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1 Summary 
 

Potassium (K) deficiency is one of the major abiotic stresses in agriculture that impairs plant 

growth and development. This problem relates to the essential role of K in many diverse 

processes in plants including photosynthesis, water balance, nutrient and assimilate 

transport, enzyme activation and stomatal regulation. Also, K provides osmotic adjustment 

and maintains cell turgor under conditions of water shortage. Low water availability under 

drought stress decreases total nutrient uptake and translocation in plants. In fact, both K 

deficiency and drought stress employ overlapping signaling pathways to induce adaptive 

responses, which indicates a tight connection between K deficiency and drought tolerance. 

Among the most sustainable approaches in crop protection and production is the application 

of silicon (Si), as beneficial element in plant nutrition, which has been shown to improve plant 

growth and increase tolerance to a wide range of biotic and abiotic stress conditions. 

Although previous studies have shown that Si supply can alleviate K deficiency and induce 

drought tolerance in a variety of plant species, processes underlying stress mitigation by Si 

have remained unclear. To elucidate the mechanistic role of Si in alleviating plants from low 

K stress, barley plants were subjected to long-term K deficiency or short-term K starvation in 

two separate hydroponic experiments in the presence or absence of Si. Physiological analyses 

revealed that under long-term low K conditions, Si nutrition improved adaptive responses 

through maintenance of higher chlorophyll concentrations and reconstituted hormonal 

homeostasis by increasing the level of growth-promoting hormones especially bioactive 

forms of cytokinins and gibberellins, while at the same time suppressing accumulation of 

stress-related hormones such as abscisic acid, salicylic acid and jasmonic acid. Moreover, Si 

improved phloem transport of sugars resulting in higher shoot and root biomass. However, 

the K nutritional status was hardly affected and except transcriptional upregulation of the 

vacuolar K exporter KCO1, most high- and low-affinity K transporters gene were 

downregulated by Si. These analyses showed that the main physiological target of Si-

mediated stress mitigation was the shoot, as the K-deficient leaf transcriptome signature 

reverted back to adequate, while that of the root did not, and roots just profited from 

reconstituted metabolism and hormone homeostasis in the shoot. Under short-term K 

starvation, K uptake and re-/translocation processes were investigated using rubidium as a 

tracer for K transport processes. Nutrient measurements and gene expression analysis 

revealed that relative to the absence of Si, Si-supplied plants upregulated the root vacuolar K 

exporter KCO1 earlier, which temporary delayed induction of K transporter genes HAK1 and 

AKT1 and subsequent de novo K uptake for a few days and caused several-fold higher 

expression levels of K transporters as well as K uptake rates. At the same time, root K pools 

in Si-supplied plants became almost completely depleted, which was accompanied by higher 

root-to-shoot translocation rates of K and its tracer. Thus, these results indicated that Si 

application not only alters local K deficiency signaling in roots by modulating K transporter 

regulation but also enhances internal K mobilization from root-to-shoot under low K stress. 

To investigate the mechanistic role of Si in alleviating drought stress, barley plants were grown 

in soil and after suppling different doses of Si, they were subjected to drought stress. Nutrient 
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and phytohormone measurements in shoots of barley plants showed that only the highest Si 

supplementation level conferred drought tolerance and increased shoot biomass. This was 

mainly achieved via improved water content and reconstituted hormonal homeostasis in 

leaves, in particular by suppressed abscisic acid but increased cytokinins levels. However, Si 

hardly affected ion imbalances in shoot under drought stress. The observed prevention of 

growth retardation points to a general mode of action of Si under low K and drought stress, 

which may rely on an improved internal availability of limiting resources for the sake of 

improved photosynthesis and biomass gain primarily in the shoot. Altogether, this study 

reveals novel physiological processes and regulatory patterns conferred by Si under low K and 

drought stress, which can provide better understanding about the functions of Si and improve 

its application in plant production to foster sustainable agriculture. 
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2 Introduction 

2.1 Silicon in soil 

Silicon (Si) is the second most abundant element in the earth’s crust after oxygen, with a mean 

share of 28.8 % (w/w) (Epstein, 1999). Depending on the soil fraction Si can occur in different 

forms (Sauer et al., 2006). The majority of Si is fixed in the solid phase including crystalline 

forms such as silica (SiO2) and silicate minerals (e.g., feldspar, mica, clay minerals), or 

amorphous forms such as phytoliths from plant residues (Farmer et al., 2005; Řezanka and 

Sigler, 2008; Cornelis et al., 2011). In the soil solution and below pH 9, Si occurs as an 

uncharged monomeric form, silicic acid (H4SiO4), which is weakly acidic and probably the only 

available form of Si for plant uptake (Weast et al., 1983; Knight and Kinrade, 2001; Ma et al., 

2008). However, dissolved silicic acid in the soil solution can be adsorbed onto a variety of 

solid phases including clay particles, iron (Fe) or aluminum (Al) oxides/hydroxides and 

compete with other anions for sorption sites (Hansen et al., 1994; Dietzel, 2002). Whereas 

most soils are abundant in Si, weathering and the mineral break-down release silicic acid 

(H4SiO4) leading to average concentrations of 0.1-0.6 mM in the soil solution (Knight and 

Kinrade, 2001). Therefore, plant-available Si is limited and depends on the type of soil 

minerals, environmental conditions, and long-term crop production, which actually 

withdraws substantial amounts of soluble Si (Datnoff et al., 2001; Guntzer et al., 2012). 

2.2 Silicon transport in plants 

All plants grown in soil will have some Si in their tissues. In particular graminaceous plant 

species, which generally accumulate Si to much higher levels than dicot species (Takahashi et 

al., 1990), respond effectively to Si availability. Accordingly, higher plants have been classified 

as: (i) active Si accumulators with Si concentrations of 10-15% in their dry mass including 

wetland grasses, (ii) passive accumulators with Si concentrations of 1-3% in their dry mass like 

dryland grasses, and (iii) non-accumulators or Si-rejective plants with Si concentrations of <1% 

in their dry mass including dicots (Takahashi et al., 1990; Ma and Takahashi, 2002). The 

differences in Si accumulation between species can be attributed to the different ability of 

their roots to take up Si. Basic mechanisms in Si acquisition and uptake into cells rely on Lsi1-

type Si importers, belonging to nodulin 26-like intrinsic protein (NIP)-type water channels, 

which facilitate the passive transport of Si, and Lsi2-type exporters, belonging to a poorly 

characterized family of putative anion transporters (Ma and Yamaji, 2015). Polar localization 

of these two transporters at the endodermis, like in Arabidopsis, or at the exodermis and 

endodermis in some graminaceous species like rice allows building a concentration gradient 

that is most likely driven by the secondary active export of Si via a proposed anion/H+ antiport 

at the proximal side of the cells, thus creating the main driving force for cellular Si export 

towards the vascular system (Ma and Yamaji, 2015). Notably in seminal roots of barley, HvLsi1 

is localized in the plasma membrane on the distal side of epidermal and cortical cells (Chiba 

et al., 2009), whereas HvLsi2 is exclusively expressed in the endodermis but there without 

polar localization (Mitani et al., 2009). Such differences among graminaceous plant species in 
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Si transport pathways may reflect long-term adaptations to soil type and environment. After 

uptake by the roots via Lsi1 and Lsi2, Si is translocated to the shoot through the xylem. Lsi6, 

a homolog of Lsi1 in rice and barley, Lsi2 and its homolog Lsi3, are responsible for unloading 

Si from xylem sap into the nodes, whereas only Lsi6 is unloading Si into the leaves (Figure1; 

Ma and Yamaji, 2015; Yamaji et al., 2015). Apart from these transporters, there are no other 

plant proteins identified to date that fulfil a biochemical function directly related to Si 

transport or metabolism through direct interaction with Si. 

 

 

Figure 1. Proposed cooperated system of silicon (Si) transport for its uptake, xylem unloading, and distribution in plants. 
The work of Ma and Yamaji (2015) indicates that in rice roots, Si uptake is cooperatively mediated by Low Silicon 1 and 2 
(Lsi1 and Lsi2), which are transport proteins localized at the distal and proximal side, respectively, of both exodermis and 
endodermis. By contrast, in barley and maize roots, Si uptake is also cooperatively mediated by Lsi1 and Lsi2, but localized 
at different cell layers. In leaves, Si in the xylem sap is unloaded by Lsi6. In nodes, Si in the xylem of enlarged vascular bundle 
is also unloaded by Lsi6, Lsi2 and Lsi3 localized at the parenchyma cell bridge. In barley, HvLsi2 is implicated in reloading Si 
to the xylem of the diffuse vascular bundle, but a similar transporter in rice has not been identified. Graph taken and modified 
from Ma and Yamaji (2015). 

 

2.3 Impact of silicon nutrition on plants  

Although Si is so abundant in the soil, it is not classified as an essential plant nutrient. For an 

element to be considered essential, three criteria must be met: (i) In the absence of this 

element plant must be unable to complete its lifecycle, (ii) the function of the element must 

not be replaceable by another element, and (iii) the element must be directly or indirectly 
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involved in plant metabolism (Arnon and Stout, 1939). Silicon has been shown to act as a 

beneficial nutrient that can promote plant growth in a variety of plant species and alleviate 

plants from certain biotic or abiotic stresses (Bélanger et al., 2003; Flam-Shepherd et al., 2018; 

Rémus-Borel et al., 2009). Regarding the mode of action causing improvement under such a 

large variety of environmental stresses, Si has been suggested to protect plants through 

different scenarios. 

2.3.1 Protective role of silicon in salinity stress 

Salt stress is a major environmental limiting factor in plant growth and productivity (Hashemi 

et al., 2010). In general, sodium (Na) enters roots passively, via non-selective cation channels 

and Na transporters, such as those of the HKT family that have high affinity for potassium (K) 

uptake (Leigh and Storey, 1993; Rubio et al., 1995; Blumwald, 2000; Munns and Tester, 2008). 

Therefore, under high salt concentration, Na competes with K for influx into cells and alters 

the K/Na ratio (Niu et al., 1995; Amtmann and Sanders, 1998; Blumwald, 2000). Consequently, 

higher intracellular Na levels change the ionic equilibrium, facilitate chloride (Cl) uptake, 

restrict the function of some enzymes (Niu et al., 1995), and overproduce reactive oxygen 

species (ROS) (Flowers et al., 1977; Greenway and Munns, 1980; Yeo, 1998). Interestingly, it 

was reported that Si affects transcript levels of membrane transporter genes under salt stress. 

For instance, Si decreased Na concentrations in the cytosol by enhanced activity of the plasma 

membrane Na+/H+-antiporter SOS1, the tonoplast Na+/H+-exchanger NHX1 or tonoplast-

localized H+-pyrophosphates, and enhanced K influx via K+-H+ symporters such as HAK1 in 

roots of barley (Liang et al., 2005; 2006). Similarly, in sugarcane, Si reduced Na uptake and 

transport, and improved K concentrations in the shoot, which consequently raised the K/Na 

ratio of plants under salinity (Ashraf et al., 2010).  

It was reported that Si interacts with cell structures by increasing cell-wall binding of Na in 

salt-stressed wheat roots (Ahmad et al., 1992; Saqib et al., 2008), or in rice by deposition in 

the endodermis that restricts Na transport along the transpirational bypass route from root-

to-shoot (Gong et al., 2006). Likewise, Si stimulated lignin and suberin biosynthesis which 

form barriers to apoplastic Na transport in roots, correlating with higher salt tolerance in rice 

(Krishnamurthy et al., 2011). It also has been suggested that Si mediates salt tolerance by 

reconstituting hormonal and metabolite homeostasis. Such a mode of action has been 

postulated, as Si stimulated the biosynthesis and accumulation of polyamines (e.g., 

putrescine, spermidine, and spermine) in salt-stressed sorghum plants (Yin et al., 2016) to 

regulate K and Na transport, improve antioxidant capacity, and modify osmotic potentials 

(Kusano et al., 2008; Alcázar et al., 2010). Also, Si supply, in a dose- and time-dependent 

manner, alleviated salinity stress and decreased jasmonic acid (JA) levels but increased 

abscisic acid (ABA) concentrations via enhanced expression of ABA biosynthesis genes in rice 

(Kim et al., 2014). Moreover, in a variety of salt-stressed plant species higher doses of Si 

increased endogenous bioactive gibberellins (GA) contents (Hwang et al., 2007; Hamayun et 

al., 2010; Lee et al., 2010) or suppressed ethylene signaling (Yin et al., 2016). However, the 

mechanism by which these changes occur is still unclear. 
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2.3.2 Protective role of silicon under mineral elements toxicity 

Excessive levels of mineral elements can induce toxic effects, especially ROS formation, alter 

the metabolic activities and impair plant growth (Adriano, 2001). Silicon was reported to 

remediate mineral elements toxicity by decreasing the level of ROS via stimulating enzymatic 

ROS degradation and antioxidant production as brought about by enhanced ascorbate 

peroxidase, superoxide dismutase, and catalase activities under zinc (Zn) or manganese (Mn) 

toxicity in rice (Song et al., 2011; Li et al., 2012), lead (Pb) toxicity in cotton (Bharwana et al., 

2013), or boron (B) toxicity in wheat (Gunes et al., 2007; Inal et al., 2009). Silicon application 

also elevated activities of non-enzymatic antioxidants such as thiols to reduce the toxic effect 

of arsenic (As) in rice or induced exudation of low-molecular weight metabolites, like phenolic 

acids, to chelate and decrease Al absorption by maize roots (Kidd et al., 2001; Tripathi et al., 

2013). Another proposed approach, by which Si alleviates an excess level of mineral elements 

in plants is via affecting nutrient uptake and translocation. In case of Zn or Mn toxicity, Si was 

reported to promote formation and co-localization of Zn-silicate in the cytoplasm or Mn-

silicate in cell-wall, thus decreasing their mobilization and root-to-shoot translocation 

(Neumann and zur Nieden, 2001; Rogalla and Römheld, 2002; Che et al., 2016). Likewise, it 

has been proposed that in rice plants treated with Si, suppression of transcript levels of 

membrane transporter genes for uptake and translocation of cadmium (Cd) or deposition of 

silica in the vicinity of the endodermis might be the possible mechanism by which Si can 

physically block the apoplastic bypass flow across the root and restrict the uptake of Cd (Shi 

et al., 2005; Feng Shao et al., 2017). Using the lsi1 mutant in rice allowed showing that Si 

application reduced uptake and translocation of As due to the direct competition between Si 

and arsenite for the same influx transporter Lsi1 (Guo et al., 2009). However, there is no 

further evidence explaining how Si alleviates mineral elements toxicities. 

2.3.3 Protective role of silicon under mineral elements deficiency 

Generally, plants suffering from mineral elements deficiencies show abnormalities with 

respect to their growth, development and productivity which makes them more susceptible 

to biotic and abiotic stresses (Marschner, 2012). A protective role of Si was reported against 

a variety of nutrient deficiencies and one of the common claims is that Si can influence the 

uptake capacity and root-to-shoot translocation rates in plants. For instance, Si application 

enhanced nitrogen (N) uptake by increasing the gene expression of high-affinity (NRT2.1) or 

low-affinity (NRT1:1) nitrate transporter in roots of N-starved rapeseed or N-deficient rice, 

respectively (Wu et al., 2017; Haddad et al., 2018). In an acid low-phosphorus (P) soil, Si supply 

upregulated the gene expression of the high-affinity P transporters PHT1.1 and PHT1.2 

together with increased malate and citrate exudation, which led to enhanced P influx in roots 

of wheat plants (Kostic et al., 2017). It has been proposed that the beneficial effect of Si on 

plant growth under P deficiency is attributed to enhanced availability of internal P through 

the decrease of excess Fe and Mn uptake (Ma, 2004). Also, Si application increased SO4
2− 

uptake via increasing the expression of the SO4
2− transporter gene ST1;1 in roots of barley 

under combined sulfur (S) deficiency and osmotic stress (Maillard et al., 2018). In iron-
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deficient cucumber plants, Si supply increased the Fe pool in the root apoplast by enhanced 

accumulation of Fe-chelating compounds (e.g., organic acids and phenolics) together with 

upregulated genes involved in Fe(III) reduction (i.e., HA1, FRO2). In shoots, Si enhanced Fe re-

mobilization from older to younger leaves via increased nicotianamine (NA) accumulation and 

upregulation of the transporter gene YSL1 involved in phloem loading/unloading of the Fe-

NA complex (Pavlovic et al., 2013; 2016). Furthermore, it was reported that Si alleviates 

nutrient deficiency through altered metabolite and hormonal regulation, as it increased the 

levels of different forms of cytokinins (CK) and JA in maize plants under magnesium (Mg) 

deficiency. Silicon also enhanced the levels of polyamines and different amino acids such as 

gamma-aminobutyric-acid (GABA), serine and glycine, which overall contributed to Mg stress 

tolerance (Hosseini et al., 2019). However, it has remained open whether Si directly or 

indirectly enhances the tolerance of plants to nutrient deficiencies. 

2.3.4 Protective role of silicon under potassium deficiency 

Among the most prominent nutrient deficiencies in agriculture is K deficiency, since plant’s 

demand for K is high and K deficiency reduces plant growth, drought tolerance and crop 

resistance to pathogens (Liebersbach et al., 2004; Pettigrew, 2008). These symptoms relate 

to the essential role of K in regulating enzyme activities, stabilizing membrane potentials or 

acting as osmotic substance affecting many diverse processes in plants, including 

photosynthesis, stomatal regulation, energy metabolism, protein synthesis, transport of 

sugars, water and nutrients (Amtmann et al., 2008; Prajapati and Modi, 2012). Recent studies 

have reported that Si alleviates K deficiency by protecting cells from H2O2 accumulation and 

membrane lipid peroxidation through modulated activities of antioxidant enzymes in soybean 

(Miao et al., 2010). Silicon also had positive effects on plant biomass and K concentration in 

leaves, stems and roots of soybean (Miao et al., 2010). Furthermore, application of Si 

alleviated K deficiency-induced leaf chlorosis by decreasing the accumulation of putrescine in 

sorghum (Chen et al., 2016a), or by delaying osmotic and K deficiency-induced leaf 

senescence via suppressing ABA biosynthesis genes and increasing the level of active 

cytokinins in barley (Hosseini et al., 2017). At the same time, Si increased sugar transport from 

shoot-to-root that was impaired during K deficiency and enhanced root biomass in barley 

(Hosseini et al., 2017). Another study in sorghum proposed that Si moderates K deficiency-

induced plant dehydration via two strategies (Chen et al., 2016b). On the one hand, Si 

enhanced the water conductivity by upregulating plasma-membrane intrinsic protein (PIP)-

type aquaporin genes and by alleviating adverse effects of ROS on these transporters. On the 

other hand, Si increased root-to-shoot translocation of K by inducing the stelar K transporter 

gene SKOR in the xylem and by downregulating HAK5 and AKT1 genes in roots. Then, higher 

K concentrations in the xylem sap enhanced the osmotic gradient and hydraulic conductance. 

Despite such progress in the understanding Si-mediated responses at the physiological and 

biochemical levels, yet information on the mechanisms by which Si induces these responses 

is lacking. 
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2.4 Potassium uptake and distribution in plants 

Root hairs contribute effectively to K uptake that primarily happens through the epidermis 

(Kochian and Lucas, 1983; Nieves-Cordones et al., 2014). Influx of K into the root symplast is 

mainly mediated by K channels (e.g., AKT1 and KAT1), by carriers of the HAK/KUP family and 

by non-selective cyclic nucleotide gated channels (CNGC) (Hirsch et al., 1998; Nieves-

Cordones et al., 2014; Li et al., 2017). Then, K moves radially within the symplast using 

interconnecting plasmodesmata (PM) (Sanderson, 1983). Potassium can also cross the outer 

layers of the root via the apoplast but this pathway is blocked at the endodermis by the 

Casparian strip or the highly suberised structure of the endodermis which prevents 

uncontrolled water and nutrient delivery to the stelar tissues (Foster and Miklavcic, 2014). 

Later on, K release into the xylem occurs through the selective shaker-type K outward-

rectifying channel SKOR, which is activated by membrane depolarization (Gaymard et al., 

1998; Gambale and Uozumi, 2006). A skor knockout mutant showed a reduced K content in 

shoot and xylem sap confirming its crucial role in K delivery from root-to-shoot (Gaymard et 

al., 1998).  

Phloem loading of K for recycling and sucrose loading is facilitated by another selective 

shaker-type K channel, called AKT2/3 (Deeken et al., 2002). It was reported that AKT2/3 is 

expressed in the phloem of both source and sink tissues and that it can switch between 

inward- and non-rectifying states. This indicates that AKT2/3 is potentially able to mediate 

both, K influx and efflux and can be involved in both loading and unloading of phloem sap K 

in source and sink tissues, respectively (Lacombe et al., 2000; Marten et al., 1999). Generally, 

K is present in all cellular compartments of roots and shoots, while the majority of cellular K 

is deposited in the vacuole, where it is one of the main turgor providers (Hsiao and Lauchli, 

1986). Potassium concentrations are maintained at 100-200 mM in the cytosol (Leigh and 

Wyn Jones, 1984), and chloroplasts (Schröppel-Meier and Kaiser, 1988), however, it varies 

between 10 to 200 mM in the vacuole (Hsiao and Lauchli, 1986). Potassium accumulation in 

the vacuole mainly occurs through the H+-coupled antiporters, such as NHX, whereas vacuolar 

K release is either passive through TPK1-type channels (KCO1) under K deficiency, or active 

through H+-coupled KUP/HAK transporters under K starvation (Walker et al., 1996; Voelker et 

al., 2006; Gobert et al., 2007; Barragán et al., 2012) (Figure 2). 
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Figure 2. Proposed transport processes and proteins that are involved in K uptake, efflux and distribution in plants. At the 
external soil-root interface transport functions are shown for passive [AKT1 and CNGC (cyclic nucleotide gated channel)] and 
energized (KUP/HAK) K uptake and channel-mediated K release (guard cell outward-rectifying K channel; GORK); xylem 
loading mainly happens through K-selective (SKOR) and non-selective (NCC) cation channels. Phloem loading of K for 
recycling and/or sucrose loading may involve the AKT2 channel; vacuolar K accumulation is primarily driven by H+-coupled 
antiporters such as NHX while vacuolar K release is either passive through TPK1-type channels (KCO1), or in K starvation 
conditions, active through H+-coupled KUP/HAK transporters. Graph taken from Ahmad and Maathuis (2014). 
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2.5 Role of potassium in alleviating drought stress 

Drought is one of the major stress factors limiting crop growth and production worldwide 

(Cruz de Carvalho, 2008). Under drought stress, an impairment of water uptake by roots 

results in hormonal, mostly ABA-controlled, chemical and hydraulic signaling towards shoots 

to close their stomata and prevent transpirational water loss which ultimately leads to a 

decrease in photosynthesis (Aroca et al., 2012; Seiler et al., 2014). Potassium, as an essential 

mineral element for plant growth, plays a pivotal role particularly in cell turgor, stomatal 

regulation and drought tolerance (Restrepo-Diaz et al., 2008; Wei et al., 2013; Cakmak, 2005). 

