 | 8.28E-12
TraesCS2B02G365800 ITFr_""Z”S'at'O” initiation factor | 4 04732 | 0.000568 | -0.04554 | 6.93E-14 | -0.09691 | 2.43E-13 | -0.0973 | 1.24E-13
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TraesCS2B02G384900

TraesCS2B02G444200

TraesCS2B02G451900

TraesCS2B02G482800
TraesCS2D02G052900

TraesCS2D02G357200

TraesCS2D02G579700

TraesCS3A02G030000

TraesCS3A02G044300

TraesCS3A02G047600

TraesCS3A02G401800

TraesCS3B02G197900
TraesCS3D02G059200

Serine/threonine-protein
kinase

Alcohol dehydrogenase,
putative

Myosin heavy chain-like
protein

BLT14.1 protein
Kinase family protein

Tuftelin-interacting protein
11

Myb/SANT-like DNA-
binding domain protein

E3 ubiquitin-protein ligase

ARM repeat superfamily
protein

NBS-LRR disease resistance
protein-like protein

Pleckstrin homology
domain-containing family A
member 8

VQ motif family protein

F-box family protein

-0.00901

-0.02128

0.011692

-0.39383
0.001055

0.018401

0.019887

-0.00792

0.020719

-0.00788

-0.01573

-0.02126
-0.01764

1.07E-14

1.21E-14

3.85E-14

0.017725
9.34E-14

4.20E-14

1.27E-14

1.16E-13

4.11E-19

1.12E-13

1.29E-16

1.08E-13
5.59E-13
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-0.04556

-0.04556

0.035447

-0.47478
-0.04542

0.026386

0.035461

-0.04548

0.035472

-0.04541

-0.04559

-0.04541
-0.04553

9.53E-14

4.05E-14

1.21E-13

0.031105
6.51E-13

1.12E-11

2.45E-13

2.20E-13

8.85E-16

7.62E-13

7.84E-15

7.62E-13
9.16E-14

-0.09688

-0.09685

0.069185

-0.97193
-0.09671

0.071081

0.069258

0.069143

0.069323

-0.09668

-0.09696

-0.0969
-0.09683

3.44E-12

4.75E-13

1.37E-12

2.01E-07
1.51E-12

0.023095

2.91E-13

2.93E-12

1.19E-16

1.88E-12

1.01E-13

2.79E-13
5.57E-13

-0.09728

-0.09724

0.097256

-1.4854
-0.0971

0.097355

0.097356

0.097192

0.09745

-0.09707

-0.09735

-0.09729
-0.09722

1.69E-13

2.62E-13

8.28E-12

0.001718
8.81E-13

0.023883

1.39E-12

1.74E-11

1.42E-15

1.07E-12

5.87E-14

1.51E-13
3.06E-13



TraesCS3D02G346800

TraesCS3D02G439400

TraesCS3D02G469200

TraesCS4A02G162100

TraesCS4A02G479100

TraesCS4B02G288000
TraesCS4B02G308900
TraesCS4B02G309000

TraesCS4B02G376100

TraesCS4D02G197700

TraesCS5A02G077300

Tetratricopeptide repeat
protein 7A

Non-specific
serine/threonine protein
kinase

Disease resistance protein
(NBS-LRR class) family

Stearoyl-[acyl-carrier-
protein] 9-desaturase,
chloroplastic

Disease resistance protein
(NBS-LRR class) family

Transcription factor protein
Alanine--tRNA ligase
Alanine--tRNA ligase

Gibberellin 2-beta-
dioxygenase

Low temperature and salt
responsive protein family

Pathogenesis-related
thaumatin superfamily
protein

0.016811

-0.02127

-0.02373

-0.02799

-0.02126

-0.00865
-0.52278
-0.51011

0.009933

-0.37623

-0.03086

4.91E-14

7.73E-14

8.07E-16

3.21E-22

6.59E-14

1.57E-13
0.000795
0.000171

3.76E-18

0.035357

2.36E-27
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0.035451

-0.04554

-0.0454

-0.04549

-0.0455

-0.04535
-0.61662
-0.5416

0.035441

-0.51419

-0.05482

4.00E-12

7.22E-14

2.28E-12

2.00E-13

1.40E-13

1.91E-12
0.01157
0.009433

2.04E-13

0.022283

0.00492

0.069278

-0.0969

-0.0968

-0.09675

-0.09683

-0.09681
-0.91123
-0.93242

0.069251

-1.16324

-0.09701

1.62E-13

2.79E-13

7.62E-13

1.04E-12

5.57E-13

6.47E-13
0.021824
0.021382

4.30E-12

0.002588

0.008039

0.097384

-0.09729

-0.09719

-0.09715

-0.09723

-0.09721
-0.87532
-0.79574

0.09731

-1.01565

-0.0974

5.59E-13

1.50E-13

4.46E-13

6.21E-13

3.06E-13

3.54E-13
0.006137
0.002295

2.78E-12

6.80E-05

0.006244



TraesCS5A02G298600

TraesCS5B02G020000

TraesCS5B02G256700
TraesCS5B02G399000
TraesCS5B02G536100

TraesCS5D02G265400

TraesCS5D02G291000

TraesCS5D02G355200

TraesCS5D02G369400

TraesCS6A02G042000

TraesCS6A02G255200

TraesCS6A02G350100
TraesCS6A02G350300

Transmembrane protein,
putative

Leucine-rich repeat
receptor-like protein kinase
family protein

SKP1-like protein 4
GDSL esterase/lipase
RNA binding protein

Mechanosensitive ion
channel

RING/U-box superfamily
protein

transmembrane protein,
putative (DUF594)

Low temperature and salt
responsive protein

Serpin-like protein

Aluminum-activated
malate transporter-like

Dehydrin
Dehydrin

-0.01158

0.021279

0.007247
-0.0034
0.001695

-0.01

-0.00953

-0.01074

-0.473

-0.00601

0.013516

-0.40898
-0.37151

2.08E-14

8.78E-14

3.89E-14
8.58E-13
3.12E-13

1.30E-17

1.25E-14

1.98E-14

0.006105

9.34E-14

2.92E-13

0.000134
0.032689
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-0.04547

0.035416

0.03544
0.035444
0.003262

-0.04534

-0.04553

-0.04552

-0.72173

-0.04542

0.035434

-0.62547
-0.46866

4.50E-13

2.74E-11

3.24E-12
2.74E-11
6.70E-12

1.91E-12

1.09E-13

1.17E-13

0.001241

6.51E-13

1.74E-11

3.67E-06
0.047809

-0.09667

0.069983

0.069249
0.069202
-0.0968

-0.15516

0.069164

-0.09687

-1.51329

-0.09683

0.069237

-1.10155
-1.52889

2.00E-12

0.036266

7.20E-13
1.04E-12
7.20E-13

0.000919

2.00E-12

3.84E-13

6.50E-09

5.57E-13

4.91E-13

0.000247
1.94E-06

-0.09706

0.097314

0.097303
0.097275
-0.09719

-0.15538

0.097224

-0.09726

-1.53465

-0.09723

0.097325

-0.98042
-1.39759

1.16E-12

0.031804

1.90E-12
1.52E-11
4.10E-13

0.000587

2.77E-10

4.59E-13

2.50E-10

3.06E-13

3.64E-11

9.77E-06
1.42E-08



TraesCS6B02G044600

TraesCS6B02G061100

TraesCS6B02G101300

TraesCS6B02G247100

TraesCS6B02G383200

TraesCS6D02G040300

TraesCS6D02G092800

TraesCS6D02G166300
TraesCS6D02G332500
TraesCS7A02G245400

TraesC57A02G400800

TraesCS7D02G549900

2-oxoglutarate and Fe(ll)-
dependent oxygenase
superfamily protein,
putative

Cytochrome P450 family
protein, expressed

F-box domain containing
protein, expressed

DNA double-strand break
repair rad50 ATPase,
putative isoform 1

Dehydrin
Histone H2A

Disease resistance protein
(NBS-LRR class) family

Argonaute family protein
Dehydrin
Receptor-like kinase

ATP binding microtubule
motor family protein

Dehydrin

0.002036

0.018364

0.0107

0.009285

-0.46841

-0.01705

0.011283

0.00396
-0.21932
-0.0047

0.016805

-0.3996

3.77E-13

6.65E-14

5.11E-13

1.25E-13

7.88E-05

9.29E-15

1.33E-13

2.24E-13
0.013932
5.35E-14

1.71E-13

0.008798
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0.01588

0.035466

0.035414

-0.04551

-0.62909

-0.04551

0.035434

0.035445
-0.44781
-0.04551

0.035426

-0.44297

1.04E-11

3.41E-12

6.13E-13

1.21E-13

2.37E-05

1.21E-13

3.19E-13

1.74E-11
3.92E-05
1.20E-13

4.89E-13

0.035011

0.069223

0.069315

0.069182

0.069241

-1.04909

-0.0969

0.069049

0.069131
-1.05319
0.069182

0.069201

-1.00727

6.80E-13

1.88E-12

1.10E-11

4.65E-13

0.001418

0.041866

1.10E-11

3.57E-12
1.27E-05
4.48E-12

1.04E-12

0.001745

0.097306

0.097231

0.097055

0.097334

-0.94315

-0.0973

0.097057

0.097174
-1.06874
0.097253

0.097273

-1.00712

2.70E-11

1.07E-11

9.44E-12

2.45E-12

0.000145

0.036877

2.94E-09

2.07E-11
2.44E-06
6.05E-11

6.45E-12

0.000594



TraesCSU01G069100

TraesCSU01G136200

TraesCSU01G216900

Glycerol-3-phosphate
acyltransferase 3, putative

Protein kinase, putative

ARM repeat superfamily
protein

-0.00594

-0.0067

0.021356

3.00E-13

6.17E-14

2.10E-17
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-0.04552

-0.04545

0.035415

1.11E-13

2.07E-13

2.51E-11

0.069132

-0.09689

0.069201

3.49E-12

2.96E-13

1.04E-12

0.097176

-0.09728

0.097273

2.02E-11

1.58E-13

6.45E-12



Table 2.8: ANOVA results for Si, landrace, and their interaction, on Si concentration, dry weight, spine density, and stomatal conductance for plants

grown hydroponically at different levels of Si supplementation. Replicate was included as a random effect to account for variability between plants grown

at different times, apart from the models examining spine density and stomatal density where the two replicates were carried out at the same time.

Statistically significant results are highlighted in bold.

Shoot Si Root Si Shoot dry weight Spine density Stomatal density | Stomatal conductance
(%) (%) () (mm™) (mm?) (mmol m?s™)
df F P df F P df F P df F P df F P d F P
Si 2 4919.06 <0.001 | 2 133.88 <0.001 |2 1.18 0309 |2 060 0555 |2 206 0139|2 057 0571
Landrace 19 7.24 <0.001 | 19 1.47 0.106 |19 8.64 <0.001 |19 7.39 <0.001 (19 220 0.015|5 1.00 <0.001
Replicate 3 9583 <0.001 | 3 1.13 0.339 |3 182.70 <0.001 3 2794 <0.001
Six Landrace | 38 1.14 0.275 |37 111 0.327 |38 0.97 0.520 |38 0.75 0.817 |38 0.84 0.713 |10 0.92 0.524
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Table 2.9: ANOVA results for Si, landrace, time, and their interactions, on shoot Si
concentration. Replicate was included as a random effect to account for variability
between plants grown at different times. Statistically significant results are highlighted in

bold.

Shoot Si (%) Root Si (%)
df F P df F P
Si 2 4287.93 <0.001 |2 54.29 <0.001
Time 5 5.64 <0.001 |5 2.37 0.047
Landrace 5 13.83 <0.001 |5 2.77 0.024
Replicate 2 36.84 <0.001 |2 11.53 <0.001
Six Time 10 3.19 <0.001 |9 0.83 0.594
Si x Landrace 10 140 0.187 10 0.76 0.666
Time x Landrace 25 0.60 0.931 24 1.04 0434
Six Time x Landrace | 50  0.55 0.992 32 132 0.166

Table 2.10: ANOVA results for Si, landrace, and their interaction, on transpiration.

Statistically significant results are highlighted in bold.

Transpiration

(mLH20 hrtg DW?)

df F P
Si 1 0.02 0.893
Landrace 5 298 0.039

SixLandrace |5 1.74 0.176
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Table 2.11: ANOVA results for Si, landrace, and their interaction, on Si transporter gene expression (Normalised expression values). Replicate was
included as a random effect to account for variability between plants grown at different times. A Bonferroni correction for multiple testing was applied

setting the significance level to 0.0125. Statistically significant results are highlighted in bold.

Lsi1 Lsi2 Lsi3 Lsi6
df F P df F P df F P df F P

Si Level 2 066 05232 010 0903 |2 156 0225|2 204 0.146

landrace |7 0.85 0554 |7 156 0.180|7 246 0036|7 067 0.69%

Replicate 2 355 00392 7.09 00032 025 0.782|2 2218 <0.001
Six Landrace | 10 1.05 0.425|10 0.35 0.962 |10 0.83 0.604 | 10 0.73 0.693

91



3 Chapter 3: The effect of damage on Si accumulation
among wheat landraces

3.1 Introduction

Wheat is an important food crop worldwide, but significant yield losses are caused by biotic
stress. Pests and pathogens are estimated to cause global wheat yield losses of 21.5 %,
with aphids and armyworms the pests causing the greatest losses (Savary et al., 2019).
Climate change is expected to exacerbate yield losses due to herbivory as higher
temperatures increase the metabolic rate of insects, resulting in increased food
consumption (Petersen et al., 2000; Dillon et al., 2010). Additionally, increased
temperature will affect insect population growth rates, with increases expected outside of
tropical regions (Deutsch et al., 2008). Overall, a warming of 2 °C is predicted to increase

wheat yield losses from insect pests by as much as 46 % (Deutsch et al., 2018).

Pesticides are commonly applied to reduce the impacts of herbivory. However, despite
such mitigation strategies, pests still reduce annual wheat yields by up to 7.9 % (Oerke,
2006). Moreover, pesticides are associated with significant negative environmental
impacts, including reduced biodiversity (Beketov et al., 2013) and impacts on human health
(Kim et al., 2017). Thus, alternative methods of reducing wheat losses due to herbivory are

required.

Plants have many different types of defences against pests, including both physical and
chemical defences (reviewed in Howe and Jander, 2007; Singh et al., 2020). Particularly in
grasses, high silicon (Si) accumulation is an effective antiherbivore defence (Massey et al.,
2006; Massey and Hartley, 2009). Grasses deposit Si in structures such as phytoliths and
silicified spines (Hartley et al., 2015). Phytoliths increase leaf abrasiveness, which deters
both insect and mammalian herbivores, as well as reducing their digestive efficiencies and
growth (Massey and Hartley, 2006; Massey et al., 2008; Massey and Hartley, 2009; Massey
et al., 2009). In addition, Si deposited in the apoplast may act as a physical barrier,
potentially preventing the release of insect oral secretions and oviposition fluids, known as
effectors, which are used by herbivores to recognise compatible host plants, into plant cells

(Coskun et al., 2019a; Singh et al., 2020).

At least in grasses, Si is an inducible defence (Massey et al., 2007): in response to herbivory,

Si accumulation in grasses increases, and this is correlated with reduced herbivory
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(Reynolds et al., 2012; Hartley et al., 2015; Islam et al., 2020). In wheat, Si has been found
to reduce slug feeding (Griffin et al., 2015), greenbug infection (Goussain et al., 2005), and
rabbit herbivory (Cotterill et al., 2007). Si has been proposed as a less ecologically
damaging alternative to conventional pesticides (Alhousari and Greger, 2018). However,
there is currently a lack of knowledge regarding whether Si fertiliser is an economically

viable method of reducing herbivory in crop species.

In particular, several factors affect the ability of Si to reduce herbivory in grasses. The
intensity of herbivory appears to be an important factor in the induction of Si defences,
with a study on the tussock grass Deschampsia caespitosa indicating that a threshold level
of herbivory is required for triggering increased Si accumulation (Reynolds et al., 2012).
Furthermore, at least in D. caespitosa, there is a time lag between the occurrence of
herbivory and the induction of Si defences (Massey et al., 2008; Reynolds et al., 2012).
Additionally, multiple damage events have been shown to be required to induce Si
defences in the grasses Lolium perenne and Festuca ovina (Massey et al., 2007). However,
previous studies have focussed on wild grass species, and whether repeated damage
events are also required to induce Si defences in crops such as wheat has not yet been

investigated.

The Si response to herbivory varies significantly between both plant species and genotypes
(Hartley and DeGabriel, 2016). Different patterns of Si accumulation and deposition were
found in three species of Festuca in response to artificial damage and Si supply (Hartley et
al., 2015). Similarly, in the grass Agrostis tenuis, Si accumulation in response to damage
varied between genotypes (Bafiuelos and Obeso, 2000). Soininen et al. (2013) reported
both within and between species variation in Si accumulation among grasses in response to
artificial damage. However, whether there is a correlation between baseline Si
accumulation and the induction of Si defences in response to herbivory has not yet been

investigated.

In addition to acting as a physical defence, there is increasing evidence that Si accumulation
also affects plant biochemistry and physiology (Singh et al., 2020). In rice, there is evidence
that Si increased resistance to leaf folder both by increased cell silicification acting as
physical barrier, and by increasing the activity of antioxidative enzymes (Han et al., 2016).
Likewise, Yang et al. (2017) concluded that improved resistance to brown plant hopper in

rice was the result of Si acting both as a mechanical defence barrier and by interacting with
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defence-associated signalling pathways. In wheat, Si increased the activity of enzymes
involved in the synthesis of defence compounds, which was correlated with a reduction of

the number of aphids on the plant (Gomes et al., 2005).

The phytohormone jasmonic acid (JA) is important in mediating the plant response to
herbivory (Howe and Jander, 2007). Various studies have shown that Si accumulation and
the JA response can mutually influence each other. Ye et al. (2013) suggested that there is a
positive feedback loop such that Si accumulation promotes the JA pathway, and the JA
pathway promotes Si accumulation. Likewise, further evidence of Si promoting the JA
pathway comes from a study in rice by Lin et al. (2019) using an Oslsil mutant deficient in
Si transport. Infected wild-type plants treated with Si had higher transcript levels of genes
related to JA biosynthesis and perception than infected plants not treated with Si, but this
difference was not seen in the Oslsil mutant (Lin et al., 2019). However, Kim et al. (2014),
Hall et al. (2019), and Johnson et al. (2020) suggested that while JA acts to promote Si
accumulation, Si inhibits the accumulation of JA. Further work is needed to understand the
interaction between Si accumulation and JA signalling. In particular, it is currently unknown
whether the extent to which a plant accumulates Si directly correlates with changes in JA

signalling.

The ability of plants to use Si to reduce herbivory is not universal (Bafiuelos and Obeso,
2000; Kvedaras et al., 2009). In particular, Si defences may be ineffective against phloem-
feeding pests such as aphids (Massey et al., 2006; Rowe et al., 2020). Moreover, herbivory
does not always induce increased Si accumulation (Quigley and Anderson, 2014). There
may be genotypic variation in the effect of herbivory on Si accumulation. Further research
is needed to establish during which conditions Si fertiliser will be most beneficial and
economically feasible as a mechanism to improve crop resistance to herbivory (Singh et al.,
2020). To improve understanding about the induction of Si defences and the underlying
mechanisms, experiments where damage levels can be controlled, and the signals for
induction can be identified, are required. Artificial damage can be used in place of
herbivory to separate the effects of damage induced by the herbivore from the effect of

molecules in the saliva and other excretions of the herbivore (Waterman et al., 2019).

In this chapter, a series of experiments was conducted to improve knowledge regarding the

role of Si as an antiherbivore defence in wheat. Genetically diverse landraces were used to
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examine whether there is genotypic variation in the effect of damage on Si accumulation.

Specifically, the following questions were addressed:

1. Does the increase in Si accumulation in response to damage vary among wheat
landraces, and how is this influenced by Si supply?

2. Does damage induce systemic Si defences throughout damaged plants, or only a
localised response close to the site of wounding?

3. Does increased Si accumulation result in increased silicified spine density on the
leaves of damaged plants?

4. s increased Si accumulation the result of changes in Si transporter gene
expression?

5. Does Si affect the expression of JA-related genes, and does this differ as a function
of landrace and Si supply?

6. How many damage events are needed to induce an increase in Si, and how quickly

does Si accumulation take place after plants are damaged?

3.2 General methods

3.2.1 Growth conditions

For all experiments, plants supplemented with Si received %-strength Hoagland’s solution
containing 1.8 mM dissolved sodium metasilicate (Na;Si03.9H,0). Sodium chloride (NaCl)
was used to balance sodium levels for plants not supplemented with Si. Plants were grown
under controlled glasshouse conditions (16 h daylight; 20 °C /15 °C day/night). At harvest,
roots were washed in deionised water and then leaf and root fresh weights were recorded.
Plants were oven-dried at 70 °C until constant mass was achieved, then dry weight was
recorded. For damaged plants, the weights of damaged and undamaged leaves were

recorded separately.

For plants grown hydroponically, seeds were germinated in sand for 10-11 days, and then
seedlings were transferred to 9 L hydroponics boxes, filled with %-strength Hoagland’s
solution. The pH was adjusted to 5.6-6.0 using 1 M HCl or 0.1 M KOH. The nutrient solution
was changed every 3-4 days. The hydroponics solutions were aerated throughout the

experiment.
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3.2.2 Damage treatment

A damage treatment was started four weeks after germination and continued for three

weeks. Plants were damaged two times per week (three for experiment 1) by removing

approximately half of a leaf along the midrib. Plants exhibiting slow growth that had not
produced new leaves since the previous damage event were damaged only by removing
more of an already damaged leaf. Plants were harvested one day after the final damage
event, seven weeks after germination. Plants that were not mechanically damaged were
labelled as undamaged plants. The weight and Si concentration of damaged and

undamaged leaves of damaged plants were analysed separately.

3.2.3 Si measurements
Leaf and root Si concentration was measured by portable X-ray fluorescence spectroscopy

(P-XRF) as described in section 2.2.2.

3.2.4 Measuring expression of Si transporters and JA-related genes

To measure gene expression, primer design and gPCR was performed as described in
section 2.2.10. Primers were designed to match all homoeologs (Table 3.1). Primers for a
peroxidase (POX) were taken from Bozkurt et al. (2010). A primer concentration of 200 nM
(not 350 nM) was used for allene oxide cyclase (AOC). To investigate the effect of damage
on the expression of JA-related genes, log ratios were used to calculate the fold change in

gene expression between damaged and undamaged plants.
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Table 3.1: List of primers used for RT-qPCR.

Target Forward Primer Reverse Primer Product Ensembl gene name (all homologues)

Gene size

Actin  TACTCCCTCACAACAACCGC CTCCTAGCCGTTTCCAGCTC 104 TraesCS1A02G020500, TraesCS1B02G024500, TraesCS1D02G020000
Lsil  CCTTCTCCAGCGAGATCCAC CCTCCGACACCACCTTCTTG 129 TraesCS6A02G307300, TraesCS6B02G335900, TraesCS6D02G286400
Lsi2  TCATCGCCTTCAACAGCAAG TCCTTCCAGTACATGCAGAGC 115 TraesCS5A02G529900, TraesCS4B02G361900, TraesCS4D02G354900
Lsi3  TGTTCAAGTACCTCGGCAAC TTGAGGATGAACTCGGTGAGG 144 TraesCS4A02G412500, TraesCS4B02G312600, TraesCS4D02G310100
Lsi6  TACTCGAACGAGATCCACGAC TCTCCGATATCACCTTCTTGCC 132 TraesCS7A02G187800, TraesCS7B02G092900, TraesCS7D02G188800
POX  CAAGGTGAACTCGTGATGGA TTGAGGATTCAACCGTCGTT 176 TraesCS2A02G107600, TraesCS2B02G125300, TraesCS2D02G107900
AOC ATCTGCATCCTGATCCAGCAC TCGCCGAAGTAGATGCTGTAG 77 TraesCS6A02G334800, TraesCS6B02G365200, TraesCS6D02G314300
AOS ACAAGGCGCTGTACAAGTAC GAACAGCAGGTTGTGGCATG 104 TraesCS4A02G061900, TraesCS4B02G237600, TraesCS4D02G238800
COI1  TGGCATGCAAGAAGAGGAAG TTTGCAGAACGTTCCGATGG 142 TraesCS1A02G279100, TraesCS1B02G288100, TraesCS1D02G278400
FPS  TGGAGACGGCATTTCACAAG TCTGAACAGCTTTGCTTGGC 87 TraesCS3A02G254300, TraesCS3B02G286300, TraesCS3D02G255200
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3.2.5 Statistical analysis

All statistical analyses were performed using R software (version 3.6.1, R Core Team, 2020).
Summary statistics were calculated using the Rmisc package (Hope, 2013) and graphs were
produced using the ggplot2 package (Wickham, 2016). Three-way analysis of variance
(ANOVA) was used to test the effect of Si supply, damage, and landrace on Si
concentration, spine density, and gene expression. The effect of Si supply, damage, and
time on Si concentration was tested using a three-way ANOVA with temporal replicate
included as a factor to account for variation caused by plants being grown at different
times. Due to the lack of independence between damaged and undamaged leaves from
damaged plants, ANOVAs were performed separately comparing undamaged plants to
either damaged or undamaged leaves of damaged plants. Additionally, the average leaf Si
concentration of damaged plants was calculated by averaging the Si concentration of
damaged and undamaged leaves, accounting for differences in the proportion of the leaves
that were damaged or undamaged. ANOVA was then used to compare the average leaf Si

concentration of damaged plants to undamaged plants.

Data normality was checked using Shapiro tests and homogeneity of variance was tested
using Levene’s tests. To satisfy the test assumptions, Si concentrations were logit
transformed. The expression of JA-related genes was log transformed. No transformation
was applied to spine density. Paired t-tests were used to test for localised induction of Si
defences between damaged and undamaged leaves of damaged plants. A significance level
of P < 0.05 was used for all analyses, except for gene expression analyses, where a
Bonferroni correction to account for multiple testing was applied. Significant results were
analysed by performing Tukey’s Honest Significance Difference (HSD) post-hoc tests using

the emmeans package (Lenth, 2021).

3.3 Experiment 1: The effect of Si supply on Si accumulation and Si
transporter gene expression after damage in contrasting
landraces

3.3.1 Experiment 1: Methods

3.3.1.1 Experimental design
The two highest and two lowest Si-accumulating landraces, as characterised in 2, were
selected to examine the effects of damage on Si accumulation (H1, H3, L4, L5, respectively).

A balanced factorial experimental design was used with plants either damaged or not and
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supplemented with Si (+Si) or not (=Si). Three plants per landrace per Si supplementation
level per damage treatment were used, giving a total of 48 plants. Plants were grown
hydroponically. At harvest, epidermal peels were made to measure spine density (3.3.1.2)
and leaf samples were taken to measure Si transporter gene expression (3.3.1.3). Root and

leaf Si concentration was determined using P-XRF (2.2.2; 3.2.3).

3.3.1.2 Spine density estimation
Leaf spine density was measured using epidermal peels as described in section 2.2.6. For
damaged plants, a damaged and undamaged leaf was used. Three leaves per landrace per

treatment were measured.

3.3.1.3 Si transporter gene expression

To investigate the possible causes of variation in Si concentration between landraces, the
expression levels of the Si transporters Lsil, Lsi2, Lsi3, and Lsi6 were determined using RT-
gPCR, as described in section 3.2.4. For each landrace, RNA was extracted from the leaves
of one undamaged plant and two damaged plants grown with 1.8 mM Si. RNA was
extracted from undamaged plants, and damaged, and undamaged leaves of damaged

plants, separately.

3.3.2 Experiment 1: Results

3.3.2.1 Damage increases leaf Si accumulation

Repeated damage significantly increased leaf Si accumulation in damaged leaves in both +Si
and =Si plants, although this response was larger in +Si plants (Figure 3.1). For +Si plants,
damage significantly decreased Si accumulation in the undamaged leaves of damaged
plants compared to undamaged plants. For —Si plants, there was no significant difference in
leaf Si concentration between undamaged leaves of damaged plants and undamaged
plants (Table 3.2). There was no significant variation in the Si response to damage among
landraces, as indicated by the lack of significant interaction between damage and landrace
in the ANOVA model. Damaged leaves had higher Si concentrations than undamaged leaves
of the same plant, but this localised induction was more pronounced for +Si plants than -Si
plants (Table 3.3). In contrast to the strong effect of damage on leaf Si accumulation, no

significant effect of damage on root Si accumulation was found (Figure 3.1; Table 3.2).
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Figure 3.1: Effect of Si supply and damage on Si accumulation. a) Leaf Si of —Si plants. b)
Leaf Si of +Si plants. c) Root Si of —Si plants. d) Root Si of +Si plants. Note the different
scales on the y-axis. Statistically significant impacts and interactions, determined by three-
way ANOVA, are indicated where *** P<0.001, ** P<0.01, and * P <0.05. The Si
concentration of leaves from undamaged plants, and the damaged and undamaged leaves
from damaged plants was analysed separately. Dam: lists significant results from the
ANOVA comparing damaged leaves of damaged plants to undamaged plants and Und: lists
significant results from the ANOVA comparing undamaged leaves of damaged plants to
undamaged plants. L: landrace, Si: level of Si supplementation. D: damage treatment.
Significant differences between damaged and undamaged leaves of damaged plants, as
determined by paired t-tests, are shown. Mean values % standard error (SE) are shown. N =

3. H indicates a high Si-accumulating landrace. L indicates a low Si-accumulating landrace.

3.3.2.2 No effect of damage on spine density

There was no significant effect of damage or Si supplementation on silicified spine density,
although there was significant variation between landraces (Figure 3.2; Table 3.2). Similarly,
there was no significant difference in spine density between damaged and undamaged

leaves of the same plant (t-tests, P > 0.05 for all comparisons).
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Figure 3.2: Variation in silicified spine density between landraces subject to damage
treatment. Mean values + SE are shown. N = 3. The spine density of leaves from
undamaged plants, and the damaged and undamaged leaves from damaged plants was
analysed separately. Statistically significant impacts and interactions, determined by three-
way ANOVA, are indicated where *** P <0.001, ** P<0.01, and * P < 0.05. Dam: lists
significant results from the ANOVA comparing damaged leaves of damaged plants to
undamaged plants and Und: lists significant results from the ANOVA comparing undamaged
leaves of damaged plants to undamaged plants. L: landrace, Si: level of Si supplementation.
D: damage treatment. There were no significant differences between damaged and
undamaged leaves of damaged plants. Mean values * SE are shown. N = 3. H indicates a

high Si-accumulating landrace. L indicates a low Si-accumulating landrace

3.3.2.3 No effect of damage on Si transporter gene expression

There was no consistent induction in Si transporter genes due to damage, although Lsi6
expression was significantly lower in damaged plants than undamaged plants (Figure 3.3;
Table 3.4). There was significant variation in Lsi1 and Lsi3 expression between landraces.