In fact, K increases the level of carbohydrates such as sugars and sugar alcohols via activating 

several enzymes in carbohydrate metabolism (e.g., starch synthase, pyruvate kinase, or 

phosphofructokinase) which provides osmotic adjustment and maintains cell turgor under 

conditions of water deficit (Seki et al., 2007). Moreover, both K deficiency and drought stress 

induce a similar signaling pathway in plants (Figure 3). Under K deficiency enhanced ethylene 

biosynthesis triggers calcium (Ca) signaling via ROS overproduction which induces stomatal 

closure in leaves and promotes K uptake capacity by increasing K transporter activities in roots 

(e.g., AKT1 and HAK5) (Ashley et al., 2006; Cheong et al., 2007; Kim et al., 2009; Kim et al., 

2010). Likewise, drought stress employs the same signal transduction chain provoking ROS 

production and Ca signaling via enhanced ABA biosynthesis, which also leads to the induction 

of K transporters and channels in roots and guard cells of leaves (Cheong et al., 2007). By this 

way, drought stress additionally stimulates the induction of K deficiency responses to 

maintain transpiration and carbon assimilation under water shortage. It was reported that 

barley lines with a higher K nutritional status in flag leaf promoted ABA degradation and 

delayed drought-induced leaf senescence, which overall contributed to drought tolerance 

(Hosseini et al., 2016). Also, an AKT1-overexpressing rice line showed less sensitivity to 

osmotic and drought stress by increased levels of K, especially in the root, confirming the 

crucial role of K in osmotic and drought stress tolerance (Ahmad et al., 2016). 
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Figure 3. Proposed common signaling pathway induced by drought and a low K nutritional status of plants in the regulation 
of K uptake and drought stress tolerance. The work of Cheong and his colleagues (2007) indicates that K deficiency and 
drought employ the same signaling pathway for the induction of physiological and morphological responses. Drought induces 
ABA which leads to the generation of ROS, while under K deficiency ethylene formation enhances ROS levels. Then, ROS 
trigger Ca fluxes which lead to an enhanced K uptake capacity in roots as well as to an improved regulation of guard cells in 
leaves. Graph taken and modified from Cheong et al. (2007). 
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2.6 Protective role of silicon under drought stress 

Among the abiotic stresses targeted by Si nutrition, Si-supplied plants were also reported to 

better tolerate drought stress (Shi et al., 2016). So far, a long series of experiments spanning 

from hydroponically-grown plants to test mainly Si-dependent osmotic stress responses, or 

soil-grown plants in the greenhouse or on the field have provided compelling evidence for the 

reliable action of Si increasing drought tolerance. Thereby, Si has been supplied in different 

forms, ranging from purified mono-silicic acid to nano-sized, hydrophilic and pyrogenic Si 

dioxide, indicating that many different forms of Si and application procedures can be effective 

in drought stress alleviation (Haghighi et al., 2013; Cao et al., 2017). Regarding the mode of Si 

action, different mechanisms have been proposed, which strongly depend on the type of 

measures and analyses that have been conducted. A meta-analysis conducted on Si-related 

studies showed that in many cases Si increased photosynthesis and net carbon (C) 

assimilation rates, and decreased oxidative stress markers, which did not necessarily correlate 

with increasing antioxidant production (Cooke and Leishman, 2016). However, in tomato, Si 

mitigated drought-induced oxidative stress by activating antioxidant enzymes and decreasing 

malondialdehyde concentrations (Shi et al., 2014).  

Besides enhancing antioxidant defence capacity, Si application affects transpiration and water 

content under drought or osmotic stress, but this effect can vary largely and depends on 

species, stress intensity and environmental conditions (Coskun et al., 2016). For example, in 

rice, Si decreased the transpiration rate by approx. 30% via deposition beneath the cuticle of 

leaves forming a Si-cuticle double layer (Ma et al., 2001). By contrast, in sorghum, Si increased 

transpiration rate, root and whole-plant hydraulic conductance, leaf water content, and 

stomatal conductance via increased expression of PIP-type aquaporins under osmotic stress 

(Liu et al., 2014; 2015). Increased root hydraulic conductance and water transport may also 

be attributed to Si-induced reductions in oxidative stress and membrane damage, or to 

adjustment of the cell’s osmotic potential through increased osmolyte accumulation such as 

proline, soluble sugars, and inorganic ions (Pei et al., 2010; Sonobe et al., 2010; Ming et al., 

2012; Liu et al., 2014; Shi et al., 2016). In tall fescue, Si deposition on guard cells was reported 

to increase stomatal sensitivity by modulating K efflux thereby decreasing stomatal 

conductance (Vandegeer et al., 2020).  

Although many of these reported plant responses belong to those typically regulated by the 

major drought stress-related phytohormone ABA, there are only few reports that investigated 

a direct relation between Si, ABA and other hormones under drought stress. For instance, Si 

application either increased or decreased shoot ABA levels in wheat plants subjected to a 

polyethylene glycol (PEG) treatment (Xu et al., 2017). Also, Si nutrition decreased ABA levels 

via suppressing ABA biosynthesis genes in shoots of barley under combined osmotic stress 

and K deficiency or osmotic stress and S deficiency (Hosseini et al., 2017; Maillard et al., 2018). 

Thus, there is currently not enough understanding whether and to what extent the Si-induced 

drought stress responses in plants depend on ABA biosynthesis or signalling. 
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2.7 Aim of present work 

So far, several reports have provided strong evidence that Si application can increase the 

tolerance to K deficiency or drought stress. However, all previous studies are based on 

correlative evidence and do not provide a mechanistic understanding of the underlying 

processes or even the sequence of processes leading to stress mitigation by Si. Although some 

progress has been made in the understanding of components involved in Si-mediated 

tolerance at the physiological and biochemical level, yet information on the molecular aspect 

is still lacking. Since transcriptome analysis is an important approach that can help elucidate 

the regulatory mechanisms of Si action in plants, it was also employed here to provide a basis 

for dissecting the whole picture of Si-mediated processes that provide tolerance to potassium 

deficiency or drought stress. Thus, the present thesis addresses the following main questions:  

• By which physiological processes can Si supply alleviate plants from K deficiency and 

drought stress? 

• What are the molecular mechanisms by which Si nutrition mitigates K deficiency and 

enhances drought tolerance?  

To address these questions, barley was chosen as the target plant because as a graminaceous 

species it benefits well from Si supply and some Si transport mechanisms in barley have 

already been characterized (Ma and Yamaji, 2015). The first chapter describes a hydroponic 

experiment with wild-type barley subjected to K deficiency in the presence or absence of Si 

to analyze the longer-term impact of Si nutrition on physiological and molecular responses to 

K deprivation. Here, a special emphasis was laid on the nutritional traits, phytohormone 

analyses and on a transcriptome study to uncover genes involved in the molecular 

mechanisms promoted by Si. The subsequent chapter describes a rubidium (Rb) uptake 

experiment, which was designed to assess how Si regulates the K uptake capacity of roots and 

the root-to-shoot translocation as well as the underlying K transporters under K starvation. 

As evidence was found for a role of gibberellins in Si-mediated alleviation of K deficiency, a 

further experiment was conducted with GA20 oxidase-defective barley lines. The last part 

addresses the role of Si in drought tolerance. Here, a soil experiment was performed with 

wild-type barley subjected to drought stress in the presence or absence of Si to investigate 

the impact of Si nutrition on nutrient and hormone homeostasis under water shortage. The 

final discussion emphasizes beneficial aspects of Si nutrition on both, K deficiency and drought 

stress.  
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3 Materials and Methods 

3.1 Preparing monosilicic acid 

Monosilicic acid (H2SiO4), was freshly prepared according to Sonobe et al. (2009) by passing 

sodium metasilicate nonahydrate (Na2O3Si.9H2O; Sigma, Germany) solution through a column 

filled with a cation-exchange resin. 80 g of amberlite IR120 hydrogen form (Sigma, Germany) 

was weighted and loaded into the chromatography column. Since amberlite is a gel-type 

acidic cation exchange resin, it was washed several times with de-ionized water (Milli-Q® 

Reference System, Merck, Germany) until the pH reached to 6.5-7. Afterwards, 25 g of 

Na2SiO3 was diluted in 900 mL de-ionized (Milli-Q) water and added to the resin. When 

Na2SiO3 was slowly passed through the resin and the eluate was collected, the column was 

rinsed twice with 100 mL of de-ionized (Milli-Q) water (Figure 4). At the end, the monosilicic 

acid and sodium concentration were measured by Inductively Coupled Plasma-Optical 

Emission Spectroscopy technique (ICP-OES; iCAP 7400 duo OES Spectrometer; Thermo Fisher 

Scientific) and stored in plastic containers at 4oC. 

 

 

Figure 4. Preparing monosilicic acid (H2SiO4) from sodium metasilicate nonahydrate (Na2O3Si.9H2O) by column 
chromatography. The column was filled with amberlite that adsorbed sodium through the cation exchange process. 
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3.2 Long-term potassium deficiency experiment 

Barley seeds (Hordeum vulgare L.), variety Irina, were germinated on vermiculite for three 

days in the dark and additional four days under light conditions. Thereafter, uniform seedlings 

(of 10 ± 0.5 cm height) were selected and transferred to 5 L plastic pots in a climate-controlled 

growth chamber that was set to a 16/8 h day/night cycle at a day/night temperature of 

20/18°C with 65% relative humidity. Plants were divided into two batches: (i) K-sufficient 

plants were grown in a full nutrient solution: Ca(NO3)2 2 mM, K2SO4 2 mM, MgSO4 0.5 mM, 

NH4H2PO4 0.5 mM, CaCl2 0.5 mM, H3BO3 0.001 mM, MnSO4 0.0025 mM, ZnSO4 0.0005 mM, 

CuSO4 0.0002 mM, (NH4)6Mo7O24 0.00001 mM and Fe-EDTA 0.1 mM, while (ii) K-deficient 

plants were grown in the same solution but with a lower concentration of 0.04 mM K2SO4. In 

Si treatment of the long-term K-deficiency experiment, monosilicic acid was supplied to the 

culture solution at a concentration of 1.78 mM from the beginning of hydroponic culture. The 

nutrient solution was buffered to pH 5.9 and renewed every 2 days and continuously aerated. 

After 24 days, roots and the last fully expanded leaves of eight independent biological 

replicates, each consisting of three plants from the same treatment, were separately 

harvested and immediately frozen in liquid nitrogen and stored at −80◦C for further analyses. 

Sixteen independent samples from each treatment were harvested, eight for dry weight (DW) 

and the other eight for chlorophyll measurements. 

3.3 Short-term potassium starvation and rubidium flux measurements 

Seed germination and growth conditions were as described above. After seven days of 

germination, plants were subjected to three nutrient regimes for a period of 12 days: (i) K-

sufficient nutrient solution without monosilicic acid, (ii) K-free nutrient solution without or 

(iii) K-free nutrient solution with 1.78 mM monosilicic acid. For Rb influx measurements, 6 

plants from each treatment were transferred for 1 min to CaSO4 in order to stabilize the 

apoplastic ionic environment, followed by incubation in 1 mM RbCl for 10 min, and 

transferred again for 1 min to 1 mM CaSO4 to wash-out Rb from the root apoplast. Afterwards, 

the shoots and roots of six independent samples from each treatment were harvested 

separately, immediately frozen in liquid nitrogen and stored at −80°C for nutrient and gene 

expression analyses. Another six independent samples from each treatment were harvested 

for DW measurements. Root influx was calculated using the following equation: 

𝑅𝑜𝑜𝑡 𝑖𝑛𝑓𝑙𝑢𝑥 =

(𝐴 × 𝐶) + (𝐵 × 𝐷)
𝐶

10 (𝑚𝑖𝑛)
 

𝑅𝑜𝑜𝑡 − 𝑡𝑜 − 𝑠ℎ𝑜𝑜𝑡 𝑡𝑟𝑎𝑛𝑠𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑅𝑏 =

(𝐵 × 𝐷)
𝐶

10 (𝑚𝑖𝑛)
 

where A is Rb concentration in root, B is Rb concentration in shoot, C is root dry weight, and 

D is shoot dry weight. 
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3.4 Gibberellin experiment 

Seeds of barley wild-type, variety Golden Promise, and of three independent GA20-oxidase2 

mutated lines were germinated and grown as described before. The GA20-oxidase2 gene was 

knocked out in transgenic lines by a CRISPR/Cas9 approach (Jochen Kumlehn, IPK, pers. 

comm.). Then, plants were grown in K-free nutrient solution either in the absence or presence 

of monosilicic acid for 14 days. Afterwards, the shoots and roots of five independent plants 

from each treatment were separately harvested and immediately frozen in liquid nitrogen 

and stored at −80◦C for nutrient and hormonal analyses. Another five plants from each 

treatment were harvested for DW measurements. 

3.5 Drought stress experiment 

Seeds of barley wild-type, variety Irina, were germinated as described before. Thereafter, 

seedlings were transferred to 5 L plastic pots containing 50% sand and 50% peat-based 

growth substrate (Substrate 2, Klasmann Deilmann GmbH, Germany) in a greenhouse that 

was illuminated in a 16/8 h day/night cycle at a day/night temperature of 20/15◦C with 60% 

relative humidity and sufficient water. Plants were divided into five batches and every 7 days 

supplied with: (i) 0 mg/5L pot (0 mL), (ii) 250 mg/5L pot (115 mL), (iii) 500 mg/5L pot (230 mL), 

(iv) 750 mg/5L pot (345 mL), or (v) 1000 mg/5L pot (461 mL) of monosilicic acid for 3 weeks 

by maintaining the same water content in the substrate. Thereafter, plants in each Si 

treatment were divided into two further batches and (i) continued to remain well-watered, 

or (ii) subjected to drought stress for 2 more weeks. During the drought-stress treatment, the 

soil moisture content was monitored every day using the moisture meter (Delta T Devices 

Ltd., England). After 35 days, the last fully expanded leaves of eight independent biological 

replicates were separately harvested and immediately frozen in liquid nitrogen and stored at 

−80◦C for further analyses. Eight independent shoot samples from each treatment were 

harvested for DW, relative water content (RWC), and chlorophyll determination. 

3.6 Relative water content  

The Relative water content (RWC) was determined in the last fully expanded leaves. The fresh 

weight (FW) of the last fully expanded leaves was recorded immediately after harvest and 

floated in a petri dish containing distilled water and the petri dish was kept at 4°C overnight. 

The turgid weight (TW) was recorded the next day after gently wiping the sample with tissue 

paper to remove the water adhering to the sample. Finally, the leaves were oven-dried at 

65°C for 24 h and DW were recorded. The RWC was calculated using the formula RWC (%) = 

[(FW-DW) / (TW-DW)] x 100. 

3.7 Chlorophyll measurements 

Chlorophyll concentrations were determined in the last fully expanded leaves following the 

protocol of Porra et al. (1989). 30 mg of fresh flag leaf material were incubated at 4°C for 48 

h in N,N’-dimethyl formamide (Merck). The samples were centrifuged at 14000 rpm for 2 min 
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and the absorbance at 647 nm and 664 nm was determined in a photometer (BIO-TEC, 

UVLKONxl, Germany). Then, total chlorophyll concentrations were calculated using the 

formula described by Porra et al. (1989). 

3.8 Elemental analysis 

The shoot and root samples were dried at 65°C for 72 h, ground and digested with 2 mL of 

concentrated HNO3 (67-69%, Bernd Kraft, Germany) in polytetrafluoroethylene vials in a 

pressurized microwave digestion system (UltraCLAVE IV; MLS GmbH, Leutkirch, Germany). 

Digested samples were transferred to Greiner centrifuge tubes and diluted with de-ionized 

(Milli-Q) water to a final volume of 15 mL. Then, elemental analysis was performed by ICP-

OES. Rubidium concentration was measured by Inductively Coupled Plasma-Mass 

Spectrometry (ICP-MS; ELEMENT-2, Thermo Fisher Scientific). For silicon determination, 25 

mg of dry ground leaf or root material was weighted into 15 mL centrifuge tubes (Greiner Bio-

One GmbH, Germany). The samples were prepared according to the method of Guntzer et al. 

(2010) with minor modifications. Briefly, 0.1 M tiron solution was prepared by weighing 33.2 

g of tiron into a plastic container, adding 800 mL ultra-pure water, and buffering at pH 10.5 

by 10 M NaOH solution. Then 8 mL of 0.1 M tiron solution were added to each sample 

including blanks (empty tubes). All samples were placed in a water bath under horizontal 

shaking at 85°C for 1 h. To ensure complete silicon extraction, samples were let for additional 

4 h in a Minitron incubator shaker (Infors-HT, Germany) at 65°C and 300 rpm. The sample 

tubes were then cooled and 7 mL 30% H2O2 were added to destroy tiron. Afterwards samples 

were shaken at 85°C in a water bath until they became colorless. Before analysis, samples 

were centrifuged (5810 R Centrifuge, Eppendorf, Germany) for 10 min at 25°C and 4000 rpm. 

Supernatants were transferred to clean tubes. Silicon concentration was measured by ICP-

OES. For sample introduction, a 4DX prepFAST auto-dilution system (ESI Elemental Service & 

Instruments GmbH, Mainz, Germany) was coupled to the ICP-OES. The light emitted at 251.6 

nm wavelength was measured to determine Si concentrations using an external calibration 

curve. Yttrium was used as internal standard. 

3.9 Primary metabolite analysis 

Extraction of primary metabolites was carried out essentially as described in Ghaffari et al. 

(2016). Briefly, 100 mg of frozen shoots and roots of barley plants were mixed with 1 mL 

extraction buffer containing chloroform/methanol in a ratio of 1:1 (V/V) and shaken at 4°C 

for 20 min. After adding 300 µL HPLC-grade water, samples were centrifuged at 14000 rpm at 

4°C for 10 minutes and the supernatant transferred to a new Eppendorf tube and dried in a 

speed vac (Christ RVC2-33IR, Germany) for 2 h at 35°C. The pellet was re-suspended in 300 µL 

HPLC-grade water and used immediately for the identification and quantification of desired 

compounds by ion chromatography coupled to mass spectrometry (IC-MS-MS). The IC-MS-

MS instrumentation consisted of a Dionex ICS 5000 (Thermofisher, Dreieich, Germany) 

coupled with a 6490 triple quad MS-MS (Agilent, Waldbronn, Germany). Anionic compounds 

were separated on a 250×2 mm AS11-HC column (Thermofisher/Dionex) connected to a 10×2 
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mm AG 11-HC guard column (Dionex) and an ATC-1 anion trap column. The gradient was 

produced with H2O (buffer A; HPLC-grade water) and KOH which was generated by an EGCIII 

KOH eluent generator cartridge. The column was equilibrated with a mixture of buffer A (96%) 

and 4% KOH at a flow rate of 0.38 mL min-1 and heated to 37°C during the measurement. The 

gradient was produced by changes of KOH concentrations as follows: 0–4 min: 4%; 4–15 min: 

15%; 15–25 min: 25%; 25–28 min: 50%; 28–31 min: 80% and 31-40 min: 4%. Electron spray 

ionization (ESI)-MS/MS parameters were set as follows: gas temperature 350°C, drying gas 

flow rate 12 l min-1, nebulizer pressure 35 psi, capillary voltage ± 3.5 kV. The fragmentor 

voltage and collision energy were optimized for each compound individually by tuning 

standards with a defined concentration. Primary metabolites were detected in the negative 

ion mode using multiple reactions monitoring (MRM). The data were extracted using the 

MassHunter software version B.03.01 (Agilent Technologies, Waldbronn, Germany). 13C-

pyruvate was used to normalize the data and added to each sample as internal standard 

before analysis.  

3.10 Soluble sugars and starch measurements 

Soluble sugars and starch were determined according to Ahkami et al. (2009). 50 mg frozen 

fully expanded leaves and roots material was homogenized in liquid nitrogen, dissolved in 

0.75 mL 80% (v/v) ethanol and incubated at 80°C for 60 min. Crude extracts were centrifuged 

at 14,000 rpm at 4oC for 5 min and the upper phase was concentrated in a speed vacuum 

concentrator (Christ, RVC 2-33 IR, Germany) at 45°C for 120-180 min. The pellet was re-

suspended in 0.3 mL HPLC-grade water and shaken for 15 min at 4°C before the 

measurement. Then, soluble sugars, glucose (Glc), fructose (Fru) and sucrose (Suc) were 

determined sequentially with a microplate reader. Next, 10-20 µL samples were added to 280 

to 290 µL buffer containing 100 mM imidazol-HCl, pH 6.9, 5 mM MgCl2, 2 mM NAD and 1 mM 

ATP. Prior to baseline recording, 1 µL Glc6P-dehydrogenase (diluted 1:1, 1-2 units in the same 

buffer) was added to each sample. Baseline was recorded for 10 to 15 min followed by the 

addition of 1 µL hexokinase (diluted 1:2, 0.75-1.5 units) to measure glucose. After reaching 

the maximum OD, 1 µL phosphoglucoisomerase (diluted 1:3, 0.35-0.7 units) was added to 

measure fructose and finally 1-2 µL fructosidase (or invertase 10 mg/50 µL buffer, ca. 60 units) 

was added to measure sucrose. For starch determination, the remaining pellet from soluble 

sugars extraction was washed twice with pure ethanol. The supernatant was discarded after 

centrifugation (2 min, 14000 rpm) and pellets were dried for 30 min under a hood or in a 

speed vac for 15 min. Subsequently, 200 µL 0.2 N KOH were added to the pellets, mixed 

thoroughly and incubated overnight at 4°C to break the starch chain into small pieces. Next 

day, another 200 µL 0.2 N KOH was added to each sample before it was incubated at 95°C for 

60 min. After cooling down the samples, they were neutralized by 70 µL of 1 N acetic acid. 

Supernatant was digested by adding 50 µL of a buffer containing 7 U/mg amyloglucosidase in 

50 mM NaAc, pH 5.2 to 50 µL of sample and incubated together over night at 37°C or 

alternatively for 5 h at 55°C. Produced glucose was measured as described by Hajirezaei et al. 

(2000). 
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3.11 Free amino acids measurements 

Free amino acids were extracted as described for sugars and starch analysis. To detect 

primary and secondary amino acids, the fluorescing reagent AQC (6-aminoquinolyl-N-

hydroxy-succinimidylcarbamate) was used. AQC was dissolved in 3 mg mL-1 of acetonitrile and 

incubated at 55°C for 10 min. 10 µL of sugar extracts were derivatized in a cocktail containing 

10 μL of the fluorescing reagent AQC and 80 μL 0.2 M boric acid buffer (pH 8.8) in a final 

volume of 100 μL. The solution was incubated at 55°C for 10 min. Separation of soluble amino 

acids was performed on a newly developed UPLC-based method using ultra pressure reversed 

phase chromatography (UPLC; AcQuity H-Class, Waters GmbH, Eschborn, Germany). The 

UPLC system consisted of a quaternary solvent manager, a sample manager-FTN, a column 

manager and a fluorescent detector (PDA eλ Detector). The separation was carried out on a 

C18 reversed phase column (ACCQ Tag Ultra C18, 1.7 µm, 2.1x100 mm) with a flow rate of 0.7 

mL min-1 and duration of 10.2 min. The column was heated at 50°C during the whole run. The 

detection wavelengths were 266 nm for excitation and 473 nm for emission. The gradient was 

accomplished with four solutions prepared from two different buffers purchased from Waters 

GmbH (eluent A concentrate and eluent B for amino acid analysis, Waters GmbH Germany). 

Eluent A was pure concentrate, eluent B was a mixture of 90% LCMS water (Geyer GmbH, 

Germany) and 10% eluent B concentrate, eluent C was pure concentrate (eluent B for amino 

acid analysis) and eluent D was LCMS water (Th. Geyer GmbH & Co. KG, Germany). The 

column was equilibrated with eluent A (10%) and eluent C (90%) for at least 30 min.  The 

gradient was produced as follows: 0 min 10% A and 90% C / 0.29 min 9.9% A and 90.1% C / 

5.49 min 9% A, 80% B and 11% C / 7.1 min 8% A, 15.6% B, 57.9% C and 18.5% D / 7.3 min 8% 

A, 15.6% B, 57.9% C and 18.5% D / 7.69% 7.8% A, 70.9% C and 21.3% D / 7.99 min 4% A, 36.3% 

C and 59.7% D / 8.68 min 10% A, 90% C / 10.2 min 10% A and 90% C. Chromatograms were 

recorded and quantification was carried out using the software program Empower Pro. 

3.12 Phytohormone measurements 

For phytohormone analysis, separately harvested shoots and roots were ground in liquid 

nitrogen. Samples of ca. 30 mg (fresh weight) were weighed into 2 mL safe lock tubes 

(Eppendorf AG, Germany) and kept at -80°C until analysis. Empty tubes were used as blanks. 

Before extraction, two 3 mm ceria-stabilized zirconium oxide beads were placed into each 

tube.  The samples were extracted and purified as described in Šimura et al. (2018) with minor 

modifications. For phytohormone extraction 1 mL ice-cold 50% aqueous (v/v) ACN (Th. Geyer 

GmbH & Co. KG, Germany) containing the internal standards (OlChemim s.r.o, Czech 

Republic) was added to each tube. Samples were homogenized in a MM 301 vibration mill 

(Retsch GmbH, Germany) operating at a frequency of 27 Hz for 5 min and afterward sonicated 

for 3 min at 4°C using a Sonorex ultrasonic bath (BANDELIN electronic GmbH, Germany). 

Samples were subsequently extracted using a Reax 32 overhead shaker (Heidolph 

Instruments GmbH, Germany) for at least 30 min. After centrifuging for 10 min at 14000 rpm 

and 4°C (CT 15 RE centrifuge, Himac, Japan), the supernatant was transferred to clean 

Eppendorf tubes. All samples were purified using Oasis PRIME HLB RP (1 cc per 30 mg), 
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polymer-based SPE cartridges (Waters Co., USA). After loading the supernatant, the flow-

through fraction was collected in a clean tube. The cartridge was then rinsed with 1 mL 30% 

(v/v) ACN, and this fraction was collected in the same tube as the flow-through fraction. After 

this single-step SPE, the samples were evaporated to dryness at 45°C in a RVC 2-33 IR vacuum 

concentrator (Martin Christ GmbH, Germany) and stored at −20°C until analysis. For UHPLC-

ESI-MS-MS analysis, the samples were dissolved in 50 µL of 30% ACN (v/v) and transferred to 

insert-equipped vials. The absolute quantification of targeted phytohormones was performed 

as described in Eggert and von Wirén (2017). 10 µL of purified extracts were injected into an 

Acquity Ultra‐performance LC system coupled with a Xevo TQ mass spectrometer (Waters, 

USA). The targeted analytes were separated on an Acquity UPLC® BEH C18 1.7 μm, 

2.1 × 100 mm column coupled to a VanGuard pre‐column BEH C18 1.7 μm, 2.1 × 5 mm. The 

column temperature was set to 40°C. The autosampler temperature was set to 4°C. The 

mobile UPLC phase consisted of a gradient of MeOH (Th. Geyer GmbH & Co. KG, Germany) 

with 0.1% (v/v) formic acid (Biosolve Chimie, France) (A) and 0.1% (v/v) aqueous formic acid 

(B), flowing at 0.4 mL min−1. A 10-points external calibration curve was used for quantification. 

MassLynx software (version 4.1; Waters) was used to control the instrument and for data 

acquisition. MS data were processed by using TargetLynx V4.1 SCN 904. 

Gibberellin baseline separation was achieved on a reversed phase Acquity UPLC® HSS T3 

column (100 Å, 2.1 × 150 mm, 1.8 μm, Waters) using a gradient elution of A (Water, 0.1% FA) 

and B (MeOH, 0.1% FA) as follows: 0–0,3 min, 10% B; 0.3–0.7 min, 10% to 30% B; 0.7–2 min, 

30% to 50% B; 2–4 min, 50% to 60% B; 4–8 min, 60% to 80% B; 8–9.5 min, 80% to 99% B; 9.5–

10.4 min, 99% B. To preserve the integrity of the column, a guard column (130 Å, 2.1 × 5 mm, 

1.8 μm, Waters) was also used. The column temperature was set at 45°C and the flow rate at 

0.3 mL min-1. The injection volume was 5 μL. The UHPLC system was coupled to Q Exactive 

Plus Mass Spectrometer (San Jose, CA, USA) equipped with a HESI source operating in 

negative ion mode. Source values were set as follow: Spray voltage 2.5 kV; capillary 

temperature 255°C; S-lens RF level 40; aux gas heater temp 320°C; sheath gas flow rate 47; 

aux gas flow rate 11. For spectra acquisition a Full MS/dd-MS² experiment was performed. 

Resolution in full scan mode was set as 70000. For MS/MS experiments resolution 17,500 and 

NCE 40V were used. MS data were acquired and processed by Trace Finder Software (v. 4.1, 

Thermo Scientific, San Jose, CA, USA). A 12-points curve was prepared from mixed standards 

solutions in the range of 0.5 to 1000 nM. To generate the calibration curve, the peak area on 

the extracted ion chromatogram (XIC) of the deprotonated molecule ion [M-H]- was 

measured. A least-square linear regression was used to best fit the linearity curve. The 

identification of compounds found in extracts was based on comparison of their retention 

time, high resolution m/z spectrum and isotope pattern with standards. Additionally, 

generated MS2 spectra were searched in a custom spectral library for confirmation of 

compound identification. 

3.13 RNA isolation, cDNA synthesis and gene expression analysis 

Total RNA was extracted from 100 mg frozen and ground shoot or root materials using the 

NucleoSpin RNA Kit according to the manufacturer’s protocol (Macherey-Nagel, Germany). 
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Samples were treated with DNase to remove all potential DNA contamination. RNA quality 

was determined using NanoDrop™ 2000c spectrophotometry (Thermo Scientific™). 2 µg of 

total RNA was used for cDNA synthesis using the RevertAid First Strand cDNA Synthesis Kit of 

Thermo Scientific and oligo(dT) primers. The primers for qPCR were designed using the 

primer3 software and were synthesized by Metabion (Germany); for details refer to Annex 

Table 1. The following criteria were considered: Tm=60 ± 1oC, 18–25 bp length, close to the 

3’-end if possible, GC content between 40% and 60% to generate unique, short PCR products 

between 60 bp and 150 bp. The cDNA samples were used to study gene expression levels by 

quantitative real-time PCR (CFX384 TouchTM, Bio-Rad) using the iQ SYBR Green Supermix 

(Bio-Rad Laboratories, Hercules, CA, USA). The reaction was carried out in optical 384-well 

plates, each reaction well containing 5 μL of Power SYBR Green mastermix reagent, 2 μL of 

cDNA, 0.9 μL of each gene-specific primer and 1.2 μL distilled water in a final volume of 10 μL. 

The following standard thermal profile was used for all PCR reactions: one activation cycle for 

3 min at 95°C; 40 amplification cycles with 15 sec at 95°C followed by 30 sec 58/60°C 

(depending on the primer used); one melting curve cycle from 65°C to 95°C in 5 sec (0.5°C 

increment). Recorded Ct values were exported from the Bio-Rad CFX Manager Software 

(Version 3.1, Bio-Rad Laboratories) and used for the calculation of PCR amplification efficiency 

and normalization factors using CYCLOPHILIN (CYP) and UBIQUITIN (UBI) as reference genes. 

The PCR amplification efficiency was calculated according to (Bustin et al., 2009) and only 

experiments with an efficiency between 90% to 110% were included. Normalization factors 

were calculated using geNORM (Vandesompele et al., 2002). Gene expression levels were 

expressed as fold-changes from using the following equation: 

𝐹𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 =

(
2−𝐶𝑡𝐺𝑂𝐼

𝑁𝐹
)

𝑡𝑎𝑟𝑔𝑒𝑡 𝑠𝑎𝑚𝑝𝑙𝑒

(
2−𝐶𝑡𝐺𝑂𝐼

𝑁𝐹
)

𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑎𝑚𝑝𝑙𝑒

   

where NF is the calculated normalization factor, Ct is the cycle threshold, and GOI is the 

investigated gene of interest. 

3.14 RNA sequencing and identification of differentially expressed genes 

For library construction, total RNA of 3 replicates from each treatment was isolated and sent 

for mRNA enrichment, cDNA synthesis and sequencing on an Illumina HiSeq 2500 on a v4 

platform for 2×100 bp paired-end reads with 17 million reads in total (Eurofins, Germany). 

Then, sequencing data were processed with the latest version of the Salmon software (Patro 

et al., 2017). To obtain clean data, raw reads were trimmed by removing empty reads, adaptor 

sequences and low-quality bases at the 3’-end. Then, all the clean reads were considered for 

further analysis. High-confidence genes of the barley transcriptome (Mascher et al., 2017) 

were used as reference to map the sequencing data. Differential expression of genes was 

analyzed with the latest version of DESeq2 software (Love et al., 2014). To identify 

differentially expressed genes (DEGs) in different treatments, expression levels of each gene 
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were calculated by quantifying the number of reads. Our experiment followed a factorial 

treatment structure consisting of two factors, potassium and silicon, yielding four treatments. 

To compare the expression ratio of genes among treatments, we conducted simple effects 

analysis and examined the difference between groups within one level of one of the 

independent variables, K or Si. The Salmon software tool was used to convert raw sequencing 

data into counts (Patro et al., 2017). Then, we compared the expression ratio in response to 

K deficiency (-K-Si versus +K-Si), or the effect of Si in K-sufficient (+K+Si versus +K-Si) or K-

deficient (-K+Si versus -K-Si) roots or the last fully expanded leaves with DESeq2 Library in R 

(Anders and Huber, 2010). Finally, The Barley Genome Explorer (BARLEX) (Colmsee et al., 

2015) and the National Center for Biotechnology Information (NCBI) databases were used for 

functional annotation of each single gene ID. 

3.15 Statistical analysis 

All data are presented as mean ± standard error (SE) (Williams and Abdi, 2010). In the K 

deficiency experiment, data were subjected to factorial treatment analysis using the least 

significant difference (LSD) to calculate confidence intervals for pairwise comparisons 

between factor levels. In other experiments, data were analyzed by one-way ANOVA and 

post-hoc Tukey’s test using the R software (de Mendiburu and de Mendiburu, 2019). 
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4 Results 

4.1 Impact of silicon application on plant growth under potassium deficiency 

 

Figure 5. Influence of Si supply on phenotype, shoot and root dry weights and chlorophyll concentrations of barley plants 
grown under adequate or low K supply. (A) Appearance of shoots and roots, (B) shoot dry weights, (C) root dry weights and 
(D) chlorophyll concentrations in the last fully expanded leaf. After 7 days of germination, plants were grown under either 
adequate (2 mM) or low (0.04 mM) K for 24 days in the absence or presence of 1.78 mM Si. Bars indicate means ± SE. 
Different letters denote significant differences among treatments according to LSD test (p < 0.05; n = 8). 

To investigate whether and how Si can alleviate K deficiency in barley, hydroponically-grown 

barley plants were subjected to adequate or low K supply for 24 days in the absence or 

presence of Si. In the absence of Si, continuous low supply of K suppressed the formation of 

tillers and new leaves while roots grew much shorter (Figure 5A). This expressed in two- to 

three-fold lower shoot and root biomass (Figure 5B, C). In the presence of Si, plant growth 

recovered and shoot and root biomass of K-deficient plants increased by 66 and 100%, 

respectively (Figure 5A-C). In contrast, in K-sufficient plants Si supply caused only a small, non-

significant increase in shoot biomass (Figure 5B). Since K deficiency leads also to chlorosis and 

inhibits photosynthesis (Marschner, 2012), chlorophyll concentrations were determined in 

fully expanded leaves, which declined by 32% under low K stress. In the presence of Si, 
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however, such a strong decline of chlorophyll concentrations was prevented, whereas under 

ample K supply Si had no impact (Figure 5D). These results show that Si application 

substantially restores growth and increases biomass in K-deficient plants while its impact on 

growth remains negligible under adequate K nutrition. 

4.2 Impact of silicon application on the nutritional status of plants under potassium 

deficiency 

To investigate how Si nutrition affects the plant nutrient status under K deficiency, 

concentrations of all nutrients were determined in fully expanded leaves and roots by ICP-

OES. As expected, Si application led to considerable Si accumulation in leaf and root tissues 

(Figure 6A, B). In K-sufficient plants, Si concentrations were around 7 mg g-1 in shoots or roots, 

while they were 1-1.5 mg g-1 lower under K deficiency, which may result from lower 

transpiration (Wang et al., 2013). Under low K supply, K concentrations decreased below 1% 

in both tissues, which is indicative of K deficiency in barley (Bergmann, 1992), despite the 

absence of chlorosis in leaves (Figure 5A; 6C, D). Silicon application to low K plants increased 

leaf K concentrations significantly but rather marginally, while root concentrations remained 

similar (Figure 6C, D). These results suggested that Si did not necessarily improve the K 

nutritional status of the plants but rather translated K efficiently into biomass.   

In both tissues, lower K concentrations in K-deficient plants were accompanied by an increase 

in the concentrations of Mg, Ca and Na (Figure 7A-F). This reflects a typical response of plants 

to K deficiency, which compensates for lower K uptake by enhanced uptake of other cations 

(Marschner, 2012). While these elevated levels of Mg and Ca remained unaffected by Si 

supply, Na concentrations increased in both tissues after Si application (Figure 7A-F), but 

remained far below a growth-inhibitory level (Marschner, 2012). Concentrations of other 

macroelements, including P and S in both tissues and N in roots, increased only slightly under 

K deficiency, while the nutritional status of these elements remained unaffected by Si supply 

(Figure 7G-J; 8A, B). Among the metal micronutrients, changes in Fe and Zn levels were 

moderate and considered less relevant, with the exception of Mn, which was preferentially 

translocated to shoots under low K supply and accumulated more under Si application (Figure 

8C-H). Carbon concentrations in leaves and roots remained unaffected by Si application but 

slightly increased in K-deficient plants, probably due to the lack of K in the dry biomass (Figure 

8I, J). Taken together, Si application did neither revert the nutritional status of K-deficient 

plants nor the K deficiency responses related to the ion uptake balance. Instead, the higher 

Na levels of Si-supplied plants exclusively under K deficiency suggest that K uptake systems, 

some of which are permeable to Na (Leigh and Storey, 1993; Rubio et al., 1995), were even 

induced. To assess whether applying Si affects ion balance in Hoagland solutions, macro- and 

micronutrients were determined in culture solutions under all treatments by ICP-OES (Annex 

Figure 1). Silicon was provided at a concentration of 1.78 mM from a H2SiO3 stock solution 

prepared through the chromatography column (Figure 1). Concentration of all nutrients 

remained rather stable after Si application in the culture solutions, and only Si level increased. 

The major source of Na was Fe(III)-EDTA while the amount of Na that was introduced into the 

nutrient solution by Si was negligible. 
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Figure 6. Influence of Si supply on Si and K concentrations in leaves and roots of barley plants grown under adequate or 
low K supply. (A-D) Concentrations of silicon (Si; A, B), and potassium (K; C, D) in leaves (A, C) or in roots (B, D). After 7 days 
of germination, plants were grown under either adequate (2 mM) or low (0.04 mM) K for 24 days in the absence or presence 
of 1.78 mM Si. Leaf analysis is based on the last fully expanded leaf. Bars indicate means ± SE. Different letters denote 
significant differences among treatments according to LSD test (p < 0.05; n = 8). 
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Figure 7. Influence of Si supply on Mg, Ca, Na, P and S concentrations in leaves and roots of barley plants grown under 
adequate or low K supply. (A-J) Concentrations of magnesium (Mg; A, B), calcium (Ca; C, D), sodium (Na; E, F), phosphorus 
(P; G, H), and sulfur (S; I, J) in leaves (A, C, E, G, I) or in roots (B, D, F, H, J). After 7 days of germination, plants were grown 
under either adequate (2 mM) or low (0.04 mM) K for 24 days in the absence or presence of 1.78 mM Si. Leaf analysis is 
based on the last fully expanded leaf. Bars indicate means ± SE. Different letters denote significant differences among 
treatments according to LSD test (p < 0.05; n = 8). 
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Figure 8. Influence of Si supply on N, Fe, Zn, Mn and C concentrations in leaves and roots of barley plants grown under 
adequate or low K supply. (A-J) Concentrations of nitrogen (N; A, B), iron (Fe; C, D), zinc (Zn; E, F), manganese (Mn; G, H), 
and carbon (C; I, J) in leaves (A, C, E, G, I) or in roots (B, D, F, H, J). After 7 days of germination, plants were grown under 
either adequate (2 mM) or low (0.04 mM) K for 24 days in the absence or presence of 1.78 mM Si. Leaf analysis is based on 
the last fully expanded leaf. Bars indicate means ± SE. Different letters denote significant differences among treatments 
according to LSD test (p < 0.05; n = 8). 
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4.3 Impact of silicon application on phytohormone homeostasis of plants under potassium 

deficiency 

To assess the impact of Si on phytohormone homeostasis under K deficiency, phytohormones 

were profiled in fully expanded leaves and roots. In both tissues, the concentrations of ABA 

and its degradation products phaseic acid (PA) and dehydro-phaseic acid (DPA) as well as of 

its conjugate ABA-glucose ester (ABAGlc) in leaves increased as a typical plant response to K 

deficiency (Figure 9A-H) (Hosseini et al., 2016). While leaf and root ABA levels remained more 

or less unaffected by Si supply, the leaf levels of inactivated ABA forms, which exceeded that 

of ABA by far, were significantly lower upon Si application, suggesting lower ABA synthesis 

and turnover during the stress treatment (Figure 9A-H). Moreover, the levels of two further 

stress-related hormones, i.e., salicylic acid (SA) and JA incl. its bioactive conjugate with 

isoleucine (JA-Ile), increased under low K, however, to a lesser extent in the presence of Si 

(Figure 10A-F). In roots, a comparable increase under K deficiency was only observed for SA, 

on which Si had little impact (Figure 10A-F). These findings suggest that in the presence of Si 

in particular the leaves of K-deficient plants are less affected by low K stress. Since cytokinins 

play a major role in abiotic stress responses (Ha et al., 2012; Nam et al., 2012), different 

cytokinins forms were also analyzed. In all treatments, the leaf concentrations of trans-zeatin 

(tZ), probably the most bioactive cytokinin form in shoots, and other, less active cytokinin 

forms were hardly or only very slightly affected. In contrast, root concentrations of trans-

zeatin riboside (tZR) and isopentenyl adenine riboside (IPR) decreased under K deficiency in 

favour of cis-zeatin riboside (cZR) (Figure 11A-H). This conversion towards the weaker active 

species cZR (Heyl et al., 2006) was prevented in the presence of Si (Figure 11A-H).  

Auxin (IAA) levels in leaves remained quite constant across all treatments, whereas they 

increased slightly in roots of K-deficient plants and even further with Si supply (Figure 12A, 

B). This trend was evident in the two inactivated forms, indole-3-acetic acid methyl ester 

(IAAMe) and 2-oxindole-3-acetic acid (oxIAA), which increased in both tissues under K 

deficiency, while only IAAMe levels in leaves remained suppressed by Si (Figure 12C-F). 

Among the detected gibberellins, leaf and root concentrations of gibberellins precursors, like 

GA53 and GA19, or of two downstream products of GA20-oxidase, GA44 and GA9, remained quite 

stable or slightly decreased under low K but did not respond to Si (Figure 13A-H). Leaf levels 

of the bioactive form GA3 increased after Si supply irrespective of K conditions. In turn, 

concentrations of GA8, a degradation product of the highly bioactive GA1, increased under K 

deficiency in leaves but not in the presence of Si (Figure 13G-L). In total, the stress-related 

phytohormones ABA, SA and JA increased under K deficiency in leaves together with their 

downstream conjugates or metabolites, whereas with the exception of ABA, Si nutrition 

prevented this increase. Among the growth-promoting hormones, bioactive GA3 increased 

after Si supply in leaves, while K deficiency-dependent accumulation of the deactivated 

species GA8 was prevented by Si. Such effects of Si on hormone levels were weaker or even 

absent in roots, except for a slight Si-mediated increase in IAA. 

 

 

 



 

 

 4 Results 

29 

 

Figure 9. Influence of Si supply on concentrations of ABA, PA, DPA and ABAGlc in leaves and roots of barley plants grown 
under adequate or low K supply. (A-H) Concentrations of abscisic acid (ABA; A, B), phaseic acid (PA; C, D), dihydrophaseic 
acid (DPA; E, F), and abscisic acid glucose ester (ABAGlc; G, H) in leaves (A, C, E, G) or in roots (B, D, F, H). After 7 days of 
germination, plants were grown under either adequate (2 mM) or low (0.04 mM) K for 24 days in the absence or presence 
of 1.78 mM Si. Leaf analysis is based on the last fully expanded leaf. Bars indicate means ± SE. Different letters denote 
significant differences among treatments according to LSD test (p < 0.05; n = 8). 
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Figure 10. Influence of Si supply on concentrations of SA, JA, and JA-Ile in leaves and roots of barley plants grown under 
adequate or low K supply. (A-F) Concentrations of salicylic acid (SA; A, B), jasmonic acid (JA; C, D), and jasmonoyl isoleucine 
(JA-Ile; E, F) in leaves (A, C, E) or in roots (B, D, F). After 7 days of germination, plants were grown under either adequate (2 
mM) or low (0.04 mM) K for 24 days in the absence or presence of 1.78 mM Si. Leaf analysis is based on the last fully expanded 
leaf. Bars indicate means ± SE. Different letters denote significant differences among treatments according to LSD test (p < 
0.05; n = 8). 
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Figure 11. Influence of Si supply on concentrations of tZ, tZR, IPR, and cZR in leaves and roots of barley plants grown under 
adequate or low K supply. (A-H) Concentrations of trans-zeatin (tZ; A, B), trans-zeatin-riboside (tZR; C, D), isopentenyl 
adenine riboside (IPR; E, F), and cis-zeatin riboside (cZR; G, H) in leaves (A, C, E, G) or in roots (B, D, F, H). After 7 days of 
germination, plants were grown under either adequate (2 mM) or low (0.04 mM) K for 24 days in the absence or presence 
of 1.78 mM Si. Leaf analysis is based on the last fully expanded leaf. Bars indicate means ± SE. Different letters denote 
significant differences among treatments according to LSD test (p < 0.05; n = 8). 
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Figure 12. Influence of Si supply on concentrations of IAA, IAAMe, and oxIAA in leaves and roots of barley plants grown 
under adequate or low K supply. (A-F) Concentrations of indole-3-acetic acid (IAA; A, B), indole-3-acetic acid methyl ester 
(IAAMe; C, D), and 2-oxoindole-3-acetic acid (oxIAA; E, F) in leaves (A, C, E) or in roots (B, D, F). After 7 days of germination, 
plants were grown under either adequate (2 mM) or low (0.04 mM) K for 24 days in the absence or presence of 1.78 mM Si. 
Leaf analysis is based on the last fully expanded leaf. Bars indicate means ± SE. Different letters denote significant differences 
among treatments according to LSD test (p < 0.05; n = 8). 
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Figure 13. Influence of Si supply on concentrations of GA53, GA44, GA19, GA9, GA3 and GA8 in leaves and roots of barley 
plants grown under adequate or low K supply. (A-L) Concentrations of gibberellin-53 (GA53; A, B), gibberellin-44 (GA44; C, 
D), gibberellin-19 (GA19; E, F), gibberellin-9 (GA9; G, H), gibberellin-3 (GA3; I, J) and gibberellin-8 (GA8; K, L) in leaves (A, C, 
E, G, I, K) or in roots (B, D, F, H, J, L). After 7 days of germination, plants were grown under either adequate (2 mM) or low 
(0.04 mM) K for 24 days in the absence or presence of 1.78 mM Si. Leaf analysis is based on the last fully expanded leaf. Bars 
indicate means ± SE. Different letters denote significant differences among treatments according to LSD test (p < 0.05; n = 
8). 
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4.4 Impact of silicon application on metabolic changes of plants under potassium deficiency 

To investigate whether Si alleviates the accumulation of sugars in leaves as a consequence of 

inhibited phloem loading, which is a typical symptom of K deficiency (Cakmak, 1994), primary 

C and N metabolites were analysed by IC-MS-MS. Indeed, several downstream products of 

the Calvin cycle accumulated under K deficiency in leaves, in particular sucrose, glucose and 

fructose, but also phosphorylated sugars and energy carriers such as sucrose-6-phosphate 

(Suc-6-P), glucose-1-phosphate (Glc-1-P), trehalose-6-phosphate (Tre-6-P), and uridine 

diphosphate glucose (UDP-Glc), UDP, uridine monophosphate (UMP) as well as glucuronic 

acid (GlcA) (Figure 14; 16A, C, E, G, I; 17A, C). By contrast, starch and its precursors remained 

unaffected (Figure 14). While 3-phosphoglycerate (3PGA) remained unchanged, higher levels 

of acetyl-CoA suggested lower C turn-over in the tricarboxylic acid (TCA) cycle, which 

expressed in lower levels of fumarate and in trend of 2-oxoglutarate (Figure 14; 17E). With 

regard to the major amino acids, K deficiency led to accumulation of the diamines glutamine 

and asparagine at the cost of glutamate and aspartate, and further increased most other 

amino acids including the stress-responsive ones, proline and GABA (Figure 14; 18A, C). Not 

all of these changes were mitigated by Si in plants. In particular Suc, Suc-6-P, Glc and Fru 

concentrations decreased moderately as well as those of glucuronic acid and acetyl-CoA 

(Figure 14; 17C, E). The other phosphorylated sugars or energy carriers remained mostly 

unaffected by Si. However, Si efficiently prevented excess accumulation of di-aminated and 

stress-responsive amino acids and restored levels of glutamate and asparate (Figure 14). 