Lsi2 expression was too low to be detected in several samples and thus not analysed.
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Figure 3.3: Variation in Si transporter gene expression due to damage in wheat landraces.
a) Lsil. B) Lsi3. C) Lsi6. Note the different scales on the y-axis. The gene expression of leaves
from undamaged plants, and the damaged and undamaged leaves from damaged plants
was measured separately. Lsi2 gene expression was too low to be detected for several
samples and is not shown. Statistically significant impacts and interactions, determined by
three-way ANOVA, are indicated where *** P < 0.001, ** P<0.01, and * P < 0.05. Dam:
lists significant results from the ANOVA comparing damaged leaves of damaged plants to
undamaged plants and Und: lists significant results from the ANOVA comparing undamaged
leaves of damaged plants to undamaged plants. L: landrace, Si: level of Si supplementation.
D: damage treatment. There were no significant differences between damaged and
undamaged leaves of damaged plants. Mean values * standard error (SE) are shown. N=1
for undamaged leaves of undamaged plants, N = 2 for damaged and undamaged leaves of
damaged plants. H indicates a high Si-accumulating landrace. L indicates a low Si-

accumulating landrace.
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3.4 Experiment 2: Variation in Si accumulation and expression of JA-
related genes in response to damage among landraces

3.4.1 Experiment 2: Methods

3.4.1.1 Experimental design

To further investigate whether damage induced different Si responses among landraces,
five high and five low Si-accumulating landraces were used (as characterised in 2: H1, H3,
H4, H5, H7, L1, L2, L3, L4, L5). A balanced factorial experimental design was used with
plants either damaged or undamaged. Three plants per landrace per treatment were used,
giving a total of 60 plants. Two seeds were planted in 1 L pots filled with a 2:1 mix of sand
and terragreen. One week after germination, seedlings were thinned to one plant per pot.
After thinning, all plants were fed twice weekly with 200 mL %-strength Hoagland’s solution
supplemented with 1.8 mM Si. Plants were watered as required. At harvest, leaf samples
were taken from undamaged plants and from undamaged leaves of damaged plants to
measure the expression of JA-related genes. Leaf Si concentration was determined using P-

XRF (2.2.2;3.2.3).

3.4.1.2 Expression of JA-related genes

To investigate whether there is a correlation between Si accumulation and variation in JA
signalling among landraces, the expression levels of two JA biosynthesis genes, allene oxide
cyclase (AOC) and allene oxide synthase (AOS), and the JA receptor, coronatine-insensitivel
(COI1) were determined. Additionally, the expression levels of farnesyl pyrophosphate
synthetase (FPS), involved in terpene synthesis, which occurs as part of the defence
response, and a peroxidase (POX), which encodes an antioxidative enzyme that shows

increased expression upon herbivory, were measured.

It was hypothesised that any effect of Si on the expression of JA-related genes may vary
over time, thus gene expression was measured at four time-points. Undamaged leaves of
damaged and undamaged plants were sampled at 6 h and 24 h after the first and final
damage event and used for RNA extraction. The same two high Si landraces (H1, H3) and
one low Si landrace (L4) that were used for Si transporter expression were used.
Additionally, the low Si landrace, L1 was used. Gene expression was measured for the
undamaged leaves of two damaged plants and leaves of two undamaged plants. A pilot
study found no effect of Si supply on the expression of JA-related genes; therefore gene

expression was only measured for +Si plants (data not shown).
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3.4.2 Experiment 2: Results

3.4.2.1 Damage significantly increased Si accumulation

As no significant effect of damage on Si accumulation was found for —Si plants, or in the
roots (Experiment 1; 3.3), the effect of damage on Si accumulation in the full range of ten
landraces was only investigated for the leaves of +Si plants (Figure 3.4). Consistent with
experiment 1, repeated damage significantly increased Si accumulation in damaged leaves
(Table 3.5). However, the extent of this increase did not vary significantly among landraces,
as indicated by the lack of significant interaction in the ANOVA results between landrace
and damage (Table 3.5). There was no significant correlation between leaf Si in undamaged
plants and the increase in leaf Si due to damage (r = -0.32, P = 0.364). Interestingly, damage

significantly decreased Si accumulation in undamaged leaves (Table 3.5).

There was a localised response to damage, such that damaged leaves had higher Si
concentrations than undamaged leaves of each damaged plant. This response was
significant in all landraces except landraces H5 and L2, where it was almost significant
(Table 3.6). Although not significant, the extent of this localised response varied across
landraces, with the biggest increase in Si of 107.6 + 28.4 % in L3, compared to an increase
of only 34.2 £ 9.3 % in H5. However, when using the average leaf Si concentration for all
leaves of damaged plants, there was no significant difference between undamaged and
damaged plants for any landrace (Figure 3.5; t-tests, P > 0.05 for all comparisons). Overall,
Si accumulation was slightly, but significantly, lower in damaged plants compared to
undamaged plants (Table 3.5). Thus, induction of Si defences occurred only locally and was

not systemic.
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Figure 3.4: Variation in Si accumulation due to damage among wheat landraces. Leaf Si
concentration for damaged and undamaged leaves of damaged plants, and undamaged
plants. Statistically significant impacts and interactions, determined by two-way ANOVA,
are indicated where *** P <0.001, ** P<0.01, and * P < 0.05. Dam: lists significant results
from the ANOVA comparing damaged leaves of damaged plants to undamaged plants and
Und: lists significant results from the ANOVA comparing undamaged leaves of damaged
plants to undamaged plants. L: landrace, D: damage treatment. Significant differences
between damaged and undamaged leaves of damaged plants, as determined by paired t-
tests, are shown. Mean values * SE are shown. N = 3. The dotted line separates high (H) Si-

accumulating landraces and low (L) Si-accumulating landraces.
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Figure 3.5: Variation in Si accumulation between damaged and undamaged plants for ten
wheat landraces. The average leaf Si concentration for damaged and undamaged leaves of
damaged plants was calculated. Statistically significant impacts and interactions,
determined by two-way ANOVA, are indicated where *** P <0.001, ** P<0.01, and * P<
0.05. L: landrace, D: damage treatment. Mean values * SE are shown. N = 3. The dotted line

separates high (H) Si-accumulating landraces and low (L) Si-accumulating landraces.

3.4.2.2 No effect of damage on the expression of JA-related genes

In a preliminary study, no effect of Si supply on the expression of JA-related genes was
found (data not shown). Thus, gene expression was only measured for +Si plants. There
were no consistent changes in the expression of JA-related genes due to damage, with
expression found to be highly variable between landraces at all time-points (Figure 3.6;
Table 3.7). There was no significant correlation between Si concentration at harvest and

the expression of JA-related genes at any time-point for any gene studied (data not shown).
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Figure 3.6: Effect of damage on the expression of JA-related genes. The log ratio of gene
expression for undamaged leaves of damaged plants compared to undamaged leaves of
undamaged plants was calculated for each time-point: a) 6 h after the first damage event;
b) 24 h after the first damage event; c) 6 h after the final damage event; d) 24 h after the
final damage event. A ratio greater than zero indicates that gene expression was increased,
and a ratio less than zero indicates expression was decreased, in undamaged leaves of
damaged plants relative to undamaged plants. Statistically significant impacts and
interactions, determined by two-way ANOVA, are indicated above the relevant gene where
*** p<0.001, ** P<0.01,and * P <0.05. L: landrace, D: damage treatment. Mean values +
SE are shown. N = 2. L denotes low Si-accumulating landraces and H denotes high Si-
accumulating landraces. Insufficient RNA was obtained to measure gene expression for

landrace L4 6 h after the final damage event.

108



3.5 Experiment 3: Number of damage events required to induce a Si
response

3.5.1 Experiment 3: Methods

3.5.1.1 Experimental design

To investigate both long- and short-term Si accumulation in response to damage, a time-
course experiment using the high Si-accumulating landrace H1 was performed. Three
temporally separate replicates were performed, with a minimum of two weeks between
replicates, giving a total of three plants per treatment. Plants were grown hydroponically
(3.2.1). Damage treatment was performed as described in 3.2.2. One plant from each
treatment was harvested 0, 4, 10, 24, 48, and 72 h after the first damage event, and 96 h
after the second, fourth, and sixth damage events. Leaf and root Si concentration was

determined using P-XRF (2.2.2; 3.2.3).

3.5.2 Experiment 3: Results

3.5.2.1 Si accumulation increased after two damage events

It has been suggested that a single herbivory or damage event is insufficient to induce
increased Si accumulation (Massey et al., 2007). This conclusion was supported by a
preliminary experiment that found no increase in leaf Si after a single damage event in two
high Si-accumulating landraces (data not shown). Thus, here it was investigated whether a

threshold number of damage events is required to increase Si accumulation.

The high Si landrace H1 was used to examine Si accumulation after multiple damage events
(Figure 3.7; Table 3.8). As hypothesised, no significant increase in leaf Si in damaged leaves
after a single damage event was observed. However, after two damage events, in +Si
plants, damage significantly increased Si accumulation (Tukey’s HSD: P<0.05at 10d, 17 d,
and 24 d sampling). While =Si plants also increased their Si accumulation in response to
multiple damage events, this increase was not significant at any time-point (Tukey’s HSD, P
> 0.05 for all comparisons). No difference in root Si accumulation between damaged and

undamaged plants was observed at any time-point (Figure 3.7; Table 3.8).
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Figure 3.7: Variation in Si accumulation over time after damage. a) Timeline showing
when damage events occurred (arrows) and when plants were sampled (asterisks). B) Leaf
Si of —Si plants. c) Leaf Si of +Si plants. d) Root Si of —Si plants. e) Root Si of +Si plants Si.
Note the different scales on the y-axis. The Si concentration of leaves from undamaged
plants, and the damaged and undamaged leaves from damaged plants was analysed
separately. Time-points where the Si concentration was significantly higher in damaged
leaves of damaged plants compared to undamaged leaves of undamaged plants,
determined by post-hoc Tukey’s HSD tests, are indicated where *** P <0.001, ** P<0.01,

and * P < 0.05. Mean values + SE. N = 3. The high Si-accumulating landrace, H1, was used.

3.6 Discussion
3.6.1 Does Siinduction in response to damage vary among wheat landraces, and
how is this influenced by Si supply?
Numerous studies have demonstrated that Si accumulation increases leaf abrasiveness and
thus deters herbivores (e.g. Cotterill et al., 2007; Massey and Hartley, 2009; Griffin et al.,
2015). It is also known that herbivory increases Si accumulation (Massey and Hartley, 2006;
Massey et al., 2007). However, whether there is variation in the extent to which herbivory
increases Si accumulation between genotypes has not yet been extensively investigated. To
test this, mechanical damage can be used as a form of simulated herbivory to separate the
effects of damage induced by the herbivore from the effect of molecules released by the
herbivore (Waterman et al., 2019). Such mechanical damage has indeed been found to
increase plant Si (McNaughton et al., 1985; Kim et al., 2014; Ryalls et al., 2018). Here, it was
shown that wheat also responds to simulated herbivory, in the form of mechanical

damage, by increasing leaf, but not root, Si accumulation.

Although there was significant variation in Si accumulation among wheat landraces, the
landraces did not vary significantly in the extent to which they increased Si content in
response to herbivory. In contrast, Baifiuelos and Obeso (2000) reported significant
genotypic variation in response to damage in the grass species Agrostis tenuis. Likewise,
using six genotypes for each of four grass species, Soininen et al. (2013) found significant
genotypic variation in Si induction in response to damage in only two of the species
examined. Franca et al. (2019) reported genotype-specific effects of Si in rice, such that Si

reduced stem damage by stink bugs in only two out of three genotypes investigated. In this
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study, the percentage increase in Si due to damage was larger for +Si plants than for —Si

plants, but in neither case was the variation between landraces significant.

3.6.2 Does damage induce systemic Si defences throughout damaged plants, or
only a localised response close to the site of wounding?

Although Si accumulation increased in wheat landraces in response to damage, this was a
localised response, such that the Si concentration only increased in the damaged leaves of
damaged plants. Overall, the Si concentration of damaged plants was not significantly
different to that of undamaged plants. It is hypothesised that this is a result of preferential
allocation of Si into damaged leaves, with the Si content of undamaged leaves of damaged
plants being significantly lower than that of undamaged leaves of undamaged plants. In
rice, Si transporters are used to preferentially allocate Si to the panicle and away from the
flag leaf (Yamaji et al., 2015) and it is possible that a similar mechanism results in the
preferential allocation of Si to damaged leaves. Alternatively, damage may increase
transpiration in damaged leaves, resulting in damaged leaves having higher Si contents

compared to undamaged leaves in damaged plants.

Increased Si concentration only in damaged leaves is in agreement with the results
reported in Hartley et al. (2015), who reported localised induction of Si defences after
damage in three grass species. However, although damaged leaves had higher Si compared
to undamaged plants for all genotypes, McLarnon et al. (2017) found significantly increased
Si in damaged leaves compared to undamaged leaves in only one out of three tall fescue
genotypes investigated. In this study, all landraces responded to damage by increasing Si
accumulation in damaged leaves compared to undamaged leaves, although this increase
was only significant in eight out of the ten landraces studied. Despite ranging from 34.2 %

to 107.6 %., the extent of this increase did not vary significantly among landraces.

Previous studies have reported increased leaf Si in response to both mechanical damage
(Kim et al., 2014; McNaughton and Tarrants, 1983) and herbivory (Massey and Hartley,
2006; Johnson et al., 2019), but have not made a distinction between the Si concentration
of damaged and undamaged leaves of damaged plants. Massey et al. (2007) reported that
in Lolium perenne, locust and vole grazing increased Si accumulation, but artificial damage
alone was insufficient to increase Si. In Festuca ovina, the increase in Si in response to
herbivory was much greater than that in response to artificial damage (Massey et al.,

2007). Molecules within herbivore secretions that get released into the plant may affect
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the Si response, explaining why plants respond differently to mechanical damage compared
to herbivory. Additionally, a more frequent damage treatment was used by McNaughton
and Tarrants (1983) compared to Massey et al. (2007), which may explain the contrasting

results regarding the ability of mechanical damage to induce increased Si accumulation.

3.6.3 Does increased Si accumulation result in increased spine density on the
leaves of damaged plants?

Silicon structures including spines, trichomes, and phytoliths are important antiherbivore
defences in plants (reviewed in Hartley and DeGabriel, 2016). A lack of silicified trichomes
has been associated with increased herbivore susceptibility in rice (Andama et al., 2020). It
was hypothesised that herbivory would increase spine density, however, no effect of Si or
damage on spines was found. Likewise, Hartley et al. (2015) reported that damage had
little effect on spine formation in three grass species. No effect of Si supplementation or
herbivory on trichome density was found in maize or soybean, although combined

herbivory and Si treatment increased trichome density in tomato (Acevedo et al., 2021).

Alternatively, it is possible that spine morphology, rather than density, was affected by
damage treatment, but this was not measured in this study. In Braychpodium distachyon,
increased silicified trichome size was correlated with decreased herbivore growth (Hall et
al., 2020a). However, Hartley et al. (2015) found only slight morphological changes in silica
structures in response to damage in three grass species. Another possibility is that, rather
than being deposited as spines, additional Si accumulated as a result of damage is
deposited in the cell wall, which may inhibit the entry of effectors released by insect
herbivores, and therefore prevent insects from identifying the plant as a palatable target
(Coskun et al., 2019a). In this study, only silicified spines were counted, but Si can also be

deposited in other structures such as phytoliths and macrohairs (Hartley et al., 2015).

3.6.4 Isincreased Si accumulation the result of changes in Si transporter gene
expression?

While Si was consistently higher in damaged leaves, it was not possible to relate this to
differences in Si transporter gene expression. Lsi6 expression was significantly lower in
both the damaged and undamaged leaves of damaged plants compared to undamaged
plants, which is in contradiction with the observed increase in Si concentration in damaged
leaves of damaged plants compared to undamaged leaves of undamaged plants. By

contrast, Ye et al. (2013) reported increased Si transporter gene expression in response to
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both methyl jasmonate treatment and leaf folder infection. In a similar experiment, Lin et
al. (2019) also reported increased Lsil expression in rice supplemented with Si and infected

with leaf folder.

In this study, leaf samples to measure Si transporter gene expression were taken at the end
of the experiment, after nine damage events. However, this study also showed that Si
accumulation significantly increases after only two damage events. As changes in gene
expression are often relatively short-lived, it is possible that in this study changes in Si
transporter gene expression occurred in periods when no sampling took place. Increased
Lsi2 expression was found in the roots of tall fescue after eight weeks of damage
(Mclarnon et al., 2017), but whether similar expression changes occur in the leaves or in
crop species such as wheat had not previously been examined. Alternatively, rather than
changes in gene expression, post-transcriptional regulation may be important for

regulating the activity of Si transporters.

3.6.5 Does Si affect the expression of JA-related genes, and does this differ as a
function of landrace and Si supply?

No significant correlation between Si accumulation and JA-related gene expression was
found in this study. Additionally, a preliminary study found no significant effect of Si on the
expression of JA-related genes. Contrasting effects of Si on JA concentrations and signalling
have also been reported in the literature. Ye et al. (2013) and Xue et al. (2021) suggested
that Si primes the JA response, whereas Kim et al. (2014) and Hall et al. (2020b) reported
that Si inhibited the JA response. Using mutants defective in JA signalling, it has been
suggested that Si acts through the JA signalling pathway to influence plant volatile
production, and thus improve the attractiveness of the plant to parasitoids (Liu et al.,

2017).

In this study, the expression of JA-related genes was not significantly induced by damage,
and variation in expression between landraces was not correlated to their Si accumulation.
By contrast, in rice, during unstressed conditions, Jang et al. (2018) found that Si
application increased JA levels at all time-points tested, although the extent of the increase
varied depending on the concentration of Si used and the time-point. It is possible that
differences in sample timing explain these different results, with the results presented by
Ye et al. (2013) also showing lower levels of JA 24 h after herbivore infection but no

difference between +Si and —Si plants until 6 h after infection. Previous studies have
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focussed on damaged leaves, but here undamaged leaves were selected to measure gene
expression, which may explain why no significant differences were seen between
treatments. Additionally, it is possible that differences in gene expression would have been

observed if homoeologue-specific primers had been used.

3.6.6 How many damage events are needed to induce an increase in Si, and how
quickly does Si accumulation take place after plants are damaged?

Previous studies have indicated that a single damage event is insufficient to increase Si
accumulation (Massey et al., 2007). However, to date, no research has examined the
minimum number of damage events needed to induce this increase in Si. Massey et al.
(2007) used only two damage treatments, with plants subject to 16 damage events over a
12 month period compared to plants subject to a single damage event. In this study, plants
were sampled after one, two, four, or six damage events in order to investigate the number
of damage events needed to increase Si accumulation. It was found that two damage
events were required to induce a significant increase in Si accumulation in damaged leaves.
Interestingly, the magnitude of the increase in Si accumulation did not increase significantly
following further damage events, suggesting that there is a simple threshold number of
damage events needed to increase Si accumulation. This also suggests that increasing Si
accumulation after damage incurs a cost to the plant, for example, causing a slower growth

rate.

Nevertheless, it remains unknown whether it is the number or the extent of damage that is
important for increasing Si accumulation. High levels of vole grazing have been shown to be
necessary to increase Si accumulation in the grass species Deschampsia caespitose (Hartley
and DeGabriel, 2016; Reynolds et al., 2012). In this study, the amount of damage was not
measured, although it was positively correlated with the number of damage events, and

thus it was not possible to separate the effects of these two variables.

3.7 Conclusion

To conclude, damage significantly increased Si accumulation, although the extent of this Si
induction did not vary significantly among landraces. There was a localised response such
that damage increased Si accumulation only in the damaged leaves of damaged plants.
Further research is needed to understand the consequences of localised induction of Si
defences on the plant response to herbivory. No effect of damage on spine density or Si

transporter gene expression was observed. Likewise, there was no significant effect of Si on
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the expression of JA-related genes. A minimum of two damage events were needed to
induce increased Si accumulation, but subsequent damage events did not further increase
Si. This suggests that there is a threshold amount of damage needed for induction of Si

defences and that there is a cost to the plant associated with increasing Si accumulation.
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3.8 Appendix

Table 3.2: ANOVA results for the effect of landrace, damage, and Si supply on Si concentration and spine density in damaged and undamaged leaves of

damaged plants compared to undamaged plants. Statistically significant results are highlighted in bold.

Leaf Si (%) Root Si (%) Silicified spines (mm)
Undamaged leaves Damaged leaves Undamaged leaves Damaged leaves
df F P df F P df F P df F P df F p

Landrace 3 2239 <0.001 | 3 2431 <0.001 3 171 0.179 |3 4.25 0.010 |3 4.35 0.009
Damage 1 0.09 0.764 |1 21599 <0.001|1 079 0378 |1 183 0.183 |1 1.46 0.233
Si 1 6188.77 <0.001 |1 9076.47 <0.001 |1 8854 <0.001|1 0.01 0945 |1 0.09 0.768
Landrace x Damage 3 0.20 0.897 |3 0.54 0.66 3 071 0550 |3 0.27 0.847 |3 3.02 0.039
Landrace x Si 3 23.73 <0.001 | 3 2741 <0.001 |3 119 0326 |3 087 0466 |3 0.16 0.924
Damage x Si 1 1232 <0.001 |1 23.10 <0.001 |1 016 0691 |1 001 0.932 {1 0.02 0.890
Landrace x Damage xSi | 3 0.16 0.923 |3 1.39 0.26 3 08 0466 |3 0.03 0994 |3 041 0.744
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Table 3.3: Paired t-test results comparing Si concentration in damaged and undamaged
leaves of damaged plants for each landrace. Significant results are highlighted in bold. The
percentage increase in Si of damaged leaves of damaged plants compared to undamaged

plants is also indicated (mean + SE).

=Si +Si
Landrace | Change dueto t P Change due to t P
damage (%) damage (%)
L4 73%7.2 2.71 0.225 45.7+11.4 5.82 0.028
L5 156+5.1 7.08 0.002 60.2+4.8 14.19 <0.001
H1 11.3+3.3 9.07 <0.001 | 47.8+8.9 10.68 <0.001
H3 229+4.0 3.65 0.036 31.7+7.9 5.22  0.006

Table 3.4: ANOVA results for the effect of landrace, damage, and their interaction, on Si
transporter gene expression for plants from experiment one. A Bonferroni correction for
multiple testing was applied setting the significance level to 0.0125. Lsi2 expression was too
low to be detected for several samples and thus is not shown. Statistically significant

results are highlighted in bold.

Gene Damaged Undamaged
Factor df F P df F P
Lsi1 Landrace 3 17.70  0.009 3 1.67 0.310
Damage 1 0.002  0.965 1 0.64 0.470
Landrace x Damage | 3 10.58 0.023 3 0.57 0.6661
Lsi3 Landrace 3 38.76  0.002 3 3.71 0.119
Damage 1 0.92 0.393 1 0.12 0.749
Landrace x Damage | 3 6.66 0.049 3 2.13 0.240
Lsi6 | Landrace 3 5.48 0.067 3 18.45 0.008
Damage 1 21.57 0.010 1 45.39  0.003
Landrace x Damage | 3 4.63 0.087 3 7.70 0.039
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Table 3.5: ANOVA results for the effect of landrace and damage on leaf Si concentration
in damaged and undamaged leaves of damaged plants compared to undamaged plants
for plants from experiment two. Averaged shows the results when the average Si of
undamaged and damaged leaves of damaged plants (accounting for differences in weight)
was compared with undamaged plants. All plants were supplied with Si. Statistically

significant results are highlighted in bold.

Leaf Si (%)

Damaged leaves Undamaged leaves Averaged
df F P df F P df F P
Landrace 9 1953 <0.001|9 12.05 <0.001 |9 13.81 <0.001
Damage 1 9.24 0.004 1 6790 <0.001 |1 8.43 0.006
Landrace xdamage | 9 1.43 0.208 9 153 0.171 9 1.25 0.291

Table 3.6: Paired t-test results comparing the Si concentration in damaged and
undamaged leaves of damaged plants for plants from experiment two. Statistically
significant results are highlighted in bold. The percentage increase in Si of damaged leaves

compared to undamaged plants is also indicated (mean * SE). N = 3 for each landrace.

Landrace Changedueto t P
damage (%)
L1 92.5+11.4 10.97 0.008
L2 82.9+237 420 0.052

L3 107.6 + 28.4 5.50 0.032

L4 75.2+20.1 4.56 0.045
L5 63.9+0.03 23.57 0.002
H1 53.6 +11.7 5.32 0.033

H3 100.4 £12.8 10.87 0.008

H4 53.6+3.2 20.79 0.002
H5 34.2%9.2 4.07 0.055
H7 88.9+22.8 4.76 0.041
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Table 3.7: ANOVA results for the effect of damage, landrace, and their interaction on the
expression of JA-related genes at different time-points for plants from experiment two. A
Bonferroni correction for multiple testing was applied setting the significance level to 0.01.

Statistically significant results are highlighted in bold.

Gene Damage Time Factor
event Landrace Damage Landrace x
Damage
df F P df F P df F P
POX  First 6h |3 378 0.067 1 132 0289 |3 057 0.653
24h |3 128 0.353 1 0008 09323 0.11 0.952
Final 6h 3 8.71 0.007 1 576 0043 |2 210 0.185
24h |3 8.54 0.010 1 062 04573 043 0.741
AOS  First 6h |3 134 0.348 1 000 09923 162 0.280
24h |3 3.50 0.063 1 036 05623 052 0.681
Final 6h 3 071 0574 1 080 0400|2 143 0.302
24h |3 1.02 0.440 1 059 0469 |3 252 0.141
AOC  First 6h |3 9.67 0.010 1 439 0.081|3 226 0.182
24h |3 88.78 <0001 |1 033 0579|3 0.87 0.493
Final 6h |3 11.01 0.003 1 822 0021(2 192 0.208
24h |3 0.81 0.528 1 058 04703 0.55 0.662
FPS  First 6h |3 3.77 0.067 1 038 05573 079 0.537
24h |3 17.67 <0001 |1 0.19 0674|3 049 0.696
Final 6h |3 2645 <0001 |1 024 06402 245 0.148
24h |3 9.874 0.007 1 0173 0.690 |3 0.326 0.807
COI1  First 6h |3 822 0.011 1 366 00973 133 0.338
24h |3 096 0.456 1 043 05293 057 0.648
Final 6h |3 228 0.157 1 121 0304(2 299 0.107
24h |3 0.50 0.695 1 051 0499|3 051 0.690
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Table 3.8: ANOVA results for the effect of Si supply, damage, time-point, and their
interactions on Si accumulation for plants from experiment three. Damaged and
undamaged leaves of damaged plants were compared, separately, to undamaged plants.

Statistically significant results are highlighted in bold.

Si (%)
Damaged leaves Undamaged leaves Roots
df F P df F P df F P
Si 1 7137.76 <0.001 |1 7023.76 <0.001 |1 166.7 <0.001
Damage 1 10.56 0.002 1 13.27 <0001 ({1 0.47 0.494
Time-point 8 19.04 <0.001 | 8 5.66 <0.001 (8 1.22 0.304
Replicate 2 8.37 <0.001 |2 8.48 <0.001 (2 0.29 0.747
SixDamage |1 8.14 0.006 1 3.32 0.073 1 0.09 0.770
iiir)r(we-point 8 2.60 0.014 8 0.88 0.541 8 1.83 0.090

Damage x 8 4.59 <0.001 | 8 0.62 0.763 8 0.78 0.620
Time-point

SixDamage |8 0.76 0.643 8 0.50 0.874 8 125 0.285
x Time-point
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4 Chapter 4: The effect of silicon on osmotic and drought
stress tolerance in wheat landraces

4.1 Introduction

Drought causes annual global wheat yield losses of around 20 % (Daryanto et al., 2016).
Moreover, anthropogenic climate change is predicted to induce changes in global
precipitation patterns, with droughts likely to become more frequent in some areas,
further exacerbating yield losses (IPCC, 2014, 2019). The impacts of abiotic stresses like
drought may be exacerbated by the focus of crop domestication on optimising yields at the
expense of reduced stress tolerance and genetic diversity (Kahiluoto et al., 2019). Current
mitigation strategies include crop irrigation and breeding for increased stress tolerance,
particularly by using the genetic diversity of landraces to breed cultivars with improved
drought tolerance (Dwivedi et al., 2016). However, irrigation can cause water shortages
(Wichelns, 2015; Shen et al., 2013) and soil salinisation (Martinez-Alvarez et al., 2016),
while breeding approaches are slow, labour intensive, and complicated by genotype-

environment interactions (Bhat et al., 2020).