Thus, Si hardly altered the levels of energy-carrying metabolites but mostly prevented excess 

sugar and amino acid accumulation in K-deficient leaves, which may be indicative for a partial 

relieve of inhibited phloem loading activity. 

In K-deficient roots, carbohydrate metabolism was less affected than expected. 

Concentrations of Suc and Glc as well as of phosphorylated sugars were hardly lower under K 

deficiency, only Glc-1-P levels showed a prominent decrease (Figure 15; 16D). Levels of Fru 

and glucuronic acid even increased (Figure 15; 17D). A lack of carbohydrates in K-deficient 

roots became evident rather by lower levels of 2-oxoglutarate, glutamate and aspartate in 

favour of higher levels of diamines, and most other amino acids, except for the stress-

responsive ones, proline and GABA (Figure 15; 18B, D). Remarkable changes conferred by Si 

related to elevated levels of Suc, Glc and Fru, which even exceeded those of K-supplied roots 

(Figure 15). By contrast, phosphorylated metabolites, TCA cycle intermediates and most of 

the abundant amino acids were not or only slightly altered by Si (Figure 15-18). Thus, apart 

from restored amino acid levels, Si did not mitigate K deficiency-induced metabolic changes 

in roots. 
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Figure 14. Metabolite profile in leaves of barley plants grown under adequate or low K supply in the presence or absence 
of Si. Concentrations of starch, sugars, sugar alcohols, organic acids and amino acids in leaves. After 7 days of germination, 
plants were grown under either adequate (2 mM) or low (0.04 mM) K for 24 days in the absence or presence of 1.78 mM Si. 
Leaf analysis is based on the last fully expanded leaf. Bars indicate means ± SE. Different letters denote significant differences 
among treatments according to LSD test (p < 0.05; n = 8). 
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Figure 15. Metabolite profile in roots of barley plants grown under adequate or low K supply in the presence or absence 
of Si. Concentrations of sugars, sugar alcohols, organic acids and amino acids in roots. After 7 days of germination, plants 
were grown under either adequate (2 mM) or low (0.04 mM) K for 24 days in the absence or presence of 1.78 mM Si. Bars 
indicate means ± SE. Different letters denote significant differences among treatments according to LSD test (p < 0.05; n = 
8). 
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Figure 16. Influence of Si supply on concentrations of phosphorylated metabolites in leaves and roots of barley plants 
grown under adequate or low K supply. (A-J) Concentrations of sucrose-6-phosphate (Suc-6-P; A, B), Glucose-1-phosphate 
(Glc-1-P; C, D), trehalose-6-phosphate (Tre-6-P; E, F), uridine diphosphate glucose (UDP-Glc; G, H), and uridine diphosphate 
(UDP; I, J) in leaves (A, C, E, G, I) or in roots (B, D, F, H, J). After 7 days of germination, plants were grown under either 
adequate (2 mM) or low (0.04 mM) K for 24 days in the absence or presence of 1.78 mM Si. Leaf analysis is based on the last 
fully expanded leaf. Bars indicate means ± SE. Different letters denote significant differences among treatments according 
to LSD test (p < 0.05; n = 8). 
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Figure 17. Influence of Si supply on concentrations of primary metabolites in leaves and roots of barley plants grown under 
adequate or low K supply. (A-J) Concentrations of uridine monophosphate (UMP; A, B), glucuronic acid (GlcA; C, D), acetyl 
coenzyme A (Acetyl-CoA; E, F), succinate (G, H), and adenosine diphosphate (ADP; I, J) in leaves (A, C, E, G, I) or in roots (B, 
D, F, H, J). After 7 days of germination, plants were grown under either adequate (2 mM) or low (0.04 mM) K for 24 days in 
the absence or presence of 1.78 mM Si. Leaf analysis is based on the last fully expanded leaf. Bars indicate means ± SE. 
Different letters denote significant differences among treatments according to LSD test (p < 0.05; n = 8). 
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Figure 18. Influence of Si supply on concentrations of amino acids in leaves and roots of barley plants grown under 
adequate or low K supply. (A-J) Concentrations of proline (Pro; A, B), gamma aminobutyric acid (GABA; C, D), leucine (Leu; 
E, F), isoleucine (Ile; G, H), and glycine (Gly; I, J) in leaves (A, C, E, G, I) or in roots (B, D, F, H, J). After 7 days of germination, 
plants were grown under either adequate (2 mM) or low (0.04 mM) K for 24 days in the absence or presence of 1.78 mM Si. 
Leaf analysis is based on the last fully expanded leaf. Bars indicate means ± SE. Different letters denote significant differences 
among treatments according to LSD test (p < 0.05; n = 8). 
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4.5 Impact of silicon application on gene expression patterns of plants under potassium 

deficiency 

To assess the impact of Si nutrition on transcriptome changes in plants under K deficiency, 

total RNA was extracted from fully expanded leaves and roots and subjected to RNA-Seq 

analysis. Before calculating differential gene expression, normalized data were subjected to 

principal component analysis (PCA), which indicated prominent changes among the four 

treatments (Figure 19A, B). In both tissues, K-dependent transcriptome changes separated 

clearly along PC1, which explained 87% and 63% of the variance in leaves and roots, 

respectively, indicating a significant qualitative shift in the transcriptome signature under K 

deficiency. Supplementation of Si separated the transcriptomes of K-sufficient and K-deficient 

plants at smaller variance along PC2, revealing that plants of both K regimes responded to the 

presence of Si in a similar direction. However, in K-deficient leaves, Si supply provoked 

transcriptome changes to approach those of K-sufficient leaves by decreasing variance along 

PC1. This was not the case in roots, suggesting that Si-mediated mitigation of K deficiency 

relates primarily to leaves. 

Using simple effect analyses, the hypothesis was tested whether Si just reverts the 

transcriptional response to K deficiency. In leaves, 2211 genes altered their expression levels 

significantly either under K deficiency or under Si supply to K-deficient plants. In roots, the 

corresponding number was with 481 genes much lower (Figure 19C, D). The resulting gene 

list showed that approx. one-third of the leaf-expressed genes were upregulated when Si was 

supplied to K-deficient plants, while in roots almost half of the genes were upregulated. Most 

interestingly, in either tissue the large majority of genes showed a reverted expression 

pattern to that of K deficiency, indicating that Si prevented or reverted the K deficiency 

response. When K-sufficient plants were supplied with Si, the number of de-regulated genes 

was much lower, supporting the notion that Si targets primarily stress-responsive genes. 

Subsequent analysis of Gene Ontology (GO) terms was limited by the relatively small number 

of genes differentially expressed under Si supply, especially in roots, and mostly yielded less 

specified terms. In shoots, biological processes that were upregulated under K deficiency 

were associated with cation transport, but this term disappeared when assessing the Si effect 

on K-deficient plants (Table 1). Instead, in leaves and roots, terms related to cell wall 

metabolism dominated the response of K-deficient plants to Si. Altogether, the GO term 

analysis suggests that typical K deficiency responses have been replaced by general growth-

related processes under Si supply. 
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Figure 19. Changes in gene expression patterns of leaves and roots of barley plants as affected by K or Si supply. Principal 
component analysis (PCA) reflecting changes in transcript abundance in (A) the last fully expanded leaves or (B) roots in 
response to Si supply under adequate or low K supply. (C-D) Heatmap of relative gene expression changes in the last fully 
expanded leaves (C) or roots (D). In either tissue, genes were grouped according to their transcript abundance (i) after Si 
supply under K deficiency (-K+Si vs. -K-Si), (ii) under low K in the absence of Si (-K-Si vs. +K-Si), or (iii) after Si supply under 
adequate K nutrition (+K+Si vs. +K-Si). Genes were selected if their fold-change of expression was > 0.5 and significantly 
altered at a false discovery rate (FDR) of < 0.05%, either in first or second group. 
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Table 1. Enrichment of Gene Ontology (GO) terms in genes expressed in the last fully expanded leaves and roots of barley 
plants grown under adequate or low K supply in the absence or presence of Si. Gene Ontology identification numbers 
(GO.ID) represent changes in the abundance of transcripts that are significantly involved in known biological processes (BP), 
cellular components (CC), or molecular functions (MF) with p-value < 0.05%. 

 

 

GO.ID Term Ontology 

Class

p-value

-K-Si
vs.

+K-Si

-K+Si
vs.

-K-Si

Leaves

+K+Si
vs.

+K-Si

-K-Si
vs.

+K-Si

-K+Si

vs.

-K-Si

Roots

+K+Si
vs.

+K-Si

GO:0006310 DNA recombination BP 0.014

GO:0010498 Proteasomal protein catabolic process BP 0.025

GO:0043161 Proteasome-mediated ubiquitin-dependent protein catabolic 

process BP 0.025

GO:0048193 Golgi vesicle transport BP 0.025

GO:0010467 Gene expression BP 0.027

GO:0090304 Nucleic acid metabolic process BP 0.036

GO:0043170 Macromolecule metabolic process BP 0.046

GO:0030163 Protein catabolic process BP 0.010

GO:0006508 Proteolysis BP 0.023

GO:0042545 Cell wall modification BP 0.028

GO:1901565 Organonitrogen compound catabolic process BP 0.030

GO:0006511 Ubiquitin-dependent protein catabolic process BP 0.045

GO:0019941 Modification-dependent protein catabolic process BP 0.045

GO:0043632 Modification-dependent macromolecule catabolic process BP 0.045

GO:0031109 Microtubule polymerization or depolymerization BP 0.021

GO:0006119 Oxidative phosphorylation BP 0.007

GO:0015980 Energy derivation by oxidation of organic compounds BP 0.007

GO:0022900 Electron transport chain BP 0.007

GO:0022904 Respiratory electron transport chain BP 0.007

GO:0042773 ATP synthesis coupled electron transport BP 0.007

GO:0045333 Cellular respiration BP 0.007

GO:0046034 ATP metabolic process BP 0.014

GO:0006091 Generation of precursor metabolites and energy BP 0.028

GO:0009126 Purine nucleoside monophosphate metabolic process BP 0.005

GO:0009127 Purine nucleoside monophosphate biosynthetic process BP 0.005

GO:0009167 Purine ribonucleoside monophosphate metabolic process BP 0.005

GO:0009168 Purine ribonucleoside monophosphate biosynthetic process BP 0.005

GO:0006366 Transcription by RNA polymerase II BP 0.008

GO:0006188 IMP biosynthetic process BP 0.010

GO:0007205 Protein kinase c-activating G protein-coupled receptor 

signaling pathway BP 0.010

GO:0046040 IMP metabolic process BP 0.010

GO:0006189 'De novo' IMP biosynthetic process BP 0.021

GO:0006476 Protein deacetylation BP 0.021

GO:0016575 Histone deacetylation BP 0.021

GO:0031110 Regulation of microtubule polymerization or 

depolymerization BP 0.021

GO:0032886 Regulation of microtubule-based process BP 0.021

GO:0035601 Protein deacylation BP 0.021

GO:0050801 Ion homeostasis BP 0.021

GO:0055080 Cation homeostasis BP 0.021

GO:0070507 Regulation of microtubule cytoskeleton organization BP 0.021

GO:0098732 Macromolecule deacylation BP 0.021

GO:0098771 Inorganic ion homeostasis BP 0.021

GO:0009123 Nucleoside monophosphate metabolic process BP 0.021

GO:0009124 Nucleoside monophosphate biosynthetic process BP 0.021

GO:0009156 Ribonucleoside monophosphate biosynthetic process BP 0.021

GO:0009161 Ribonucleoside monophosphate metabolic process BP 0.021

GO:0071805 Potassium ion transmembrane transport BP 0.023

GO:0006289 Nucleotide-excision repair BP 0.041

GO:0042026 Protein refolding BP 0.041

GO:0007020 Microtubule nucleation BP 0.045

GO:0007050 Cell cycle arrest BP 0.045

GO:0010968 Regulation of microtubule nucleation BP 0.045

GO:0031112 Positive regulation of microtubule polymerization or 

depolymerization BP 0.045

GO:0031113 Regulation of microtubule polymerization BP 0.045

GO:0031116 Positive regulation of microtubule polymerization BP 0.045

GO:0046785 Microtubule polymerization BP 0.045

GO:0090063 Positive regulation of microtubule nucleation BP 0.045

GO:0016310 Phosphorylation BP 0.020

GO:0042546 Cell wall biogenesis BP 0.003

GO:0044036 Cell wall macromolecule metabolic process BP 0.004

GO:0071554 Cell wall organization or biogenesis BP 0.007

GO:0006081 Cellular aldehyde metabolic process BP 0.007
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Continue of table 1. 

 

 

GO.ID Term Ontology 

Class

p-value

-K-Si
vs.

+K-Si

-K+Si
vs.

-K-Si

Leaves

+K+Si
vs.

+K-Si

-K-Si
vs.

+K-Si

-K+Si

vs.

-K-Si

Roots

+K+Si
vs.

+K-Si

GO:0010383 Cell wall polysaccharide metabolic process BP 0.016

GO:0010410 Hemicellulose metabolic process BP 0.016

GO:0006793 Phosphorus metabolic process BP 0.019

GO:0006796 Phosphate-containing compound metabolic process BP 0.019

GO:0006468 Protein phosphorylation BP 0.027

GO:0006002 Fructose 6-phosphate metabolic process BP 0.043

GO:0042822 Pyridoxal phosphate metabolic process BP 0.043

GO:0042823 Pyridoxal phosphate biosynthetic process BP 0.043

GO:0046184 Aldehyde biosynthetic process BP 0.043

GO:0006464 Cellular protein modification process BP 0.045

GO:0036211 Protein modification process BP 0.045

GO:0072524 Pyridine-containing compound metabolic process BP 0.047

GO:0072525 Pyridine-containing compound biosynthetic process BP 0.047

GO:0008152 Metabolic process BP 0.049

GO:0009432 SOS response BP 0.008

GO:0009991 Response to extracellular stimulus BP 0.008

GO:0031668 Cellular response to extracellular stimulus BP 0.008

GO:0071496 Cellular response to external stimulus BP 0.008

GO:0006725 Cellular aromatic compound metabolic process BP 0.009

GO:1901360 Organic cyclic compound metabolic process BP 0.012

GO:0006558 L-phenylalanine metabolic process BP 0.023

GO:0006739 NADP metabolic process BP 0.023

GO:1902221 Erythrose 4-phosphate/phosphoenolpyruvate family amino 

acid metabolic process BP 0.023

GO:0006139 Nucleobase-containing compound metabolic process BP 0.024

GO:0046483 Heterocycle metabolic process BP 0.028

GO:0006259 DNA metabolic process BP 0.030

GO:0019438 Aromatic compound biosynthetic process BP 0.044

GO:0009605 Response to external stimulus BP 0.044

GO:0034404 Nucleobase-containing small molecule biosynthetic process BP 0.044

GO:0015935 Small ribosomal subunit CC 0.031

GO:1990904 Ribonucleoprotein complex CC 0.005

GO:0005783 Endoplasmic reticulum CC 0.028

GO:0032993 Protein-DNA complex CC 0.011

GO:0000785 Chromatin CC 0.011

GO:0000786 Nucleosome CC 0.011

GO:0030312 External encapsulating structure CC 0.025

GO:0044815 DNA packaging complex CC 0.011

GO:0005694 Chromosome CC 0.014

GO:0005618 Cell wall CC 0.025

GO:0016591 RNA polymerase II, holoenzyme CC 0.023

GO:0005819 Spindle CC 0.025

GO:0033180 Proton-transporting v-type atpase, V1 domain CC 0.025

GO:0009507 Chloroplast CC 0.012

GO:0009536 Plastid CC 0.012

GO:0048475 Coated membrane CC 0.034

GO:0005737 Cytoplasm CC 0.014

GO:0030117 Membrane coat CC 0.034

GO:0003677 DNA binding MF 0.042 0.014

GO:0003676 Nucleic acid binding MF 0.009 0.033

GO:0070008 Serine-type exopeptidase activity MF 0.007

GO:0008238 Exopeptidase activity MF 0.014

GO:0043565 Sequence-specific DNA binding MF 0.013

GO:0004180 Carboxypeptidase activity MF 0.013

GO:0004185 Serine-type carboxypeptidase activity MF 0.013

GO:0004713 Protein tyrosine kinase activity MF 0.024

GO:0097159 Organic cyclic compound binding MF 0.016

GO:1901363 Heterocyclic compound binding MF 0.016

GO:0003684 Damaged DNA binding MF 0.024

GO:0140101 Catalytic activity, acting on a tRNA MF 0.038

GO:0004252 Serine-type endopeptidase activity MF 0.002

GO:0004175 Endopeptidase activity MF 0.009

GO:0017171 Serine hydrolase activity MF 0.037

GO:0030599 Pectinesterase activity MF 0.036

GO:0052689 Carboxylic ester hydrolase activity MF 0.036

GO:0008236 Serine-type peptidase activity MF 0.037

GO:0046982 Protein heterodimerization activity MF 0.045
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Continue of table 1. 

 

 

GO.ID Term Ontology 

Class

p-value

-K-Si
vs.

+K-Si

-K+Si
vs.

-K-Si

Leaves

+K+Si
vs.

+K-Si

-K-Si
vs.

+K-Si

-K+Si

vs.

-K-Si

Roots

+K+Si
vs.

+K-Si

GO:0008270 Zinc ion binding MF 0.009

GO:0046914 Transition metal ion binding MF 0.029

GO:0003954 NADH dehydrogenase activity MF 0.031

GO:0008137 NADH dehydrogenase (ubiquinone) activity MF 0.031

GO:0016655 Oxidoreductase activity, acting on NAD(P)H, quinone or 

similar compound as acceptor MF 0.031

GO:0050136 NADH dehydrogenase (quinone) activity MF 0.031

GO:0016651 Oxidoreductase activity, acting on NAD(P)H MF 0.046

GO:0016810 Hydrolase activity, acting on carbon-nitrogen (but not 

peptide) bonds MF 0.010

GO:0001882 Nucleoside binding MF 0.028

GO:0008047 Enzyme activator activity MF 0.000

GO:0030695 GTPase regulator activity MF 0.000

GO:0060589 Nucleoside-triphosphatase regulator activity MF 0.002

GO:0005096 Gtpase activator activity MF 0.003

GO:0004143 Diacylglycerol kinase activity MF 0.011

GO:0003924 GTPase activity MF 0.011

GO:0008641 Ubiquitin-like modifier activating enzyme activity MF 0.012

GO:0016877 Ligase activity, forming carbon-sulfur bonds MF 0.017

GO:0004407 Histone deacetylase activity MF 0.023

GO:0016717 Oxidoreductase activity, acting on paired donors, with 

oxidation of a pair of donors resulting in th... MF 0.023

GO:0016813 Hydrolase activity, acting on carbon-nitrogen (but not 

peptide) bonds, in linear amidines MF 0.023

GO:0019213 Deacetylase activity MF 0.023

GO:0033558 Protein deacetylase activity MF 0.023

GO:0004518 Nuclease activity MF 0.024

GO:0004519 Endonuclease activity MF 0.027

GO:0016763 Transferase activity, transferring pentosyl groups MF 0.005

GO:0001883 Purine nucleoside binding MF 0.028

GO:0005525 GTP binding MF 0.028

GO:0032549 Ribonucleoside binding MF 0.028

GO:0032550 Purine ribonucleoside binding MF 0.028

GO:0032561 Guanyl ribonucleotide binding MF 0.028

GO:0004540 Ribonuclease activity MF 0.029

GO:0019001 Guanyl nucleotide binding MF 0.035

GO:0003746 Translation elongation factor activity MF 0.037

GO:0030234 Enzyme regulator activity MF 0.039

GO:0044769 Atpase activity, coupled to transmembrane movement of 

ions, rotational mechanism MF 0.046

GO:0046961 Proton-transporting atpase activity, rotational mechanism MF 0.046

GO:0004860 Protein kinase inhibitor activity MF 0.049

GO:0004861 Cyclin-dependent protein serine/threonine kinase inhibitor 

activity MF 0.049

GO:0017176 Phosphatidylinositol n-acetylglucosaminyltransferase activity MF 0.049

GO:0019210 Kinase inhibitor activity MF 0.049

GO:0030291 Protein serine/threonine kinase inhibitor activity MF 0.049

GO:0033218 Amide binding MF 0.017

GO:0016740 Transferase activity MF 0.001

GO:0072341 Modified amino acid binding MF 0.017

GO:0003824 Catalytic activity MF 0.017

GO:0016773 Phosphotransferase activity, alcohol group as acceptor MF 0.032

GO:0016757 Transferase activity, transferring glycosyl groups MF 0.045

GO:0003872 6-phosphofructokinase activity MF 0.046

GO:0003950 NAD+ ADP-ribosyltransferase activity MF 0.046

GO:0004470 Malic enzyme activity MF 0.046

GO:0004471 Malate dehydrogenase (decarboxylating) (NAD+) activity MF 0.046

GO:0004527 Exonuclease activity MF 0.046

GO:0008443 Phosphofructokinase activity MF 0.046

GO:0046912 Transferase activity, transferring acyl groups, acyl groups 

converted into alkyl on transfer MF 0.046

GO:0003697 Single-stranded DNA binding MF 0.001

GO:0008094 DNA-dependent atpase activity MF 0.011

GO:0005507 Copper ion binding MF 0.041

GO:0009982 Pseudouridine synthase activity MF 0.041

GO:0003700 DNA-binding transcription factor activity MF 0.048
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Based on the observation that the K deficiency-dependent GO term “cation transport” 

disappeared in the presence of Si (Table 1), expression changes of the genes encoding K and 

Si transport proteins were verified by qPCR. In fully expanded leaves, transcript levels of the 

Si importer Lsi1 were upregulated by Si, whereas they were repressed under K deficiency 

(Table 2A). qPCR analysis confirmed this mode of regulation also for the Si exporter Lsi2 

(Figure 20A, B). Transcriptome analysis identified a couple of genes that were strongly 

upregulated by Si supply in K-deficient plants, including KCO1, which encodes a tonoplast 

outward-rectifying K channel, the two high-affinity K transporters HAK8 and HAK2, and the K-

selective inward-rectifying channel AKT2 (Boscari et al., 2009; Feng et al., 2020). With respect 

to their downregulation under K deficiency (-K-Si vs. +K-Si), Si largely reverted their 

transcriptional regulation. Conversely, the K deficiency-induced high-affinity K transporter 

HAK1 (Santa-María et al., 1997) and two paralogs were repressed by the Si treatment. qPCR 

analysis confirmed that in leaves HAK1, together with the inward-rectifying K channel AKT1, 

were downregulated upon Si supply to K-deficient plants while AKT2 and in particular KCO1 

were upregulated (Figure 21A-F). Another group of genes that showed a highly significant 

transcriptional response to K and Si relates to gibberellins-dependent processes (Table 2A). 