Plants may use Si to improve drought tolerance, although the exact underpinning
mechanisms are largely unknown (Thorne et al., 2020). Drought stress induces oxidative
damage (Osakabe et al., 2014), and plant Si accumulation has been shown to reduce
oxidative damage, notably by increasing antioxidative enzyme activity (Gong et al., 2005;
Tale Ahmad and Haddad, 2011; Alzahrani et al., 2018). Additionally, plants use Si to
improve water use efficiency during drought stress (Alzahrani et al., 2018; lbrahim et al.,
2018; Merwad et al., 2018), for example via an increase in stomatal conductance, which in
turn improves the photosynthetic rate (Sonobe et al., 2009; Yin et al., 2014; Wang et al.,
2019). Nevertheless, other studies have reported that Si decreases stomatal conductance
(Gao et al., 2006) or has no effect (Yang et al., 2019; Gengmao et al., 2015). Alternatively,
improved water use efficiency may be linked to lower transpiration, which may occur by

reducing the cuticular water conductance (Vandegeer et al., 2021b; Agarie et al., 1998).

Most studies in wheat report that Siincreases growth and yield during drought stress
(Ahmad et al., 2016; Gong et al., 2003; Alzahrani et al., 2018; Othmani et al., 2020),
although there are others reporting no significant effect either in wheat (Sattar et al., 2019)
or in other species (Hosseini et al., 2017; Maillard et al., 2018). The inconsistent nature of
observed Si effects may reflect variation in plant species and genotype, as has been found
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for understanding the Si effect on herbivory tolerance (Massey et al., 2009; Hartley et al.,
2015; Soininen et al., 2013). For example, genotypic variability in Si accumulation is likely to
influence the response to Si. While many studies have assessed the effect of Si on cultivars
that differ in drought tolerance (Ouzounidou et al., 2016; Parveen et al., 2019; Maghsoudi
et al., 2019), there is a clear lack of studies examining the effect of Si on drought tolerance

in a larger range of genotypes, particularly those that vary in Si accumulation.

Although there is increasing interest in the use of local landraces in crop breeding programs
to improve stress tolerance (Lopes et al., 2015; Dwivedi et al., 2016), to date, only a few
studies have used landraces to investigate the effect of Si availability on stress tolerance in
wheat (Merah et al., 1999; Simpson et al., 2017). Using wheat landraces that consistently
differed in Si accumulation, this study examined whether the effect of Si on osmotic and
drought stress varied among landraces. Additionally, whether there is variation in the Si
effect on transpiration was examined. It was hypothesised that the impact of Si on stress
tolerance in landraces would depend on their capacity to accumulate Si, and this would

correlate with Si-induced changes to transpiration.

4.2 Methods

4.2.1 Experimental design and plant growth conditions

Previous work identified wheat landraces that varied widely in their Si accumulation (2).
Five high (H1, H3, H4, H5, H7) and five low (L1, L2, L3, L4, L5) Si-accumulating landraces
were selected to examine the effects of Si on osmotic and drought stress. In total, four

experiments were used:

e Experiment 1 examined the effect of Si availability on plant growth and Si
accumulation during osmotic stress.

e Experiment 2 examined the effect of Si availability on plant growth and Si
accumulation during short-term drought stress

e Experiment 3 examined the effect of Si availability on plant growth and total plant
grain weight (yield) during long-term drought stress

e Experiment 4 examined the effect of Si availability on transpiration during drought

stress
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For all experiments, a balanced factorial design was used with plants grown under control
(no experimentally imposed stress) or stress conditions, with (+Si) or without Si
supplementation (-Si). For all experiments, seeds were placed onto filter paper in Petri
dishes and left in the dark at 4 °C for 48 h before moving to a 20 °C growth chamber with
12 h day/night lighting for germination. Plants were grown under controlled glasshouse
conditions (16 h daylight; 20 °C /15 °C day/night). At harvest, shoot fresh weight was
recorded and plants were oven-dried at 70 °C for 72 h to obtain shoot dry weights. Root

fresh and dry weight was obtained only for plants grown hydroponically.

4.2.1.1 Experiment 1: Effect of Si during osmotic stress

Germinated seeds were transplanted into sand and grown for 10-11 days. Seedlings were
then transferred to 9 L hydroponics boxes filled with ¥-strength Hoagland’s solution and
aerated throughout the experiment. Half the plants were grown with 1.8 mM dissolved
sodium metasilicate (Na,Si03.9H,0) and the salt level was balanced for the remaining
plants using 3.6 mM sodium chloride (NaCl). Osmotically stressed plants were grown with 5
% (w/v) polyethylene glycol (PEG)-6000. The pH was adjusted to 5.6-6 using 1 M HCl or 0.1
M KOH. The nutrient solutions were changed weekly. Transpiration rate was measured
after four weeks of osmotic stress (4.2.3). Plants were harvested after transpiration was
measured. The experiment was composed of four temporally separate replicates, with a

minimum of two weeks between replicates.

4.2.1.2 Experiment 2: Effect of Si on growth during short-term drought stress

Osmotic stress imposed using chemical agents such as PEG is frequently applied to plants
to mimic physiological drought. Such hydroponics-based assays have the advantage of
exposing plants to a more controlled, less complex growth substrate than soil, and allow
access to roots. However, genuine drought stress, i.e., water deficit, much better simulates
real field conditions. Furthermore, responses to osmotic and drought stress can be very
different (Chen and Kao, 1993; Whalley et al., 1998). The study was therefore repeated

using compost-grown wheat where water deficits could be applied.

One-week-old seedlings were transplanted into 9 L boxes filled with F2+S compost
(Levington) and treated with Calypso insecticide (Bayer). All plants were watered as
required. Three days after transplanting, half the plants were assigned to drought
treatment by withholding watering until 40 % field capacity (FC) was achieved. All plants

were then watered as required to maintain the soil moisture at either control (100 % FC) or
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drought (40 % FC) levels. The soil moisture content was checked using a soil moisture probe
(ML3 ThetaProbe Soil Moisture Sensor, delta-T). Twice weekly, instead of using tap water
to maintain the FC, half the plants from each watering treatment received 150 mL 1.8 mM
dissolved sodium metasilicate (Na;Si03.9H,0); the remaining plants received the same
amount of 3.6 mM sodium chloride (NaCl) to balance the sodium level. Replacing the tap
water with Si ensured that plants were able to receive additional Si without compromising
the drought treatment. Plants were harvested after one month of drought treatment. Four
temporally separate replicates were performed, with a minimum of two weeks between

replicates. Two plants per landrace per treatment per replicate were grown.

4.2.1.3 Experiment 3: Effect of Si on yield during long-term drought stress
One-week-old seedlings were transplanted into 9 L plastic boxes filled with F2+S compost
(Levington) and treated with Calypso insecticide (Bayer). After the emergence of 1-2 tillers,
the seven winter landraces were vernalised in a 4 °C vernalisation chamber for two months.
After vernalisation, the remaining three spring landraces (H1, H3, and H5) were
transplanted into the box. Treatments were started one week after vernalisation. Control
plants were maintained at 100 % FC, while drought-stressed plants were maintained at 40
% FC. For the first week, half the plants from each watering treatment received 200 mL 1.8
mM dissolved sodium metasilicate (Na,SiO3.9H,0) twice weekly. This was then increased to
300 mL Si twice weekly for two weeks, and finally to 400 mL three times per week until the
end of grain filling (Zadok’s growth stage 87; Zadoks et al., 1974), when Si treatments were
stopped. The remaining plants received the same amount of 3.6 mM sodium chloride
(NaCl) to balance the sodium levels. Plants were harvested when the ear on the main stem
reached Zadok’s growth stage 92 (Zadoks et al., 1974) and yield, defined as total plant grain
weight, was recorded. Four temporally separate replicates were performed, with a

minimum of two weeks between replicates.

4.2.1.4 Experiment 4: Effect of Si on transpiration during drought stress

Five-days-old seedlings were transplanted to 350 mL pots filled with F2+S compost
(Levington) and treated with Calypso insecticide (Bayer). Treatments were started one
week after transplanting. Control plants were maintained at 100 % FC, while drought-
stressed plants were maintained at 40 % FC. Half the plants received 40 mL 1.8 mM
dissolved sodium metasilicate (Na,Si03.9H,0) three times per week while the remaining
plants received the same amount of 3.6 mM sodium chloride (NaCl) to balance the sodium

level. Transpiration was measured after four weeks of drought stress (4.2.3) and plants
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were harvested immediately after the transpiration measurements. Three temporally

separate replicates were performed, with a minimum of two weeks between replicates.

4.2.2 Si measurements
Shoot and root Si concentration was measured by portable X-ray fluorescence

spectroscopy (P-XRF) as described in section 2.2.2.

4.2.3 Transpiration measurements

Transpiration rate was calculated based on weight loss over time over two consecutive
days, accounting for differences in plant dry weight (DW; Equation 4.1). Plants were
weighed in the morning and evening of the first day, and the morning of the second day to
estimate the rate of transpiration during both the day and night. There was a strong
positive correlation between day and night transpiration rates, hence only the transpiration
results from the total experimental period are presented. For plants grown hydroponically,
root water uptake was calculated based on root dry weight (Equation 4.2). The results for
root water uptake and transpiration were similar, thus only the results for transpiration are

presented.
Equation 4.1:

Transpiration (g H,0 hr—tg DW 1)
_ Initial weight (g) — Final weight (g) — Evaporation (g)
- Time (hr) x Shoot dry weight (g)

Equation 4.2:

Water uptake (g H,0 hr~1g DW 1)
_ Initial weight (g) — Final weight (g) — Evaporation (g)
- Time (hr) X Root dry weight (g)

For plants grown hydroponically (Experiment 1), transpiration was measured after four
weeks of osmotic stress. Plants were transferred into 50 mL falcon tubes filled with 30 mL
of the relevant nutrient solution (+/ —PEG, +/-Si). Filled tubes, without plants, were used to
estimate the underlying evaporation rate. After weighing in the evening of the first day, the
tubes for plants grown without PEG were refilled to 30 mL to ensure that plant water

uptake was not limited by a lack of medium.
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For plants grown in compost (Experiment 4), transpiration was measured after four weeks
of drought stress. Prior to measurements, the pots were covered with tinfoil to reduce
evaporative water loss. To estimate the underlying evaporation rate, filled pots without
plants and covered with tinfoil were used. No water was supplied to the pots while

transpiration measures were being taken.

4.2.4 Determination of soil Si

Three pots filled with compost and treated with Si, but without plants, were used to
determine plant-available Si in the compost using a variation of the method described in
Sauer et al. (2006). Air-dried compost was sieved (2 mm mesh) and 2 g of compost was
then mixed with 20 mL 0.01 M CaCl; and shaken at 20 rpm for 24 h. The mixture was
centrifuged for 10 min at 2000 rpm, filtered, and the supernatant used to determine the Si

level of the compost.

Plant-available Si was determined using the molybdenate method described in Liang et al.
(2015). A volume of 30 mL 20 % acetic acid and 10 mL 54 g L' ammonium molybdate
(H2aM07Ng024.4H,0) solution was added to 1 mL sample. The mixture was shaken and
rested for 5 min then 5 mL 20 % tartaric acid, 1 mL reducing solution, and 3 mL 20 % acetic
acid was added. The reducing solution contained 8 g L'* sodium sulphite (Na,S0s), 1.6 g L
1-amino-4-sulfonic acid, and 100 g L sodium bisulfite (NaHSOs). After allowing 30 min for
colour development, the absorbance was measured with a spectrophotometer (Jasco V-
560) at 810 nm. Plant-available Si in hydroponics medium was determined using the same
method. PEG was added at 0, 2, 4, 6, 8, and 10 % (w/v) to investigate whether the presence
of PEG affected plant-available Si.

4.2.,5 Statistical analysis

All statistical analyses were performed using R software (version 3.6.1, R Core Team, 2020).
Summary statistics were calculated using the Rmisc package (Hope, 2013) and graphs were
produced using the ggplot2 package (Wickham, 2016). Three-way analysis of variance
(ANOVA) was used to test the effect of Si availability, stress treatment, and landrace or
accumulation type on Si concentration, dry weight, grain weight, and transpiration. In all
ANOVAs, temporal replicate was included as a factor to account for variation caused by
plants being grown at different times. Data normality was checked using Shapiro tests and
homogeneity of variance was tested using Levene’s tests. To satisfy the test assumptions, Si

concentrations were logit transformed and grain weights were square root transformed.
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Dry weights were log transformed, apart from for the long-term drought experiment where
a square root transformation was used. Transpiration was square root transformed for

plants grown hydroponically, but no transformation was used for plants grown in compost.
In all analyses, a significance level of P < 0.05 was used. Significant results were analysed by
performing Tukey’s Honest Significance Difference (HSD) post-hoc tests using the emmeans

package (Lenth, 2021).

4.3 Results

4.3.1 Sislightly increased growth during osmotic stress

Shoot dry weight was significantly affected by stress treatment, Si availability, and landrace
(Experiment 1; Figure 4.1). There was a significant interaction between osmotic stress and
Si availability, such that while supplying plants with Si did not increase growth during
control conditions, there was a small but significant positive effect of Si on shoot dry weight
during osmotic stress (Table 4.2). However, there was no significant interaction between
osmotic stress or Si availability and landrace, suggesting landraces responded similarly to Si
supply and osmotic stress. When analysing landraces separately using pairwise
comparisons of estimated marginal means, Si significantly increased growth during osmotic
stress only for landraces L2, L3, and H5. Across all landraces, osmotic stress decreased
growth by an average of 83.7 £ 1.4 %. However, Si supplementation increased shoot dry

weight during osmotic stress by an average of 13.7 + 10.2 % compared to —Si plants.
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Figure 4.1: The effect of Si on shoot dry weight during osmotic stress (Experiment 1).
Statistically significant impacts and interactions, determined by three-way ANOVA, are
indicated in each panel, where *** P <0.001, ** P<0.01, and * P <0.05. Mean values
standard error (SE) are shown. N = 4. Control plants were grown without PEG-6000 while
osmotically stressed plants were grown with 5 % PEG-6000. +Si plants were grown with Si
supplementation. L: landrace, Si: level of Si availability, S: osmotic stress treatment. H

indicates a high Si-accumulating landrace. L indicates a low Si-accumulating landrace.

4.3.2 Sislightly increased transpiration during osmotic stress

The transpiration rate was measured after four weeks of osmotic stress. There was a
significant interactive effect between Si and osmotic stress such that Si had no effect on
transpiration during control conditions, but marginally increased transpiration during
osmotic stress (Experiment 1; Figure 4.2; Table 4.2). While the effect of osmotic stress on
transpiration differed significantly among landraces, there was no significant variation in
the effect of Si on transpiration among landraces. When analysing landraces separately
using estimated marginal means, Si significantly increased transpiration during osmotic
stress for landraces L3 and H4. There was no significant correlation between shoot Si

concentration and transpiration rate (data not shown).
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Figure 4.2: The effect of Si on transpiration during osmotic stress (Experiment 1).
Statistically significant impacts and interactions, determined by three-way ANOVA, are
indicated in each panel, where *** P <0.001, ** P<0.01, and * P < 0.05. Mean values + SE
are shown. N = 4. Control plants were grown without PEG-6000 while osmotically stressed
plants were grown with 5 % PEG-6000. +Si plants were grown with Si supplementation. L:

landrace, Si: level of Si availability, S: osmotic stress treatment.

4.3.3 Osmotic stress decreased Si accumulation

For +Si plants, osmotic stress significantly decreased both shoot and root Si accumulation.
There was significant variation in shoot Si concentration among landraces, but the decrease
in shoot Si accumulation due to osmotic stress was similar for all landraces (Experiment 1;
Figure 4.3; Table 4.2). Across all landraces, osmotic stress decreased Si accumulation by
60.2 £ 2.3 % for +Si plants and by 15.7 + 4.4 % for —Si plants. However, while for +Si plants,
osmotic stress decreased root Si concentration, for —Si plants, root Si concentration was
generally higher in osmotically stressed plants, although this increase was not significant
for any landrace (Tukey’s HSD, P > 0.05). There was no significant correlation between the
increase in shoot dry weight or transpiration with Si and root or shoot Si concentration

during stress.
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Figure 4.3: Variation in Si accumulation among wheat landraces due to osmotic stress
(Experiment 1). a) Shoot Si concentration. b) Root Si concentration. Statistically significant
impacts and interactions, determined by three-way ANOVA, are indicated in each panel,
where *** p<0.001, ** P<0.01, and * P < 0.05. Mean values * SE are shown. N = 4.
Control plants were grown without PEG-6000 while osmotically stressed plants were grown
with 5 % PEG-6000. +Si plants were grown with Si supplementation. L: landrace, Si: level of
Si availability, S: osmotic stress treatment. H indicates a high Si-accumulating landrace. L

indicates a low Si-accumulating landrace.
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4.3.4 No effect of Si on plant growth or yield during drought stress

For the short-term drought experiment (Experiment 2; 4.2.1.2), drought significantly
decreased shoot dry weight, and the extent of this decrease was similar for all landraces
(Figure 4.4; Table 4.3). There was no significant effect of Si availability on shoot dry weight.
Across all landraces, for —Si plants, drought stress reduced shoot dry weight by 40.2 + 2.6 %

compared to 43.6 £ 2.5 % for +Si plants.
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Figure 4.4: The effect of Si on shoot dry weight during short-term drought stress
(Experiment 2). Statistically significant impacts and interactions, determined by three-way
ANOVA, are indicated in each panel, where *** P <0.001, ** P<0.01, and * P <0.05. Mean
values + SE are shown. N = 4. Control plants were grown in the absence of drought stress at
100 % FC while drought stressed plants were grown at 40 % FC. +Si plants were grown with
Si supplementation. L: landrace, S: drought stress treatment. H indicates a high Si-

accumulating landrace. L indicates a low Si-accumulating landrace.

Likewise, for the long-term drought experiment (Experiment 3; 4.2.1.3), drought stress

significantly reduced shoot dry weight, but there was no effect of Si (Figure 4.5; Table 4.3).
Across all landraces, long-term drought stress reduced shoot dry weight in =Si plants by an
average of 43.2 £ 15.8 % compared to 51.9 + 5.5 % in +Si plants. Across all treatments, the

shoot dry weight of spring landraces (H1, H3, and H5) was lower than for winter landraces.
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Overall, both long-term and short-term drought stress had similar impacts on shoot dry

weight, irrespective of the presence of Si.

Drought stress significantly reduced total plant grain yield, and this effect varied among
landraces, such that landraces H1, L1, and L5 showed the largest reduction in grain yield
due to drought stress. However, as was observed for shoot dry weight, Si had no significant

effect on grain weight during long-term drought stress.
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Figure 4.5: The effect of Si on a) shoot dry weight and b) total plant grain weight during
long-term drought stress (Experiment 3). Statistically significant impacts and interactions,
determined by three-way ANOVA, are indicated in each panel, where *** P <0.001, ** P <
0.01, and * P < 0.05. Mean values + SE are shown. N = 4. Control plants were grown in the
absence of drought stress at 100 % FC while drought stressed plants were grown at 40 %
FC. +Si plants were grown with Si supplementation. L: landrace, S: drought stress
treatment. H indicates a high Si-accumulating landrace. L indicates a low Si-accumulating

landrace.
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4.3.5 No effect of Si on transpiration during drought stress

Drought stress significantly reduced transpiration, but in contrast to what was observed
during osmotic stress conditions, there was no significant effect of landrace on
transpiration rate (Experiment 4; Figure 4.6; Table 4.3). There was no effect of Si on
transpiration rate. There was a positive correlation between shoot Si concentration and
transpiration rate for both —Si and +Si plants grown during control conditions (—=Si: r = 0.62,
P <0.001; +Si: r=0.50, P = 0.006), and for +Si plants during drought stress (r =0.59, P <
0.001). However, there was a significant negative correlation between transpiration rate

and shoot Si for drought-stressed, —Si plants (r = -0.43, P = 0.02).
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Figure 4.6: The effect of Si on transpiration during drought stress (Experiment 4).
Statistically significant impacts and interactions, determined by three-way ANOVA, are
indicated in each panel, where *** P <0.001, ** P<0.01, and * P < 0.05. Mean values + SE
are shown. N = 3. Control plants were grown in the absence of drought stress at 100 % FC
while drought stressed plants were grown at 40 % FC. +Si plants were grown with Si
supplementation. L: landrace, Si: level of Si availability, S: drought stress treatment. H

indicates a high Si-accumulating landrace. L indicates a low Si-accumulating landrace.

4.3.6 Drought stress increased Si accumulation
For +Si plants, drought stress increased shoot Si accumulation by 8.7 + 1.9 % (Experiment 2;

Figure 4.7). There was no significant effect of drought stress on Si accumulation for plants
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that did not receive Si supplementation. While landraces exhibited variable increases in Si
accumulation in response to increasing Si availability, the increase in Si due to drought
stress was similar for all landraces (Table 4.3). Due to the lack of Si effect during drought

stress, it was not possible to correlate changes in Si concentration with changes in drought

stress tolerance.

M Control L Sit st
—~1.41 LlControl + Si : SixS* LxSi
B Drought

c 12| LIDrought+ Si

L1 L2 L3 L4 L5 HA1 H3 H4 H5 H7
Landrace

Figure 4.7: Variation in Si accumulation among wheat landraces due to drought stress
(Experiment 2). Statistically significant impacts and interactions, determined by three-way
ANOVA, are indicated in each panel, where *** P <0.001, ** P<0.01, and * P <0.05. Mean
values + SE are shown. N = 4. Control plants were grown in the absence of drought stress at
100 % FC while drought stressed plants were grown at 40 % FC. +Si plants were grown with
Si supplementation. L: landrace, Si: level of Si availability, S: drought stress treatment. H

indicates a high Si-accumulating landrace. L indicates a low Si-accumulating landrace.

The increase in shoot Si accumulation due to Si supplementation was similar to the
increase in plant-available Si in the compost due to Si supplementation. For control plants,
Si supplementation increased plant shoot Si concentration by 37.5 £ 2.5%, while the plant-
available Siin the compost increased by 43.3 £ 10.0 %. Without Si supplementation, the
compost had a CaCl,-extractable Si content of 0.17 + 0.02 mM, compared to 0.25 + 0.02

mM for Si-treated compost.
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4.4 Discussion

Increasing soil Si availability by Si fertilisation could be a cost-effective manner to mitigate
water stress in crops. However, reports on its efficacy vary widely and uncertainty
regarding its mechanisms remains. An important question in this regard is whether and
how variation in plant Si accumulation relates to the impact of Si on plant growth during
water stress. Previous studies have investigated differences in Si accumulation between
genotypes (Ma et al., 2007b; Chiba et al., 2009; Hartley et al., 2015; Murozuka et al., 2015),
and also the effect of Si accumulation on growth, including yield. However, to our
knowledge, no studies have correlated differences in Si accumulation with differences in
stress tolerance. To address this question, we examined whether there is a different effect

of Si on osmotic and drought stress in landraces varying in their Si accumulation.

4.4.1 Limited effect of Si on growth during osmotic stress

Si supplementation resulted in a significant increase in shoot dry weight for osmotically
stressed plants. However, this increase was small and, furthermore, did not correlate with
tissue Si levels of the various landraces. The recorded increase was smaller than those
reported in other studies, both in wheat (Pei et al., 2010), and other species (Shi et al.,
2016; Sonobe et al., 2010; Ming et al., 2012), although these studies used shorter stress

periods and so reported less severe effects of osmotic stress on dry weight.

Decreased Si accumulation during osmotic stress contrasts with the positive effect of Si
during osmotic stress, and also argues against the existence of a correlation between tissue
Si and a mitigating effect of Si on stress. This effect was most pronounced in the shoots but
also occurred to a lesser extent in the roots. PEG is commonly taken up by plants and thus
can cause effects in addition to osmotic stress (Lawlor, 1970; Yaniv and Werker, 1983;
Raggi, 1992). It is possible that PEG decreases Si availability, as suggested by the decreased
absorbance reported in this study (Table 4.1). Decreased Si accumulation in response to
osmotic stress imposed using PEG has been previously reported (Pei et al., 2010; Meunier
etal., 2017; Xu et al., 2017; Maillard et al., 2018). Contrary to the findings from this study,
in the case of barley, osmotic stress led to a rise in tissue Si but it did not alter biomass
(Hosseini et al., 2017), and a similar result was reported in tall fescue (Vandegeer et al.,

2021b).
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4.4.2 Sidid not increase growth during drought stress

In contrast to the small effect of Si during osmotic stress, no effect of Si on plant growth or
yield during drought stress was found in this study. This contrasts with the widely reported
increased growth in wheat in the literature (Ahmad et al., 2016; Gong et al., 2003;
Alzahrani et al., 2018; Othmani et al., 2020). Likewise, Si has been found to improve grain
yield during drought stress in both rice (Ibrahim et al., 2018) and maize (Marques et al.,
2021). Nevertheless, there are other studies on osmotic- and drought-stressed wheat that
did not report a significant increase in shoot dry weight (Sattar et al., 2019; Xu et al., 2017).
Furthermore, a lack of response to Si has also been reported for other crop species. For
example, Ruppenthal et al. (2016) reported that Si did not improve growth during drought

in soybean, although Si did reduce membrane damage and increased peroxidase activity.

As reported in this study, drought stress often induces increased Si accumulation (Chen et
al., 2011; Merwad et al., 2018). However, other studies have reported decreased Si
accumulation during drought stress both in wheat (Alzahrani et al., 2018) and other species
(Ibrahim et al., 2018; Grasic¢ et al., 2019; Yang et al., 2019). Ahmad et al. (2007) found a
positive correlation between Si uptake and shoot dry weight in wheat, although drought

stress decreased Si accumulation.

4.4.3 Limited effect of Si on transpiration

It has been proposed that Si may improve stress tolerance by decreasing transpiration,
particularly cuticular transpiration, although most studies have reported that Si increases
transpiration during both osmotic and drought stress (Thorne et al., 2020). In this study,
the presence of Si caused a small, but significant increase in transpiration for most
landraces during osmotic stress, but no effect of Si on transpiration was found during
drought stress. There was a positive correlation between shoot Si and transpiration for
plants grown in compost, but not for plants grown hydroponically. Previous studies have
generally reported that Si increases transpiration in wheat (Alzahrani et al., 2018; Gong and
Chen, 2012; Sattar et al., 2019; Maghsoudi et al., 2016b), although decreased transpiration

has also been reported (Bukhari et al., 2020).
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4.4.4 Contrasting effects of Si during osmotic stress and drought

The contradicting behaviours seen in response to PEG-induced hyperosmotic conditions
and drought imposed via a reduction in field capacity strongly suggest that findings from
osmotic stress experimentation cannot reliably represent those obtained from soil-based
conditions where realistic, physiologically relevant drought is applied. These disparities may
partly be due to methodological aspects; for instance, many studies use sodium- or
potassium-silicate as a Si treatment but fail to correct cation concentrations in the control
treatment. Hence it is possible that the observed Si response is in fact due to extra sodium

or potassium fertilisation.

Interpretational divergence is another potential source of confusion; many studies report a
positive impact of Si on tolerance to osmotic or drought stress, when in reality the effects
of Si are already obvious in control treatments and thus are not stress specific. Ahmad et al.
(2016) reported a small, but significant effect of Si on wheat yield. However, the effect of Si
on grain yield was similar under both drought and control conditions, and the potassium

levels were not reported to be balanced.

Kuhla et al. (2021) suggested that Si increases soil water availability and thus improves
growth during drought stress. This is in contradiction with the findings of this study where
Si had a positive effect only for osmotically stressed plants. However, here, drought-
stressed plants were grown in compost, which has different properties compared to the

soil used by Kuhla et al. (2021).

4.4.5 Genotypic variation in the response to Si

Genotype specific Si responses could be another important factor influencing the effect of
Si on drought and osmotic stress tolerance. Hu et al. (2019) found that the positive effect of
Si on growth in poinsettia during control conditions was cultivar dependent. Similarly, in
sugarcane, the effect of Si under water deficit conditions varied among cultivars, with a
significant positive effect on dry weight observed in only one out of four cultivars tested
(de Camargo et al., 2019). In wheat, Sapre and Vakharia (2017) found variation in both the
physiological response to osmotic stress and Si accumulation among ten wheat cultivars.
Bukhari et al. (2020) reported a significant increase in the yield of two wheat cultivars
during drought with various Si application methods, but this effect was much larger in one
cultivar than the other. In this study, Si caused a very small increase in growth during

osmotic stress, but this did not correlate with changes in Si accumulation.
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As increasing Si availability did not change drought stress tolerance, this study found no
evidence that the beneficial effect of Si was correlated with Si accumulation. In the absence
of experimentally-imposed stress conditions, Merah et al. (1999) found no significant
correlation between Si content and grain yield among ten durum wheat genotypes.
Likewise, there was no correlation between the beneficial effect of Si on growth during
drought stress and Si accumulation among seven lentil genotypes (Biju et al., 2021). In this
study, for osmotically stressed plants, there was no correlation between the small increase

in dry weight with Si supplementation and shoot or root Si accumulation.

4.5 Conclusions

In this study, only a limited positive effect of Si on growth during osmotic stress was found,
and there was no effect of Si during drought, irrespective of the data in previous chapters
of this thesis, which demonstrated significant variation in Si accumulation between
landraces. Furthermore, osmotic stress reduced Si accumulation, while drought stress
increased Si accumulation. It remains unknown why studies report contrasting effects of Si,
but the results presented here suggest that for wheat, Si fertilisation is likely to result in

only limited mitigation of the impacts of water stress.

4.6 Appendix

4.6.1 PEG treatment may decrease the plant-available Si

To determine whether the reduction in plant Si concentration observed during osmotic
stress was due to plants accumulating less Si, or the result of PEG decreasing the plant-
available Si in the nutrient solution, the Si availability of Hoagland’s solution with 1.8 mM
dissolved sodium metasilicate (Na,Si03.9H,0) and variable levels of PEG was measured.
Adding PEG to the Hoagland’s significantly decreased the absorbance, but this decrease
was similar for all levels of PEG used (Table 4.1; Fs;12 = 3.32, P = 0.04). However, it must be
noted that, after several hours, a precipitate formed in the samples with PEG which may

have affected the spectrophotometer readings.
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Table 4.1: Absorbance at 810 nm for 1.8 mM »;-strength Hoagland’s solution spiked with

varying levels of PEG-6000. Shown is the mean and standard error of three replicates.

PEG
(w/v %) Absorbance

0 1.15 = 0.10
2 0.55 * 0.09
4 0.60 * 0.05
6 0.72 * 0.06
8 0.59 * 0.04
10 0.62 * 0.06
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4.6.2 Statistical analysis results

Table 4.2: ANOVA results for osmotic stress, Si, landrace, and their interactions, on shoot dry weight, Si concentration, and transpiration. Replicate was

included as a random effect to account for variability between plants grown at different times. Statistically significant results are highlighted in bold.

Shoot dry weight Transpiration Shoot Si Root Si
(8) (g H0 hrtg DW?) (% dry weight) (% dry weight)
df F P df F P df F P df F P
Landrace 9 3.99 <0.001 (9 249 0.012 |9 6.77 <0.001 |9 1.40 0.200
Stress treatment 1 72619 <0.001 |1 519.77 <0.001 |1 306.88 <0.001|1 0.004 0.951
Si availability 1 9.61 0.002 |1 1.56 0.214 |1 2842.89 <0.001 |1 27.32 <0.001
Replicate 3 29.24 <0.001 |3 299 0.034 |3 3.62 0.015 |3 3.65 0.015
Landrace x Stress 9 0.36 0951 |9 2.26 0.022 |9 1.67 0.104 |9 0.82 0.595
Landrace x Si 9 124 0.277 |9 1.23 0.285 |9 2.38 0.017 |9 0.82 0.602
Stress x Si 1 5.74 0.018 |1 1516 <0.001 |1 138.38 <0.001|1 18.70 <0.001
Landrace x StressxSi | 9 1.13 0.348 9 129 0.252 9 0.61 0.791 9 053 0.851
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Table 4.3: ANOVA results for drought stress, Si, landrace, and their interactions, on shoot and grain weight, transpiration, and shoot Si concentration.
Replicate was included as a random effect to account for variability between plants grown at different times. Statistically significant results are highlighted

in bold. Short-term experiment (experiment 2): 4.2.1.2; Long-term experiment (experiment 3): 4.2.1.3.

Shoot dry weight (g) Shoot dry weight (g) Grain weight (g) Transpiration Shoot Si (%)

(short-term experiment) | (long-term experiment) | (long-term experiment) | (g H,O hr'g DW?)

daf F P daf F P daf F P df F P daf F P
Landrace 9 6.33 <0.001 (9 49.47 <0.001 |9 5.31 <0.001 |9 137 0.217 9 33.67 <0.001
Stress treatment 1 22493 <0.001 |1 13543 <0.001 |1 184.27 <0.001 |1 56.80 <0.001 |1 11.32 <0.001
Si availability 1 0.15 0.70 1 0.32 0.57 1 0.46 0.501 1 090 0.345 1 707.36 <0.001
Replicate 3 125.22 <0.001 |3 16.42 <0.001 (3 6.46 <0.001 |2 0.63 0.538 3 126.35 <0.001
Landrace x Stress 9 1.06 0.40 9 146 0.173 9 225 0.025 9 1.01 0.441 9 0.87 0.549
Landrace x Si 9 0.62 0.78 9 0.55 0.832 9 0.13 0.999 9 042 0.921 9 259 0.007
Stress x Si 1 0.28 0.60 1 1.03 0.312 1 0.27 0.606 1 0.02 0.892 1 6.65 0.010
Landrace x StressxSi | 9  0.41 0.93 9 0.59 0.804 9 034 0.958 9 041 0.925 9 0.88 0.544
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5 Chapter 5: General discussion

5.1 Summary of aims

Numerous studies have reported that plants supplied with Si are more tolerant to abiotic
and biotic stresses than plants grown with no or minimal Si (reviewed in Debona et al.,
2017). Thus, Si fertilisation has been proposed as a method of improving crop yields.
However, species vary in their ability to accumulate Si, and this is predicted to affect the
benefits that they get from Si fertilisation. In addition to species-level variation, genotypes
within a species are also hypothesised to vary in their ability to accumulate Si, although to
date this possibility has not been extensively investigated. This thesis aimed to improve
understanding regarding variation in Si accumulation among genotypes, and whether this
impacts on the effects of increasing Si availability on growth (Table 5.1). It is possible that
while some genotypes show positive responses to Si supply, others show no response, or
may even be negatively impacted by Si supply. Another important question pertains to
whether shoot or root Si accumulation is critical for improving growth. Knowledge about
variation in Si accumulation, and the impact of this on the response to Si, is critical to
determining whether increasing soil Si availability using Si fertiliser could be an

economically viable means of improving crop yields.

Presently, most Si research has focussed on rice, but it is important to investigate whether
Si has similar beneficial effects in other species. Rice is typically grown in very wet
conditions in the form of rice paddies, whereas wheat and many other crop species are
grown in much drier conditions. It is possible that the factors underlying Si uptake differ
between rice paddies and drier field conditions. Likewise, the benefits of high Si supply may
be different in rice paddies. However, research into whether the effects of Si differ
between rice and other species, and among different growth systems, is currently lacking.
Wheat is one of the most important crop species worldwide and has previously been found
to accumulate significant levels of Si (i.e. over 1 % Si by dry weight; Ma and Takahashi,
2002). For example, when grown for 30 days with 20 ppm Si, wheat accumulated 1.75 % Si
in the leaves (Deshmukh et al., 2020). Hence, wheat was selected as a study species for this

thesis.

Due to their high genetic diversity and adaptation to suboptimal conditions, wheat
landraces are being used in wheat breeding programs to breed elite cultivars with higher

stress tolerance (Lopes et al., 2015). In this thesis, wheat landraces were used to
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investigate firstly, the extent to which there is genotypic variation in Si accumulation
(Chapter 2). Secondly, the effect of damage on Si accumulation was examined (Chapter 3).
Finally, whether variation in Si accumulation impacts on the effects of increasing Si
availability on growth was examined. As Si fertiliser is often reported to only impact on
growth during stress conditions (Coskun et al., 2019a), drought stress was used to
investigate the effect of Si on growth (Chapter 4). By using landraces with varying Si
accumulation abilities, it was possible to test whether Si had a consistent impact on all
landraces, or whether the effect of Si correlated with root or shoot Si accumulation.
Moreover, due to the considerable genetic diversity within wheat landraces, it was possible

to investigate the potential mechanisms underpinning the effects of Si.
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Table 5.1: The main findings from this thesis, their potential implications, and possible targets for future research.

Chapter

Main findings

Implications

Targets for future research

Significant variation in Si accumulation among landraces
May relate to transpiration at high Si supply

No evidence that variation relates to differences in Si
transporter sequence or expression

Negative correlation between Si accumulation and growth

Potential to breed wheat for
altered Si accumulation, but first
need to better understand the
causes

Breeding for increased Si may
decrease growth

Does the abundance of Si transporters
differ between landraces?

What is the relationship between Si
accumulation and yield? Does it vary
among genotypes?

3 Si supply increases accumulation only in damaged leaves When breeding for increased Si, Is the number of events or extent of
. . . . need to consider how stress will damage important for inducing localised Si
Extent of increase in Si accumulation due to damage similar . . .
affect Si accumulation accumulation?
for all landraces
No evidence that damage or Si supply increases spine density Und(?r what CondItIOIle, ?!"d N wh'Ch
species, does systemic Si induction occur?
No effect of Si supply on JA-related gene expression
PRy 8 P How effective is localised Si induction in
Multiple damage events needed to increase Si accumulation reducing herbivory?
4 Small positive effect of Si supply on growth and transpiration | Breeding for increased Si During which drought stress conditions is

during osmotic stress

No effect of Si supply on growth or transpiration during
drought

Variable effects of stress on Si accumulation

accumulation won’t necessarily
improve yield or stress tolerance

Need to determine mechanism of
Si to understand whether Si
beneficial
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Si beneficial?

Why do wheat landraces not benefit from
Si in the same way as elite cultivars?

What is the mechanism underpinning the
effects of Si on plant growth and
physiology during drought?



5.2 Wheat landraces vary in Si accumulation ability

The first part of this study was focussed on identifying landraces that varied significantly in
their ability to accumulate Si. In Chapter 2, significant variation in shoot Si accumulation
among a diversity panel of 98 wheat landraces was found. Using a subset of twenty
landraces of varying Si accumulating ability, it was further demonstrated that variation in Si
accumulation is present both when plants are grown hydroponically and in compost, and is
persistent across different levels of Si availability. However, Si accumulation of plants not
supplied with additional Si (=Si) was not always a good predictor of potential Si
accumulation after Si supplementation (+Si). Compared to other landraces, the relative
amount of Si accumulated by two landraces was different when grown hydroponically with
Si compared to when grown in compost without Si supply, and the range of tissue Si
concentrations was higher for +Si plants (Chapter 2). This suggests that soil Si availability
should be considered when assessing genotype Si accumulation potential. Previous studies
where plants have been grown hydroponically at very high levels of Si may not reflect Si
accumulation in the field where Si fertiliser is typically applied at lower levels. If the
beneficial effect of Si is related to Si accumulation, this suggests that such high Si
experiments may overestimate the potential benefits of Si fertilisation in an agricultural

context.

In contrast to the significant variation in shoot Si concentration observed across landraces,
no significant variation in root Si accumulation between landraces was observed in this
study. Many previous studies did not measure root Si accumulation (e.g. Silva et al., 2010;
Moldes et al., 2016; Farooq et al., 2019; Lekklar et al., 2019), despite evidence that Si
deposited in the root is important for reducing the accumulation of toxic nutrients and
controlling water flux (Fleck et al., 2015; Gong et al., 2006). In a study that did measure
root Si (Tahir et al., 2010), similar levels of variation in root and shoot Si accumulation were
found for five wheat genotypes when grown with supplemental Si. However, without Si
fertilisation, the extent of variation in root Si was an order of magnitude lower than for

shoot Si (Tahir et al., 2010).

5.3 Correlation between Si accumulation and effect of Si
While several previous studies have examined genotypic variation in Si accumulation in
barley (Ma et al., 2003), rice (Talukdar et al., 2019), and wheat (Cotterill et al., 2007), they

have not attempted to correlate this with the (beneficial or otherwise) effect of Si
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accumulation. In Chapter 2, a negative correlation between shoot Si concentration and
shoot biomass was found. Previous studies have reported similar negative correlations (de
Tombeur et al., 2021; Johnson and Hartley, 2018; Simpson et al., 2017). A similar trade-off
between Si accumulation and yield could exist. However, studies in both wheat (Neu et al.,
2017) and rice (Flores et al., 2021) have indicated that an intermediate level of Si supply
can increase grain yield in the absence of experimentally-imposed stress conditions,
although both high and low Si supply resulted in lower grain yield. In this thesis, no
correlation was detected between Si accumulation and yield, and there was no significant
increase in yield for any landrace due to Si fertilisation in control (non-stressful) conditions
(Chapter 4). It appears that there are costs associated with Si accumulation and further
investigations are needed to understand these costs. Too much Si fertiliser may have
detrimental impacts on plant growth. Thus, when considering using Si fertiliser in

agriculture, the optimal amount of Si fertilisation must first be determined.

Whereas the above points to no or little Si effect on plants that are growing in non-stressful
(control) conditions, this may not be the case for sub-optimal conditions. To examine
whether there is a correlation between Si accumulation and growth when plants were
subjected to stress, osmotic stress and drought were applied (Chapter 4). There was a small
but significant improvement in growth for osmotically stressed plants supplemented with
Si, but this coincided with decreased Si accumulation compared to plants that were not
stressed. By contrast, drought stress significantly increased Si accumulation, but Si
supplementation did not improve growth. For +Si plants, the shoot Si concentration was
similar for plants subjected to osmotic and drought stress, suggesting that there is not
simply a minimum level of Si that plants must accumulate to exhibit a beneficial effect of Si
fertilisation. However, as root Si was not determined for drought-stressed plants, it was not
possible to establish whether differences in root Si correlated with the differing effects of Si
during osmotic stress compared to drought. Tahir et al. (2010) found that while Si
fertilisation improved growth during salt stress to different extents among five wheat
genotypes, this was not correlated with root or shoot Si accumulation. Further research is
needed to investigate whether a threshold level of tissue Si is required for Si to have a

beneficial effect on plant growth.

5.4 Causes of variation in Si accumulation
To understand the potential consequences of widespread Si fertilisation in agriculture, as

well as to inform how plants use Si currently available in the soil, it is necessary to establish
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how plants accumulate Si. There is some evidence that Si accumulation is partially related
to transpiration rate (MclLarnon et al., 2017; Henriet et al., 2006; Cornelis et al., 2010).
Thus, it was hypothesised that there would be a positive correlation between transpiration
and Si accumulation. Supporting this hypothesis, in Chapter 2, there was a positive
correlation between shoot Si concentration and transpiration rate for plants grown with at
a high level of Si availability. However, this correlation was not found for plants grown at a
low level of Si availability. This is in agreement with results in cucumber, which also
suggested that the role of transpiration in Si accumulation depends on its availability (Faisal
et al., 2012). However, in Chapter 4, no correlation between transpiration and shoot Si was
found for plants grown hydroponically, although transpiration was measured based on pot
weight loss in Chapter 4 rather than falcon tube water loss, as was used in Chapter 2. The
plants used in Chapter 4 were older than the plants used in Chapter 2. It was also
demonstrated in Chapter 2 that the Si concentration remained unchanged after two and
seven weeks of Si treatment. Therefore, it is possible that the relationship between Si

accumulation and transpiration changes over time.

Interestingly, in Chapter 4, a positive correlation between shoot Si and transpiration was
found for both +Si and —Si unstressed plants grown in compost. Plant-available soil Si for —Si
plants grown in compost was higher than for —Si plants grown hydroponically, but how Si
availability affects the role of transpiration in Si accumulation remains unknown. Moreover,
during drought and salt stress, Si has been observed to increase transpiration in numerous
plant species (Thorne et al., 2020), which may impact on Si accumulation. A role for
passive, transpiration mediated-mechanisms in causing cultivar differences in Si
accumulation has previously been suggested (McLarnon et al., 2017), and this thesis
provides further evidence that variation in transpiration rate may partly explain differences

in Si accumulation.

5.5 Differences in Si accumulation are not linked to genetic variation
In addition to relating to transpiration rate, variation in Si may also be due to the activity of
specific Si transporters (reviewed in Ma and Yamaji, 2015). In this thesis, no evidence was
found to support the hypothesis that variation in Si accumulation among wheat landraces
was due to differences in Si transporter gene sequence, or genetic differences elsewhere in
the genome. This is in contrast to studies in rice that have associated genetic differences
with differences in Si accumulation (Talukdar et al., 2019, 2015). The SNPs used in this

thesis were identified from transcriptome data and it remains possible that there are
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genetic differences elsewhere in the genome, for example in promoter sequences, which
correlate with differences in Si accumulation. With the recent assembly of the wheat
genome (IWGSC, 2018), it should be possible in the future to perform whole-genome
GWAS in wheat to establish whether there are any genetic differences associated with
differences in Si accumulation. Additionally, as gene expression is not always related to
protein activity, comprehensive proteomic studies in a range of genotypes of varying Si
accumulating ability would help to identify specific proteins that may be involved in Si

accumulation (Thorne et al., 2020).

Once genomic and proteomic studies have identified putative genes or proteins involved in
Si accumulation, their expression and activity can be measured to confirm their
involvement in Si accumulation. In this thesis, no consistent differences in putative Si
transporter gene expression between landraces were identified (Chapters 2 and 3). This is
in contrast to several studies in rice (Ma et al., 2007b; Wu et al., 2006) and barley (Mitani et
al., 2009a) that have suggested that differences in transporter expression are correlated
with differences in Si accumulation. Similarly, studies in rice have suggested that changes in
gene expression cause changes in Si accumulation during stress conditions (Abdel-Haliem
etal., 2017; Gupta et al., 2021). Gene expression is highly variable across time (Yamaji and
Ma, 2007), and thus differences in Si transporter gene expression may only be observed at
time-points different to those used in this study. Additionally, gene expression does not
always correlate with protein abundance or activity, and post-translational regulation has

been found to be important for aquaporins (Verdoucq et al., 2014).

Wang et al. (2017) identified a transcriptional regulator of Si transporter genes in rice.
Genomic, transcriptomic, and proteomic studies could be used to identify similar regulators
in wheat. Mutant studies could then help to establish the role of such regulators in Si
accumulation. Such knowledge regarding regulators of Si accumulation would assist in
establishing whether breeding for increased Si is likely to negatively impact on other plant
processes. For example, several studies have suggested that there are interactions
between Si and plant hormones (reviewed in Khan et al., 2021). In Chapter 3, there was no
evidence that Si affected JA-related gene expression, but whether JA signalling affected Si
accumulation was not investigated. Omics approaches could be used to further understand

the interactions between Si and other plant processes.
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5.6 Variation in Si deposition

In addition to accumulating Si differently, landraces may also differ in how they deposit Si.
Siis deposited in an array of forms in the leaves, including as silicified spines (Hartley et al.,
2015). In contrast to the increase in spine density with increasing Si availability reported in
previous studies in forage grass species and Brachypodium distachyon (Hartley et al., 2015;
Hall et al., 2019), in this study, no effect of Si on spine density was found, both for
undamaged and damaged plants. Si can also be deposited as phytoliths or in the cell wall
(reviewed in Mandlik et al., 2020). In tall fescue, increasing Si supply increased phytolith

density, but decreased trichome density (Vandegeer et al., 2021a).

In Chapter 3, repeated damage induced localised Si accumulation, such that the Si
concentration increased only in damaged leaves. Previous studies have found systemic
increases in Si due to damage (McNaughton et al., 1985; Kim et al., 2014; Ryalls et al.,
2018). It is plausible that differences in plant species and experimental design explain these
different results. Initially, in response to damage, plants may increase Si only in damaged
leaves, whereas more extensive damage may result in systemic increases in Si.
Nevertheless, the failure of previous studies to measure Si separately for damaged and
undamaged leaves of artificially damaged plants means that it is not certain whether the
plants in these studies did induce systemic increases in Si, or whether the increase in Si in
damaged leaves was simply sufficiently large to increase the overall Si concentration.
Hartley et al. (2015) reported only localised induction of Si defences in three grass species.
Future studies should therefore analyse the damaged and undamaged leaves of damaged

plants separately.

5.7 Calculating the economic feasibility of Si fertiliser

Numerous previous studies have reported beneficial effects of Si on plant growth during
stress conditions (Cooke and Leishman, 2016; Johnson et al., 2020; Li et al., 2018). To
determine the economic feasibility of Si fertiliser, it is important to establish whether
increased Si accumulation results in a stronger beneficial effect of Si, or whether there is a
saturation level of Si accumulation, beyond which plants will not gain additional benefits.
However, this thesis did not find a significant effect of Si fertilisation on growth during non-
stressed (Chapter 2) or drought conditions (Chapter 4), although there was a small positive
effect of Si during osmotic stress (Chapter 4). Limitations of previous studies may explain

the disparity. In many studies, potassium-, sodium-, or calcium-silicate are used as Si
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sources and in the absence of proper control experiments, these silicates increase cation
concentrations and thus alter plant nutrition (Thorne et al., 2020). Additionally, variation in
experimental conditions may explain the contrasting findings regarding the potential
benefits of Si fertiliser. It has been suggested that the beneficial effect of Si depends on

both the stress severity and type (Cooke and Leishman, 2016; Li et al., 2018).

To determine whether Si fertilisation is economically viable, it is essential that a cost-
benefit analysis is performed. Feasibility will depend on a large range of parameters such as
the source of Si, crop species, the amount of Si available prior to fertilisation, the yield
increase due to Si, production costs, and any potential negative impacts of Si fertiliser
(Thorne et al., 2020). In addition to the beneficial effects of Si on plant stress tolerance,
additional beneficial effects of Si fertilisers should be considered when assessing their
feasibility. For example, Si fertilisers can contain other beneficial nutrients such as
potassium and have potential to capture carbon dioxide from the atmosphere (Beerling et

al., 2018).

An important issue is that, to date, studies have focussed predominantly on the benefits of
Si and have neglected to consider the potential negative consequences of Si fertilisation.
For example, negative impacts of Si on growth have been reported in some species, and
thus the availability of Si in the soil prior to Si fertilisation must be considered (Zhang et al.,
2017; Kang et al., 2016; Dehghanipoodeh et al., 2018; Trejo-Téllez et al., 2020).
Furthermore, cheaper forms of Si fertiliser can be contaminated with toxic metals, which
will slowly build up in the soil and could create future yield losses and health issues (Ito,
2015). Although silicate rocks can be used to capture carbon dioxide, the mining and
transport of such Si fertilisers could nevertheless have potential negative environmental
impacts (Beerling et al., 2018). Finally, high Si content may reduce straw digestibility,
preventing its use as a feedstock for livestock (Cougnon et al., 2020) or as a biofuel

(Gressel, 2008).

Overall, cost-benefits analyses to date have concluded that Si fertiliser is likely to be
economically viable in some cases, but these have only been performed for rice. In the
absence of experimentally-imposed stress, Flores et al. (2021) suggested that foliar
applications of intermediate levels of Si may be economically viable for rice. Likewise,
Alvarez and Datnoff (2001) concluded that Si fertilisation would likely be economically

viable in most rice-producing countries. Thorne et al. (2020) concluded that yield gains
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greater than 10 % during drought or salt stress in rice would be required to justify the cost
of Si fertiliser. Similar analyses are required for other crop species. This should involve
large-scale field trials, using multiple crops and genotypes, with different levels of Si
fertilisation, during different stress conditions. Such field trials would establish the
minimum level of Si fertilisation required as well as the potential yield gains from Si
fertilisation. As was found in this thesis, such field trials may highlight circumstances when

Si fertilisation would not confer benefits.

5.8 Future directions

To establish the full potential of Si fertiliser in agriculture, particularly for species such as
wheat where Si fertiliser is not currently commonly used, it is important to understand the
mechanisms underpinning the effects of Si, and thus whether Si fertilisation could lead to
any negative unintended effects. Increasing soil Si availability by Si fertilisation may not be
a panacea for maintaining crop yields despite abiotic and biotic stresses. The negative
correlation between plant biomass and Si accumulation observed in chapter 2 suggests that
Si accumulation may incur costs to the plants, and this possibility should be investigated

further.

Moreover, further investigation is needed to establish whether the positive effects of Si are
only the consequence of Si deposition within the cell wall, or whether there is a
biochemical role for Si. Presently, only weak evidence is available to support such a
biochemical role of Si, with most omics studies identifying few genes or proteins as being
affected by Si (e.g. Watanabe et al., 2004; Fauteux et al., 2006; Chain et al., 2009; Jang et
al., 2018). Strong evidence supporting a biochemical role for Si, showing that Si directly
affects gene expression, requires reproducible, short timescale (minutes to hours) studies,
and the use of more tractable study systems such as cell cultures. If specific genes or
proteins are identified, mutational studies could then be used to unravel any putative

biochemical role for Si.

Si fertiliser is already used on a variety of crops in countries such as India to protect plants
against herbivory (Murali-Baskaran et al., 2021). However, there remain several important
questions regarding the ability of plants to use Si as a deterrent against herbivory. For
example, how long the rate of Si uptake remains increased after herbivory remains to be
determined. In the perennial grass species Deschampsia caespitosa, herbivore-induced

increases in Si defences gradually decreased after the cessation of herbivory, returning to

153



levels observed in plants not subject to herbivory around one year later (Reynolds et al.,
2012). However, similar studies in annual crop species such as wheat have not yet been
conducted. Similarly, it remains unknown whether there are herbivore conditions that
induce systemic rather than localised induction of Si defences. Further experiments
exploring whether there is variation in deposition of Si between genotypes would also be
useful for establishing whether Si fertiliser could be used more widely to improve herbivory

tolerance.

5.9 Conclusions

It has been suggested that Si fertilisation could be a panacea for improving crop yields, by
being able to mitigate against the negative impacts of biotic and abiotic stress in a wide
range of plants species. However, results in this thesis show that increased Si availability is
not always advantageous and further research is needed to determine the conditions
during which Si fertilisation may be beneficial (Figure 5.1). In Chapter 2, significant variation
in Si accumulation among wheat landraces was found, which was partially attributed to
differences in transpiration rate. In Chapter 3, it was shown that repeated damage induced
localised Si accumulation, but the mechanism underpinning this, and the effects of this on
herbivore tolerance, remain to be determined. The complete lack of beneficial effect of Si
during drought discussed in Chapter 4 was surprising and suggests further investigation is
needed before the widespread adoption of Si fertilisation to improve drought tolerance in
wheat. Overall, genotypic variation is likely to be an important influence on the effects of Si

and should be considered in future studies examining the role of Si in plant biology.
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6 Abbreviations

ABA Abscisic acid

ANOVA Analysis of variance

ASZ Active silicification zone

AOC Allene oxide cyclase

AOS Allene oxide synthase

Ar/R Aromatic/arginine selectivity filter

AT Associative transcriptomics

CaCl, Calcium chloride

CAT Catalase

ccMmv Cowpea chlorotic mottle virus

cDNA Complementary deoxyribonucleic acid
CIMMYT International Maize and Wheat Improvement Centre
CMMV Cowpea mild mottle virus

coi Coronatine-insensitive 1
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DE

DW

EDX

FAO

FC

FDR

FPS

GEM

GSGR

GWAS

HCI

IPCC

ITPS

JA

Differential expression analysis

Dry weight

Energy dispersive X-ray spectroscopy

Food and Agricultural Organisation of the United Nations

Field capacity

False discovery rate

Farnesyl pyrophosphate synthetase

Gene expression markers

Glycine-Serine-Glycine-Arginine

Genome wide association study

Used to denote high Si-accumulating landrace

Hydrochloric acid

Intergovernmental Panel on Climate Change

Intergovernmental Technical Panel on Soils

Jasmonic acid
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KOH Potassium hydroxide

L Used to denote low Si-accumulating landrace

Lsi Low silicon

M Used to denote medium Si-accumulating landrace
MLM Mixed linear model

NacCl Sodium chloride

NIP Nodulin-26 like intrinsic proteins

NPA Asparagine-Proline-Alanine

NPK Nitrogen-Phosphorus-Potassium fertiliser

PCA Principal components analysis

PEG Polyethylene glycol

POX Peroxidase

PSIKO Population structure inference using kernel-PCA and optimisation
P-XRF Portable X-ray fluorescence

QTL Quantitative trait loci
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RNA

ROS

RPKM

RT-qPCR

SA

SE

SEM

Si

SNP

SOoD

T™MV

TRSV

Tukey’s HSD

WUE

Ribonucleic acid

Reactive oxygen species

Reads per kb per million aligned reads

Reverse transcriptase quantitative polymerase chain reaction

Salicylic acid

Standard error

Scanning electron microscopy

Silicon

Single nucleotide polymorphism

Superoxide dismutase

Tobacco mosaic virus

Tobacco ringspot virus

Tukey’s honest significant difference test

Water use efficiency

159



7 References

Abdel-Haliem, M. E. F., Hegazy, H. S., Hassan, N. S. and Naguib, D. M. (2017). Effect of silica
ions and nano silica on rice plants under salinity stress. Ecological Engineering, 99, pp.282—

289. [Online]. Available at: doi:10.1016/j.ecoleng.2016.11.060.

Abdel Latef, A. A. and Tran, L. S. P. (2016). Impacts of priming with silicon on the growth
and tolerance of maize plants to alkaline stress. Frontiers in Plant Science, 7 (March), pp.1—

10. [Online]. Available at: doi:10.3389/fpls.2016.00243.

Acevedo, F. E., Peiffer, M., Ray, S., Tan, C. W. and Felton, G. W. (2021). Silicon-Mediated
Enhancement of Herbivore Resistance in Agricultural Crops. Frontiers in Plant Science, 12

(February), pp.1-17. [Online]. Available at: doi:10.3389/fpls.2021.631824.

Agarie, S., Uchida, H., Agata, W., Kubota, F. and Kaufman, P. B. (1998). Effects of silicon on
transpiration and leaf conductance in rice plants (Oryza saliva L.). Plant Production Science,

1(2), pp.89-95. [Online]. Available at: doi:10.1626/pps.1.89.

Ahanger, M. A, Bhat, J. A., Siddiqui, M. H., Rinklebe, J. and Ahmad, P. (2020). Integration of
silicon and secondary metabolites in plants: A significant association in stress tolerance.
Journal of Experimental Botany, 71 (21), pp.6758—6774. [Online]. Available at:
doi:10.1093/jxb/eraa291.

Ahmad, F., Lah, M., Aziz, T., Magsood, M., ATahir, M. and Kanwal, S. (2007). Effect of silicon
application on wheat (Triticum aestivum L.) growth under water deficiency stress. Emirates
Journal of Food and Agriculture, 19 (2), p.1. [Online]. Available at:
doi:10.9755/ejfa.v12i1.5170.

Ahmad, M., El-Saeid, M. H., Akram, M. A., Ahmad, H. R., Haroon, H. and Hussain, A. (2016).
Silicon fertilization — A tool to boost up drought tolerance in wheat (Triticum aestivum L.)
crop for better yield. Journal of Plant Nutrition, 39 (9), pp.1283-1291. [Online]. Available at:
doi:10.1080/01904167.2015.1105262.