Upregulation by Si application was observed for GA20-oxidase2 that plays a key role in 

gibberellins biosynthesis, and other genes that are involved in gibberellins catabolism, like 

GA2-oxidase, or in gibberellins signaling, like RGA1 encoding a DELLA-type repressor of the 

gibberellins signaling pathway, CBF1, a cold-responsive transcription factor suppressing 

gibberellins biosynthesis through enhanced expression of DELLA genes, and PIF4, a light-

regulated transcription factor targeted by DELLA proteins. However, GA2-oxidase3, which is 

involved in gibberellins catabolism, and WRKY12, a transcription factor regulating 

gibberellins-related genes, were downregulated under low K condition after Si supply (Table 

2A). All of these genes showed an opposite transcriptional regulation in the absence of Si 

(Table 2A).  

A small group of upregulated genes by Si under K deficiency relates to ethylene-dependent 

processes, such as ACO3, which oxidates 1-aminocyclopropane-1-carboxylic acid (ACC) and 

converts it into ethylene, and RAP2-7, that plays an important role in the ethylene signaling 

pathway. Both genes showed an opposite transcriptional regulation under low K condition 

(Table 2A). Also, JAR1, which catalyzes the synthesis of jasmonate-amino acid conjugates like 

JA-Ile, showed a similar expression pattern under low K and Si treatments (Table 2A). Taken 

together, several genes involved in gibberellins, ethylene and JA metabolism or signaling and 

most likely some of their upstream regulators significantly reverted their K deficiency 

response after Si supply, or Si simply prevented their response to K deficiency.  

Regarding transcriptional changes in roots, upon Si supply to K-deficient roots, Lsi1 was 

downregulated along with Lsi2 and Lsi6 (Figure 20D-F; Table 2B), suggesting their suppression 

in the presence of Si. However, Lsi1 was upregulated under K deficiency (Figure 20D). Similar 

as in shoots, Si supply upregulated transcript levels of KCO1 as well as a poorly characterized 

voltage-gated potassium channel subunit beta in roots under K deficiency (Table 2B). 

Whereas, all major genes involve in root K uptake, i.e., HAK1, HAK4, AKT1, also AKT2 that 

likely relates to K re-translocation, and the xylem loader SKOR, which are upregulated under 
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low K condition, were suppressed by Si in K-deficient roots (Figure 21G-K; Table 2B). The 

transcript levels of gibberellins- and ethylene-related genes i.e., CBF1, ACO1 and ACC were 

strongly increased after Si application (Table 2B). Altogether, the impact of Si 

supplementation on transcriptional regulation of K transporters was much stronger in K-

deficient than in K-sufficient plants, and transcript levels of several of the K transporters were 

reverted when Si was supplemented to K-deficient plants, indicating a profound impact of Si 

on K transport processes in roots and shoots. 

 
 

Table 2.  Relative expression changes of genes with confirmed or putative functions in response to K or Si. Fold-change 
and adjusted (adj.) p-value for genes expressed in (A) the last fully expanded leaves or (B) roots of barley. Genes are grouped 
according to their transcript abundance under Si supply under low K (-K+Si vs. -K-Si) and compared to their abundance under 
low K versus adequate K in the absence of Si (-K-Si vs. +K-Si); VGSU = voltage-gated subunit beta. Heatmap represents fold-
change of up- (red) or downregulation (blue). 

 
 

A

Gene ID Annotation

-K+Si

vs.  

-K-Si

adj. p-value
-K-Si  

vs.  

+K-Si

adj. p-value

HORVU5Hr1G095540 K channel  (KCO1) 0.74 5.7E-03 8.0E-01

HORVU5Hr1G095590 K channel  (KCO1-like) 0.62 3.3E-03 3.3E-01

HORVU6Hr1G091250 K channel  (VGSU) 0.35 1.2E-02 -0.74 2.1E-09

HORVU4Hr1G079150 K transporter (HAK1) -0.52 6.0E-04 4.13 3.0E-18

HORVU2Hr1G099810 K transporter (HAK15) -0.64 1.4E-03 0.71 1.5E-04

HORVU6Hr1G075850 Si transporter (Lsi1) 0.70 1.6E-02 -1.62 4.8E-09

B

HORVU5Hr1G095550 K channel  (KCO1-like) 1.21 9.3E-08 -0.99 6.1E-06

HORVU5Hr1G095590 K channel  (KCO1-like) 1.14 2.7E-07 -1.42 1.0E-11

HORVU5Hr1G095540 K channel  (KCO1) 1.02 6.7E-08 -0.61 1.1E-03

HORVU4Hr1G049320 K transporter  (HAK8) 0.44 2.6E-02 -1.39 1.8E-15

HORVU2Hr1G020220 K transporter  (HAK2) 0.32 6.3E-03 -0.27 1.7E-02

HORVU1Hr1G065250 K channel  (AKT2) 0.29 4.6E-03 7.8E-01

HORVU5Hr1G059200 K transporter  (HAK23) -0.46 9.2E-05 0.88 2.4E-15

HORVU2Hr1G071570 K transporter  (HAK1) -0.71 2.1E-03 2.06 9.5E-19

HORVU3Hr1G096860 K transporter  (HAK5) -0.88 3.8E-04 4.67 2.1E-75

HORVU6Hr1G073510 K transporter  (HAK16) -1.18 4.2E-09 2.52 9.6E-33

HORVU1Hr1G063780 GA20-oxidase 2 5.22 7.1E-04 -7.00 3.2E-06

HORVU2Hr1G090030 GA2-oxidase 3.82 2.8E-03 -2.69 1.2E-02

HORVU2Hr1G032420 DELLA protein (RGA1) 3.40 1.5E-04 -6.06 3.2E-13

HORVU0Hr1G016540 Transcription factor (CBF1) 3.35 1.0E-05 -3.81 9.0E-08

HORVU5Hr1G011780 Transcription factor (PIF4) 1.78 3.6E-12 -1.02 4.2E-05

HORVU3Hr1G072810 GA2-oxidase 3 -0.72 1.7E-02 2.13 3.8E-11
HORVU2Hr1G001780 Transcription factor (WRKY12) -1.24 5.2E-07 3.16 1.7E-30

HORVU5Hr1G067490 ACO3 1.71 2.7E-26 -3.03 3.3E-88

HORVU1Hr1G011800 Transcription factor (RAP2-7) 1.68 7.8E-32 -1.66 5.5E-33

HORVU1Hr1G092890 JAR1 1.75 8.5E-17 -1.46 6.8E-13

HORVU3Hr1G110530 Si transporter (Lsi2) -0.58 1.4E-02 3.9E-01

HORVU0Hr1G016540 Transcription factor (CBF1) 3.90 1.1E-04 2.3E-01

HORVU2Hr1G004200 ACO1 5.91 3.7E-04 9.5E-01

HORVU4Hr1G009800 ACC synthase (ACS1) 2.33 6.8E-03 5.1E-01

Last fully expanded leaves

Roots
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Figure 20. Influence of Si supply on relative expression of Si transporter genes in leaves or roots of barley plants grown 
under adequate or low K supply. (A-F) Relative mRNA levels of the influx Si transporter Lsi1 (A, D), efflux Si transporter Lsi2 
(B, E), and inter-vascular Si transporter Lsi6 (C, F) in leaves (A-C), or in roots (D-F). After 7 days of germination, plants were 
grown under either adequate (2 mM) or low (0.04 mM) K for 24 days in the absence or presence of 1.78 mM Si. Gene 
expression was assessed by quantitative real-time PCR analysis and normalized to UBI and CYP. Leaf analysis is based on the 
last fully expanded leaf. Bars indicate means ± SE. Different letters denote significant differences among treatments 
according to LSD test (p < 0.05; n = 8). 
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Figure 21. Influence of Si supply on relative expression of K transporter genes in leaves or roots of barley plants grown 
under adequate or low K supply. (A-L) Relative mRNA levels of the high-affinity K transporter HAK1 (A, G), HAK4 (B, H), 
inward-rectifying K channel AKT1 (C, I), K-selective channel AKT2 (D, J), stelar outward-rectifying K channel SKOR (E, K), and 
tonoplast outward-rectifying K channel KCO1 (F, L) in leaves (A-F), or in roots (G-L). After 7 days of germination, plants were 
grown under either adequate (2 mM) or low (0.04 mM) K for 24 days in the absence or presence of 1.78 mM Si. Gene 
expression was assessed by quantitative real-time PCR analysis and normalized to UBI and CYP. Leaf analysis is based on the 
last fully expanded leaf. Bars indicate means ± SE. Different letters denote significant differences among treatments 
according to LSD test (p < 0.05; n = 8). 
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4.6 Impact of silicon application on root uptake and root-to-shoot translocation of 

potassium in plants under potassium starvation 

 

Figure 22. Influence of Si supply on visual appearance as well as shoot and root dry weights of barley plants grown with 
adequate or without K supply. (A, B) Visual appearance of shoots and of individual source leaves after 12 days of treatments. 
(C) Shoot dry weights and (D) root dry weights of plants. After 7 days of germination, plants were grown under continuous 
supply of adequate (2 mM) K or in K-free nutrient solution for 12 days either in the absence or presence of 1.78 mM Si. 
Symbols indicate means ± SE. Different letters denote significant differences among treatments according to one-way 
ANOVA and post-hoc Tukey’s test (p < 0.05; n = 6). 

 

Since the first experiment reflected the long-term impact of Si on K-deficient plants (Figure 

5), the hypothesis whether there is an immediate effect of Si on the regulation of K uptake 

and translocation was investigated by conducting short-term K influx measurements using Rb 

as a tracer for K transport processes. After 7 days of germination, plants were transferred to 

a K-free solution in the presence or absence of Si, and sampled at five time points between 0 

to 12 days after transfer. While biomass increase immediately slowed down under K 

starvation, successive harvesting showed that the simultaneous presence of Si increased 

shoot and root growth rates by two- to three-fold in K-starved plants, going along with weaker 

K starvation-induced chlorosis and necrosis in leaves (Figure 22A-C). To address the question 

of whether Si can influence K transport activity in roots and subsequent root-to-shoot 
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translocation, elemental analysis of roots and shoots was performed using ICP-MS. 

Continuous growth of plants under adequate K supply and in the absence of Si resulted in 

poor Si enrichment in root and shoot tissues, which originated from initial seed content and 

was diluted by biomass gain (Figure 23A; 24A). Meanwhile, K concentrations slightly 

increased, from 60 to approx. 75 mg g-1 in roots or from 48 to approx. 60 mg g-1 in shoots 

(Figure 23B; 24B). As consequence of increasing plant biomass (Figure 22C, D), K contents 

sharply increased from 1.4 to approx. 13 mg plant-1 in roots, and 25 mg plant-1 in shoots during 

the growth period of 12 days (Figure 23C; 24C). During this monitored time, the short-term 

influx of Rb in roots as well as the translocation rate of this tracer from roots-to-shoots, 

decreased from a rather low level to almost zero (Figure 23D; 24D), reflecting high K 

saturation in these plants. When K was withheld from the nutrient solution, Si levels remained 

low and largely unaffected, whereas K concentrations dropped from adequate levels within 3 

days to half in roots and to only one fifth in shoots (Figure 23E-F; 24E-F). Within the next 3 

days they dropped to a constant level of approx. 5 mg g-1 in roots, which remained stable, or 

first to approx. 9 and then to 5 mg g-1 in leaves, indicating K deficiency in both organs. 

As a consequence of K starvation and reduced plant biomass (Figure 22C, D), K contents 

decreased by four- to six-fold in roots and by four-fold in shoots after 6 and 3 days of growth 

in the absence of K, respectively (Figure 23G; 24G). At the same time frame, Rb influx 

increased by approx. ten-fold within 3 days and doubled again over the next 3 days of K 

starvation before it established at a lower level thereafter (Figure 23H). Meanwhile, root-to-

shoot translocation rates of Rb remained unaffected in 6 days and decreased to even lower 

values than at the beginning of the K starvation period within next 6 days (Figure 24H), 

implicating an exhausted translocation capacity for K. In K-starved plants grown under supply 

of Si, Si concentrations boosted from approx. 0.2 to more than 3 mg g-1 in roots and shoots 

within 12 days (Figure 23I; 24I). Like in the absence of Si, root K concentrations and contents 

dropped after 6 days, but then decreased to even lower levels during the following 6 days 

(Figure 23F-G, J-K). Irrespective of Si supply, the initial phase of K depletion in roots was 

associated with a significant increase in Rb influx (Figure 23H, L). 

However, only in the presence of Si there was a further three- to four-fold increase in Rb influx 

at day 9 and 12, which was in sharp contrast to roots grown in the absence of Si where influx 

declined (Figure 23H, L). In Si-exposed shoots, K concentrations dropped after 3 days to a 

similarly low level as in the absence of Si, however, at d 9 and 12 they did not drop further 

but remained approx. two-fold higher than in absence of Si (Figure 24F, J). Within the first 3 

days, K contents remained stable, but increased near 1.5-fold in the next 6 days and then 

doubled again within the last 3 days which was ten-fold higher than in shoots grown in the 

absence of Si, suggesting that Si increased the pool size of available K in shoots (Figure 24G, 

K). Along the same line, increased K contents coincided with an enhanced root-to-shoot 

translocation of Rb, in particular the latter phase, which associated with higher root Rb influx 

at day 12 (Figure 23L; 24L). Considering the tracer function of Rb for K, Si increased the 

capacity for root-to-shoot translocation of K immediately after onset of K starvation and again 

at a more advanced stage. 
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Figure 23. Influence of Si supply on Si and K accumulation and Rb influx in roots of barley plants grown with adequate or 
without K supply. (A-L) Concentrations of silicon (Si; A, E, I), potassium (K; B, F, J), contents of K (C, G, K), and uptake rates of 
rubidium (Rb influx; D, H, L) in roots. After 7 days of germination, plants were grown under continuous supply of adequate 
(2 mM) K (A-D) or in K-free nutrient solution (E-L) for 12 days either in the absence of Si (A-H) or presence of 1.78 mM Si (I-
L). Rb influx was assessed by exposing roots to 1 mM Rb for 10 min. Roots were examined every 3 days between 0 and 12 
days after transfer to K and Si treatments. Bars indicate means ± SE. Different letters denote significant differences among 
time points and stars denote significant differences between -K-Si and -K+Si according to one-way ANOVA and post-hoc 
Tukey’s test (p < 0.05; n = 6). 
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Figure 24. Influence of Si supply on Si and K accumulation in shoots and root-to-shoot translocation rates of Rb in barley 
plants grown with adequate or without K supply. (A-L) Concentrations of silicon (Si; A, E, I), potassium (K; B, F, J), contents 
of K (C, G, K) in shoots, and root-to-shoot translocation of Rb (D, H, L). After 7 days of germination, plants were grown under 
continuous supply of adequate (2 mM) K (A-D) or in K-free nutrient solution (E-L) for 12 days either in the absence of Si (A-
H) or presence of 1.78 mM Si (I-L). Root-to-shoot translocation of Rb was assessed by exposing roots to 1 mM Rb for 10 min. 
Shoots were examined every 3 days between 0 and 12 days after transfer to K and Si treatments. Bars indicate means ± SE. 
Different letters denote significant differences among time points and stars denote significant differences between -K-Si and 
-K+Si according to one-way ANOVA and post-hoc Tukey’s test (p < 0.05; n = 6). 
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Subsequently, the transcriptional response of K and Si transporter genes in shoots and roots 

was assessed in response to the different treatments. As expected, the continuous growth of 

plants under adequate K supply and in absence of Si did not significantly alter the transcript 

levels of K transporters in roots. 3-6 days after transfer, there was a slight upregulation of the 

low-affinity K channel AKT1 and a slight repression of the high-affinity transporter HAK1 and 

HAK4 as well as of the vacuolar K exporter KCO1 (Figure 25A-F). When K was withheld from 

the nutrient solution, transcript levels of several root K transporters and channels increased. 

HAK1, HAK4, AKT2 and with some delay also AKT1 were upregulated under K deficiency for a 

period of 3-9 days before declining (Figure 25G-L), indicating their induction or de-repression 

by K deficiency as shown for HAK1 (Fulgenzi et al., 2008). This response largely coincided with 

changes in Rb influx in roots (Figure 23H). In contrast, when K-starved roots were grown in 

the presence of Si, the earliest and strongest upregulation was observed for KCO1, whose 

mRNA levels increased by three-fold within the first 3 days before gradually decreasing 

thereafter (Figure 25M-R). With some delay, the mRNA levels of AKT2 also showed a transient 

increase. Interestingly, transcript levels of HAK1, HAK4 and AKT1 peaked much later at day 9 

or 12; this also held true for the xylem loader SKOR. Thus, Si supplementation provoked a 

differential transcriptional response of K transporters to K starvation, characterized by an 

initial activation of KCO1 and a subsequent stepwise upregulation of AKT2, HAK4, HAK1, SKOR 

and finally AKT1. In general, transcript levels of Si transporters in roots were hardly affected 

by K nutrition and Si supply. The most remarkable response was observed for Lsi1 and Lsi2, 

which were downregulated in K-deficient roots under the prolonged presence of Si at day 12 

(Figure 26A-I). 

In shoots of plants grown continuously under adequate K and in the absence of Si, only AKT2 

was significantly upregulated from day 6 onwards, which may reflect its involvement in K 

uptake in mesophyll leaves and K cycling via the phloem (Feng et al., 2020); at the same time, 

HAK4 and KCO1 were slightly downregulated (Figure 27A-F). Changes in gene expression were 

rather weak in the shoots of plants grown under K starvation and in the absence of Si. Only 

the mRNA levels of HAK1 and AKT2 significantly increased at day 6 (Figure 27G-L), which 

coincided with a higher rate of root-to-shoot translocation of Rb at this time point (Figure 

24H). As a consequence of Si supply to K-starved plants, transcript levels of HAK4 increased 

at day 6, followed by an increase of AKT2 and AKT1 (Figure 27M-R). Compared to Si-depleted 

plants, this transcriptional response indicates that the presence of Si alters both, the type of 

K transporters and the timing of their regulation during progressing K starvation in leaves. 

Also in shoots, transcript levels of all Si transporters remained at a rather constant expression 

level without considerable changes in response to the K and Si treatments (Figure 28A-I). 
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Figure 25. Influence of Si supply on relative expression of K transporter genes in roots of barley plants grown with 
adequate or without K supply. (A-R) Relative mRNA levels of the high-affinity K transporter HAK1 (A, G, M) and HAK4 (B, H, 
N), inward-rectifying K channel AKT1 (C, I, O), K-selective channel AKT2 (D, J, P), stelar outward-rectifying K channel SKOR (E, 
K, Q), and tonoplast outward-rectifying K channel KCO1 (F, L, R). After 7 days of germination, plants were grown under 
continuous supply of adequate (2 mM) K (A-F) or in K-free nutrient solution (G-R) for 12 days either in the absence of Si (A-
L) or presence of 1.78 mM Si (M-R). Gene expression was assessed by quantitative real-time PCR analysis and normalized to 
UBI and CYP. Bars indicate means ± SE. Different letters denote significant differences among time points and stars denote 
significant differences between -K-Si and -K+Si according to one-way ANOVA and post-hoc Tukey’s test (p < 0.05; n = 6). 

R
e

la
ti
v
e

 e
x
p

re
s
s
io

n
 o

f 
H

A
K

1

in
 r

o
o

ts

R
e

la
ti
v
e

 e
x
p

re
s
s
io

n
 o

f 
H

A
K

1

in
 r

o
o

ts

R
e

la
ti
v
e

 e
x
p

re
s
s
io

n
 o

f 
H

A
K

4

in
 r

o
o

ts

R
e

la
ti
v
e

 e
x
p

re
s
s
io

n
 o

f 
H

A
K

4

in
 r

o
o

ts

R
e

la
ti
v
e

 e
x
p

re
s
s
io

n
 o

f 
A

K
T

1

in
 r

o
o

ts

R
e

la
ti
v
e

 e
x
p

re
s
s
io

n
 o

f 
A

K
T

1

in
 r

o
o

ts

R
e

la
ti
v
e

 e
x
p

re
s
s
io

n
 o

f 
A

K
T

2

in
 r

o
o

ts

R
e

la
ti
v
e

 e
x
p

re
s
s
io

n
 o

f 
A

K
T

2

in
 r

o
o

ts

R
e

la
ti
v
e

 e
x
p

re
s
s
io

n
 o

f 
S

K
O

R

in
 r

o
o

ts

R
e

la
ti
v
e

 e
x
p

re
s
s
io

n
 o

f 
S

K
O

R

in
 r

o
o

ts

R
e

la
ti
v
e

 e
x
p

re
s
s
io

n
 o

f 
K

C
O

1

in
 r

o
o

ts

R
e

la
ti
v
e

 e
x
p

re
s
s
io

n
 o

f 
K

C
O

1
 

in
 r

o
o

ts

R
e

la
ti
v
e

 e
x
p

re
s
s
io

n
 o

f 
H

A
K

1

in
 r

o
o

ts

R
e

la
ti
v
e

 e
x
p

re
s
s
io

n
 o

f 
H

A
K

4

in
 r

o
o

ts

R
e

la
ti
v
e

 e
x
p

re
s
s
io

n
 o

f 
A

K
T

1

in
 r

o
o

ts
R

e
la

ti
v
e

 e
x
p

re
s
s
io

n
 o

f 
A

K
T

2

in
 r

o
o

ts

R
e

la
ti
v
e

 e
x
p

re
s
s
io

n
 o

f 
S

K
O

R

in
 r

o
o

ts

R
e

la
ti
v
e

 e
x
p

re
s
s
io

n
 o

f 
K

C
O

1

in
 r

o
o

ts

+K-Si -K-Si -K+Si

G M

N

I

J

O

H

P

K Q

L R

A

C

D

B

E

F

a
a a a a

0

0.3

0.6

0.9

1.2

1.5

1.8

a
a

bc c

ab

0

0.3

0.6

0.9

1.2

1.5

1.8

c c bc*

ab*
a*

0

0.3

0.6

0.9

1.2

1.5

1.8

ab a
b b b

0

0.5

1

1.5

2

2.5

3

3.5

0 3 6 9 12

a a a a a

0

0.5

1

1.5

2

2.5

3

3.5

0 3 6 9 12

bc

a*

abc*
ab*

c*

0

0.5

1

1.5

2

2.5

3

3.5

0 3 6 9 12

a
a

b b b

0

1

2

3

4

b

a

ab ab

b

0

1

2

3

4

b b*
b*

a*
a*

0

1

2

3

4

ab

a

b b b

0

0.5

1

1.5

2

2.5

b

ab

a a

b

0

0.5

1

1.5

2

2.5

bc
c*

abc

a

ab*

0

0.5

1

1.5

2

2.5

b
ab ab a a

0

1

2

3

4

5

6

b b

a a a

0

1

2

3

4

5

6

b

ab ab ab*

a*

0

1

2

3

4

5

6

a a
a a a

0

0.5

1

1.5

2

2.5

3

b

a

ab

b b

0

0.5

1

1.5

2

2.5

3

bc
bc*

a

ab*

c

0

0.5

1

1.5

2

2.5

3

dat dat dat



 

 

 4 Results 

55 

 

Figure 26. Influence of Si supply on relative expression of Si transporter genes in roots of barley plants grown with 
adequate or without K supply. (A-I) Relative mRNA levels of the influx Si transporter Lsi1 (A, D, G), efflux Si transporter Lsi2 
(B, E, H), and inter-vascular Si transporter Lsi6 (C, F, I). After 7 days of germination, plants were grown under continuous 
supply of adequate (2 mM) K (A-C) or in K-free nutrient solution (D-I) for 12 days either in the absence of Si (A-F) or presence 
of 1.78 mM Si (G-I). Gene expression was assessed by quantitative real-time PCR analysis and normalized to UBI and CYP. 
Bars indicate means ± SE. Different letters denote significant differences among time points and stars denote significant 
differences between -K-Si and -K+Si according to one-way ANOVA and post-hoc Tukey’s test (p < 0.05; n = 6). 
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Figure 27. Influence of Si supply on relative expression of K transporter genes in shoots of barley plants grown with 
adequate or without K supply. (A-R) Relative mRNA levels of the high-affinity K transporter HAK1 (A, G, M) and HAK4 (B, H, 
N) inward-rectifying K channel AKT1(C, I, O), K-selective channel AKT2 (D, J, P), stelar outward-rectifying K channel SKOR (E, 
K, Q), and tonoplast outward-rectifying K channel KCO1 (F, L, R). After 7 days of germination, plants were grown under 
continuous supply of adequate (2 mM) K (A-F) or in K-free nutrient solution (G-R) for 12 days either in the absence of Si (A-
L) or presence of 1.78 mM Si (M-R). Gene expression was assessed by quantitative real-time PCR analysis and normalized to 
UBI and CYP. Bars indicate means ± SE. Different letters denote significant differences among time points and stars denote 
significant differences between -K-Si and -K+Si according to one-way ANOVA and post-hoc Tukey’s test (p < 0.05; n = 6). 
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Figure 28. Influence of Si supply on relative expression of Si transporter genes in shoots of barley plants grown with 
adequate or without K supply. (A-I) Relative mRNA levels of the influx Si transporter Lsi1 (A, D, G), efflux Si transporter Lsi2 
(B, E, H), and inter-vascular Si transporter Lsi6 (C, F, I). After 7 days of germination, plants were grown under continuous 
supply of adequate (2 mM) K (A-C) or in K-free nutrient solution (D-I) for 12 days either in the absence of Si (A-F) or presence 
of 1.78 mM Si (G-I). Gene expression was assessed by quantitative real-time PCR analysis and normalized to UBI and CYP. 
Bars indicate means ± SE. Different letters denote significant differences among time points and stars denote significant 
differences between -K-Si and -K+Si according to one-way ANOVA and post-hoc Tukey’s test (p < 0.05; n = 6). 
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4.7 Effect of manipulated gibberellin biosynthesis on silicon-mediated mitigation of 

potassium deficiency 

 

Figure 29. Influence of Si supply on visual appearance as well as shoot and root dry weights of wild-type and GA20-
oxidase2 mutated lines 1, 2, and 3 (W, M1, M2, M3) grown without K supply. (A-D) Visual appearance of shoots and of 
individual source leaves, (E) shoot dry weights, and (F) root dry weights of plants. After 7 days of germination, plants were 
grown continuously in K-free nutrient solution for 14 days either in the absence or presence of 1.78 mM Si. Bars indicate 
means ± SE. Different letters denote significant differences among treatments according to one-way ANOVA and post-hoc 
Tukey’s test (p < 0.05; n = 5). 
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wild-type line as reference, Si was applied in the absence of K, and the growth response was 

monitored after 14 days. Unexpectedly, in contrast to the former experiments, Si 

supplementation did not result in higher shoot biomass, but only increased root dry weights 

by approx. two-fold (Figure 29E, F). This different growth response to Si might be due to the 

fact that a different barley genotype, cv. Golden Promise, had to be used in this experiment 

to allow comparison with the existing GA20-oxidase2-genome-edited plants. In fact, Si partially 

alleviated K starvation-induced chlorosis and necrosis in old leaves of the wild-type and all 

GA20-oxidase2 mutated lines (Figure 29A-D), suggesting that the beneficial effect of Si on K 

starvation symptoms is independent of gibberellins biosynthesis or at least of GA20-oxidase2-

dependent gibberellins biosynthesis.  

To address the question of whether Si increased the uptake capacity, translocation or internal 

distribution of K in a GA20-oxidase2-dependent manner, elemental analysis of roots and 

shoots was performed by ICP-OES. Continuous growth of K-starved wild-type plants and GA20-

oxidase2 mutated lines in the presence of Si allowed the plants to increase their Si 

concentrations from 0.1 to approx. 3.5 mg g-1 in old leaves, young leaves and roots (Figure 

30A-C), proving sufficient Si enrichment to provoke a similar effect as in the previous 

experiment (Figure 6A, B). As a consequence of Si accumulation, K concentrations in old leaves 

decreased in wild-type and the GA20-oxidase2 mutated lines 2 and 3 (Figure 30D). However, 

K concentrations in young leaves and roots showed no significant differences between the 

wild-type and mutated lines in the absence or presence of Si, indicating that Si improves root 

growth under K starvation independently of GA20-oxidase2-dependent gibberellins 

biosynthesis (Figure 30E, F).  

 
 

 

Figure 30. Influence of Si supply on Si and K concentrations of wild-type, GA20-oxidase2 mutated lines 1, 2, and 3 (W, M1, 
M2, M3) growth without K supply. (A-F) Concentrations of silicon (Si; A-C) and potassium (K; D-F) in old leaves (A, D), young 
leaves (B, E), and roots (C, F). After 7 days of germination, plants were grown continuously in K-free nutrient solution for 14 
days either in the absence or presence of 1.78 mM Si. Bars indicate means ± SE. Different letters denote significant 
differences among treatments according to one-way ANOVA and post-hoc Tukey’s test (p < 0.05; n = 5). 
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To assess whether Si supply modulates gibberellins hormone homeostasis in a GA20-oxidase2-

dependent manner, different forms of gibberellins from the gibberellins biosynthesis 

pathway were analyzed in shoots and roots. Gibberellin53 levels in shoots and roots of the 

wild-type plants, and of GA20-oxidase2 mutated lines 1 and 2 remained quite stable across 

two treatments, whereas they were significantly lower in old and young leaves of GA20-

oxidase2 mutated line 3 upon Si application (Figure 31A-C). In the old leaves of wild-type 

plants and all GA20-oxidase2 mutated lines, concentrations of GA44 decreased with Si supply, 

while this trend was only observed in the roots of GA20-oxidase2 mutated lines. In contrast, 

the young leaf concentrations of GA44 slightly increased in GA20-oxidase2 mutated line 3 after 

Si application (Figure 31D-F). The levels of GA19 in shoots and roots of wild-type plants and all 

GA20-oxidase2 mutated lines remained quite stable in both treatments (Figure 31G-I). 

Gibberellin9 levels in young leaves of wild-type plants and GA20-oxidase2 mutated line 1 did 

not change in either treatment, whereas they were lower in GA20-oxidase2 mutated lines 2 

and 3 after Si supply (Figure 31J-L). Concentrations of GA1 increased in old leaves of GA20-

oxidase2 mutated line 3 and roots of GA20-oxidase2 mutated line 1, while they decreased in 

roots of GA20-oxidase2 mutated line 2 upon Si application (Figure 31M-O). The levels of GA3 

in all tissues of all GA20-oxidase2 mutated lines were higher than in wild-type plants under K 

starvation, but hardly affected by Si supply (Figure 31P-R). Concentrations of GA8 in old leaves 

of GA20-oxidase2 mutated lines were higher than in wild-type plants under low K, while GA8 

levels in old and young leaves of K-starved wild-type plants and GA20-oxidase2 mutated lines 

were much lower after Si application. Only the root levels of GA8 increased in wild-type plants 

by Si (Figure 31S-U). Taken together, Si application improved root growth under K starvation, 

but not necessarily by changing the levels of bioactive GA1 and GA3 in GA20-oxidase2 mutated 

lines, whereas Si nutrition prevented the accumulation of deactivated GA8 independent of 

GA20-oxidase2-dependent gibberellins biosynthesis. 
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Figure 31. Influence of Si supply on concentrations of gibberellins of wild-type, GA20-oxidase2 mutated lines 1, 2, and 3 
(W, M1, M2, M3) growth without K supply. (A-U) Concentrations of gibberellin-53 (GA53; A-C), gibberellin-44 (GA44; D-F), 
gibberellin-19 (GA19; G-I), gibberellin-9 (GA9; J-L), gibberellin-1 (GA1; M-O), gibberellin-3 (GA3; P-R), and gibberellin-8 (GA8; 
S-U) in old leaves (A, D, G, J, M, P, S), young leaves (B, E, H, K, N, Q, T), and roots (C, F, I, L, O, R, U). After 7 days of germination, 
plants were grown continuously in K-free nutrient solution for 14 days either in the absence or presence of 1.78 mM Si. Bars 
indicate means ± SE. Different letters denote significant differences among treatments according to one-way ANOVA and 
post-hoc Tukey’s test (p < 0.05; n = 5). 
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4.8 Impact of silicon application on plant growth under drought stress 

 

 

Figure 32. Influence of different doses of Si supply on visual appearance of barley plants grown under sufficient water 
supply or drought stress. (A-C) Visual appearance of shoots after continuous water supply (A) or 2 weeks without water 
supply (B). (C) Direct comparison of the visual appearance of Si-supplied well-watered or drought-stressed plants. After 7 
days of germination, plants were transplanted into pots containing a peat/sand-based substrate and supplied each week 0, 
250, 500, 750, or 1000 mg Si per 5 L pots during a period of 3 weeks. Thereafter, plants in each Si treatment were either well-
watered or subjected to drought stress condition for 2 more weeks. 
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To investigate whether and how Si can alleviate drought stress, barley plants were grown in 

soil with sufficient water and every 7 days supplied with different doses of Si, ranging from 0 

to 1000 mg per 5 L pot over a period of 21 days. Afterwards, plants were subjected to either 

drought stress or well-watered condition for 14 more days before final harvest (Figure 32). In 

leaves of well-watered plants, chlorophyll concentrations and relative water contents were 

high, 1.5 mg g-1 FW and 98%, respectively, which is in the typical range of non-stressed barley 

flag leaves (Figure 33A, B; Hosseini et al., 2016). Leaf traits of these plants were not affected 

by any dose of Si application. However, under drought stress, chlorophyll concentrations and 

relative water contents declined by up to 37 and 34%, respectively, as plants showed some 

chlorosis and wilting symptoms in their leaves (Figure 32), whereas when treated with 500 to 

1000 mg Si, chlorophyll concentrations and relative water contents were close to those of 

well-watered plants (Figure 33A, B). Under adequate water supply, shoot dry weights were 

close to 0.9 g plant-1, while shoot biomass gradually increased by up to 18% with 250 and 500 

mg Si treatments (Figure 33C). Higher Si doses did not further promote shoot biomass 

formation. By contrast, in drought-stressed plants, shoot dry weights increased only from 500 

to 1000 mg Si treatment, but then by more than 154% (Figure 33C). Thus, Si supply improves 

growth in both stressed and non-stressed plants in a dose-dependent manner, and this 

improvement is linked with restored chlorophyll levels and higher relative water contents in 

fully expanded leaves. 

 

Figure 33. Influence of different doses of Si supply on chlorophyll concentrations, relative water contents and shoot dry 
weights of barley plants grown under sufficient water supply or drought stress. (A-C) Chlorophyll concentrations (A), and 
relative water contents (RWC; B) in leaves, and shoot dry weights (C). After 7 days of germination, plants were transplanted 
into pots containing a peat/sand-based substrate and supplied each week 0, 250, 500, 750, or 1000 mg Si per 5 L pots during 
a period of 3 weeks. Thereafter, plants in each Si treatment were either well-watered or subjected to drought stress condition 
for 2 more weeks. Leaf analysis is based on the last fully expanded leaf. Bars indicate means ± SE. Different letters denote 
significant differences among Si treatments according to one-way ANOVA and post-hoc Tukey’s test (p < 0.05; n = 8). 
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4.9 Impact of silicon application on the nutritional status of plants under drought stress 

To investigate how Si nutrition affects the plant nutrient status under drought stress, 

concentrations of all nutrients were determined in fully expanded leaves by ICP-OES. Under 

sufficient water supply without Si supplementation, leaf levels of Si were around 4 mg g-1 DW, 

which decreased by 50% under drought stress (Figure 34A). As expected, leaf concentrations 

of Si increased up to 14 mg g-1 DW in control plants at the highest Si dose, but still remained 

approx. 25% lower in drought-stressed plants. Although all determined nutrient 

concentrations were above critical deficiency levels (Marschner, 2012), concentrations of K 

and N in fully expanded leaves were higher in drought-stressed than in well-watered plants, 

whereas those of P were mostly lower (Figure 34B-D). Under zero Si application, 

concentrations of K were significantly higher under drought stress than under watering, but 

this difference decreased with increasing Si supply, indicating that more K accumulated when 

plants suffered from drought and concomitant biomass reduction. Likewise, N concentrations 

in well-watered plants increased with Si supply to an optimum in the 500 mg treatment, which 

may indicate a promotive effect of Si on N uptake. Unexpectedly under drought stress, leaf 

concentrations of N established at a higher level, around 5%, irrespective of Si supply (Figure 

34D). By contrast, P concentrations slightly decreased under drought stress and remained 

hardly affected by Si treatments (Figure 34C). Leaf concentrations of other macro- and 

microelements were adequate regardless of water supply (Figure 35A-I; Marschner, 2012). 

Interestingly, three elements underwent a drastic decrease upon Si supply to well-watered 

plants. Calcium, B and Al levels dropped even at the lowest Si dose, possibly related to Si-

mediated antagonism during uptake, either via competition for NIP-type transporters, as in 

case of B, or through Si-mediated Al and Ca retention in the root apoplast (Wang et al., 2004; 

Mitani-Ueno et al., 2011). Carbon concentrations altered neither under well-watered or 

drought condition, nor in the absence or presence of Si (Figure 35J). Altogether, Si application 

did not considerably change the nutritional status in plants under drought stress. 
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Figure 34. Influence of different doses of Si supply on Si, K, P and N concentrations in leaves of barley plants grown under 
sufficient water supply or drought stress. (A-D) Concentrations of silicon (Si; A), potassium (K; B), phosphorus (P; C), and 
nitrogen (N; D) in leaves. After 7 days of germination, plants were transplanted into pots containing a peat/sand-based 
substrate and supplied each week 0, 250, 500, 750, or 1000 mg Si per 5 L pots during a period of 3 weeks. Thereafter, plants 
in each Si treatment were either well-watered or subjected to drought stress condition for 2 more weeks. Leaf analysis is 
based on the last fully expanded leaf. Bars indicate means ± SE. Different letters denote significant differences among Si 
treatments according to one-way ANOVA and post-hoc Tukey’s test (p < 0.05; n = 8). 
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Figure 35. Influence of different doses of Si supply on Mg, Ca, Na, S, Fe, Zn, Mn, B, Al and C concentrations in leaves of 
barley plants grown under sufficient water supply or drought stress. (A-J) Concentrations of magnesium (Mg; A), calcium 
(Ca; B), sodium (Na; C), sulfur (S; D), iron (Fe; E), zinc (Zn; F), manganese (Mn; G), boron (B; H), aluminum (Al; I), and carbon 
(C; J) in leaves. After 7 days of germination, plants were transplanted into pots containing a peat/sand-based substrate and 
supplied each week 0, 250, 500, 750, or 1000 mg Si per 5 L pots during a period of 3 weeks. Thereafter, plants in each Si 
treatment were either well-watered or subjected to drought stress condition for 2 more weeks. Leaf analysis is based on the 
last fully expanded leaf. Bars indicate means ± SE. Different letters denote significant differences among Si treatments 
according to one-way ANOVA and post-hoc Tukey’s test (p < 0.05; n = 8). 
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4.10 Impact of silicon application on phytohormone homeostasis of plants under drought 

stress 

To assess whether Si supply modulates phytohormone homeostasis under drought stress, 

several phytohormone species were profiled in fully expanded leaves. Under sufficient water 

supply, leaf concentrations of ABA and its degradation products PA and DPA were low around 

120, 1400 and 700 ng g-1 DW, respectively, which is in the typical range of non-stressed barley 

flag leaves (Figure 36A-C; Seiler et al., 2011). However, as plants received the lowest dose of 

Si, ABA levels declined by 3.5-fold and PA and DPA levels decreased by 1.5-fold lower, but did 

not change with higher doses of Si, suggesting that even control plants may have experienced 

some stress that could be alleviated by Si application. In contrast, under drought stress leaf 

concentrations of ABA, PA, DPA and its conjugate ABAGlc were drastically higher reaching 

approx. 4000, 12000 and 700 ng g-1 DW, respectively (Figure 36A-D). While application of up 

to 750 mg Si to the growth substrate was ineffective in lowering concentrations of different 

ABA forms, the 1000 mg treatment effectively suppressed accumulation of all ABA species 

down to the same level as in well-watered control plants (Figure 36A-D). This shows a rather 

high Si requirement for plants to be less susceptible to drought stress. In leaves of well-

watered plants, concentrations of SA were approx. 200 ng g-1 DW but gradually increased by 

two-fold with increasing Si supply (Figure 36E). By contrast, leaf SA levels were slightly lower 

under drought stress and hardly affected by any of the Si treatments. On the contrary, leaf JA 

levels in control plants decreased by seven-fold as soon as plants were supplied with Si, 

whereas they increased dramatically under drought stress only in the 1000 mg treatment, 

implying an antagonistic interaction with ABA levels in fully expanded leaves of drought-

stressed plants (Figure 36A, F). 

Concentrations of IAA in leaves of well-watered plants were near 35 ng g-1 DW, which is in the 

typical range of non-stressed barley plants (Gruszka et al., 2016), and hardly affected by Si, 

whereas under drought stress leaf IAA levels gradually declined from a similar level down to 

approx. 50% lower, suggesting that Si application prevented auxin accumulation in leaves of 

plants under drought stress (Figure 37A). Among the different cytokinins forms in leaves of 

control plants, concentrations of zeatin and IPR were approx. 12 and 4 ng g-1 DW, respectively, 

and were not affected by any dose of Si application (Figure 37B, C). However, under drought 

stress leaf zeatin levels showed a substantial increase by 50% only in the 1000 mg Si 

treatment. Concentrations of IPR were not altered by either drought stress or by Si treatments 

in leaves of drought-stressed plants. In control plants, leaf cZ and cZR concentrations were 

around 3-4 ng g-1 DW, while cZ levels decreased by four-fold, but cZR levels declined much 

less with application of Si (Figure 37D, E). Unexpectedly, leaf concentrations of cZ and cZR in 

leaves were three- to six-fold higher under drought stress, but decreased dramatically when 

plants received 750 to 1000 mg Si, suggesting that higher doses of Si suppress the 

accumulation of less active cytokinin forms in favour of the more active one under drought 

stress (Figure 37B-E). Among the different forms of gibberellins, only three of the precursors 

could be detected. In leaves of control plants, concentrations of GA53 were approx. 4 ng g-1 

FW and hardly affected by any of the Si treatments (Figures 37F). In contrast, under drought 
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stress, leaf levels of GA53 increased by 28%, which remained quite constant upon Si 

application. Leaf GA44 levels in control plants were near 2 ng g-1 FW and increased by up to 

2.5-fold when supplied with Si (Figures 37G). Under drought-stress, GA44 concentrations in 

leaves were initially at a 2.3-fold higher level and increased even more in the 750 and 1000 

mg treatments, suggesting that Si supply can effectively increase the accumulation of GA44 in 

leaves of both stressed and non-stressed plants. Leaf concentrations of GA19, the closest 

precursor to the physiologically active form GA1, were approx. 6 ng g-1 FW in control plants 

and increased by 67% under drought condition (Figures 37H). However, none of the Si 

treatments altered GA19 levels in leaves of well-watered or drought-stressed plants, only 1000 

mg treatment slightly decreased GA19 concentrations under drought stress. Altogether, these 

results show that Si, in particular the 1000 mg treatment, has a major impact on ABA and 

cytokinins levels in leaves of drought-stressed plants by bringing them back close to the levels 

of control plants. 

 

 

Figure 36. Influence of different doses of Si supply on ABA, PA, DPA, ABAGlc, SA and JA in leaves of barley plants grown 
under sufficient water supply or drought stress. (A-F) Concentrations of abscisic acid (ABA; A), phaseic acid (PA; B), 
dihydrophaseic acid (DPA; C), abscisic acid glucose ester (ABAGlc; D), salicylic acid (SA; E), and jasmonic acid (JA; F) in leaves. 
After 7 days of germination, plants were transplanted into pots containing a peat/sand-based substrate and supplied each 
week 0, 250, 500, 750, or 1000 mg Si per 5 L pots during a period of 3 weeks. Thereafter, plants in each Si treatment were 
either well-watered or subjected to drought stress condition for 2 more weeks. Leaf analysis is based on the last fully 
expanded leaf. Bars indicate means ± SE. Different letters denote significant differences among Si treatments according to 
one-way ANOVA and post-hoc Tukey’s test (p < 0.05; n = 8). 
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Figure 37. Influence of different doses of Si supply on IAA, Z, IPR, cZ, cZR, GA53, GA44 and GA19 concentrations in leaves 
of barley plants grown under sufficient water supply or drought stress. (A-H) Concentrations of indole-3-acetic acid (IAA; 
A), zeatin (Z; B), isopentenyl adenine riboside (IPR; C), cis-zeatin (cZ; D), cis-zeatin riboside (cZR; E), gibberellin-53 (GA53; F), 
gibberellin-44 (GA44; G), and gibberellin-19 (GA19; H) in leaves. After 7 days of germination, plants were transplanted into 
pots containing a peat/sand-based substrate and supplied each week 0, 250, 500, 750, or 1000 mg Si per 5 L pots during a 
period of 3 weeks. Thereafter, plants in each Si treatment were either well-watered or subjected to drought stress condition 
for 2 more weeks. Leaf analysis is based on the last fully expanded leaf. Bars indicate means ± SE. Different letters denote 
significant differences among Si treatments according to one-way ANOVA and post-hoc Tukey’s test (p < 0.05; n = 8). 
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5 Discussion 

The beneficial effect of Si on plant growth and alleviation of biotic and abiotic stresses has 

been well documented (Bélanger et al., 2003; Rémus-Borel et al., 2009; Flam-Shepherd et al., 

2018). In particular the Si-mediated mitigation of nutrient deficiencies and drought stress 

have received special attention due to the importance of these constraints in agriculture and 

the potential of Si nutrition to advance sustainable crop production (Miao et al., 2010; Shi et 

al., 2016). To effectively benefit from Si and maximize its advantages, it is important to better 

understand the processes by which Si directly affects stress tolerance in plants. So far, all 

previous studies have been restricted to the description of coincidences or correlative 

evidence and have not provided a mechanistic understanding of the processes induced by Si. 