160



Ahmad, R., Zaheer, S. H. and Ismail, S. (1992). Role of silicon in salt tolerance of wheat
(Triticum aestivum L.). Plant Science, 85 (1), pp.43-50. [Online]. Available at:
doi:10.1016/0168-9452(92)90092-Z.

Ahmar, S., Gill, R. A,, Jung, K. H., Faheem, A., Qasim, M. U., Mubeen, M. and Zhou, W.
(2020). Conventional and molecular techniques from simple breeding to speed breeding in
crop plants: Recent advances and future outlook. International Journal of Molecular

Sciences, 21 (7), pp.1-24. [Online]. Available at: doi:10.3390/ijms21072590.

Alamri, S., Hu, Y., Mukherjee, S., Aftab, T., Fahad, S., Raza, A., Ahmad, M. and Siddiqui, M.
H. (2020). Silicon-induced postponement of leaf senescence is accompanied by modulation
of antioxidative defense and ion homeostasis in mustard (Brassica juncea) seedlings
exposed to salinity and drought stress. Plant Physiology and Biochemistry, 157 (July),
pp.47-59. [Online]. Available at: doi:10.1016/j.plaphy.2020.09.038.

Alhousari, F. and Greger, M. (2018). Silicon and Mechanisms of Plant Resistance to Insect

Pests. Plants, 7 (2), p.33. [Online]. Available at: doi:10.3390/plants7020033.

Ali, A., Basra, S. M. A,, Igbal, J., Hussain, S., Subhani, M. N., Sarwar, M. and Haji, A. (2012).
Silicon mediated biochemical changes in wheat under salinized and non-salinzed solution
cultures. African Journal of Biotechnology, 11 (3), pp.606—615. [Online]. Available at:
doi:10.5897/AJB11.1757.

Ali, N., Schwarzenberg, A., Yvin, J. and Hosseini, S. A. (2018). Regulatory Role of Silicon in
Mediating Differential Stress Tolerance Responses in Two Contrasting Tomato Genotypes
Under Osmotic Stress. Frontiers in Plant Science, 9 (October), pp.1-16. [Online]. Available

at: doi:10.3389/fpls.2018.01475.
Alvarez, J. and Datnoff, L. E. (2001). The economic potential of silicon for integrated

management and sustainable rice production. Crop Protection, 20 (1), pp.43—48. [Online].

Available at: doi:10.1016/s0261-2194(00)00051-x.

161



Alzahrani, Y., Kusvuran, A., Alharby, H. F., Kusvuran, S. and Rady, M. M. (2018). The
defensive role of silicon in wheat against stress conditions induced by drought, salinity or
cadmium. Ecotoxicology and Environmental Safety, 154 (February), pp.187-196. [Online].
Available at: doi:10.1016/j.ecoenv.2018.02.057.

Amin, M., Ahmad, R., Ali, A., Hussain, I., Mahmood, R., Aslam, M. and Lee, D. J. (2018).
Influence of Silicon Fertilization on Maize Performance Under Limited Water Supply. Silicon,

10 (2), pp.177-183. [Online]. Available at: doi:10.1007/s12633-015-9372-x.

Andama, J. B., Mujiono, K., Hojo, Y., Shinya, T. and Galis, I. (2020). Nonglandular silicified
trichomes are essential for rice defense against chewing herbivores. Plant Cell and

Environment, 43 (9), pp.2019-2032. [Online]. Available at: doi:10.1111/pce.13775.

Araus, J. L., Slafer, G. A., Reynolds, M. P. and Royo, C. (2002). Plant Breeding and Drought in
C3 Cereals: What Should We Breed For? Annals of Botany, 89 (7), pp.925—940. [Online].
Available at: doi:10.1093/aob/mcf049.

Artyszak, A. (2018). Effect of silicon fertilization on crop yield quantity and quality—A
literature review in Europe. Plants, 7 (3). [Online]. Available at: doi:10.3390/plants7030054.

Asseng, S. et al. (2015). Rising temperatures reduce global wheat production. Nature

Climate Change, 5 (2), pp.143-147. [Online]. Available at: doi:10.1038/nclimate2470.

Bafiuelos, M. J. and Obeso, J. R. (2000). Effect of grazing history, experimental defoliation,
and genotype on patterns of silicification in Agrostis tenuis Sibth. Ecoscience, 7 (1), pp.45—

50. [Online]. Available at: doi:10.1080/11956860.2000.11682570.

Bass, C., Denholm, I., Williamson, M. S. and Nauen, R. (2015). The global status of insect
resistance to neonicotinoid insecticides. Pesticide Biochemistry and Physiology, 121, pp.78—

87. [Online]. Available at: doi:10.1016/j.pestbp.2015.04.004.

Bathoova, M., Svubova, R., Bokor, B., Nedéla, V., Tihlafikovd, E. and Martinka, M. (2021).
Silicon triggers sorghum root enzyme activities and inhibits the root cell colonization by
Alternaria alternata. Planta, 253 (2), pp.1-14. [Online]. Available at: doi:10.1007/s00425-
020-03560-6.

162



Beerling, D. J. et al. (2020). Potential for large-scale CO2 removal via enhanced rock
weathering with croplands. Nature, 583 (7815), pp.242—-248. [Online]. Available at:
do0i:10.1038/s41586-020-2448-9.

Beerling, D. J., Leake, J. R., Long, S. P., Scholes, J. D., Ton, J., Nelson, P. N., Bird, M., Kantzas,
E., Taylor, L. L., Sarkar, B., Kelland, M., Delucia, E., Kantola, I., Miller, C., Rau, G. and
Hansen, J. (2018). Farming with crops and rocks to address global climate, food and soil
security. Nature Plants, 4 (3), pp.138—147. [Online]. Available at: d0i:10.1038/s41477-018-
0108-y.

Beketov, M. A,, Kefford, B. J., Schafer, R. B. and Liess, M. (2013). Pesticides reduce regional
biodiversity of stream invertebrates. Proceedings of the National Academy of Sciences of
the United States of America, 110 (27), pp.11039-11043. [Online]. Available at:
doi:10.1073/pnas.1305618110.

Benjamini, Y. and Hochberg, Y. (1995). Controlling the False Discovery Rate: A Practical and
Powerful Approach to Multiple Testing. Journal of the Royal Statistical Society: Series B
(Methodological), 57 (1), pp.289-300. [Online]. Available at: d0i:10.1111/j.2517-
6161.1995.tb02031 .x.

Bennett, D. M. (1982). Silicon deposition in the roots of Hordeum sativum Jess, Avena
sativa L. and Triticum aestivum L. Annals of Botany, 50 (2), pp.239-245. [Online]. Available
at: doi:10.1093/oxfordjournals.aob.a086361.

Berni, R., Mandlik, R., Hausman, J. F. and Guerriero, G. (2020). Silicon-induced mitigatory
effects in salt-stressed hemp leaves. Physiologia Plantarum, pp.1-7. [Online]. Available at:

doi:10.1111/ppl.13097.

Bhat, J. A., Deshmukh, R., Zhao, T., Patil, G., Deokar, A., Shinde, S. and Chaudhary, J. (2020).
Harnessing High-throughput Phenotyping and Genotyping for Enhanced Drought Tolerance
in Crop Plants. Journal of Biotechnology, 324 (April), pp.248—260. [Online]. Available at:
doi:10.1016/j.jbiotec.2020.11.010.

163



Biju, S., Fuentes, S. and Gupta, D. (2021). Silicon modulates nitro-oxidative homeostasis
along with the antioxidant metabolism to promote drought stress tolerance in lentil plants.
Physiologia Plantarum, 172 (2), pp.1382—-1398. [Online]. Available at:
doi:10.1111/ppl.13437.

Bokor, B., Soukup, M., Vaculik, M., Vd’acny, P., Weidinger, M., Lichtscheidl, I., Vavrova, S.,
Soltys, K., Sonah, H., Deshmukh, R., Bélanger, R. R., White, P. J., El-Serehy, H. A. and Lux, A.
(2019). Silicon Uptake and Localisation in Date Palm (Phoenix dactylifera) — A Unique
Association With Sclerenchyma. Frontiers in Plant Science, 10 (August), pp.1-17. [Online].

Available at: doi:10.3389/fpls.2019.00988.

Bokor, B., Vaculik, M., Slovakova, L., Masarovic¢, D. and Lux, A. (2014). Silicon does not
always mitigate zinc toxicity in maize. Acta Physiologiae Plantarum, 36 (3), pp.733-743.
[Online]. Available at: d0i:10.1007/s11738-013-1451-2.

Borrill, P., Harrington, S. A. and Uauy, C. (2019). Applying the latest advances in genomics
and phenomics for trait discovery in polyploid wheat. Plant Journal, 97 (1), pp.56—-72.
[Online]. Available at: doi:10.1111/tpj.14150.

Borrill, P., Ramirez-Gonzalez, R. and Uauy, C. (2016). expVIP: A customizable RNA-seq data
analysis and visualization platform. Plant Physiology, 170 (4), pp.2172-2186. [Online].
Available at: doi:10.1104/pp.15.01667.

Bozkurt, T. O., Mcgrann, G. R. D., Maccormack, R., Boyd, L. A. and Akkaya, M. S. (2010).
Cellular and transcriptional responses of wheat during compatible and incompatible race-
specific interactions with Puccinia striiformis f. sp. tritici. Molecular Plant Pathology, 11 (5),

pp.625-640. [Online]. Available at: doi:10.1111/j.1364-3703.2010.00633.x.

Bradbury, P. J., Zhang, Z., Kroon, D. E., Casstevens, T. M., Ramdoss, Y. and Buckler, E. S.
(2007). TASSEL: Software for association mapping of complex traits in diverse samples.
Bioinformatics, 23 (19), pp.2633—2635. [Online]. Available at:
doi:10.1093/bioinformatics/btm308.

164



Bras, T. A., Seixas, J., Carvalhais, N. and Jagermeyr, J. (2021). Severity of drought and
heatwave crop losses tripled over the last five decades in Europe. Environmental Research

Letters, 16 (6). [Online]. Available at: doi:10.1088/1748-9326/abf004.

Brunings, A. M., Datnoff, L. E., Ma, J. F., Mitani, N., Nagamura, Y., Rathinasabapathi, B. and
Kirst, M. (2009). Differential gene expression of rice in response to silicon and rice blast
fungus Magnaporthe oryzae. Annals of Applied Biology, 155 (2), pp.161-170. [Online].
Available at: d0i:10.1111/j.1744-7348.2009.00347 .x.

Bukhari, M. A., Ahmad, Z., Ashraf, M. Y., Afzal, M., Nawaz, F., Nafees, M., Jatoi, W. N.,
Malghani, N. A., Shah, A. N. and Manan, A. (2020). Silicon Mitigates Drought Stress in
Wheat (Triticum aestivum L.) Through Improving Photosynthetic Pigments, Biochemical and

Yield Characters. Silicon. [Online]. Available at: doi:10.1007/s12633-020-00797-4.

Cai, K., Gao, D, Luo, S., Zeng, R., Yang, J. and Zhu, X. (2008). Physiological and cytological
mechanisms of silicon-induced resistance in rice against blast disease. Physiologia
Plantarum, 134 (2), pp.324-333. [Online]. Available at: doi:10.1111/j.1399-
3054.2008.01140.x.

de Camargo, M. S., Bezerra, B. K. L., Holanda, L. A,, Oliveira, A. L., Vitti, A. C. and Silva, M. A.
(2019). Silicon Fertilization Improves Physiological Responses in Sugarcane Cultivars Grown
Under Water Deficit. Journal of Soil Science and Plant Nutrition, 19 (1), pp.81-91. [Online].

Available at: doi:10.1007/s42729-019-0012-1.

Casey, W. H,, Kinrade, S. D., Knight, C. T. G., Rains, D. W. and Epstein, E. (2003). Aqueous
silicate complexes in wheat, Triticum aestivum L. Plant, Cell and Environment, 27 (1),

pp.51-54. [Online]. Available at: doi:10.1046/j.0016-8025.2003.01124 x.

Chain, F., Coté-Beaulieu, C., Belzile, F., Menzies, J. G., Bélanger, R. R., Cote-Beaulieu, C.,
Belzile, F., Menzies, J. G. and Belanger, R. R. (2009). A Comprehensive Transcriptomic
Analysis of the Effect of Silicon on Wheat Plants Under Control and Pathogen Stress
Conditions. Molecular Plant-Microbe Interactions, 22 (11), pp.1323-1330. [Online].
Available at: doi:10.1094/mpmi-22-11-1323.

165



Challinor, A. J., Watson, J., Lobell, D. B., Howden, S. M., Smith, D. R. and Chhetri, N. (2014).
A meta-analysis of crop yield under climate change and adaptation. Nature Climate

Change, 4 (4), pp.287-291. [Online]. Available at: doi:10.1038/nclimate2153.

Chaves, M. S., Martinelli, J. A., Wesp-Guterres, C., Graichen, F. A. S., Brammer, S. P.,
Scagliusi, S. M., da Silva, P. R., Wiethdlter, P., Torres, G. A. M., Lau, E. Y., Consoli, L. and
Chaves, A. L. S. (2013). The importance for food security of maintaining rust resistance in
wheat. Food Security, 5 (2), pp.157-176. [Online]. Available at: doi:10.1007/s12571-013-
0248-x.

Chen, C. T. and Kao, C. H. (1993). Osmoaotic stress and water stress have opposite effects on
putrescine and proline production in excised rice leaves. Plant Growth Regulation, 13 (2),

pp.197-202. [Online]. Available at: doi:10.1007/BF00024262.

Chen, D., Cao, B., Wang, S,, Liu, P, Deng, X., Yin, L. and Zhang, S. (2016). Silicon moderated
the K deficiency by improving the plant-water status in sorghum. Scientific Reports, 6

(August 2015), pp.1-14. [Online]. Available at: doi:10.1038/srep22882.

Chen, D., Wang, S., Yin, L. and Deng, X. (2018). How Does Silicon Mediate Plant Water
Uptake and Loss Under Water Deficiency? Frontiers in Plant Science, 9 (March), p.281.
[Online]. Available at: doi:10.3389/fpls.2018.00281.

Chen, W., Yao, X., Cai, K. and Chen, J. (2011). Silicon alleviates drought stress of rice plants
by improving plant water status, photosynthesis and mineral nutrient absorption. Biological
Trace Element Research, 142 (1), pp.67—76. [Online]. Available at: doi:10.1007/s12011-010-
8742-x.

Chiba, Y., Mitani, N., Yamaji, N. and Ma, J. F. (2009). HvLsil is a silicon influx transporter in
barley. Plant Journal, 57 (5), pp.810—818. [Online]. Available at: doi:10.1111/j.1365-
313X.2008.03728.x.

Clarke, J. M. and Clarke, F. R. (1996). Consideration in design and analysis of experiments to

measure stomatal conductance of wheat. Crop Science, 36, pp.1401-1405.

166



Cooke, J. and Leishman, M. R. (2016). Consistent alleviation of abiotic stress with silicon
addition: a meta-analysis. Functional Ecology, 30 (8), pp.1340—-1357. [Online]. Available at:
doi:10.1111/1365-2435.12713.

Cornelis, J. T., Delvaux, B. and Titeux, H. (2010). Contrasting silicon uptakes by coniferous
trees: A hydroponic experiment on young seedlings. Plant and Soil, 336 (1), pp.99-106.
[Online]. Available at: doi:10.1007/s11104-010-0451-x.

Coskun, D., Deshmukh, R., Shivaraj, S. M., Isenring, P. and Bélanger, R. R. (2021). Lsi2: A
black box in plant silicon transport. Plant and Soil. [Online]. Available at:

do0i:10.1007/s11104-021-05061-1.

Coskun, D., Deshmukh, R., Sonah, H., Menzies, J. G., Reynolds, O., Ma, J. F., Kronzucker, H.
J. and Bélanger, R. R. (2019a). The controversies of silicon’s role in plant biology. New

Phytologist, 221 (1), pp.67—-85. [Online]. Available at: d0i:10.1111/nph.15343.

Coskun, D., Deshmukh, R., Sonah, H., Shivaraj, S. M., Frenette-Cotton, R., Tremblay, L.,
Isenring, P. and Bélanger, R. R. (2019b). Si permeability of a deficient Lsil aquaporin in
tobacco can be enhanced through a conserved residue substitution. Plant Direct, 3 (8),

pp.1-10. [Online]. Available at: doi:10.1002/pld3.163.

Coté-Beaulieu, C., Chain, F., Menzies, J. G., Kinrade, S. D. and Bélanger, R. R. (2009).
Absorption of aqueous inorganic and organic silicon compounds by wheat and their effect
on growth and powdery mildew control. Environmental and Experimental Botany, 65 (2—3),

pp.155-161. [Online]. Available at: doi:10.1016/j.envexpbot.2008.09.003.

Cotterill, J. V, Watkins, R. W., Brennon, C. B. and Cowan, D. P. (2007). Boosting silica levels
in wheat leaves reduces grazing by rabbits. Pest Management Science, 63 (3), pp.247-253.
[Online]. Available at: doi:10.1002/ps.1302.

Cougnon, M., Schoelynck, J., Van den Eynde, R., Maas, L., Baert, J. and Reheul, D. (2020).
Prospects to select tall fescue with a low silica concentration. Euphytica, 216 (8), pp.1-11.

[Online]. Available at: doi:10.1007/s10681-020-02663-1.

167



Cruz, M. F. A,, Debona, D., Rios, J. A,, Barros, E. G. and Rodrigues, F. A. (2015). Potentiation
of defense-related gene expression by silicon increases wheat resistance to leaf blast.
Tropical Plant Pathology, 40 (6), pp.394—400. [Online]. Available at: doi:10.1007/s40858-
015-0051-7.

Dai, A. (2013). Increasing drought under global warming in observations and models.

Nature Climate Change, 3 (1), pp.52-58. [Online]. Available at: do0i:10.1038/nclimate1633.

Damalas, C. A. and Eleftherohorinos, I. G. (2011). Pesticide exposure, safety issues, and risk
assessment indicators. International Journal of Environmental Research and Public Health,

8 (5), pp.1402-1419. [Online]. Available at: doi:10.3390/ijerph8051402.

Daoud, A. M., Hemada, M. M., Saber, N., El-Araby, A. A. and Moussa, L. (2018). Effect of
silicon on the tolerance of wheat (Triticum aestivum L.) to salt stress at different growth
stages: Case study for the management of irrigation water. Plants, 7 (2), pp.1-14. [Online].

Available at: doi:10.3390/plants7020029.

Daryanto, S., Wang, L. and Jacinthe, P. A. (2016). Global synthesis of drought effects on
maize and wheat production. PLoS ONE, 11 (5), pp.1-15. [Online]. Available at:
doi:10.1371/journal.pone.0156362.

Debona, D., Rodrigues, F. A. and Datnoff, L. E. (2017). Silicon’s Role in Abiotic and Biotic
Plant Stresses. Annual Review of Phytopathology, 55 (1), pp.85—107. [Online]. Available at:
doi:10.1146/annurev-phyto-080516-035312.

Debona, D., Rodrigues, F. A., Rios, J. A., Nascimento, K. J. T. and Silva, L. C. (2014). The
effect of silicon on antioxidant metabolism of wheat leaves infected by Pyricularia oryzae.

Plant Pathology, 63 (3), pp.581-589. [Online]. Available at: doi:10.1111/ppa.12119.

Dehghanipoodeh, S., Ghobadi, C., Baninasab, B., Gheysari, M. and Shiranibidabadi, S.
(2018). Effect of Silicon on Growth and Development of Strawberry under Water Deficit
Conditions. Horticultural Plant Journal, 4 (6), pp.226—232. [Online]. Available at:
doi:10.1016/j.hp;j.2018.09.004.

168



Deshmukh, R. K., Vivancos, J., Guérin, V., Sonah, H., Labbé, C., Belzile, F. and Bélanger, R. R.
(2013). Identification and functional characterization of silicon transporters in soybean
using comparative genomics of major intrinsic proteins in Arabidopsis and rice. Plant
Molecular Biology, 83 (4-5), pp.303—315. [Online]. Available at: doi:10.1007/s11103-013-
0087-3.

Deshmukh, R. K., Vivancos, J., Ramakrishnan, G., Guérin, V., Carpentier, G., Sonah, H.,
Labbé, C., Isenring, P., Belzile, F. J. and Bélanger, R. R. (2015). A precise spacing between
the NPA domains of aquaporins is essential for silicon permeability in plants. Plant Journal,

83 (3), pp.489-500. [Online]. Available at: doi:10.1111/tpj.12904.

Deshmukh, R., Sonah, H. and Belanger, R. R. (2020). New evidence defining the
evolutionary path of aquaporins regulating silicon uptake in land plants. Journal of
Experimental Botany, 71 (21), pp.6775-6788. [Online]. Available at:
doi:10.1093/jxb/eraa342.

Detmann, K. C., Aradjo, W. L., Martins, S. C. V., Sanglard, L. M. V. P., Reis, J. V., Detmann, E.,
Rodrigues, F. A., Nunes-Nesi, A., Fernie, A. R. and Damatta, F. M. (2012). Silicon nutrition
increases grain yield, which, in turn, exerts a feed-forward stimulation of photosynthetic
rates via enhanced mesophyll conductance and alters primary metabolism in rice. New
Phytologist, 196 (3), pp.752—-762. [Online]. Available at: doi:10.1111/j.1469-
8137.2012.04299.x.

Deutsch, C. A., Tewksbury, J. J., Huey, R. B., Sheldon, K. S., Ghalambor, C. K., Haak, D. C. and
Martin, P. R. (2008). Impacts of climate warming on terrestrial ectotherms across latitude.
Proceedings of the National Academy of Sciences of the United States of America, 105 (18),
pp.6668—6672. [Online]. Available at: doi:10.1073/pnas.0709472105.

Deutsch, C. A., Tewksbury, J. J., Tigchelaar, M., Battisti, D. S., Merrill, S. C., Huey, R. B. and
Naylor, R. L. (2018). Increase in crop losses to insect pests in a warming climate. Science,

361 (August), p.31. [Online]. Available at: doi:10.1126/science.aat3466.

Dillon, M. E., Wang, G. and Huey, R. B. (2010). Global metabolic impacts of recent climate
warming. Nature, 467 (7316), pp.704—706. [Online]. Available at: doi:10.1038/nature09407.

169



Domiciano, G. P., Rodrigues, F. A., Vale, F. X. R,, Filha, M. S. X., Moreira, W. R., Andrade, C.
C. L. and Pereira, S. C. (2010). Wheat Resistance to Spot Blotch Potentiated by Silicon.
Journal of Phytopathology, 158 (5), pp.334—343. [Online]. Available at: d0i:10.1111/j.1439-
0434.2009.01623.x.

Dorneles, K. R., Dallagnol, L. J., Pazdiora, P. C., Rodrigues, F. A. and Deuner, S. (2017). Silicon
potentiates biochemical defense responses of wheat against tan spot. Physiological and
Molecular Plant Pathology, 97, pp.69—78. [Online]. Available at:
doi:10.1016/j.pmpp.2017.01.001.

Dwivedi, S. L., Ceccarelli, S., Blair, M. W., Upadhyaya, H. D., Are, A. K. and Ortiz, R. (2016).
Landrace Germplasm for Improving Yield and Abiotic Stress Adaptation. Trends in Plant

Science, 21 (1), pp.31-42. [Online]. Available at: doi:10.1016/j.tplants.2015.10.012.

Exley, C. (2015). A possible mechanism of biological silicification in plants. Frontiers in Plant

Science, 6 (October), pp.1-7. [Online]. Available at: doi:10.3389/fpls.2015.00853.

Faisal, S., Callis, K. L., Slot, M. and Kitajima, K. (2012). Transpiration-dependent passive silica
accumulation in cucumber (Cucumis sativus) under varying soil silicon availability. Botany,

90 (10), pp.1058—1064. [Online]. Available at: doi:10.1139/b2012-072.

FAO, WHO, IFAD, WFP, UNICEF. (2020). In Brief to The State of Food Security and Nutrition
in the World 2020.Rome, FAQO. [Online]. Available at: doi:10.4060/ca9699en.

FAO and ITPS. (2015). Status of the World’s Soil Resources (Main Report). Food and
Agriculture Organisation of the United Nations and Intergovernmental Technical Panel on

Soils, Rome, Italy. [Online]. Available at: https://hal.archives-ouvertes.fr/hal-01241064/.

FAOSTAT. [Online]. Available at: http://www.fao.org/faostat/en/#data/QC/visualize
[Accessed 1 September 2020].

Farooq, M. A,, Saqib, Z. A. and Akhtar, J. (2015). Silicon-mediated oxidative stress tolerance
and genetic variability in rice (Oryza sativa L.) grown under combined stress of salinity and
boron toxicity. Turkish Journal of Agriculture and Forestry, 39 (5), pp.718—729. [Online].
Available at: doi:10.3906/tar-1410-26.

170



Farooq, M. A,, Saqib, Z. A., Akhtar, J., Bakhat, H. F., Pasala, R. K. and Dietz, K. J. (2019).
Protective Role of Silicon (Si) Against Combined Stress of Salinity and Boron (B) Toxicity by
Improving Antioxidant Enzymes Activity in Rice. Silicon, 11 (4), pp.2193-2197. [Online].
Available at: doi:10.1007/s12633-015-9346-z.

Fauteux, F., Chain, F., Belzile, F., Menzies, J. G. and Bélanger, R. R. (2006). The protective
role of silicon in the Arabidopsis-powdery mildew pathosystem. Proceedings of the
National Academy of Sciences of the United States of America, 103 (46), pp.17554—-17559.
[Online]. Available at: doi:10.1073/pnas.0606330103.

Flam-Shepherd, R., Huynh, W. Q., Coskun, D., Hamam, A. M., Britto, D. T. and Kronzucker,
H. J. (2018). Membrane fluxes, bypass flows, and sodium stress in rice: The influence of
silicon. Journal of Experimental Botany, 69 (7), pp.1679—-1692. [Online]. Available at:
doi:10.1093/jxb/erx460.

Fleck, A. T., Schulze, S., Hinrichs, M., Specht, A., Walmann, F., Schreiber, L. and 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), pp.1-18. [Online].
Available at: doi:10.1371/journal.pone.0138555.

Flores, R. A., Arruda, E. M., Souza Junior, J. P. de, de Mello Prado, R., Santos, A. C. A. dos,
Aragdo, A. S., Pedreira, N. G. and da Costa, C. F. (2019). Nutrition and production of
Helianthus annuus in a function of application of leaf silicon. Journal of Plant Nutrition, 42

(2), pp.137-144. [Online]. Available at: doi:10.1080/01904167.2018.1549678.

Flores, R. A., Pessoa-de-Souza, M. A., de Andrade, A. F., Bueno, A. M., de Oliveira Abdala,
K., de Souza Janior, J. P., de Mello Prado, R., Santos, G. G. and Mesquita, M. (2021). Does
Foliar Application of Silicon under Natural Water Stress Conditions Increase Rice Yield in

Subtropical Dry Regions? Silicon. [Online]. Available at: doi:10.1007/s12633-021-01109-0.

Franca, L. L., Dierings, C. A., Almeida, A. C. de S., Araujo, M. da S., Heinrichs, E. A,, Silva, A.
R. da, Barrigossi, J. A. F. and Jesus, F. G. de. (2019). Resistance in Rice to Tibraca
limbativentris (Hemiptera: Pentatomidae) Influenced by Plant Silicon Content. Florida

Entomologist, 101 (4), p.587. [Online]. Available at: d0i:10.1653/024.101.0419.

171



Frick, D. A., Remus, R., Sommer, M., Augustin, J., Kaczorek, D. and Von Blanckenburg, F.
(2020). Silicon uptake and isotope fractionation dynamics by crop species. Biogeosciences,

17 (24), pp.6475-6490. [Online]. Available at: doi:10.5194/bg-17-6475-2020.

Fiihrs, H., Specht, A., Erban, A., Kopka, J. and Horst, W. J. (2012). Functional associations
between the metabolome and manganese tolerance in Vigna unguiculata. Journal of

Experimental Botany, 63 (1), pp.329-340. [Online]. Available at: doi:10.1093/jxb/err276.

Gao, X., Zou, C., Wang, L. and Zhang, F. (2006). Silicon decreases transpiration rate and
conductance from stomata of maize plants. Journal of Plant Nutrition, 29 (9), pp.1637-

1647. [Online]. Available at: doi:10.1080/01904160600851494.

Gengmao, Z., Shihui, L., Xing, S., Yizhou, W. and Zipan, C. (2015). The role of silicon in
physiology of the medicinal plant (Lonicera japonica L.) under salt stress. Scientific Reports,

5, pp.1-11. [Online]. Available at: doi:10.1038/srep12696.

Gtazowska, S., Murozuka, E., Persson, D. P., Castro, P. H. and Schjoerring, J. K. (2018).
Silicon affects seed development and leaf macrohair formation in Brachypodium
distachyon. Physiologia Plantarum, pp.231-246. [Online]. Available at:
doi:10.1111/ppl.12675.

Gocke, M., Liang, W., Sommer, M. and Kuzyakov, Y. (2013). Silicon uptake by wheat: Effects
of Si pools and pH. Journal of Plant Nutrition and Soil Science, 176 (4), pp.551-560.
[Online]. Available at: doi:10.1002/jpIn.201200098.

Godfray, H. C. J., Beddington, J. R., Crute, I. R., Haddad, L., Lawrence, D., Muir, J. F., Pretty,
J., Robinson, S., Thomas, S. M. and Toulmin, C. (2010). The Challenge of Food Security.
Science, 327 (February), pp.812-818. [Online]. Available at: d0i:10.4337/9780857939388.