Therefore, the objectives of the present thesis were to investigate more deeply the 

physiological and molecular mechanism(s) by which Si nutrition mitigates K deficiency and 

enhances drought tolerance.  

5.1 Silicon prevents long-term potassium deficiency responses by increasing internal 

potassium utilization and reconstituting hormonal and metabolite homeostasis 

In order to investigate the mode of action of Si when alleviating long-term K deficiency, 

hydroponically-grown barley plants were subjected to adequate or low K supply in the 

absence or presence of Si and several physiological and molecular traits were measured. It is 

well known that K, as one of the essential macronutrients, has an important impact on plant 

growth, and K deficiency is typically associated with lower shoot and/or root biomass (Kanai 

et al., 2007; Ma et al., 2012; Wang and Wu, 2013; Zeng et al., 2018). In this study, continuous 

low K supply in the absence of Si suppressed the formation of tillers and new leaves as well 

as root growth, which expressed in two- to three-fold lower shoot and root dry weights 

(Figure 5A-C). By contrast, shoot and root biomass of K-deficient plants increased by 66 and 

100%, respectively, in the presence of Si. However, Si supply caused only a small, non-

significant increase in shoot dry weights in K-sufficient plants. Since Si treatment was applied 

from the beginning of K deficiency, this result clearly showed that Si nutrition prevented K 

deficiency-induced growth inhibition, which is in consistent with previous findings in barley, 

sorghum and soybean (Miao et al., 2010; Chen et al., 2016a; 2016b). 

Plant growth retardation under K deficiency has been partially attributed to impaired 

photosynthesis (Kanai et al., 2011; Jákli et al., 2017). This is mainly due to the essential role 

of K in photosynthesis, CO2 fixation, stomatal regulation and activation of photosynthesis 

enzymes such as ribulose-1,5-bisphosphat carboxylase (Pfluger and Cassier, 1977; Prajapati 

and Modi, 2012; Marschner, 2012). In this study, low K supply in the absence of Si resulted in 

significant suppression of chlorophyll concentrations in fully expanded leaves, whereas such 

a decline of chlorophyll concentrations was prevented by Si treatment (Figure 5D). This result 

suggests that Si nutrition prevents K deficiency-induced growth inhibition by maintaining 

chlorophyll concentrations, which improves photosynthesis under K deficiency. The positive 

role of Si on plant growth and yield, through enhanced photosynthesis has already been 

studied. It was reported that Si supply mediated low K tolerance in sorghum by improving 
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chlorophyll content, chlorophyll a/b ratio, photosynthetic rate, stomatal conductance and 

transpiration rate, which was accompanied by enhanced total plant biomass under K 

deficiency (Chen et al., 2016a; 2016b). Even in non-stressed rice plants, Si nutrition increased 

grain yield through enhanced CO2 fixation capacity and mesophyll conductance (Detmann et 

al., 2012; Lavinsky et al., 2016). 

Although plant growth depends on photosynthesis, continued growth requires the acquisition 

of nutrients and conversion into biomass. In this study, low K supply decreased K 

concentrations below 1% in both leaves and roots, which is indicative of K deficiency in barley 

(Figure 6C, D; Bergmann, 1992). Application of Si significantly increased leaf levels of K, which 

were still far below adequate K levels, while K concentrations in roots were not affected by 

Si. These disparate responses are unexpected, considering that Si accumulation and biomass 

gain of both organs profited equally from supplemented Si, and Si improved just marginally 

but not substantially the nutritional status of K in leaves (Figure 5A-C). Taking a closer look at 

the RNA sequencing and qPCR results revealed a considerable number of high-affinity K 

transporter and channel genes responsible for de novo uptake of K, like HAK1 and AKT1, to 

be strongly upregulated in leaves and roots under low K supply (Figure 21; Table 2), which is 

a typical response of plants to K deficiency (Wang et al., 1998; Ashley et al., 2006; Gierth and 

Mäser, 2007; Kim et al., 2009). In contrast, AKT2, encoding a K-selective channel important 

for K recycling and sugar loading into the phloem, and KCO1, encoding tonoplast transporter 

that effectively releases vacuolar K under K deficiency, were downregulated in leaves (Table 

2A; Figure 21) (Walker et al., 1996; Voelker et al., 2006; Gobert et al., 2007; Barragán et al., 

2012). Application of Si suppressed the expression of genes for high-affinity K transporters 

and channels in both leaves and roots, which also led to the disappearance of their 

representative GO terms (Table 1). It was also previously reported in K-deficient sorghum that 

Si supply improved root and shoot biomass without raising tissue K levels, which was 

accompanied by downregulation of HAK5 and AKT1 in roots (Chen et al., 2016b). However, 

the present transcriptome results showed upregulation of KCO1 and AKT2 in leaves by Si 

(Table 2A; Figure 21), indicating that Si may revert or prevent K deficiency-induced responses 

via increasing internal K availability and utilization in plants instead of de novo uptake in roots, 

which might be the mode of action of Si under long-term K deficiency. 

Among the other nutrients, Si application led to considerable Si accumulation in leaf and root 

tissues, while Si concentrations were lower in K-deficient than in K-sufficient plants (Figure 

6A, B), which was consistent with downregulation of Lsi1 and Lsi2 genes in leaves of plants 

under K-limiting condition (Figure 20; Table 2A). This result suggests that K deficiency 

supresses Si uptake and distribution, which is in contrast to previous finding in barley, that K 

deficiency increased Si concentrations in leaves and roots through induced Si transporter 

genes (Hosseini et al., 2017). Moreover, low K concentrations in shoots and roots of K-

deficient plants were accompanied by an increase in the concentrations of Mg, Ca and Na 

(Figure 7A-F). This reflects a typical response of plants to K deficiency, which compensates for 

lower K uptake by enhanced acquisition of other cations (Marschner, 2012). While these 

elevated levels of Mg and Ca remained unaffected by Si supply, Na concentrations increased 

in both tissues after Si application, but remained far below a growth-inhibitory level 
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(Marschner, 2012). In a previous study, the compensating effects of Na and positive effect of 

Si on plant growth were compared in K-deficient soybean, when half of the K-deficient plants 

were supplied with Na2SiO3 and the other half with NaCl. Improved plant biomass turned out 

to be mainly related to the Na2SiO3 treatment, while NaCl hardly affected shoot and root dry 

weights of K-deficient soybean (Miao et al., 2010). Therefore in the present study, it is likely 

that enhanced growth of K-deficient plants supplied with Si is not the result of compensatory 

effects of Na in exchange of K. Altogether, these results suggest that Si application alleviates 

long-term K deficiency and prevents growth suppression in barley neither by improving the K 

nutritional status nor by alleviating K deficiency-induced imbalances in ion uptake. 

Under K deficiency, reductions in plant growth are typically associated with increased levels 

of stress-related hormones. This holds true for ABA that regulates both stress responses and 

plant growth. It was reported that increased ABA levels in grains and flag leaves of wheat 

(Haeder and Beringer, 1981), in roots, xylem, and phloem sap of castor bean (Peuke et al., 

2002), in leaves of Arabidopsis (Kim et al., 2009), and in roots and xylem of cotton (Wang et 

al., 2012) were accompanied by reduced plant biomass under K deficiency. Abscisic acid 

homeostasis in plant tissues relies on a balance between de novo synthesis, export, 

conjugation, and degradation (Cutler and Krochko, 1999; Boursiac et al., 2013). In the majority 

of plant tissues, ABA is inactivated through a catabolic pathway converting ABA to PA, and 

then further PA is reduced to DPA (Cutler and Krochko, 1999). In this study, low K supply 

increased the concentrations of ABA, PA and DPA in both tissues, as well as its conjugate 

ABAGlc in leaves, which resulted in lower shoot and root biomass (Figure 5A-C; 9). 

Interestingly in leaves, Si application decreased the accumulation of PA, DPA and ABAGlc, 

while it did not change the concentrations of ABA. By contrast, Si even increased the levels of 

ABA, PA and DPA in K-deficient roots. This result suggests that Si nutrition decreases the stress 

level via lower ABA turnover in leaves that prevents growth inhibition during the stress 

period. Alternatively, increasing Si application in barley was reported to alleviate K deficiency 

and osmotic stress via enhancing conversion of ABA to PA and DPA through Si-induced 

expression of ABA degradation genes in leaves (Hosseini et al., 2017). 

Besides ABA, the levels of two other stress-related hormones SA, JA and its bioactive 

conjugate JA-Ile, also increased in both tissues in response to low K supply (Figure 10). Salicylic 

acid is a phytohormone that functions as a signaling molecule with important roles in 

increasing antioxidative protection (Xu and Tian, 2008). Several lines of evidence 

demonstrated an alleviating role of SA during salinity, as exogenous SA application decreased 

the Na/K ratio in leaves of barley or prevented K leakage through outward-rectifying K 

channels in Arabidopsis roots (Shakirova et al., 2003; Fayez and Bazaid, 2014; Jayakannan et 

al., 2015). On the other hand, SA accumulation can cause reduction in the photosynthetic rate 

and ribulose-1,5-bisphosphat-carboxylase/-oxygenase (RuBisCO) activity in barley plants 

(Pancheva et al., 1996), decrease chlorophyll contents in cowpea, wheat, and Arabidopsis 

(Rao et al., 1997; Chandra and Bhatt, 1998; Moharekar et al., 2003), or suppress growth in 

Arabidopsis plants (Mateo et al., 2006). Jasmonic acid is another stress-related hormone that 

is well known for its role in plant defence responses against insect herbivores and fungi, which 

are the most relevant pathogens of K-starved plants (Perrenoud, 1977; Kessler and Baldwin, 
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2002; Kunkel and Brooks, 2002). Increased transcript levels of JA biosynthesis genes in 

Arabidopsis under K deficiency suggests a role of JA in plant adaptation to low K stress, which 

might be mediated through the upregulation of JA-inducible defence responses (Armengaud 

et al., 2004). Also, transgenic rice plants overexpressing one of the key genes related to JA 

biosynthesis exhibited higher tolerance to low K stress via increased acquisition and root-to-

shoot translocation of K, supporting a crucial role of JA in plant responses to K deficiency (Li 

et al., 2017). Here, Si application decreased leaf concentrations of SA, JA and JA-Ile under K 

deficiency (Figure 10), which is in line with transcriptome results showing Si-dependent 

upregulation of JAR1, encoding an enzyme that conjugates jasmonate to amino acids (Table 

2A). Declining JA concentrations upon Si treatment also agrees with a previous study, in which 

Si alleviated salt stress in rice via decreased JA levels (Kim et al., 2014). However, in maize 

plants under Mg deficiency, Si increased concentrations of JA and JA-Ile in both shoots and 

roots (Hosseini et al., 2019), showing that the impact of Si on JA levels remains controversial, 

probably because hormone measurements were conducted under different stress intensities 

and accompanying growth conditions. Taken together, these results suggest that Si-supplied 

plants experienced a lower K deficiency-induced stress level via suppressed leaf accumulation 

of SA and JA. 

Contrary to the typical response of plants to low K condition that is accompanied by 

production and accumulation of ethylene (Jung et al., 2009), the present transcriptome 

results showed that two genes, ACO3, which oxidises 1-aminocyclopropane-1-carboxylic acid 

(ACC) and converts it to ethylene (Tang et al., 1994; Barry and Giovannoni, 2007), and RAP2-

7, which plays an important role in ethylene signaling (Licausi et al., 2013) were 

downregulated in leaves of K deficient-plants (Table 2A). In Arabidopsis, ethylene is an early 

signaling molecule that triggers ROS production and ultimately induces the expression of 

high-affinity K transporter genes, root hair elongation and modulates stomatal conductance 

under K deficiency (Shin and Schachtman, 2004). Here, Si application increased the transcript 

levels of ACO3 and RAP2-7 in leaves, and of ACO1 and ACS1, responsible for ACC synthesis, in 

roots under K-limiting condition (Table 2). This is in contrast to previous findings, in which Si 

suppressed ethylene signaling in sorghum under salinity (Yin et al., 2016). Again, this 

discrepancy may be due to the relatively long period of K deficiency and Si exposure, as 

applied here, allowing plants to reach a new steady-state, in which some of the early 

physiological and molecular responses are attenuated.  

Growth-promoting plant hormones, in particular cytokinins, have mostly an antagonistic 

interaction with ABA. It has been shown that higher ABA concentrations in Arabidopsis or 

maize were associated with a reduction in cytokinins levels that stimulated adaptive 

responses in plants to low K condition (Nam et al., 2012; Zhao et al., 2016). In agreement with 

these results, here low K supply decreased the root levels of tZR and IPR in favour of a higher 

accumulation of the less active cytokinin form cZR (Figure 11). However, Si nutrition 

prevented this conversion and slightly increased the level of IPR in roots of K-deficient plants. 

This is in line with a previous finding, where Si application increased IP concentrations and 

decreased ABA levels in leaves of barley plants under low K and osmotic stress (Hosseini et 

al., 2017). A similar interaction was also found in roots of maize plants under Mg deficiency, 
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when Si supply increased the levels of IP and IPR (Hosseini et al., 2019). This result indicates 

that Si alleviates growth retardants under K deficiency by improving polar auxin transport 

from the shoot (Song et al., 2015) and increasing the level of more active cytokinin forms in 

roots. 

Cytokinins are the key regulators of cell division, but plant growth and development result 

from a combination of cell division and expansion. Potassium is a prerequisite for turgor-

driven cell extension in plants due to its role in stabilising the membrane potential, cytosolic 

pH and increasing the osmotic potential in the vacuoles (Lang, 1983; Walker et al., 1996). 

Therefore, K deficiency in plants significantly reduces cell turgor, size and expansion of leaves 

and roots (Mengel and Arneke, 1982; Pfeiffenschneider and Beringer, 1989; Dolan and Davies, 

2004; Jordan-Meille and Pellerin, 2004; Kanai et al., 2007; Jordan-Meille and Pellerin, 2008). 

It has been shown in Amaranthus caudatus that stimulation of stem elongation by gibberellins 

also depends on K concentration, as K supply prevented the inhibitory effect of chlorocholine 

chloride on GA3 synthesis, emphasizing a synergistic interaction between K and gibberellins 

in plant growth (Kende and Lang, 1964; De La Guardia and Benlloch, 1980; Guruprasad and 

Guruprasad, 1988; Chen et al., 2001). In the present study, leaf and root concentrations of 

GA53 and GA19 remained quite stable under low K condition, while the levels of GA44 and GA9, 

which are precursors of the physiologically active species GA1 and GA4, decreased in leaves 

(Figure 13). In turn, GA8 the downstream product of GA1, strongly increased under K 

deficiency, suggesting that low K concentrations in plants induce deactivation and 

degradation of gibberellins in leaves. This is in agreement with the transcriptome results 

(Table 2A), as GA20-oxidase2 that plays a key role in gibberellins biosynthesis and PIF4, 

encoding a light-regulated transcription factor that positively controls cell elongation (De 

Lucas et al., 2008), were downregulated, while GA2-oxidase3 involved in gibberellins 

catabolism (Hedden and Sponsel, 2015) was upregulated in leaves under K deficiency, 

supporting the notion that low K supply supresses gibberellins biosynthesis in plants. 

In contrast, Si application increased the leaf concentrations of GA9 in K deficient-plants and 

GA3 under both K sufficiency and K deficiency, while the leaf levels of GA8 dramatically 

decreased by Si under low K condition (Figure 13). This suggests that Si nutrition increases the 

production of bioactive GA3 independently of K concentrations and prevents degradation of 

gibberellins in leaves under K deficiency. Also in leaves of K-deficient plants GA20-oxidase2 

and PIF4 genes were upregulated and GA2-oxidase3 was downregulated by Si (Table 2A), 

which is in line with previous studies reporting that higher doses of Si application increased 

bioactive gibberellins contents in a variety of salt-stressed plant species (Hwang et al., 2007; 

Hamayun et al., 2010; Lee et al., 2010). Quite the contrary, in the present transcriptome 

results, GA2-oxidase, involves in gibberellins catabolism, RGA1, encoding a DELLA-type 

repressor of the gibberellins signaling pathway (Silverstone et al., 1998; Dill et al., 2001; Rizza 

and Jones, 2019), and CBF1, a cold-responsive transcription factor suppressing gibberellins 

biosynthesis (Achard et al., 2008) were downregulated in leaves of K deficient plants, while 

WRKY12, a transcription factor positively regulating gibberellins-related genes (Li et al., 2016) 

was upregulated. All of these genes showed an opposite regulation under Si supply (Table 

2A). Although this is in contrast to the negative effect of K deficiency and positive impact of 
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Si nutrition on gibberellins biosynthesis, evidence for a role of gibberellins in Si-dependent 

alleviation of K deficiency and plant growth should not be ruled out. Therefore, this aspect 

was addressed in a separate experiment with three barley GA20-oxidase2 mutated lines that 

were subjected to K starvation in the presence or absence of Si.  

Unlike in the former long-term K deficiency experiment, Si supplementation did not result in 

higher shoot biomass but only in higher root dry weight (Figure 29E, F). This different growth 

response to Si might be due to the fact that a different barley genotype, cv. Golden Promise, 

had to be used in this experiment to enable comparison with the existing GA20-oxidase2-

genome-edited plants. Nonetheless, Si partially alleviated K starvation-induced chlorosis and 

necrosis in old leaves of the wild-type and all three GA20-oxidase2 mutated lines (Figure 29), 

suggesting that the beneficial effect of Si on K deficiency symptoms is independent of 

gibberellins biosynthesis. Potassium concentrations in old leaves decreased by Si in the wild-

type and the GA20-oxidase2 mutated lines 2 and 3, while K concentrations in young leaves and 

roots of all plants showed no significant difference, indicating that Si improves root growth 

independently of GA20-oxidase2-dependent gibberellins biosynthesis under K starvation 

(Figure 30). Moreover, Si application decreased GA44 concentrations in old leaves of wild-type 

plants and all GA20-oxidase2 mutated lines, while the levels of GA53, GA19 and GA9 were hardly 

affected by Si (Figure 31). In contrast, Si supply increased GA1 levels only in old leaves of GA20-

oxidase2 mutated line 3 and in roots of line 1, while GA8 concentrations decreased in old and 

young leaves of wild-type plants as well as all GA20-oxidase2 mutated lines by Si. These 

findings reveals that Si mainly influences the downstream products of the gibberellins 

biosynthesis pathway, which is partially consistent with the hormone and transcriptome 

results from the long-term K deficiency experiment, where GA8 concentrations decreased 

(Figure 13K), and GA2-oxidase3 expression was downregulated in leaves of K-deficient plants 

by Si (Table 2A). However, there is no evidence that levels of GA1 decreased in any of the GA20-

oxidase2 mutated lines. Therefore, this experiment cannot prove whether these lines are 

GA20-oxidase2-defective and thus gibberellins-depleted lines or not. Taken together, Si 

nutrition alleviated K deficiency and promoted plant growth via increased gibberellins 

production and weaker accumulation of deactivated GA8 but most likely not necessarily 

through the GA20-oxidase2-dependent gibberellins biosynthesis pathway.  

Besides cell turgor and extension, another critical roles of K in plants is assimilate partitioning 

and sugar transport from source to sink by maintaining the membrane potential in phloem 

cells and contributing to the osmotic potential in the sieve tubes (Peel and Rogers, 1982; 

Marschner, 2012; Chérel et al., 2014). Therefore, K deficiency leads to impaired phloem 

transport, decreased sugar levels in the roots and thus reduced root growth (Cakmak, 1994). 

Indeed, in the present study, low K supply increased not only the leaf accumulation of sucrose, 

glucose and fructose, but also of phosphorylated sugars and energy carriers, while the 

concentration of starch and its precursors remained unaffected (Figure 14-17). In contrast, Si 

application prevented sugar accumulation in leaves but increased Suc, Glc and Fru levels in 

roots of K-deficient plants, which corroborates a recent finding in barley, in which Si nutrition 

increased Suc levels in roots (Hosseini et al., 2017). Improved phloem transport of sugars by 

Si in K-deficient plants may be a consequence of increased internal availability and re-
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translocation of K, as the present transcriptome results showed upregulation of KCO1 and 

AKT2 after Si treatment (Figure 21; Table 2A). This is in agreement with a previous study 

showing that carbon metabolites were less affected by K deficiency in a high K-retaining 

barley genotype compared to another low K-retaining one (Hosseini et al., 2016). Therefore, 

the present results showed that Si efficiently contributed to phloem transport of sugars from 

shoots-to-roots that was manifested in higher root biomass under K deficiency (Figure 5A, C). 

Additionally, K deficiency affected N metabolites and led to the accumulation of di-aminated, 

cationic amino acids, which helps maintaining the cation-anion balance (Figure 14; 15; 18; 

Armengaud et al., 2009). However, Si application prevented the excessive leaf accumulation 

of di-aminated and stress-responsive amino acids and increased the levels of glutamate and 

aspartate, suggesting that Si confers low K tolerance and improves root and shoot growth by 

reconstituting metabolite homeostasis under K deficiency. Altogether, it can be concluded 

that Si nutrition induced adaptive responses to long-term low K stress through enhanced 

photosynthesis, increased internal K utilization, reconstituted hormonal homeostasis by 

increasing cytokinins and GA1 levels, but at same time suppressing ABA, SA and JA 

accumulation and improved phloem transport of sugars, which all resulted in higher shoot 

and root biomass production. It is noteworthy that Si-mediated alleviation from K deficiency 

stress was primarily triggered by an improved physiological status of the shoot, while root 

traits only partially recovered, which was most likely as a downstream event of restored shoot 

metabolism, implying an altered systemic shoot-to-root signaling in the presence of Si. 

However, it still remains unclear whether these Si-mediated changes in plant metabolism 

were a cause or a consequence of Si supply. 

5.2 Silicon temporarily delays short-term potassium starvation responses by increasing 

internal potassium availability and de novo potassium uptake in roots 

In the former long-term low K experiment (Figure 5), and in previous other studies (Miao et 

al., 2010; Chen et al., 2016b; Hosseini et al., 2019), only single sampling points were analyzed 

mostly after long-term K and Si treatments. Such an experimental design cannot provide a 

mechanistic understanding of the processes and physiological components conferring the 

beneficial action of Si, but rather describes a newly achieved physiological steady-state. To 

assess the short-term effects of Si on K uptake and translocation in roots and shoots, 

hydroponically-grown barley plants were subjected to K starvation in the absence or presence 

of Si and sampled over a time course (Figure 22). In addition, Rb was used as a tracer to 

monitor K fluxes. In the absence of Si, K-adequate plants showed continuous growth and high 

K enrichment in roots and shoots (Figure 22; 23B; 24B). This trend became manifest in higher 

plant biomass (Figure 22C, D), and enhanced K contents in both tissues (Figure 23C; 24C), 

which was accompanied by low root influx and root-to-shoot translocation of Rb (Figure 23D; 

24D). Taking a closer look at the transcript level of genes involved in K transport in roots 

showed that after 6 days the high-affinity transporters HAK1 and HAK4 as well as the vacuolar 

K exporter KCO1 were expressed at rather low levels while only the low-affinity K channel 

AKT1 was slightly upregulated (Figure 25A-F). Along the observed time line, HAK4 was 

downregulated and AKT2 was upregulated in shoots (Figure 27A-F). Thus, adequate K 
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nutrition maintained high K concentrations in control plants, probably via enhanced activity 

of the low-affinity K channel AKT1 in roots and of the K channel AKT2 in shoots, which 

consequently decreased the need for de novo uptake by the high-affinity transporters HAK1 

and HAK4 and for vacuolar K release via the KCO1 channel.  