Gomes, F. B., de Moraes, J. C., dos Santos, C. D. and Goussain, M. M. (2005). Resistance
induction in wheat plants by silicon and aphids. Scientia Agricola, 62 (6), pp.547-551.
[Online]. Available at: doi:10.1590/50103-90162005000600006.

172



Gong, H. and Chen, K. (2012). The regulatory role of silicon on water relations,
photosynthetic gas exchange, and carboxylation activities of wheat leaves in field drought
conditions. Acta Physiologiae Plantarum, pp.1-6. [Online]. Available at:

doi:10.1007/s11738-012-0954-6.

Gong, H., Chen, K., Chen, G., Wang, S. and Zhang, C. (2003). Effects of Silicon on Growth of
Wheat Under Drought. Journal of Plant Nutrition, 26 (5), pp.1055—-1063. [Online]. Available
at: doi:10.1081/PLN-120020075.

Gong, H. J., Chen, K. M., Zhao, Z. G., Chen, G. C. and Zhou, W. J. (2008). Effects of silicon on
defense of wheat against oxidative stress under drought at different developmental stages.
Biologia Plantarum, 52 (3), pp.592—596. [Online]. Available at: doi:10.1007/s10535-008-
0118-0.

Gong, H. J., Randall, D. P. and Flowers, T. J. (2006). Silicon deposition in the root reduces
sodium uptake in rice (Oryza sativa L.) seedlings by reducing bypass flow. Plant, Cell and
Environment, 29 (10), pp.1970-1979. [Online]. Available at: doi:10.1111/j.1365-
3040.2006.01572 x.

Gong, H., Zhu, X., Chen, K., Wang, S. and Zhang, C. (2005). Silicon alleviates oxidative
damage of wheat plants in pots under drought. Plant Science, 169 (2), pp.313—-321.
[Online]. Available at: doi:10.1016/j.plantsci.2005.02.023.

Goto, M., Ehara, H., Karita, S., Takabe, K., Ogawa, N., Yamada, Y., Ogawa, S. and Sani, M.
(2002). Protective effect of silicon on phenolic biosynthesis and ultraviolet spectral stress in

rice crop. Plant Science, 164 (2003), pp.349-356.

Goussain, M. M., Prado, E. and Moraes, J. C. (2005). Effect of silicon applied to wheat plants
on the biology and probing behaviour of the greenbug Schizaphis graminum (Rond.)
(Hemiptera: Aphididae). Neotropical Entomology, 34 (5), pp.807—813. [Online]. Available at:
doi:10.1590/S1519-566X2005000500013.

Graether, S. P. and Boddington, K. F. (2014). Disorder and function: A review of the
dehydrin protein family. Frontiers in Plant Science, 5 (October), pp.1-12. [Online]. Available
at: doi:10.3389/fpls.2014.00576.

173



Grasic, M., Dobravc, M., Golob, A., Vogel-Mikus, K. and Gaberscik, A. (2019). Water
shortage reduces silicon uptake in barley leaves. Agricultural Water Management, 217

(May 2018), pp.47-56. [Online]. Available at: doi:10.1016/j.agwat.2019.02.030.

Grassini, P., Eskridge, K. M. and Cassman, K. G. (2013). Distinguishing between yield
advances and yield plateaus in historical crop production trends. Nature Communications,

4, pp.1-11. [Online]. Available at: d0i:10.1038/ncomms3918.

Grégoire, C., Rémus-Borel, W., Vivancos, J., Labbé, C., Belzile, F. and Bélanger, R. R. (2012).
Discovery of a multigene family of aquaporin silicon transporters in the primitive plant
Equisetum arvense. Plant Journal, 72 (2), pp.320-330. [Online]. Available at:
doi:10.1111/j.1365-313X.2012.05082.x.

Gressel, J. (2008). Transgenics are imperative for biofuel crops. Plant Science, 174 (3),

pp.246-263. [Online]. Available at: doi:10.1016/j.plantsci.2007.11.009.

Griffin, M., Hogan, B. and Schmidt, O. (2015). Silicon reduces slug feeding on wheat
seedlings. Journal of Pest Science, 88 (1), pp.17-24. [Online]. Available at:
doi:10.1007/s10340-014-0579-1.

Gunes, A., Pilbeam, D. J,, Inal, A., Bagci, E. G. and Coban, S. (2007). Influence of silicon on
antioxidant mechanisms and lipid peroxidation in chickpea (Cicer arietinum L.) cultivars
under drought stress. Journal of Plant Interactions, 2 (2), pp.105—113. [Online]. Available at:
doi:10.1080/17429140701529399.

Gunes, A., Pilbeam, D. J,, Inal, A. and Coban, S. (2008). Influence of silicon on sunflower
cultivars under drought stress, I: Growth, antioxidant mechanisms, and lipid peroxidation.
Communications in Soil Science and Plant Analysis, 39 (13—14), pp.1885—1903. [Online].
Available at: doi:10.1080/00103620802134651.

Guntzer, F., Keller, C. and Meunier, J. D. (2012). Benefits of plant silicon for crops: A review.
Agronomy for Sustainable Development, 32 (1), pp.201-213. [Online]. Available at:
doi:10.1007/s13593-011-0039-8.

174



Gupta, B. K., Sahoo, K. K., Anwar, K., Nongpiur, R. C., Deshmukh, R., Pareek, A. and Singla-
Pareek, S. L. (2021). Silicon nutrition stimulates Salt-Overly Sensitive (SOS) pathway to
enhance salinity stress tolerance and yield in rice. Plant Physiology and Biochemistry, 166

(June), pp.593-604. [Online]. Available at: doi:10.1016/j.plaphy.2021.06.010.

Hajiboland, R., Cheraghvareh, L. and Poschenrieder, C. (2017). Improvement of drought
tolerance in Tobacco (Nicotiana rustica L.) plants by Silicon. Journal of Plant Nutrition, 40

(12), pp.1661-1676. [Online]. Available at: doi:10.1080/01904167.2017.1310887.

Hall, C. R., Dagg, V., Waterman, J. M. and Johnson, S. N. (2020a). Silicon alters leaf surface
morphology and suppresses insect herbivory in a model grass species. Plants, 9 (5).

[Online]. Available at: doi:10.3390/plants9050643.

Hall, C. R., Mikhael, M., Hartley, S. E. and Johnson, S. N. (2020b). Elevated atmospheric CO,
suppresses jasmonate and silicon-based defences without affecting herbivores. Functional

Ecology, 34 (5), pp.993-1002. [Online]. Available at: doi:10.1111/1365-2435.13549.

Hall, C. R., Waterman, J. M., Vandegeer, R. K., Hartley, S. E. and Johnson, S. N. (2019). The
Role of Silicon in Antiherbivore Phytohormonal Signalling. Frontiers in Plant Science, 10

(September), pp.1-7. [Online]. Available at: doi:10.3389/fpls.2019.01132.

Hameed, A., Farooq, T., Hameed, A. and Sheikh, M. A. (2021). Silicon-Mediated Priming
Induces Acclimation to Mild Water-Deficit Stress by Altering Physio-Biochemical Attributes
in Wheat Plants. Frontiers in Plant Science, 12 (February), pp.1-13. [Online]. Available at:
doi:10.3389/fpls.2021.625541.

Han, Y., Li, P., Gong, S., Yang, L., Wen, L. and Hou, M. (2016). Defense Responses in Rice
Induced by Silicon Amendment against Infestation by the Leaf Folder Cnaphalocrocis
medinalis. PloS one, 11 (4), p.e0153918. [Online]. Available at:
doi:10.1371/journal.pone.0153918.

Harizanova, A. and Koleva-Valkova, L. (2019). Effect of silicon on photosynthetic rate and
the chlorophyll fluorescence parameters at hydroponically grown cucumber plants under
salinity stress. Journal of Central European Agriculture, 20 (3), pp.953-960. [Online].
Available at: doi:10.5513/JCEA01/20.3.2312.

175



Harper, A. L., Trick, M., Higgins, J., Fraser, F., Clissold, L., Wells, R., Hattori, C., Werner, P.
and Bancroft, I. (2012). Associative transcriptomics of traits in the polyploid crop species
Brassica napus. Nature Biotechnology, 30 (8), pp.798-802. [Online]. Available at:
doi:10.1038/nbt.2302.

Hartley, S. E. and DeGabriel, J. L. (2016). The ecology of herbivore-induced silicon defences
in grasses. Functional Ecology, 30 (8), pp.1311-1322. [Online]. Available at:
doi:10.1111/1365-2435.12706.

Hartley, S. E., Fitt, R. N., McLarnon, E. L. and Wade, R. N. (2015). Defending the leaf surface:
intra- and inter-specific differences in silicon deposition in grasses in response to damage
and silicon supply. Frontiers in Plant Science, 6 (February), pp.1-8. [Online]. Available at:

doi:10.3389/fpls.2015.00035.

Hawkesford, M. J., Araus, J. L., Park, R., Calderini, D., Miralles, D., Shen, T., Zhang, J. and
Parry, M. A. J. (2013). Prospects of doubling global wheat yields. Food and Energy Security,
2 (1), pp.34-48. [Online]. Available at: doi:10.1002/fes3.15.

Haynes, R. J. (2014). A contemporary overview of silicon availability in agricultural soils.
Journal of Plant Nutrition and Soil Science, 177 (6), pp.831—844. [Online]. Available at:
do0i:10.1002/jpIn.201400202.

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

Phytologist, 206 (3), pp.1051-1062. [Online]. Available at: doi:10.1111/nph.13282.

Henriet, C., Draye, X., Oppitz, |., Swennen, R. and Delvaux, B. (2006). Effects, distribution
and uptake of silicon in banana (Musa spp.) under controlled conditions. Plant and Soil, 287

(1-2), pp.359-374. [Online]. Available at: doi:10.1007/511104-006-9085-4.

Hodson, M. J. and Sangster, A. G. (1998). Mineral deposition in the needles of white spruce
[Picea glauca (Moench.) Voss]. Annals of Botany, 82 (3), pp.375—385. [Online]. Available at:
doi:10.1006/anbo.1998.0694.

176



Hodson, M. J., White, P. J.,, Mead, A. and Broadley, M. R. (2005). Phylogenetic variation in
the silicon composition of plants. Annals of Botany, 96 (6), pp.1027—-1046. [Online].
Available at: doi:10.1093/aob/mci255.

Holz, S., Kube, M., Bartoszewski, G., Huettel, B. and Biittner, C. (2019). Initial Studies on
Cucumber Transcriptome Analysis under Silicon Treatment. Silicon, 11 (5), pp.2365-2369.
[Online]. Available at: doi:10.1007/s12633-015-9335-2.

Hope, R. M. (2013). Rmisc: Ryan Miscellaneous. [Online]. Available at: https://cran.r-

project.org/package=Rmisc.

Hosseini, S. A., Maillard, A., Hajirezaei, M. R., Ali, N., Schwarzenberg, A., Jamois, F. and Yvin,
J.-C. (2017). Induction of Barley Silicon Transporter HvLsil and HvLsi2, increased silicon
concentration in the shoot and regulated Starch and ABA Homeostasis under Osmotic
stress and Concomitant Potassium Deficiency. Frontiers in Plant Science, 8 (August).

[Online]. Available at: doi:10.3389/fpls.2017.01359.

Howe, G. A. and Jander, G. (2007). Plant Immunity to Insect Herbivores. Annual Review of
Plant Biology, 59 (1), pp.41-66. [Online]. Available at:
doi:10.1146/annurev.arplant.59.032607.092825.

Howe, K. L. et al. (2021). Ensembl 2021. Nucleic Acids Research, 49 (D1), pp.D884—-D891.
[Online]. Available at: doi:10.1093/nar/gkaa942.

Howladar, S. M., Al-Robai, S. A., Al-Zahrani, F. S., Howladar, M. M. and Aldhebiani, A. Y.
(2018). Silicon and its application method effects on modulation of cadmium stress
responses in Triticum aestivum (L.) through improving the antioxidative defense system
and polyamine gene expression. Ecotoxicology and Environmental Safety, 159 (May),

pp.143-152. [Online]. Available at: doi:10.1016/j.ecoenv.2018.05.004.

Hu, Cai and Jeong. (2019). Silicon Affects Root Development, Tissue Mineral Content, and
Expression of Silicon Transporter Genes in Poinsettia (Euphorbia pulcherrima Willd.)

Cultivars. Plants, 8 (6), p.180. [Online]. Available at: doi:10.3390/plants8060180.

177



Hunt, J. W., Dean, A. P., Webster, R. E., Johnson, G. N. and Ennos, A. R. (2008). A novel
mechanism by which silica defends grasses against herbivory. Annals of Botany, 102 (4),

pp.653—-656. [Online]. Available at: doi:10.1093/aob/mcn130.

Ibrahim, M. A., Merwad, A. R. M. and Elnaka, E. A. (2018). Rice (Oryza sativa L.) Tolerance
to Drought Can Be Improved by Silicon Application. Communications in Soil Science and
Plant Analysis, 49 (8), pp.945—957. [Online]. Available at:
doi:10.1080/00103624.2018.1448856.

Idso, S. B., Allen, S. G. and Choudhury, B. J. (1988). Problems with porometry: measuring
stomatal conductances of potentially transpiring plants. Agricultural and Forest

Meteorology, 43 (1), pp.49-58. [Online]. Available at: doi:10.1016/0168-1923(88)90005-6.

ller, R. K. (1979). The chemistry of silica: solubility, polymerization, colloid and surface

properties, and biochemistry. Chichester, UK: John Whiley and Sons.

IPCC. (2014). Climate Change 2014: Synthesis Report. Contribution of Working Groups |, Il
and lll to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change
[Core Writing Team, R.K. Pachauri and L.A. Meyer (eds.)]. IPCC, Geneva, Switzerland
[Online]. Available at: doi:10.1017/CB09781107415324.004.

IPCC. (2019). Climate Change and Land: an IPCC special report on climate change,
desertification, land degradation, sustainable land management, food security, and
greenhouse gas fluxes in terrestrial ecosystems. [P.R. Shukla, J. Skea, E. Calvo Buendia, V.
Masson-Delmotte, H.-O. Portner, D.C. Roberts, P. Zhai, R. Slade, S. Connors, R. van Diemen,
M. Ferrat, E. Haughey, S. Luz, S. Neogi, M. Pathak, J. Petzold, J. Portugal Pereira, P. Vyas, E.
Huntley, K. Kissick, M. Belkacemi, J. Malley, (eds.)]. IPCC, Geneva, Switerzland.

Islam, T., Moore, B. D. and Johnson, S. N. (2020). Novel evidence for systemic induction of
silicon defences in cucumber following attack by a global insect herbivore. Ecological

Entomology, pp.1-9. [Online]. Available at: doi:10.1111/een.12922.

Ito, K. (2015). Steelmaking Slag for Fertilizer Usage. Nippon steel & sumitomo metal
technical report no 109. [Online]. Available at:

https://www.nipponsteel.com/en/tech/report/nssmc/pdf/109-23.pdf.

178



IWGSC, T. . W. G. S. C. et al. (2018). Shifting the limits in wheat research and breeding
using a fully annotated reference genome. Science, 361 (6403), eaar7191. [Online].

Available at: doi:10.1126/ science.aar7191.

Izaguirre-Mayoral, M. L., Brito, M., Baral, B. and Garrido, M. J. (2017). Silicon and nitrate
differentially modulate the symbiotic performances of healthy and virus-infected
Bradyrhizobium-nodulated cowpea (Vigna unguiculata), Yardlong Bean (V. unguiculata
subsp. sesquipedalis) and Mung Bean (V. radiata). Plants, 6 (3), pp.1-15. [Online]. Available
at: doi:10.3390/plants6030040.

Jadhao, K. R., Bansal, A. and Rout, G. R. (2020). Silicon amendment induces synergistic plant
defense mechanism against pink stem borer (Sesamia inferens Walker.) in finger millet
(Eleusine coracana Gaertn.). Scientific Reports, 10 (1), pp.1-15. [Online]. Available at:
doi:10.1038/s41598-020-61182-0.

Jana, G. A,, Al Kharusi, L., Sunkar, R., Al-Yahyai, R. and Yaish, M. W. (2019). Metabolomic
analysis of date palm seedlings exposed to salinity and silicon treatments. Plant Signaling &

Behavior, 14 (11), p.1663112. [Online]. Available at: doi:10.1080/15592324.2019.1663112.

Jang, S. W., Kim, Y., Khan, A. L., Na, C. |. and Lee, I. J. (2018). Exogenous short-term silicon
application regulates macro-nutrients, endogenous phytohormones, and protein
expression in Oryza sativa L. BMC Plant Biology, 18 (1), pp.1-12. [Online]. Available at:
doi:10.1186/s12870-017-1216-y.

Jarvis, S. C. (1987). The uptake and transport of silicon by perennial ryegrass and wheat.

Plant and Soil, 97 (3), pp.429—-437. [Online]. Available at: doi:10.1007/BF02383233.

Javaid, T., Farooq, M. A., Akhtar, J., Saqib, Z. A. and Anwar-ul-Hag, M. (2019). Silicon
nutrition improves growth of salt-stressed wheat by modulating flows and partitioning of
Na*, CI- and mineral ions. Plant Physiology and Biochemistry, 141 (June), pp.291-299.
[Online]. Available at: doi:10.1016/j.plaphy.2019.06.010.

179



Jeer, M., Yele, Y., Sharma, K. C. and Prakash, N. B. (2021). Exogenous Application of
Different Silicon Sources and Potassium Reduces Pink Stem Borer Damage and Improves
Photosynthesis, Yield and Related Parameters in Wheat. Silicon, 13 (3), pp.901-910.
[Online]. Available at: d0i:10.1007/s12633-020-00481-7.

Johnson, J. (2014). Accurate Measurements of Low Z Elements in Sediments and
Archaeological Ceramics Using Portable X-ray Fluorescence (PXRF). Journal of
Archaeological Method and Theory, 21 (3), pp.563—588. [Online]. Available at:
doi:10.1007/s10816-012-9162-3.

Johnson, S. N. and Hartley, S. E. (2018). Elevated carbon dioxide and warming impact silicon
and phenolic-based defences differently in native and exotic grasses. Global Change

Biology, 24 (9), pp.3886—3896. [Online]. Available at: doi:10.1111/gcb.13971.

Johnson, S. N., Hartley, S. E., Ryalls, J. M. W., Frew, A., Degabriel, J. L., Duncan, M. and
Gherlenda, A. N. (2017). Silicon-induced root nodulation and synthesis of essential amino
acids in a legume is associated with higher herbivore abundance. Functional Ecology.

[Online]. Available at: doi:10.1111/1365-2435.12893.

Johnson, S. N., Hartley, S. E., Ryalls, J. M. W., Frew, A. and Hall, C. R. (2020). Targeted plant
defense: silicon conserves hormonal defense signaling impacting chewing but not fluid-

feeding herbivores. Ecology, 0 (0), pp.1-7. [Online]. Available at: doi:10.1002/ecy.3250.

Johnson, S. N., Reynolds, O. L., Gurr, G. M., Esveld, J. L., Moore, B. D., Tory, G. J. and
Gherlenda, A. N. (2019). When resistance is futile, tolerate instead: silicon promotes plant
compensatory growth when attacked by above- and belowground herbivores. Biology

Letters, 15 (7), p.20190361. [Online]. Available at: doi:10.1098/rsbl.2019.0361.

Jones, J. D. G. and Dangl, J. L. (2006). The plant immune system. Nature, 444 (7117),
pp.323-329. [Online]. Available at: doi:10.1038/nature05286.

Joudmand, A. and Hajiboland, R. (2019). Silicon mitigates cold stress in barley plants via
modifying the activity of apoplasmic enzymes and concentration of metabolites. Acta

Physiologiae Plantarum, 41 (2), p.0. [Online]. Available at: doi:10.1007/s11738-019-2817-x.

180



Ju, S., Yin, N., Wang, L., Zhang, C. and Wang, Y. (2017). Effects of silicon on Oryza sativa L.
seedling roots under simulated acid rain stress. PLoS ONE, 12 (3), pp.1-19. [Online].
Available at: doi:10.1371/journal.pone.0173378.

Kahiluoto, H. et al. (2019). Decline in climate resilience of european wheat. Proceedings of
the National Academy of Sciences of the United States of America, 116 (1), pp.123—-128.
[Online]. Available at: doi:10.1073/pnas.1804387115.

Kang, J., Zhao, W. and Zhu, X. (2016). Silicon improves photosynthesis and strengthens
enzyme activities in the C3 succulent xerophyte Zygophyllum xanthoxylum under drought
stress. Journal of Plant Physiology, 199, pp.76—86. [Online]. Available at:
doi:10.1016/j.jplph.2016.05.009.

Katz, O. (2014). Beyond grasses: the potential benefits of studying silicon accumulation in
non-grass species. Frontiers in Plant Science, 5 (July), pp.2011-2013. [Online]. Available at:
doi:10.3389/fpls.2014.00376.

Keeping, M. G. and Kvedaras, O. L. (2008). Silicon as a plant defence against insect
herbivory: response to Massey, Ennos and Hartley. Journal of Animal Ecology, 77 (3),

pp.631-633. [Online]. Available at: doi:10.1111/j.1365-2656.2008.01380.x.

Kelland, M. E., Wade, P. W., Lewis, A. L., Taylor, L. L., Sarkar, B., Andrews, M. G., Lomas, M.
R., Cotton, T. E. A., Kemp, S. J., James, R. H., Pearce, C. R., Hartley, S. E., Hodson, M. E.,
Leake, J. R., Banwart, S. A. and Beerling, D. J. (2020). Increased yield and CO, sequestration
potential with the C4 cereal Sorghum bicolor cultivated in basaltic rock dust-amended
agricultural soil. Global Change Biology, 26 (6), pp.3658—3676. [Online]. Available at:
doi:10.1111/gcb.15089.

Khalid, S., Shahid, M., Natasha, Bibi, I., Sarwar, T., Shah, A. H. and Niazi, N. K. (2018). A
review of environmental contamination and health risk assessment of wastewater use for
crop irrigation with a focus on low and high-income countries. International Journal of
Environmental Research and Public Health, 15 (5), pp.1-36. [Online]. Available at:
doi:10.3390/ijerph15050895.

181



Khan, M. I. R., Ashfaque, F., Chhillar, H., Irfan, M. and Khan, N. A. (2021). The intricacy of
silicon, plant growth regulators and other signaling molecules for abiotic stress tolerance:
An entrancing crosstalk between stress alleviators. Plant Physiology and Biochemistry, 162

(February), pp.36—47. [Online]. Available at: doi:10.1016/j.plaphy.2021.02.024.

Kim, K. H., Kabir, E. and Jahan, S. A. (2017). Exposure to pesticides and the associated
human health effects. Science of the Total Environment, 575, pp.525-535. [Online].
Available at: doi:10.1016/j.scitotenv.2016.09.009.

Kim, S. G., Kim, K. W., Park, E. W. and Choi, D. (2002). Silicon-Induced Cell Wall Fortification
of Rice Leaves: A Possible Cellular Mechanism of Enhanced Host Resistance to Blast.
Phytopathology, 92 (10), pp.1095-1103. [Online]. Available at:
doi:10.1094/PHYT0.2002.92.10.1095.

Kim, Y. H., Khan, A. L., Hamayun, M., Kang, S. M., Beom, Y. J. and Lee, I. J. (2011). Influence
of short-term silicon application on endogenous physiohormonal levels of Oryza sativa L.
under wounding stress. Biological Trace Element Research, 144 (1-3), pp.1175-1185.
[Online]. Available at: d0i:10.1007/s12011-011-9047-4.

Kim, Y. H., Khan, A. L., Waqas, M., Jeong, H. J., Kim, D. H., Shin, J. S., Kim, J. G., Yeon, M. H.
and Lee, I. J. (2014). Regulation of jasmonic acid biosynthesis by silicon application during
physical injury to Oryza sativa L. Journal of Plant Research, 127 (4), pp.525-532. [Online].
Available at: doi:10.1007/s10265-014-0641-3.

Korte, A. and Ashley, F. (2013). The advantages and limitations of trait analysis with GWAS :

a review. Plant methods, 9, p.29.

Kuhla, J., Pausch, J. and Schaller, J. (2021). Effect on soil water availability, rather than
silicon uptake by plants, explains the beneficial effect of silicon on rice during drought.

Plant, Cell & Environment, (July), pp.1-11. [Online]. Available at: doi:10.1111/pce.14155.

Kumar, S., Adiram-Filiba, N., Blum, S., Sanchez-Lopez, J. A., Tzfadia, O., Omid, A., Volpin, H.,
Heifetz, Y., Goobes, G. and Elbaum, R. (2020). Siliplant1 protein precipitates silica in
sorghum silica cells. Journal of Experimental Botany, 71 (21), pp.6830-6843. [Online].
Available at: doi:10.1093/jxb/eraa258.

182



Kumar, S. and Elbaum, R. (2018). Interplay between silica deposition and viability during
the life span of sorghum silica cells. New Phytologist, 217 (3), pp.1137-1145. [Online].
Available at: doi:10.1111/nph.14867.

Kumar, S., Milstein, Y., Brami, Y., Elbaum, M. and Elbaum, R. (2017). Mechanism of silica
deposition in sorghum silica cells. New Phytologist, 213 (2), pp.791-798. [Online]. Available
at: doi:10.1111/nph.14173.

Kvedaras, O. L., Byrne, M. J., Coombes, N. E. and Keeping, M. G. (2009). Influence of plant
silicon and sugarcane cultivar on mandibular wear in the stalk borer Eldana saccharina.
Agricultural and Forest Entomology, 11 (3), pp.301-306. [Online]. Available at:
doi:10.1111/j.1461-9563.2009.00430.x.

Lawlor, D. W. (1970). ABSORPTION OF POLYETHYLENE GLYCOLS BY PLANTS AND THEIR
EFFECTS ON PLANT GROWTH. New Phytologist, 69 (2), pp.501-513. [Online]. Available at:
doi:10.1111/j.1469-8137.1970.tb02446.x.

Lawson, T. and Blatt, M. R. (2014). Stomatal size, speed, and responsiveness impact on
photosynthesis and water use efficiency. Plant Physiology, 164 (4), pp.1556—1570. [Online].
Available at: doi:10.1104/pp.114.237107.

Lekklar, C., Chadchawan, S., Boon-Long, P., Pfeiffer, W. and Chaidee, A. (2019). Salt stress in
rice: multivariate analysis separates four components of beneficial silicon action.

Protoplasma, 256 (2), pp.331-347. [Online]. Available at: doi:10.1007/s00709-018-1293-2.

Lenth, R. V. (2021). emmeans: Estimated Marginal Means, aka Least-Squares Means.

[Online]. Available at: https://cran.r-project.org/package=emmeans.

Li, H., Zhu, Y., Hu, Y., Han, W. and Gong, H. (2015). Beneficial effects of silicon in alleviating
salinity stress of tomato seedlings grown under sand culture. Acta Physiologiae Plantarum,

37 (4), p.71. [Online]. Available at: doi:10.1007/s11738-015-1818-7.

Li, Z. and Delvaux, B. (2019). Phytolith-rich biochar: A potential Si fertilizer in desilicated
soils. GCB Bioenergy, 11 (11), pp.1264-1282. [Online]. Available at:
doi:10.1111/gcbb.12635.

183



Li, Z., Song, Z., Yan, Z., Hao, Q., Song, A., Liu, L., Yang, X., Xia, S. and Liang, Y. (2018). Silicon
enhancement of estimated plant biomass carbon accumulation under abiotic and biotic
stresses. A meta-analysis. Agronomy for Sustainable Development, 38 (3). [Online].

Available at: doi:10.1007/s13593-018-0496-4.

Liang, Y., Nikolic, M., Bélanger, R., Gong, H. and Song, A. (2015). Silicon in Agriculture.
[Online]. Available at: doi:10.1007/978-94-017-9978-2.

Liang, Y., Zhu, J,, Li, Z., Chu, G., Ding, Y., Zhang, J. and Sun, W. (2008). Role of silicon in
enhancing resistance to freezing stress in two contrasting winter wheat cultivars.
Environmental and Experimental Botany, 64 (3), pp.286—294. [Online]. Available at:
doi:10.1016/j.envexpbot.2008.06.005.

Ligaba-Osena, A., Guo, W., Choi, S. C., Limmer, M. A,, Seyfferth, A. L. and Hankoua, B. B.
(2020). Silicon Enhances Biomass and Grain Yield in an Ancient Crop Tef [Eragrostis tef
(Zucc.) Trotter]. Frontiers in Plant Science, 11 (November), pp.1-15. [Online]. Available at:

doi:10.3389/fpls.2020.608503.

De Lima, D. T., Sampaio, M. V., Albuquerque, C. J. B., Pereira, H. S. and Martins, W. G.
(2019). Silicon accumulation and its effect on agricultural traits and anthracnose incidence
in lignocellulosic sorghum. Pesquisa Agropecuaria Tropical, 49, pp.1-8. [Online]. Available

at: doi:10.1590/1983-40632019v4954201.

Lin, Y., Sun, Z., Li, Z., Xue, R., Cui, W., Sun, S, Liu, T., Zeng, R. and Song, Y. (2019). Deficiency
in Silicon Transporter Lsil Compromises Inducibility of Anti-herbivore Defense in Rice
Plants. Frontiers in Plant Science, 10 (May), pp.1-9. [Online]. Available at:
doi:10.3389/fpls.2019.00652.

Lipka, A. E., Tian, F., Wang, Q., Peiffer, J., Li, M., Bradbury, P. J., Gore, M. A., Buckler, E. S.
and Zhang, Z. (2012). GAPIT: Genome association and prediction integrated tool.
Bioinformatics, 28 (18), pp.2397—-2399. [Online]. Available at:
doi:10.1093/bioinformatics/bts444.

184



Liu, J., Zhu, J., Zhang, P., Han, L., Reynolds, O. L., Zeng, R., Wu, J., Shao, Y., You, M. and Gurr,
G. M. (2017). Silicon Supplementation Alters the Composition of Herbivore Induced Plant
Volatiles and Enhances Attraction of Parasitoids to Infested Rice Plants. Frontiers in Plant

Science, 8 (July), pp.1-8. [Online]. Available at: doi:10.3389/fpls.2017.01265.

Liu, P.,Yin, L., Wang, S., Zhang, M., Deng, X., Zhang, S. and 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, pp.42—-

51. [Online]. Available at: doi:10.1016/j.envexpbot.2014.10.006.

Lopes, M. S., El-Basyoni, I., Baenziger, P. S., Singh, S., Royo, C., Ozbek, K., Aktas, H., Ozer, E.,
Ozdemir, F., Manickavelu, A., Ban, T. and Vikram, P. (2015). Exploiting genetic diversity
from landraces in wheat breeding for adaptation to climate change. Journal of
Experimental Botany, 66 (12), pp.3477—3486. [Online]. Available at:
doi:10.1093/jxb/erv122.

Love, M., Huber, W. and Anders, S. (2014). Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. [Online]. Available at: doi:10.1186/s13059-014-
0550-8.

Lux, A., Luxova, M., Abe, J., Tanimoto, E., Hattori, T. and Inanaga, S. (2003). The dynamics of
silicon deposition in the sorghum root endodermis. New Phytologist, 158 (3), pp.437-441.
[Online]. Available at: doi:10.1046/j.1469-8137.2003.00764.x.

Ma, D., Sun, D., Wang, C., Qin, H., Ding, H., Li, Y. and Guo, T. (2016). Silicon Application
Alleviates Drought Stress in Wheat Through Transcriptional Regulation of Multiple
Antioxidant Defense Pathways. Journal of Plant Growth Regulation, 35 (1), pp.1-10.
[Online]. Available at: doi:10.1007/s00344-015-9500-2.

Ma, J., Cai, H., He, C., Zhang, W. and Wang, L. (2015). A hemicellulose-bound form of silicon
inhibits cadmium ion uptake in rice (Oryza sativa) cells. New Phytologist, 206 (3), pp.1063—
1074. [Online]. Available at: doi:10.1111/nph.13276.

Ma, J. F., Higashitani, A., Sato, K. and Tateda, K. (2003). Genotypic variation in Si content of
barley grain. Plant Soil, 249, pp.383-387.

185



Ma, J. F. and Takahashi, E. (2002). Soil, Fertilizer, and Plant Silicon Research in Japan. 1st ed.

Amsterdam, the Netherland: Elsevier Science.

Ma, J. F., Tamai, K., Yamaji, N., Mitani, N., Konishi, S., Katsuhara, M., Ishiguro, M., Murata,
Y. and Yano, M. (2006). A silicon transporter in rice. Nature, 440 (7084), pp.688—691.
[Online]. Available at: doi:10.1038/nature04590.

Ma, J. F. and Yamaji, N. (2006). Silicon uptake and accumulation in higher plants. Trends in

Plant Science, 11 (8), pp.392—397. [Online]. Available at: doi:10.1016/j.tplants.2006.06.007.

Ma, J. F. and Yamaji, N. (2015). A cooperative system of silicon transport in plants. Trends in

Plant Science, 20 (7), pp.435—442. [Online]. Available at: doi:10.1016/j.tplants.2015.04.007.

Ma, J. F., Yamaji, N., Mitani, N., Tamai, K., Konishi, S., Fujiwara, T., Katsuhara, M. and Yano,
M. (2007a). An efflux transporter of silicon in rice. Nature, 448 (7150), pp.209-212.
[Online]. Available at: doi:10.1038/nature05964.

Ma, J. F., Yamaji, N., Tamai, K. and Mitani, N. (2007b). Genotypic Difference in Silicon
Uptake and Expression of Silicon Transporter Genes in Rice. Plant Physiology, 145 (3),
pp.919-924. [Online]. Available at: doi:10.1104/pp.107.107599.

Maas, E. V. and Hoffman, G. J. (1977). Crop Salt Tolerance - Current Assessment. Journal of
the Irrigation and Drainage Division, 103 (2), pp.115-134. [Online]. Available at:
doi:10.1016/5S0308-521X(00)00016-0.

Maghsoudi, K., Emam, Y. and Ashraf, M. (2016a). Foliar application of silicon at different
growth stages alters growth and yield of selected wheat cultivars. Journal of Plant
Nutrition, 39 (8), pp.1194-1203. [Online]. Available at:
doi:10.1080/01904167.2015.1115876.

Maghsoudi, K., Emam, Y., Ashraf, M., Pessarakli, M. and Arvin, M. J. (2019). Silicon
application positively alters pollen grain area, osmoregulation and antioxidant enzyme
activities in wheat plants under water deficit conditions. Journal of Plant Nutrition, 42 (17),

pp.2121-2132. [Online]. Available at: doi:10.1080/01904167.2019.1648677.

186



Maghsoudi, K., Emam, Y. and Pessarakli, M. (2016b). Effect of silicon on photosynthetic gas
exchange, photosynthetic pigments, cell membrane stability and relative water content of
different wheat cultivars under drought stress conditions. Journal of Plant Nutrition, 39 (7),

pp.1001-1015. [Online]. Available at: doi:10.1080/01904167.2015.1109108.

Maillard, A., Ali, N., Schwarzenberg, A., Jamois, F., Yvin, J. C. and Hosseini, S. A. (2018).
Silicon transcriptionally regulates sulfur and ABA metabolism and delays leaf senescence in
barley under combined sulfur deficiency and osmotic stress. Environmental and
Experimental Botany, 155 (July), pp.394—-410. [Online]. Available at:
doi:10.1016/j.envexpbot.2018.07.026.

Mandlik, R., Thakral, V., Raturi, G., Shinde, S., Nikoli¢, M., Tripathi, D. K., Sonah, H. and
Deshmukh, R. (2020). Significance of silicon uptake, transport, and deposition in plants.
Journal of Experimental Botany, 71 (21), pp.6703—6718. [Online]. Available at:
doi:10.1093/jxb/eraa301.

Markovich, O., Kumar, S., Cohen, D., Addadi, S., Fridman, E. and Elbaum, R. (2015).
Silicification in Leaves of Sorghum Mutant with Low Silicon Accumulation. Silicon, pp.1-7.

[Online]. Available at: doi:10.1007/s12633-015-9348-x.

Marques, D. J., Bianchini, H. C., Maciel, G. M., de Mendonga, T. F. N. and Silva, M. F. e.
(2021). Morphophysiological Changes Resulting from the Application of Silicon in Corn
Plants Under Water Stress. Journal of Plant Growth Regulation, (0123456789). [Online].
Available at: doi:10.1007/s00344-021-10322-5.

Martinez-Alvarez, V., Martin-Gorriz, B. and Soto-Garcia, M. (2016). Seawater desalination
for crop irrigation - A review of current experiences and revealed key issues. Desalination,

381, pp.58-70. [Online]. Available at: doi:10.1016/j.desal.2015.11.032.

Massey, F. P., Ennos, A. R. and Hartley, S. E. (2006). Silica in grasses as a defence against
insect herbivores: Contrasting effects on folivores and a phloem feeder. Journal of Animal

Ecology, 75 (2), pp.595-603. [Online]. Available at: d0i:10.1111/j.1365-2656.2006.01082.x.

187



Massey, F. P. and Hartley, S. E. (2006). Experimental demonstration of the antiherbivore
effects of silica in grasses: impacts on foliage digestibility and vole growth rates.
Proceedings of the Royal Society B: Biological Sciences, 273 (1599), pp.2299-2304. [Online].
Available at: doi:10.1098/rspb.2006.3586.

Massey, F. P. and Hartley, S. E. (2009). Physical defences wear you down: progressive and
irreversible impacts of silica on insect herbivores. Journal of Animal Ecology, 78 (1),

pp.281-291. [Online]. Available at: doi:10.1111/j.1365-2656.2008.01472 x.

Massey, F. P., Massey, K., Roland Ennos, A. and Hartley, S. E. (2009). Impacts of silica-based
defences in grasses on the feeding preferences of sheep. Basic and Applied Ecology, 10 (7),

pp.622-630. [Online]. Available at: doi:10.1016/j.baae.2009.04.004.

Massey, F. P., Roland Ennos, A. and Hartley, S. E. (2007). Herbivore specific induction of
silica-based plant defences. Oecologia, 152 (4), pp.677—683. [Online]. Available at:
doi:10.1007/s00442-007-0703-5.

Massey, F. P., Smith, M. J., Lambin, X. and Hartley, S. E. (2008). Are silica defences in
grasses driving vole population cycles? Biology Letters, 4 (4), pp.419—-422. [Online].
Available at: doi:10.1098/rsbl.2008.0106.

MclLarnon, E., McQueen-Mason, S., Lenk, I. and Hartley, S. E. (2017). Evidence for Active
Uptake and Deposition of Si-based Defenses in Tall Fescue. Frontiers in Plant Science, 8

(July), pp.1-11. [Online]. Available at: doi:10.3389/fpls.2017.01199.

McNaughton, S. J. and Tarrants, J. L. (1983). Grass leaf silicification: Natural selection for an
inducible defense against herbivores. Proceedings of the National Academy of Sciences, 80

(3), pp.790-791. [Online]. Available at: doi:10.1073/pnas.80.3.790.

McNaughton, S. J., Tarrants, J. L., McNaughton, M. M. and Davis, R. D. (1985). Silica as a
Defense against Herbivory and a Growth Promotor in African Grasses. Ecology, 66 (2),

pp.528-535.

188



Mecfel, J., Hinke, S., Goedel, W. A., Marx, G., Fehlhaber, R., Bducker, E. and Wienhaus, O.
(2007). Effect of silicon fertilizers on silicon accumulation in wheat. Journal of Plant
Nutrition and Soil Science, 170 (6), pp.769-772. [Online]. Available at:
doi:10.1002/jpIn.200625038.

Merah, O., Deleens, E. and Monneveux, P. (1999). Grain yield, carbon isotope
discrimination, mineral and silicon content in durum wheat under different precipitation
regimes. Physiologia Plantarum, 107 (4), pp.387—-394. [Online]. Available at:
doi:10.1034/j.1399-3054.1999.100403 x.

Merwad, A. R. M. A, Desoky, E. S. M. and Rady, M. M. (2018). Response of water deficit-
stressed Vigna unguiculata performances to silicon, proline or methionine foliar
application. Scientia Horticulturae, 228 (May 2017), pp.132-144. [Online]. Available at:
doi:10.1016/j.scienta.2017.10.008.

Meunier, J. D., Barboni, D., Anwar-ul-Haq, M., Levard, C., Chaurand, P., Vidal, V., Grauby,
0., Hug, R., Laffont-Schwob, I., Rabier, J. and Keller, C. (2017). Effect of phytoliths for
mitigating water stress in durum wheat. New Phytologist, 215 (1), pp.229—-239. [Online].
Available at: doi:10.1111/nph.14554.

Mi, H., Ebert, D., Muruganujan, A., Mills, C., Albou, L. P., Mushayamaha, T. and Thomas, P.
D. (2021). PANTHER version 16: A revised family classification, tree-based classification
tool, enhancer regions and extensive API. Nucleic Acids Research, 49 (D1), pp.D394—-D403.
[Online]. Available at: doi:10.1093/nar/gkaal106.

Miller, C. N., Harper, A. L., Trick, M., Werner, P., Waldron, K. and Bancroft, I. (2016).
Elucidation of the genetic basis of variation for stem strength characteristics in bread wheat
by Associative Transcriptomics. BMC Genomics, 17 (1), pp.1-11. [Online]. Available at:
doi:10.1186/s12864-016-2775-2.

Ming, D. F., Pei, Z. F., Naeem, M. S., Gong, H. J. and Zhou, W. J. (2012). Silicon alleviates
PEG-induced water-deficit stress in upland rice seedlings by enhancing osmotic adjustment.
Journal of Agronomy and Crop Science, 198 (1), pp.14—26. [Online]. Available at:
doi:10.1111/j.1439-037X.2011.00486.x.

189



Mir, S. H., Rashid, I., Hussain, B., Reshi, Z. A., Assad, R. and Sofi, I. A. (2019). Silicon
Supplementation of Rescuegrass Reduces Herbivory by a Grasshopper. Frontiers in Plant

Science, 10 (May), p.671. [Online]. Available at: doi:10.3389/fpls.2019.00671.

Mitani-Ueno, N., Ogai, H., Yamaji, N. and Ma, J. F. (2014). Physiological and molecular
characterization of Si uptake in wild rice species. Physiologia Plantarum, 151 (3), pp.200—

207. [Online]. Available at: doi:10.1111/ppl.12125.

Mitani-Ueno, N., Yamaji, N. and Ma, J. F. (2011). Silicon efflux transporters isolated from
two pumpkin cultivars contrasting in Si uptake. Plant Signaling & Behavior, 6 (7), pp.991—
994. [Online]. Available at: doi:10.4161/psb.6.7.15462.

Mitani-Ueno, N., Yamaji, N. and Ma, J. F. (2016). High silicon accumulation in the shoot is
required for down-regulating the expression of Si transporter genes in rice. Plant and Cell

Physiology, 57 (12), pp.2510-2518. [Online]. Available at: doi:10.1093/pcp/pcw163.

Mitani, N., Chiba, Y., Yamaji, N. and Ma, J. F. (2009a). Identification and Characterization of
Maize and Barley Lsi2-Like Silicon Efflux Transporters Reveals a Distinct Silicon Uptake
System from That in Rice. the Plant Cell Online, 21 (7), pp.2133—2142. [Online]. Available at:
doi:10.1105/tpc.109.067884.

Mitani, N. and Ma, J. F. (2005). Uptake system of silicon in different plant species. Journal
of Experimental Botany, 56 (414), pp.1255-1261. [Online]. Available at:
doi:10.1093/jxb/eri121.

Mitani, N., Yamaji, N., Ago, Y., lwasaki, K. and Ma, J. F. (2011). Isolation and functional
characterization of an influx silicon transporter in two pumpkin cultivars contrasting in
silicon accumulation. Plant Journal, 66 (2), pp.231-240. [Online]. Available at:
doi:10.1111/j.1365-313X.2011.04483 .x.

Mitani, N., Yamaji, N. and Ma, J. F. (2008). Characterization of substrate specificity of a rice
silicon transporter, Lsil. Pfliigers Archiv - European Journal of Physiology, 456 (4), pp.679—
686. [Online]. Available at: doi:10.1007/s00424-007-0408-y.

190



Mitani, N., Yamaji, N. and Ma, J. F. (2009b). Identification of maize silicon influx
transporters. Plant and Cell Physiology, 50 (1), pp.5—12. [Online]. Available at:
do0i:10.1093/pcp/pcnll0.

Mohammadi, R. (2018). Breeding for increased drought tolerance in wheat: A review. Crop

and Pasture Science, 69 (3), pp.223—-241. [Online]. Available at: doi:10.1071/CP17387.

Moldes, C. A., de Lima Filho, O. F., Merini, L. J., Tsai, S. M. and Camiia, J. M. (2016).
Occurrence of powdery mildew disease in wheat fertilized with increasing silicon doses: a
chemometric analysis of antioxidant response. Acta Physiologiae Plantarum, 38 (8).

[Online]. Available at: doi:10.1007/s11738-016-2217-4.

Montpetit, J., Vivancos, J., Mitani-Ueno, N., Yamaji, N., Rémus-Borel, W., Belzile, F., Ma, J.
F. and Bélanger, R. R. (2012). Cloning, functional characterization and heterologous
expression of Talsil, a wheat silicon transporter gene. Plant Molecular Biology, 79 (1-2),

pp.35-46. [Online]. Available at: do0i:10.1007/s11103-012-9892-3.

Moore, B. D. and Johnson, S. N. (2017). Get Tough, Get Toxic, or Get a Bodyguard:
Identifying Candidate Traits Conferring Belowground Resistance to Herbivores in Grasses.

Frontiers in Plant Science, 7 (January). [Online]. Available at: doi:10.3389/fpls.2016.01925.

Muller, P. Y., Janovjak, H., Miserez, A. R. and Dobbie, Z. (2002). Processing of gene
expression data generated by quantitative real-time RT-PCR. BioTechniques, 32 (6),
pp.1372-1374, 1376, 1378-1379. [Online]. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/12074169.

Muneer, S., Park, Y. G., Manivannan, A., Soundararajan, P. and Jeong, B. R. (2014).
Physiological and proteomic analysis in chloroplasts of Solanum lycopersicum L. under
silicon efficiency and salinity stress. International Journal of Molecular Sciences, 15 (12),

pp.21803-21824. [Online]. Available at: doi:10.3390/ijms151221803.

Munns, R. and Gilliham, M. (2015). Salinity tolerance of crops - what is the cost? New

Phytologist, 208 (3), pp.668—673. [Online]. Available at: doi:10.1111/nph.13519.

191



Murali-Baskaran, R. K., Senthil-Nathan, S. and Hunter, W. B. (2021). Anti-herbivore activity
of soluble silicon for crop protection in agriculture: a review. Environmental Science and
Pollution Research, 28, pp.2626-2637. [Online]. Available at: doi.org/10.1007/s11356-020-
11453-0.

Murozuka, E., de Bang, T. C., Frydenvang, J., Lindedam, J., Laursen, K. H., Bruun, S., Magid,
J. and Schjoerring, J. K. (2015). Concentration of mineral elements in wheat (Triticum
aestivum L.) straw: Genotypic differences and consequences for enzymatic saccharification.
Biomass and Bioenergy, 75, pp.134—-141. [Online]. Available at:
doi:10.1016/j.biombioe.2015.02.017.

Murray, G. and Brennan, J. P. (2009). The Current and Potential Costs from Diseases of
Wheat in Australia. [Online]. Available at: https://grdc.com.au/resources-and-
publications/all-publications/publications/2009/10/the-current-and-potential-costs-from-

diseases-of-wheat-in-australia

Mwadzingeni, L., Shimelis, H., Rees, D. J. G. and Tsilo, T. J. (2017). Genome-wide association
analysis of agronomic traits in wheat under drought-stressed and non-stressed conditions.

PLoS ONE, 12 (2), pp.1-13. [Online]. Available at: doi:10.1371/journal.pone.0171692.

Neu, S., Schaller, J. and Dudel, E. G. (2017). Silicon availability modifies nutrient use
efficiency and content, C:N:P stoichiometry, and productivity of winter wheat (Triticum
aestivum L.). Scientific Reports, 7 (September 2016), pp.3—10. [Online]. Available at:
doi:10.1038/srep40829.

Nicaise, V. (2014). Crop immunity against viruses: Outcomes and future challenges.
Frontiers in Plant Science, 5 (November), pp.1-18. [Online]. Available at:

doi:10.3389/fpls.2014.00660.

Nikolic, M., Nikolic, N., Liang, Y., Kirkby, E. A. and Romheld, V. (2006). Germanium-68 as an
Adequate Tracer for Silicon Transport in Plants. Characterization of Silicon Uptake in
Different Crop Species. Plant Physiology, 143 (1), pp.495-503. [Online]. Available at:
doi:10.1104/pp.106.090845.

192



Ning, D., Song, A., Fan, F., Li, Z. and Liang, Y. (2014). Effects of slag-based silicon fertilizer on
rice growth and brown-spot resistance. PLoS ONE, 9 (7), pp.1-9. [Online]. Available at:
doi:10.1371/journal.pone.0102681.

Noronha, H., Silva, A., Mitani-Ueno, N., Conde, C., Sabir, F., Prista, C., Soveral, G., Isenring,
P., Ma, J. F., Bélanger, R. R. and Gerds, H. (2020). The grapevine NIP2;1 aquaporin is a
silicon channel. Journal of Experimental Botany, 71 (21), pp.6789—6798. [Online]. Available
at: doi:10.1093/jxb/eraa294.

Oerke, E.-C. (2006). Crop losses to pests. The Journal of Agricultural Science, 144 (01), p.31.
[Online]. Available at: doi:10.1017/50021859605005708.

Osakabe, Y., Osakabe, K., Shinozaki, K. and Tran, L.-S. P. (2014). Response of plants to water
stress. Frontiers in Plant Science, 5 (March), pp.1-8. [Online]. Available at:

doi:10.3389/fpls.2014.00086.

Othmani, A, Ayed, S., Bezzin, O., Farooq, M., Ayed-Slama, O., Slim-Amara, H. and Ben
Younes, M. (2020). Effect of Silicon Supply Methods on Durum Wheat (Triticum durum
Desf.) Response to Drought Stress. Silicon. [Online]. Available at: doi:10.1007/s12633-020-
00639-3.

Ouzounidou, G., Giannakoula, A,, llias, I. and Zamanidis, P. (2016). Alleviation of drought
and salinity stresses on growth, physiology, biochemistry and quality of two Cucumis
sativus L. cultivars by Si application. Revista Brasileira de Botanica, 39 (2), pp.531-539.
[Online]. Available at: doi:10.1007/s40415-016-0274-y.

Parveen, A., Liu, W., Hussain, S., Asghar, J., Perveen, S. and Xiong, Y. (2019). Silicon priming
regulates morpho-physiological growth and oxidative metabolism in maize under drought

stress. Plants, 8 (10), p.431. [Online]. Available at: doi:10.3390/plants8100431.

Pazdiora, P. C., da Rosa Dorneles, K., Morello, T. N., Nicholson, P. and Dallagnol, L. J. (2021).
Silicon soil amendment as a complement to manage tan spot and fusarium head blight in
wheat. Agronomy for Sustainable Development, 41 (2), p.21. [Online]. Available at:
doi:10.1007/s13593-021-00677-0.

193



Pei, Z. F., Ming, D. F,, Liu, D., Wan, G. L., Geng, X. X., Gong, H. J. and Zhou, W. J. (2010).
Silicon Improves the Tolerance to Water-Deficit Stress Induced by Polyethylene Glycol in
Wheat (Triticum aestivum L.) Seedlings. Journal of Plant Growth Regulation, 29 (1), pp.106—
115. [Online]. Available at: doi:10.1007/s00344-009-9120-9.

Petersen, C., Woods, H. A. and Kingsolver, J. G. (2000). Stage-specific effects of
temperature and dietary protein on growth and survival of Manduca sexta caterpillars.
Physiological Entomology, 25 (1), pp.35—40. [Online]. Available at: doi:10.1046/j.1365-
3032.2000.00163.x.

Pierantoni, M., Tenne, R., Brumfeld, V., Kiss, V., Oron, D., Addadi, L. and Weiner, S. (2017).
Plants and Light Manipulation: The Integrated Mineral System in Okra Leaves. Advanced

Science, 4 (5), pp.1-9. [Online]. Available at: doi:10.1002/advs.201600416.

Pontigo, S., Larama, G., Parra-Almuna, L., Nunes-Nesi, A., Mora, M. de la L. and Cartes, P.
(2021). Physiological and molecular insights involved in silicon uptake and transport in
ryegrass. Plant Physiology and Biochemistry, 163 (April), pp.308—316. [Online]. Available at:
doi:10.1016/j.plaphy.2021.04.013.

Ponzi, R. and Pizzolongo, P. (2003). Morphology and distribution of epidermal phytoliths in
Triticum aestivum L. Plant Biosystems, 137 (1), pp.3—10. [Online]. Available at:
doi:10.1080/11263500312331351271.

Popescu, A. A., Harper, A. L., Trick, M., Bancroft, I. and Huber, K. T. (2014). A novel and fast
approach for population structure inference using Kernel-PCA and optimization. Genetics,

198 (4), pp.1421-1431. [Online]. Available at: doi:10.1534/genetics.114.171314.

Qadir, M., Quillérou, E., Nangia, V., Murtaza, G., Singh, M., Thomas, R. J., Drechsel, P. and
Noble, A. D. (2014). Economics of salt-induced land degradation and restoration. Natural

Resources Forum, 38 (4), pp.282—295. [Online]. Available at: doi:10.1111/1477-8947.12054.

Quigley, K. M. and Anderson, T. M. (2014). Leaf silica concentration in Serengeti grasses
increases with watering but not clipping: insights from a common garden study and
literature review. Frontiers in Plant Science, 5 (October), pp.1-10. [Online]. Available at:

doi:10.3389/fpls.2014.00568.

194



R Core Team. (2020). R: A language and environment for statistical computing. [Online].

Available at: https://www.r-project.org/.

Rafi, M. M. and Epstein, E. (1999). Silicon absorption by wheat (Triticum aestivum L.). Plant
and Soil, 211 (2), pp.223-230. [Online]. Available at: doi:10.1023/a:1004600611582.

Rafi, M. M., Epstein, E. and Falk, R. H. (1997). Silicon deprivation causes physical
abnormalities in wheat (Triticum aestivum L). Journal of Plant Physiology, 151 (4), pp.497—
501. [Online]. Available at: doi:10.1016/50176-1617(97)80017-X.

Raggi, V. (1992). Changes in water relations and in some physiological functions of bean
under very light osmotic shock induced by polyethylene glycol. Physiologia Plantarum, 84
(4), pp.537-548. [Online]. Available at: doi:10.1111/j.1399-3054.1992.tb04702.x.

Rains, D. W., Epstein, E., Zasoski, R. J. and Aslam, M. (2006). Active Silicon Uptake by
Wheat. Plant and Soil, 280 (1-2), pp.223-228. [Online]. Available at: d0i:10.1007/s11104-
005-3082-x.

Ramirez-Gonzalez, R. H. et al. (2018). The transcriptional landscape of polyploid wheat.

Science, 361 (6403), p.eaar6089. [Online]. Available at: doi:10.1126/SCIENCE.AAR6089.

Rasoolizadeh, A., Labbé, C., Sonah, H., Deshmukh, R. K., Belzile, F., Menzies, J. G. and
Bélanger, R. R. (2018). Silicon protects soybean plants against Phytophthora sojae by
interfering with effector-receptor expression. BMC Plant Biology, 18 (1), pp.1-13. [Online].
Available at: doi:10.1186/s12870-018-1312-7.

Ray, D. K., Mueller, N. D., West, P. C. and Foley, J. A. (2013). Yield Trends Are Insufficient to
Double Global Crop Production by 2050. PLoS ONE, 8 (6), p.e66428. [Online]. Available at:
doi:10.1371/journal.pone.0066428.

Ray, D. K., Ramankutty, N., Mueller, N. D., West, P. C. and Foley, J. A. (2012). Recent
patterns of crop yield growth and stagnation. Nature Communications, 3, p.1293. [Online].

Available at: doi:10.1038/ncomms2296.

195



Reidinger, S., Ramsey, M. H. and Hartley, S. E. (2012). Rapid and accurate analyses of silicon
and phosphorus in plants using a portable X-ray fluorescence spectrometer. New
Phytologist, 195 (3), pp.699-706. [Online]. Available at: doi:10.1111/j.1469-
8137.2012.04179.x.

Reynolds, J. J. H., Lambin, X., Massey, F. P., Reidinger, S., Sherratt, J. A., Smith, M. J., White,
A. and Hartley, S. E. (2012). Delayed induced silica defences in grasses and their potential
for destabilising herbivore population dynamics. Oecologia, 170 (2), pp.445—-456. [Online].
Available at: doi:10.1007/s00442-012-2326-8.

Rezende, R. A. L. S., Rodrigues, F. A., Soares, J. D. R, Silveira, H. R. de O., Pasqual, M. and
Dias, G. de M. G. (2017). Salt stress and exogenous silicon influence physiological and
anatomical features of in vitro-grown cape gooseberry. Ciéncia Rural, 48 (1), pp.1-9.

[Online]. Available at: doi:10.1590/0103-8478cr20170176.

Rizwan, M., Meunier, J. D., Miche, H. and Keller, C. (2012). Effect of silicon on reducing
cadmium toxicity in durum wheat (Triticum turgidum L. cv. Claudio W.) grown in a soil with
aged contamination. Journal of Hazardous Materials, 209-210, pp.326—334. [Online].
Available at: doi:10.1016/j.jhazmat.2012.01.033.

Rowe, R. C., Trebicki, P., Gherlenda, A. N. and Johnson, S. N. (2020). Cereal aphid
performance and feeding behaviour largely unaffected by silicon enrichment of host plants.
Journal of Pest Science, 93 (1), pp.41-48. [Online]. Available at: doi:10.1007/s10340-019-
01144-2.

Ruppenthal, V., Zoz, T., Steiner, F., Do Carmo Lana, M. and Castagnara, D. D. (2016). Silicon
does not alleviate the adverse effects of drought stress in soybean plants. Semina:Ciencias
Agrarias, 37 (6), pp.3941-3954. [Online]. Available at: doi:10.5433/1679-
0359.2016v37n6p3941.

Ryalls, J. M. W., Moore, B. D. and Johnson, S. N. (2018). Silicon uptake by a pasture grass
experiencing simulated grazing is greatest under elevated precipitation. BMC Ecology, 18

(1), pp.1-8. [Online]. Available at: doi:10.1186/s12898-018-0208-6.

196



Sakai, W. and Thom, M. (1979). Localization of silicon in specific cell wall layers of the
stomatal apparatus of sugar cane by use of energy dispersive X-ray analysis. Annals of
Botany, 44 (2), pp.245-248. [Online]. Available at:
doi:10.1093/oxfordjournals.aob.a085725.

Saleh, J., Najafi, N. and Oustan, S. (2017). Effects of Silicon Application on Wheat Growth
and Some Physiological Characteristics under Different Levels and Sources of Salinity.
Communications in Soil Science and Plant Analysis, 48 (10), pp.1114—1122. [Online].
Available at: doi:10.1080/00103624.2017.1323090.