After 12 days of K starvation, K concentrations in roots and shoots as well as biomass decline 

and partitioning (Figure 22; 23F; 24F), were almost the same as after 24 days of growth under 

low K supply (Figure 5, 6). Monitoring the dynamic changes showed that internal K 

concentrations dropped to severe starvation levels close to 5 mg g-1 after 6 and 9 days in roots 

and shoots, respectively (Figure 23F; 24F), which was accompanied by reduced plant biomass, 

strong chlorosis and necrosis in leaves (Figure 22), and declined K contents in both tissues 

after 3-6 days of growth in the absence of K (Figure 23G; 24G). Considering the intense cycling 

of K in the vascular system (Ragel et al., 2019), root and shoot K was most likely leaked to the 

medium via the roots. Such a net loss of K from roots and shoots was concomitant with an 

increased influx of Rb in roots within 3 days (Figure 23H). This increase in K uptake capacity 

was reflected in a tight upregulation of several K transporters and channels including HAK1, 

HAK4, AKT1 and AKT2 in roots (Figure 25G-L) and HAK1 and AKT2 in shoots (Figure 27G-L). 

These results indicate that K starvation decreased K concentrations in plants leading to rapid 

responses in root and shoot that resulted in increased expression levels of low- and high-

affinity K transporters and channels genes for de novo uptake mainly at day 6. However, since 

no K was supplied, the transcript levels of these transporters were later suppressed at day 9 

and 12. 

In roots of K-starved plants supplied with Si, K concentrations dropped after 6 days to a 

similarly low level as in the absence of Si, and then declined even further during the following 

6 days (Figure 23F, J), indicating a more efficient depletion of root K pools in the presence of 

Si. This trend coincided with the transcriptional upregulation of plasma membrane-localized 

K importers in K-deficient barley roots, incl. HAK4, AKT1, AKT2 (Boscari et al., 2009; Feng et 

al., 2020), and in particular HAK1 (Figure 25M-R; Santa-María et al., 1997), that became 

delayed and peaked with higher levels at day 9-12, matching exactly with the strongly 

increased Rb influx in roots (Figure 23L). Such a response 3-6 days later than in the absence 

of Si suggests that Si most likely disconnects the transcriptional regulation of root K importers 

from systemic K deficiency signaling or alters their posttranslational activation to sustain the 

observed increase in K uptake capacity. Since the cellular K status is proposed to be initially 

sensed at the plasma membrane, but on the long run by changes in cytosolic K concentrations 

(Wang and Wu, 2013; Chérel et al., 2014), transcript levels and activities of de novo K uptake 

transporters at the plasma membrane are tightly connected to vacuolar loaders and 

unloaders of K at the tonoplast to maintain cytosolic K homeostasis. In the first 3 days, the 

vacuolar K unloader KCO1 (Tang et al., 2020) showed an opposite transcriptional regulation 

upon Si treatment in roots and was strongly upregulated with the beginning of K starvation 

(Figure 25R). Earlier activation of KCO1 and intense re-mobilization of previously root-stored 

K by Si might play an important role in a temporally differentiated regulatory and delayed 

response in de novo uptake of K in roots. 
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Along the same line, further increasing shoot K contents, closely matching with the amount 

of K lost by the roots after 6 days, revealed that the root-mobilized K had been efficiently 

translocated to the shoot in the presence of Si (Figure 23K; 24K), caused higher biomass and 

weaker chlorosis and necrosis in leaves (Figure 22A-C). Likewise, the highest root-to-shoot 

translocation rates of Rb observed after 12 days of K starvation coincided with the highest 

transcript levels of the xylem loader SKOR (Figure 24L; 25Q), while the earlier increase in Rb 

translocation from day 3 on was apparently not limited by SKOR expression levels. In turn, the 

expression levels of HAK1, HAK4 and KCO1, that are most likely involved in vacuolar K release 

in shoots were suppressed, while AKT2 levels increased at day 12 (Figure 27M-R), suggesting 

that Si nutrition induces not only K root-to-shoot translocation, but also K re-translocation via 

the phloem, ultimatley leading to higher shoot and root biomass in K-starved plants. These 

results are in agreement with previous studies reporting that Si supplementation to K-

deficient plants improves root-to-shoot translocation of K (Liang, 1999; Miao et al., 2010; 

Chen et al., 2016b), which was partly associated with an improved plant water status and 

higher transpiration rates of Si-supplied plants (Chen et al., 2016b). 

It is noteworthy that the activation of multiple transporters for K uptake from the soil and K 

re-mobilization from the vacuolar storage, including HAK-, AKT- and KCO/TPK-type 

transporters, under low K stress is tightly controlled and stimulated by Ca- and ROS-mediated 

signaling pathways (Wang and Wu, 2013; Ragel et al., 2019; Tang et al., 2020). Considering 

the frequently reported property of Si to suppress ROS formation in stressed plant cells 

(Cooke and Leishman, 2016; Coskun et al., 2019) and the fact that CDPK- and CBL-type Ca2+ 

sensors together with their interacting CIPKs activate NADPH oxidases in a Ca2+-dependent 

manner (Drerup et al., 2013), Si may alter ROS production and K transporter activation or 

their transcriptional regulation (Figure 25; 27) already at the level of Ca signaling. This is an 

efficient way to connect vacuolar and plasma membrane transport processes (Cubero-Font 

and De Angeli, 2021). Altogether, Si nutrition temporarily delayed short-term K starvation 

responses by modulating membrane permeability and membrane transport processes of K 

locally in the roots, most probably as a prerequisite to prevent K leakage and to increase 

internal K availability as well as K translocation to the shoot.  

5.3 Silicon mediates drought tolerance by improving water content and reconstituting 

hormonal homeostasis 

To elucidate the mechanistic role of Si in alleviating drought stress, barley plants were grown 

in soil and after supplying them with adequate water and different doses of Si, plants were 

subjected to drought stress before several physiological traits were measured (Figure 32). It 

is well known that an impairment of water uptake by roots under drought stress results in 

ROS production and alters Ca signaling leading to enhanced ABA biosynthesis which triggers 

stomatal closure to prevent transpirational water loss in plants (Cheong et al., 2007). Closure 

of stomata decreases CO2 influx and spares more electrons for the formation of active oxygen 

species that ultimately decrease chlorophyll content and photosynthetic rate (Loreto et al., 

1995; Meyer and Genty, 1998; Bota et al., 2004; Farooq et al., 2009; Aroca et al., 2012; Seiler 

et al., 2014). In the present study, chlorophyll concentrations and relative water contents 
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were high in leaves of well-watered plants and not affected by any dose of Si application 

(Figure 33A, B). However, drought stress decreased chlorophyll concentrations and relative 

water contents in leaves as soon as plants showed weak chlorosis and wilting symptoms 

(Figure 32). Here, application of 500 to 1000 mg Si to the growth substrate increased their 

levels near to those of control plants. These results clearly indicate that the accumulation of 

Si in leaves can alleviate drought stress by restoring photosynthesis and improving water 

content in plants. The positive role of Si in photosynthesis and plant water conservation has 

already been studied before (Zhu and Gong, 2014). It was reported that Si supply mediates 

drought tolerance in wheat, maize, pepper and rice plants under osmotic stress, water-

limiting or drought conditions through maintenance of the contents of photosynthetic 

pigments such as chlorophyll a and b, or carotenoids (Kaya et al., 2006; Lobato et al., 2009; 

Pei et al., 2010; Chen et al., 2011). Silicon also improved the relative water content in leaves 

of sunflower and maize plants under drought stress (Kaya et al., 2006; Gunes et al., 2008). 

Transpiration rate and stomatal conductance are two important criteria that influence the 

water content of plants (Farooq et al., 2009). Several researchers have postulated that the 

formation of a silica-cuticle double layer on leaf epidermal cells may be responsible for the 

observed reduction in leaf transpiration of plants treated with Si (Yoshida, 1965; Wong et al., 

1972; Matoh et al., 1991). Although decreased plant transpiration is an important mechanism 

for Si-mediated drought tolerance, application of Si does not always decrease transpiration 

rates. Several studies suggest that Si-mediated drought tolerance may be associated with 

improved root water uptake (Sonobe et al., 2010; Yin et al., 2014). Such an observation was 

reported in tomato, when Si supply increased transpiration rate, photosynthesis, and leaf 

water content via increased root hydraulic conductivity and water uptake under drought 

stress (Shi et al., 2016). In sorghum seedlings, Si also conferred osmotic stress tolerance and 

increased root hydraulic conductance through enhanced expression of some aquaporin genes 

(Liu et al., 2014). These results suggest that the beneficial effects of Si under drought stress 

can be partially attributed to its positive impact on the water status and photosynthesis of 

the plants.  

Moreover, some studies have shown that Si can improve plant growth under drought stress.  

When drought stress occurs, plants reduce their photosynthesis and assimilate allocation, 

slow down their growth and start wilting. If water scarcity persists, yield formation will be 

limited by suppressed tillering and a shorter grain filling period (Gan, 2003; Sreenivasulu et 

al., 2007). In this study, barley plants grew well under sufficient water supply (Figure 32), but 

drought stress suppressed their shoot biomass formation. Application of 250 and 500 mg Si 

increased shoot dry weights up to 18% under control condition, while under drought stress 

750 and 1000 mg treatments boosted shoot dry weights by more than 150% (Figure 33C). This 

result reveals that growth improvement by Si is in a dose-dependent manner under both 

stressed and non-stressed conditions, whereas higher Si application is required for stressed 

than well-watered plants. This finding is partially in accordance with previous reports, as Si 

application positively affected shoot and root biomass of drought-stressed sorghum (Hattori 

et al., 2005; Ahmed et al., 2011; Yin et al., 2014), and shoot dry weights of drought-stressed 
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wheat and maize (Kaya et al., 2006; Gong and Chen, 2012), indicating that Si nutrition can 

induce tolerance in plants by improving their growth under drought condition.  

It has been suggested that Si-mediated improvement of plant growth under drought is related 

not only to increased water content and photosynthesis (Ahmed et al., 2011), but also to 

enhanced nutrient uptake. One of the early consequences of low water availability under 

drought is a decrease in total nutrient uptake and lower nutrient translocation to the shoots 

mainly due to the reduced transpirational flow and hence a decreased mass flow of soil water 

containing soluble nutrients to the root surface. Particularly, under long-term drought stress, 

a disconnection of the water film between the roots and the soil matrix will decrease the 

accessibility and uptake of N, P and K (Barber et al., 1988; Kant et al., 2002; Marschner, 2012; 

Shabbir et al., 2016). Addition of Si to maize plants improved drought tolerance via enhanced 

Ca levels in shoots and roots and K concentrations in shoots under water-limiting condition 

(Kaya et al., 2006). In drought-stressed wheat plants, Si application increased K 

concentrations in shoots and grains, which ultimately helped plants to maintain their water 

content and produce more biomass (Ahmad et al., 2016). One possible mechanism by which 

Si increases K accumulation in drought-stressed plants may be through enhanced K uptake 

via increased H+-ATPase activity in the root membranes (Liang, 1999). Also, application of Si 

increased the uptake and root-to-shoot translocation of NH4
+ and S in tomato under osmotic 

stress (Ali et al., 2018). Quite the contrary, Si treatment in rice plants significantly reduced the 

levels of K, Na, Ca, Mg and Fe, which increased during drought stress, indicating that Si 

application mediates drought tolerance by adjusting the nutritional status of several essential 

elements (Chen et al., 2011).  

In the present study, leaf levels of Si were around 4 mg g-1 DW under sufficient water supply 

that decreased by 50% under drought stress (Figure 34A). A decline in Si concentration was 

also observed in drought-stressed rice and explained through decreased expression levels of 

Lsi1 and Lsi2 genes by ABA (Yamaji and Ma, 2007; 2011). Here, addition of Si between 250 to 

1000 mg increased Si concentrations by two- to five-fold in leaves of both control and 

drought-stressed plants relative to non-Si-treated leaves. Under sufficient water supply, 

concentrations of K in leaves were adequate (Marschner, 2012), and hardly affected by Si, 

whereas drought stress increased leaf K levels by 54% (Figure 34B), which may be a 

consequence of biomass reduction and its effect on K concentrations. In contrast, application 

of 500 to 1000 mg Si slightly decreased K accumulation, which was the same doses of Si that 

improved relative water content in leaves, and shoot biomass of drought-stressed plants 

(Figure 33B; 34B). Although here the impact of Si on leaf K levels was very small, this 

observation suggests that the higher Si accumulation in leaves can adjust the K nutritional 

status, which leading to a higher relative water content under drought stress.  

Under sufficient water supply, concentrations of N in leaves were around 3% and adequate 

(Marschner, 2012), whereas with the 250 mg treatment N levels increased to around 4%, that 

remained quite constant in response to higher doses of Si supply (Figure 34D). In contrast, 

drought stress increased leaf N concentrations by two-fold regardless of Si supply. These 

results show that Si nutrition stimulated N accumulation or uptake in well-watered plants. 

Leaf levels of other macro- and microelements either remained stable or slightly decreased 
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after Si supply (Figure 34C; 35A-I), but without falling below a critical threshold (Marschner, 

2012). In principle, lower concentrations of nutrients in Si-treated plants might be due to the 

build-up of apoplastic barriers, either in the form of Casparian band (CB) formation or a 

suberin layer sealing inside the cell walls (Fleck et al., 2011; 2015). Apoplastic Si deposition in 

the form of silica (SiO2) (Gong et al., 2006), or co-precipitation of Si and mineral elements 

might have also blocked apoplastic transport routes, and thus reduced root-to-shoot 

translocation of nutrients (Kidd et al., 2001; Wang et al., 2004; Shi et al., 2005; Ma et al., 2016; 

Wu et al., 2016). However, such an impact of Si was mostly reported in stressed-plants 

(Neumann and Zur Nieden, 2001; Rogalla and Römheld, 2002; Gong et al., 2006; Che et al., 

2016). In contrast, drought stress significantly decreased leaf levels of Mg, Ca, Fe, Mn, B and 

Al, probably due to the reduced transpiration and mass flow of nutrient within the 

transpiration stream, which is of particular importance for elements like Ca, Mg and B (Figure 

35A-I; Marschner, 2012). Taken together, all these results indicate that Si application induces 

drought tolerance and increases biomass by restoring photosynthesis and elevating water 

content in fully expanded leaves, but not necessarily by improving the nutritional status of 

plants. 

Among the different plant responses to drought stress, many are typically regulated by the 

major drought stress-related phytohormone ABA (Seki et al., 2007). Drought stress-induced 

ABA biosynthesis triggers stomatal closure to prevent transpirational water loss in plants 

which ultimately leads to a decrease in photosynthesis rate, nutrient uptake and plant growth 

(Turner et al., 2001; Cheong et al., 2007). The endogenous level of this hormone is determined 

by its biosynthesis, catabolism, and transport rate through the plant, as well as by species, 

organ and in particular duration and severity of drought stress (Voisin et al., 2006; Llanes et 

al., 2016). Here, under sufficient water supply, leaf concentrations of ABA, PA and DPA were 

low and in the typical range of non-stressed barley flag leaves (Figure 36A-C; Seiler et al., 

2011). However, application of Si decreased ABA, PA and DPA levels in leaves by several-fold, 

suggesting that even control plants may have experienced some stress that could be 

alleviated by Si application. By contrast, drought stress drastically increased concentrations 

of ABA, PA, DPA and ABAGlc in leaves, and application of up to 750 mg Si to the growth 

substrate was ineffective in reducing the concentrations of different ABA forms (Figure 36A-

D). Only the 1000 mg Si treatment effectively suppressed the levels of all ABA species down 

to the same level as in the well-watered control plants. These results reveal that an elevated 

accumulation of Si is required to make plants less susceptible to drought stress, even though 

it still remains unclear whether and at what step Si nutrition interferes with ABA biosynthesis, 

degradation or ABA-related signaling. Recently, it was reported that Si nutrition decreases 

ABA levels via suppressing ABA biosynthesis genes in barley shoots under combined osmotic 

stress and K deficiency or osmotic stress and S deficiency (Hosseini et al., 2017; Maillard et 

al., 2018). However, again no evidence was found regarding how Si interferes with ABA.  

Apart from ABA, SA and JA are known to play important roles in plant responses to drought 

stress (Singh and Usha, 2003; Seo et al., 2011; de Ollas et al., 2015; 2013). It was reported 

that concentrations of SA increased in leaves of Phillyrea angustifolia L. in response to water-

limiting conditions (Munne-Bosch and Penuelas, 2003), and JA levels increased in leaves and 
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roots of rice under drought or salt stress (Moons et al., 1997; Kiribuchi et al., 2005). Recently, 

few studies attempted to explain the complex network and interaction between ABA, JA and 

SA, and their signaling pathways under drought condition (Yasuda et al., 2008; Muñoz-

Espinoza et al., 2015). For instance, it was observed that drought stress induced an early and 

transient accumulation of JA and SA in roots and leaves of tomato before ABA biosynthesis 

became induced (Muñoz-Espinoza et al., 2015). Other studies in citrus and wheat suggested 

a cross-talk between JA and ABA. They showed that JA accumulation under drought stress is 

needed to increase ABA levels, but not vice versa, and both hormones are required for 

priming-induced drought tolerance (de Ollas et al., 2013; Wang et al., 2020). However, an 

antagonistic interaction between SA, ABA and JA was also reported in rapeseed, in which 

exogenous SA treatment suppressed the accumulation of ABA and JA under drought stress 

(Lee et al., 2019).  

In this study, concentrations of SA in leaves of well-watered plants were low, while application 

of 750 and 1000 mg Si increased SA levels by 50 and 100%, respectively, which is in the similar 

range of Si treatments that suppressed the accumulation of different ABA forms in leaves of 

control plants (Figure 36A-E). By contrast, drought stress slightly decreased SA concentrations 

in leaves, which were hardly affected by any dose of Si supply. This result points to an 

antagonistic interaction between SA and ABA depending on Si supply under sufficient water 

condition, whereas such a behavior was not observed in drought-stressed plants, in which Si 

was unable to affect SA levels. In leaves of well-watered plants, concentrations of JA were 

low, and they decreased even further as soon as Si was applied (Figure 36F). Under drought 

stress, leaf concentrations of JA were also low and hardly altered by up to 750 mg Si, while 

application of 1000 mg dramatically increased JA levels. Interestingly, in control plants, JA and 

ABA showed similar responses to Si treatments, whereas under drought stress these two 

hormones had an antagonistic behavior in response to 1000 mg Si supply (Figure 36A-D). In a 

previous finding, Si application alleviated the adverse effect of PEG-induced osmotic stress in 

soybean via decreased SA and JA concentrations in leaves (Hamayun et al., 2010). This 

apparent discrepancy emphasizes the need to investigate such hormone cross-talk in a time- 

and concentration-dependent manner of the stress-inducing or -relieving factors.  

Besides ABA, SA and JA, further phytohormones are involved in stress-related signaling under 

drought conditions. To date, little is known about the meaning of changes of endogenous IAA 

levels in drought-stressed cereal crops and the experimental evidence collected so far 

remains controversial. For example, decreased IAA concentrations was observed in leaves of 

rice plants as a consequence of suppressed expression of auxin biosynthesis-related genes 

after 2-3 days of drought stress (Du et al., 2013). In maize, IAA levels decreased in shoots but 

increased in roots in response to short-term drought condition (Xin et al., 1997). Transgenic 

tobacco ectopically expressing auxin biosynthesis genes showed higher drought tolerance in 

comparison to wild-type plants (Pustovoitova et al., 2000). In the present study, 

concentrations of IAA in leaves of well-watered plants were high and hardly affected by Si 

(Figure 37A). Drought stress also did not change leaf IAA levels, whereas increasing Si supply 

slightly decreased auxin concentrations down to a 2.5-fold lower level. This suggests that 

auxin accumulation in leaves decreased when shoot growth was promoted by Si, irrespective 
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of drought stress (Figure 33C; 37). An increase in root growth or root-to-shoot ratio is part of 

a plant’s adaptation to water shortage (Verslues et al., 2006). Although in this study root dry 

weights and root auxin levels could not be measured, this decline in shoot IAA concentration 

may reflect a consequence of Si-promoted auxin translocation from shoots to roots, 

improving water uptake and root biomass formation. This conclusion is supported by a study 

in barley, where Si alleviated combined osmotic and S deficiency stress, which was 

accompanied by enhanced auxin accumulation and biomass in roots and lower IAA levels in 

shoots (Maillard et al., 2018). 

There is also increasing evidence that cytokinins play an important role in the regulation of 

plant responses to osmotic or drought stress through intensive interactions and cross-talk 

with ABA (HavlovA et al., 2008; Nishiyama et al., 2011; Wang et al., 2011). For example, many 

ABA-mediated physiological processes induced by water deficit, including stomata closure 

and acceleration of leaf senescence, are counteracted by cytokinins (Stoll et al., 2000; 

Pospisilova, 2005). Hence, prolonged drought stress was reported to be associated with 

downregulation of active cytokinin contents (Kudoyarova et al., 2007; Albacete et al., 2008; 

Ghanem et al., 2008). In this study, concentrations of zeatin in leaves of well-watered plants 

were high and hardly altered by Si treatments (Figure 37B). Under drought stress leaf zeatin 

levels were slightly lower and remained stable up to the 750 mg Si dose, but increased by 60% 

when plants supplied with the highest Si level. Interestingly, application of this highest Si dose 

also suppressed all ABA forms under drought condition down to the same level as in well-

watered plants (Figure 36A-D), suggesting that declining ABA levels coincided with increasing 

zeatin concentrations when drought tolerance was induced by Si. Although it has remained 

unclear here how Si nutrition interferes with ABA and cytokinins biosynthesis or degradation 

under drought stress, in a recent study in barley, Si nutrition delayed osmotic stress-induced 

leaf senescence via restored cytokinins and decreased ABA levels through suppression of ABA 

biosynthesis genes in shoots (Hosseini et al., 2017). Here, leaf concentrations of cZ and cZR 

decreased with Si supplementations in the opposite direction to zeatin (Figure 37D, E). Thus, 

drought-stressed plants tended to slow down the conversion of zeatin to cZ and cZR, which 

may also represent a biochemical process by which Si induces drought tolerance. 

Gibberellins constitute another class of phytohormones that is involved in adaptive responses 

to drought stress. There is a range of studies demonstrating that reduced sensitivity to 

gibberellins may induce a greater tolerance to water stress. For instance, wheat mutants Rht8, 

Rht-1b and Rht-D1b, with reduced gibberellins sensitivity, were more tolerant to drought 

stress compared to their respective wild-type plants (Landjeva et al., 2008; Alghabari et al., 

2014; 2016). Likewise, GA3 levels in maize and wheat were described to decrease during 

drought conditions (Wang et al., 2008; Coelho