Sallam, A., Alqudah, A. M., Dawood, M. F. A,, Baenziger, P. S. and Borner, A. (2019).
Drought stress tolerance in wheat and barley: Advances in physiology, breeding and
genetics research. International Journal of Molecular Sciences, 20 (13). [Online]. Available

at: doi:10.3390/ijms20133137.

Sampaio, M. V., Franco, G. M., Lima, D. T., Oliveira, A. R. C,, Silva, P. F., Santos, A. L. Z,,
Resende, A. V. M., Santos, F. A. A. and Girdo, L. V. C. (2020). Plant Silicon Amendment Does
Not Reduce Population Growth of Schizaphis graminum or Host Quality for the Parasitoid
Lysiphlebus testaceipes. Neotropical Entomology. [Online]. Available at:

doi:10.1007/s13744-020-00775-w.

Samuels, A. L., Glass, A. D. M., Ehert, D. L. and Menzies, J. G. (1991). Mobility and
deposition of silicon in cucumber plants. Plant, Cell & Environment, 14 (5), pp.485—492.
[Online]. Available at: doi:10.1111/j.1365-3040.1991.tb01518.x.

Sangster, A. G. (1970). Intracellular silica deposition in mature and senescent leaves of
Sieglingia decumbens (L.) Bernh. Annals of Botany, 34 (3), pp.557-570. [Online]. Available
at: doi:10.1093/oxfordjournals.aob.a084391.

Sanson, G. D., Kerr, S. A. and Gross, K. A. (2007). Do silica phytoliths really wear mammalian
teeth? Journal of Archaeological Science, 34 (4), pp.526—531. [Online]. Available at:
doi:10.1016/j.jas.2006.06.009.

197



Sapre, S. S. and Vakharia, D. . (2017). Silicon induced physiological and biochemical changes
under polyethylene glycol-6000 water deficit stress in wheat seedlings. Journal of

Environmental Biology, 38, pp.313—-319.

Sattar, A., Cheema, M. A,, Abbas, T., Sher, A., ljaz, M., Wahid, M. A. and Hussain, M. (2017).
Physiological response of late sown wheat to exogenous application of silicon. Cereal
Research Communications, 45 (2), pp.202—213. [Online]. Available at:
doi:10.1556/0806.45.2017.005.

Sattar, A., Cheema, M. A., Sher, A., Abbas, T., Irfan, M., ljaz, M., Hussain, S. and Ali, Q.
(2018). Foliage applied silicon alleviates the combined effects of salinity and drought stress
on wheat seedlings. International Journal of Agriculture and Biology, 20 (11), pp.2537—-
2543. [Online]. Available at: doi:10.17957/1JAB/15.0800.

Sattar, A., Cheema, M. A,, Sher, A., ljaz, M., Ul-Allah, S., Nawaz, A., Abbas, T. and Ali, Q.
(2019). Physiological and biochemical attributes of bread wheat (Triticum aestivum L.)
seedlings are influenced by foliar application of silicon and selenium under water deficit.
Acta Physiologiae Plantarum, 41 (8), pp.1-11. [Online]. Available at: doi:10.1007/s11738-
019-2938-2.

Sauer, D., Saccone, L., Conley, D. J., Herrmann, L. and Sommer, M. (2006). Review of
methodologies for extracting plant-available and amorphous Si from soils and aquatic
sediments. Biogeochemistry, 80 (1), pp.89—108. [Online]. Available at: doi:10.1007/s10533-
005-5879-3.

Savant, N. K., Datnoff, L. E. and 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), pp.1245-1252. [Online]. Available at:
doi:10.1080/00103629709369870.

Savary, S., Willocquet, L., Pethybridge, S. J., Esker, P., McRoberts, N. and Nelson, A. (2019).
The global burden of pathogens and pests on major food crops. Nature Ecology and

Evolution, 3 (3), pp.430—439. [Online]. Available at: doi:10.1038/s41559-018-0793-y.

198



Sayed, S. A. and Gadallah, M. A. A. (2014). Effects of silicon on Zea mays plants exposed to
water and oxygen deficiency. Russian Journal of Plant Physiology, 61 (4), pp.460—466.
[Online]. Available at: doi:10.1134/51021443714040165.

Schaller, J., Hines, J., Brackhage, C., Baucker, E. and Gessner, M. O. (2014). Silica decouples
fungal growth and litter decomposition without changing responses to climate warming
and N enrichment. Ecology, 95 (11), pp.3181-3189. [Online]. Available at: doi:10.1890/13-
2104.1.

Schaller, J., Puppe, D., Kaczorek, D., Ellerbrock, R. and Sommer, M. (2021). Silicon cycling in
soils revisited. Plants, 10 (2), pp.1-36. [Online]. Available at: doi:10.3390/plants10020295.

Seleiman, M. F., Refay, Y., Al-Suhaibani, N., Al-Ashkar, ., El-Hendawy, S. and Hafez, E. M.
(2019). Integrative Effects of Rice-Straw Biochar and Silicon on Oil and Seed Quality, Yield
and Physiological Traits of Helianthus annuus L. Grown under Water Deficit Stress.

Agronomy, 9 (10), p.637. [Online]. Available at: doi:10.3390/agronomy9100637.

Shakoor, S. A, Bhat, M. A. and H., M. S. (2014). Phytoliths in Plants: A Review. Journal of

Botanical Sciences, 3 (3), pp.10-24.

Shen, Y, Li, S., Chen, Y., Qi, Y. and Zhang, S. (2013). Estimation of regional irrigation water
requirement and water supply risk in the arid region of Northwestern China 1989-2010.
Agricultural Water Management, 128, pp.55—64. [Online]. Available at:
doi:10.1016/j.agwat.2013.06.014.

Shi, Y., Zhang, Y., Han, W., Feng, R., Hu, Y., Guo, J. and Gong, H. (2016). Silicon enhances
water stress tolerance by improving root hydraulic conductance in Solanum lycopersicum L.
Frontiers in Plant Science, 7 (February), pp.1-15. [Online]. Available at:
doi:10.3389/fpls.2016.00196.

Sienkiewicz-Cholewa, U., Sumistawska, J., Sacata, E., Dziggwa-Becker, M. and Kieloch, R.
(2018). Influence of silicon on spring wheat seedlings under salt stress. Acta Physiologiae

Plantarum, 40 (3), pp.1-8. [Online]. Available at: d0i:10.1007/s11738-018-2630-y.

199



Silva, I. T., Rodrigues, F. A., Oliveira, J. R., Pereira, S. C., Andrade, C. C. L., Silveira, P. R. and
Conceicdo, M. M. (2010). Wheat resistance to bacterial leaf streak mediated by Silicon.
Journal of Phytopathology, 158 (4), pp.253-262. [Online]. Available at: do0i:10.1111/j.1439-
0434.2009.01610.x.

Simon, P. (2003). Q-Gene: Processing quantitative real-time RT-PCR data. Bioinformatics, 19

(11), pp.1439-1440. [Online]. Available at: doi:10.1093/bioinformatics/btg157.

Simpson, K. J., Wade, R. N., Rees, M., Osborne, C. P. and Hartley, S. E. (2017). Still armed
after domestication? Impacts of domestication and agronomic selection on silicon defences
in cereals. Functional Ecology, 31 (11), pp.2108-2117. [Online]. Available at:
doi:10.1111/1365-2435.12935.

Singh, A., Kumar, A., Hartley, S. and Singh, I. K. (2020). Silicon: Its ameliorative effect on
plant defense against herbivory. Journal of Experimental Botany, 71 (21), pp.6730—6743.
[Online]. Available at: doi:10.1093/jxb/eraa300.

Soininen, E. M., Brathen, K. A., Jusdado, J. G. H., Reidinger, S. and Hartley, S. E. (2013).
More than herbivory: Levels of silica-based defences in grasses vary with plant species,
genotype and location. Oikos, 122 (1), pp.30-41. [Online]. Available at: do0i:10.1111/j.1600-
0706.2012.20689.x.

Sommer, M., Kaczorek, D., Kuzyakov, Y. and Breuer, J. (2006). Silicon pools and fluxes in
soils and landscapes - A review. Journal of Plant Nutrition and Soil Science, 169 (3), pp.310-

329. [Online]. Available at: doi:10.1002/jpIn.200521981.

Song, A, Li, P., Fan, F., Li, Z. and Liang, Y. (2014). The effect of silicon on photosynthesis and
expression of its relevant genes in rice (Oryza sativa L.) under high-zinc stress. PLoS ONE, 9

(11), pp.1-21. [Online]. Available at: doi:10.1371/journal.pone.0113782.

Song, A,, Xue, G., Cui, P., Fan, F,, Liu, H., Yin, C., Sun, W. and Liang, Y. (2016). The role of
silicon in enhancing resistance to bacterial blight of hydroponic- and soil-cultured rice.
Scientific Reports, 6 (November 2015), pp.1-13. [Online]. Available at:
doi:10.1038/srep24640.

200



Sonobe, K., Hattori, T., An, P., Tsuji, W., Eneji, A. E., Kobayashi, S., Kawamura, Y., Tanaka, K.
and Inanaga, S. (2010). Effect of silicon application on sorghum root responses to water
stress. Journal of Plant Nutrition, 34 (1), pp.71-82. [Online]. Available at:
doi:10.1080/01904167.2011.531360.

Sonobe, K., Hattori, T., An, P., Tsuji, W., Eneji, E., Tanaka, K. and Inanaga, S. (2009). Diurnal
variations in photosynthesis, stomatal conductance and leaf water relation in sorghum
grown with or without silicon under water stress. Journal of Plant Nutrition, 32 (3), pp.433—

442. [Online]. Available at: doi:10.1080/01904160802660743.

Soukup, M., Martinka, M., Bosni¢, D., Caplovi¢ova, M., Elbaum, R. and Lux, A. (2017).
Formation of silica aggregates in sorghum root endodermis is predetermined by cell wall
architecture and development. Annals of Botany, 120 (5), pp.739—753. [Online]. Available
at: doi:10.1093/aob/mcx060.

Sun, H., Duan, Y., Mitani-Ueno, N., Che, J., Jia, J., Liu, J., Guo, J., Ma, J. F. and Gong, H.
(2020). Tomato roots have a functional silicon influx transporter but not a functional silicon
efflux transporter. Plant Cell and Environment, 43 (3), pp.732—-744. [Online]. Available at:
doi:10.1111/pce.13679.

Sun, H., Duan, Y., Qi, X., Zhang, L., Huo, H. and Gong, H. (2018). Isolation and functional
characterization of CsLsi2, a cucumber silicon efflux transporter gene. Annals of Botany,

122 (4), pp.641-648. [Online]. Available at: doi:10.1093/aob/mcy103.

Swain, R. and Rout, G. R. (2020). Silicon Mediated Alleviation of Salinity Stress Regulated by
Silicon Transporter Genes (Lsi1 and Lsi2) in Indica Rice. Brazilian Archives of Biology and

Technology, 63, pp.1-13. [Online]. Available at: doi:10.1590/1678-4324-2020180513.

Tahir, M. A., Rahmatullah, Aziz, M., Ashraf, S., Kanwal, S. and Magsood, M. A. (2006).
Beneficial effects of silicon in wheat (Triticum aestivum L.) under salinity stress. Pakistan
Journal of Botany, 38 (5), pp.1715—-1722. [Online]. Available at:
http://www.pakbs.org/pjbot/PDFs/38(5)/PJB38(5)1715.pdf.

201



Tahir, M. A., Rahmatullah, Aziz, T. and Ashraf, M. (2010). Wheat genotypes differed
significantly in their response to Silicon nutrition under salinity stress. Journal of Plant
Nutrition, 33 (11), pp.1658-1671. [Online]. Available at:
doi:10.1080/01904167.2010.496889.

Tale Ahmad, S. and Haddad, R. (2011). Study of silicon effects on antioxidant enzyme
activities and osmotic adjustment of wheat under drought stress. Czech Journal of Genetics

and Plant Breeding, 47 (1), pp.17-27.

Talukdar, P., Douglas, A., Price, A. H. and Norton, G. J. (2015). Biallelic and genome wide
association mapping of germanium tolerant loci in rice (Oryza sativa L). PLoS ONE, 10 (9),

pp.1-15. [Online]. Available at: doi:10.1371/journal.pone.0137577.

Talukdar, P., Hartley, S. E., Travis, A. J., Price, A. H. and Norton, G. J. (2019). Genotypic
differences in shoot silicon concentration and the impact on grain arsenic concentration in
rice. Journal of Plant Nutrition and Soil Science, 182 (2), pp.265—276. [Online]. Available at:
doi:10.1002/jpIn.201800373.

Thorne, S. J., Hartley, S. E. and Maathuis, F. J. M. (2020). Is Silicon a Panacea for Alleviating
Drought and Salt Stress in Crops? Frontiers in Plant Science, 11 (August), pp.1-16. [Online].
Available at: doi:10.3389/fpls.2020.01221.

de Tombeur, F., Cooke, J., Collard, L., Cisse, D., Saba, F., Lefebvre, D., Burgeon, V., Nacro, H.
B. and Cornelis, J.-T. (2021). Biochar affects silicification patterns and physical traits of rice
leaves cultivated in a desilicated soil (Ferric Lixisol). Plant and Soil, 460 (1-2), pp.375—-390.
[Online]. Available at: doi:10.1007/s11104-020-04816-6.

Trejo-Téllez, L. I., Garcia-Jiménez, A., Escobar-Sepulveda, H. F., Ramirez-Olvera, S. M., Bello-
Bello, J. J. and Gdmez-Merino, F. C. (2020). Silicon induces hormetic dose-response effects
on growth and concentrations of chlorophylls, amino acids and sugars in pepper plants
during the early developmental stage. PeerJ, 8, p.e9224. [Online]. Available at:
doi:10.7717/peerj.9224.

United Nations, Department of Economic and Social Affairs, Population Division. (2019).

World Population Prospects 2019. [Online]. Available at: https://population.un.org/wpp/.

202



Vandegeer, R. K., Cibils-Stewart, X., Wuhrer, R., Hartley, S. E., Tissue, D. T. and Johnson, S.
N. (2021a). Leaf silicification provides herbivore defence regardless of the extensive
impacts of water stress. Functional Ecology, 35 (6), pp.1200-1211. [Online]. Available at:
doi:10.1111/1365-2435.13794.

Vandegeer, R. K., Zhao, C., Cibils-Stewart, X., Wuhrer, R., Hall, C. R., Hartley, S. E., Tissue, D.
T. and Johnson, S. N. (2021b). Silicon deposition on guard cells increases stomatal
sensitivity as mediated by K* efflux and consequently reduces stomatal conductance.

Physiologia Plantarum, 171 (3), pp.358—370. [Online]. Available at: doi:10.1111/ppl.13202.

Vandevenne, F., Struyf, E., Clymans, W. and Meire, P. (2012) Agricultural silica harvest:
have humans created a new loop in the global silica cycle? Frontiers in Ecology and the

Environment, 10 (5), pp.243-248. [Online]. Available at: doi.org/10.1890/110046.

Verdoucq, L., Rodrigues, O., Martiniere, A., Luu, D. T. and Maurel, C. (2014). Plant
aquaporins on the move: Reversible phosphorylation, lateral motion and cycling. Current
Opinion in Plant Biology, 22, pp.101-107. [Online]. Available at:
doi:10.1016/j.pbi.2014.09.011.

Vivancos, J., Deshmukh, R., Grégoire, C., Rémus-Borel, W., Belzile, F. and Bélanger, R. R.
(2016). Identification and characterization of silicon efflux transporters in horsetail
(Equisetum arvense). Journal of Plant Physiology, 200, pp.82—89. [Online]. Available at:
doi:10.1016/j.jplph.2016.06.011.

Vivancos, J., Labbé, C., Menzies, J. G. and 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), pp.572-582. [Online].
Available at: doi:10.1111/mpp.12213.

Vulavala, V. K. R., Elbaum, R., Yermiyahu, U., Fogelman, E., Kumar, A. and Ginzberg, I.
(2016). Silicon fertilization of potato: expression of putative transporters and tuber skin
quality. Planta, 243 (1), pp.217-229. [Online]. Available at: doi:10.1007/s00425-015-2401-
6.

203



Walsh, 0., Shafian, S., McClintick-Chess, J., Belmont, K. and Blanscet, S. (2018). Potential of
Silicon Amendment for Improved Wheat Production. Plants, 7 (2), p.26. [Online]. Available
at: doi:10.3390/plants7020026.

Wang, F. Z.,, Chen, M. X,, Yu, L. J,, Xie, L. J., Yuan, L. B., Qj, H., Xiao, M., Guo, W., Chen, Z., i,
K., Zhang, J., Qiu, R., Shu, W., Xiao, S. and Chen, Q. F. (2017). OsARM1, an R2R3 MYB
Transcription factor, is involved in regulation of the response to arsenic stress in rice.
Frontiers in Plant Science, 8 (October), pp.1-16. [Online]. Available at:
doi:10.3389/fpls.2017.01868.

Wang, H. Sen, Yu, C,, Fan, P. P, Bao, B. F., Li, T. and Zhu, Z. J. (2015a). Identification of Two
Cucumber Putative Silicon Transporter Genes in Cucumis sativus. Journal of Plant Growth

Regulation, 34 (2), pp.332—338. [Online]. Available at: do0i:10.1007/s00344-014-9466-5.

Wang, S., Liu, P, Chen, D., Yin, L., Li, H. and Deng, X. (2015b). Silicon enhanced salt
tolerance by improving the root water uptake and decreasing the ion toxicity in cucumber.
Frontiers in Plant Science, 6 (September), pp.1-10. [Online]. Available at:
doi:10.3389/fpls.2015.00759.

Wang, Y., Zhang, B., Jiang, D. and Chen, G. (2019). Silicon improves photosynthetic
performance by optimizing thylakoid membrane protein components in rice under drought
stress. Environmental and Experimental Botany, 158 (September 2018), pp.117-124.
[Online]. Available at: doi:10.1016/j.envexpbot.2018.11.022.

Watanabe, S., Ohkama, N., Fujiwara, T., Shimoi, E., Hayashi, H., Yoneyama, T., Yazaki, J.,
Fujii, F., Shinbo, K., Yamamoto, K., Sakata, K., Sasaki, T., Kishimoto, N. and Kikuchi, S. (2004).
Identification of several rice genes regulated by Si nutrition. Soil Science and Plant
Nutrition, 50 (8), pp.1273-1276. [Online]. Available at:
doi:10.1080/00380768.2004.10408603.

Waterman, J. M., Cazzonelli, C. |, Hartley, S. E. and Johnson, S. N. (2019). Simulated
Herbivory: The Key to Disentangling Plant Defence Responses. Trends in Ecology &

Evolution, 34 (5), pp.447—-458. [Online]. Available at: doi:10.1016/j.tree.2019.01.008.

204



Waterman, J. M., Cibils-Stewart, X., Cazzonelli, C. |, Hartley, S. E. and Johnson, S. N. (2021).
Short-term exposure to silicon rapidly enhances plant resistance to herbivory. Ecology, 102

(9), pp.1-8. [Online]. Available at: doi:10.1002/ecy.3438.

Wedepohl, K. H. (1995). The composition of the continental crust. Geochimica et
Cosmochimica Acta, 59 (7), pp.1217-1232. [Online]. Available at: doi:10.1016/0016-
7037(95)00038-2.

Whalley, W. R., Bengough, A. G. and Dexter, A. R. (1998). Water stress induced by PEG
decreases the maximum growth pressure of the roots of pea seedlings. Journal of
Experimental Botany, 49 (327), pp.1689-1694. [Online]. Available at:
doi:10.1093/jxb/49.327.1689.

Wichelns, D. (2015). Achieving Water and food security in 2050: Outlook, policies, and
investments. Agriculture, 5 (2), pp.188—220. [Online]. Available at:
doi:10.3390/agriculture5020188.

Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York.
[Online]. Available at: http://ggplot2.org.

Wu, Q. S., Wan, X. Y., Su, N, Cheng, Z. )., Wang, J. K,, Lei, C. L., Zhang, X., Jiang, L., Ma, J. F.
and Wan, J. M. (2006). Genetic dissection of silicon uptake ability in rice (Oryza sativa L.).
Plant Science, 171 (4), pp.441-448. [Online]. Available at:
doi:10.1016/j.plantsci.2006.05.001.

Xu, L., Islam, F., Ali, B., Pei, Z., Li, J., Ghani, M. A. and Zhou, W. (2017). Silicon and water-
deficit stress differentially modulate physiology and ultrastructure in wheat (Triticum
aestivum L.). 3 Biotech, 7 (4), pp.1-13. [Online]. Available at: doi:10.1007/s13205-017-
0904-5.

Xue, X., Geng, T,, Liu, H., Yang, W., Zhong, W., Zhang, Z., Zhu, C. and Chu, Z. (2021). Foliar
Application of Silicon Enhances Resistance Against Phytophthora infestans Through the
ET/JA- and NPR1- Dependent Signaling Pathways in Potato. Frontiers in Plant Science, 12
(January), pp.1-14. [Online]. Available at: doi:10.3389/fpls.2021.609870.

205



Yamaji, N., Chiba, Y., Mitani-Ueno, N. and Feng Ma, J. (2012). Functional Characterization of
a Silicon Transporter Gene Implicated in Silicon Distribution in Barley. Plant Physiology, 160

(3), pp.1491-1497. [Online]. Available at: doi:10.1104/pp.112.204578.

Yamaji, N. and Ma, J. F. (2007). Spatial Distribution and Temporal Variation of the Rice
Silicon Transporter Lsil. Plant Physiology, 143 (3), pp.1306—1313. [Online]. Available at:
doi:10.1104/pp.106.093005.

Yamaiji, N. and Ma, J. F. (2009). A Transporter at the Node Responsible for Intervascular
Transfer of Silicon in Rice. The Plant Cell, 21 (9), pp.2878—2883. [Online]. Available at:
doi:10.1105/tpc.109.069831.

Yamaji, N. and Ma, J. F. (2011). Further characterization of a rice silicon efflux transporter,
Lsi2. Soil Science and Plant Nutrition, 57 (2), pp.259-264. [Online]. Available at:
doi:10.1080/00380768.2011.565480.

Yamaji, N., Mitatni, N. and Ma, J. F. (2008). A Transporter Regulating Silicon Distribution in
Rice Shoots. The Plant Cell, 20 (5), pp.1381-1389. [Online]. Available at:
doi:10.1105/tpc.108.059311.

Yamaji, N., Sakurai, G., Mitani-Ueno, N. and Ma, J. F. (2015). Orchestration of three
transporters and distinct vascular structures in node for intervascular transfer of silicon in
rice. Proceedings of the National Academy of Sciences, 112 (36), pp.11401-11406. [Online].
Available at: doi:10.1073/pnas.1508987112.

Yan, G., Fan, X., Peng, M., Yin, C., Xiao, Z. and Liang, Y. (2020). Silicon Improves Rice Salinity
Resistance by Alleviating lonic Toxicity and Osmotic Constraint in an Organ-Specific Pattern.
Frontiers in Plant Science, 11 (March), pp.1-12. [Online]. Available at:
doi:10.3389/fpls.2020.00260.

Yang, L., Han, Y., Li, P., Li, F., Ali, S. and Hou, M. (2017). Silicon amendment is involved in
the induction of plant defense responses to a phloem feeder. Scientific Reports, 7 (1),

p.4232. [Online]. Available at: doi:10.1038/s41598-017-04571-2.

206



Yang, R., Howe, J. A. and Golden, B. R. (2019). Calcium silicate slag reduces drought stress in
rice (Oryza sativa L.). Journal of Agronomy and Crop Science, 205 (4), pp.353—-361. [Online].
Available at: doi:10.1111/jac.12327.

Yaniv, Z. and Werker, E. (1983). Absorption and secretion of polyethylene glycol by
solanaceous plants. Journal of Experimental Botany, 34 (11), pp.1577—-1584. [Online].
Available at: doi:10.1093/jxb/34.11.1577.

Ye, M., Song, Y., Long, J., Wang, R., Baerson, S. R., Pan, Z., Zhu-Salzman, K., Xie, J., Cai, K.,
Luo, S. and Zeng, R. (2013). Priming of jasmonate-mediated antiherbivore defense
responses in rice by silicon. Proceedings of the National Academy of Sciences, 110 (38),

pp.E3631-E3639. [Online]. Available at: doi:10.1073/pnas.1305848110.

Yeo, A. R., Flowers, S. A,, Rao, G., Welfare, K., Senanayake, N. and Flowers, T. J. (1999).
Silicon reduces sodium uptake in rice (Oryza sativa L.) in saline conditions and this is
accounted for by a reduction in the transpirational bypass flow. Plant, Cell and
Environment, 22 (5), pp.559-565. [Online]. Available at: doi:10.1046/].1365-
3040.1999.00418.x.

Yin, J., Jia, J., Lian, Z., Hu, Y., Guo, J., Huo, H., Zhu, Y. and Gong, H. (2019). Silicon enhances
the salt tolerance of cucumber through increasing polyamine accumulation and decreasing
oxidative damage. Ecotoxicology and Environmental Safety, 169 (June 2018), pp.8—17.
[Online]. Available at: doi:10.1016/j.ecoenv.2018.10.105.

Yin, L., Wang, S., Liu, P., Wang, W., Cao, D., Deng, X. and Zhang, S. (2014). Silicon-mediated
changes in polyamine and 1-aminocyclopropane-1-carboxylic acid are involved in silicon-
induced drought resistance in Sorghum bicolor L. Plant Physiology and Biochemistry, 80,

pp.268-277. [Online]. Available at: doi:10.1016/j.plaphy.2014.04.014.

Yin, L., Wang, S., Tanaka, K., Fujihara, S., Itai, A., Den, X. and Zhang, S. (2016). Silicon-
mediated changes in polyamines participate in silicon-induced salt tolerance in Sorghum
bicolor L. Plant Cell and Environment, 39 (2), pp.245—-258. [Online]. Available at:
doi:10.1111/pce.12521.

207



Yoshida, S., Ohnishi, Y. and Kitagishi, K. (1962a). Chemical forms, mobility and deposition of
silicon in rice plant. Soil Science and Plant Nutrition, 8 (3), pp.15-21. [Online]. Available at:
doi:10.1080/00380768.1962.10430992.

Yoshida, S., Ohnishi, Y. and Kitagishi, K. (1962b). Histochemistry of Silicon in Rice Plant. Soil
Science and Plant Nutrition, 8 (2), pp.1-5. [Online]. Available at:
doi:10.1080/00380768.1962.10430982.

Zadoks, J. C., Chang, T. T. and Konzak, C. F. (1974). A decimal code for the growth stages of
cereals. Weed Research, 14 (6), pp.415—421. [Online]. Available at: doi:10.1111/j.1365-
3180.1974.tb01084 .x.

Zahoor, Sun, D,, Li, Y., Wang, J., Tu, Y., Wang, Y., Hu, Z,, Zhou, S., Wang, L., Xie, G., Huang, J.,
Alam, A. and Peng, L. (2017). Biomass saccharification is largely enhanced by altering wall
polymer features and reducing silicon accumulation in rice cultivars harvested from
nitrogen fertilizer supply. Bioresource Technology, 243, pp.957—965. [Online]. Available at:
doi:10.1016/j.biortech.2017.07.057.

Zellner, W., Frantz, J. and Leisner, S. (2011). Silicon delays Tobacco ringspot virus systemic
symptoms in Nicotiana tabacum. Journal of Plant Physiology, 168 (15), pp.1866—1869.
[Online]. Available at: doi:10.1016/j.jplph.2011.04.002.

Zellner, W., Lutz, L., Khandekar, S. and Leisner, S. (2019). Identification of NtNIP2;1: an Lsil
silicon transporter in Nicotiana tabacum. Journal of Plant Nutrition, 42 (9), pp.1028-1035.

[Online]. Available at: doi:10.1080/01904167.2019.1589500.

Zeven, A. C. (1998). Landraces: A review of definitions and classifications. Euphytica, 104

(2), pp.127-139. [Online]. Available at: doi:10.1023/A:1018683119237.
Zexer, N. and Elbaum, R. (2020). Unique lignin modifications pattern the nucleation of silica

in sorghum endodermis. Journal of Experimental Botany, 71 (21), pp.6818—6829. [Online].
Available at: doi:10.1093/jxb/eraal27.

208



Zhang, W., Xie, Z., Wang, L., Li, M., Lang, D. and Zhang, X. (2017). Silicon alleviates salt and
drought stress of Glycyrrhiza uralensis seedling by altering antioxidant metabolism and
osmotic adjustment. Journal of Plant Research, 130 (3), pp.611-624. [Online]. Available at:
doi:10.1007/s10265-017-0927-3.

Zhang, Z., Ersoz, E., Lai, C. Q., Todhunter, R. J., Tiwari, H. K., Gore, M. A., Bradbury, P. J., Yu,
J., Arnett, D. K., Ordovas, J. M. and Buckler, E. S. (2010). Mixed linear model approach
adapted for genome-wide association studies. Nature Genetics, 42 (4), pp.355—360.

[Online]. Available at: doi:10.1038/ng.546.

Zhu, Y. X., Xu, X. Bin, Hu, Y. H., Han, W. H., Yin, J. L., Li, H. L. and Gong, H. J. (2015). Silicon
improves salt tolerance by increasing root water uptake in Cucumis sativus L. Plant Cell

Reports, 34 (9), pp.1629-1646. [Online]. Available at: doi:10.1007/s00299-015-1814-9.

Zhu, Y., Yin, J.,, Liang, Y., Liu, J., Jia, J., Huo, H., Wu, Z., Yang, R. and Gong, H. (2019).
Transcriptomic dynamics provide an insight into the mechanism for silicon-mediated
alleviation of salt stress in cucumber plants. Ecotoxicology and Environmental Safety, 174

(January), pp.245-254. [Online]. Available at: doi:10.1016/j.ecoenv.2019.02.075.

209



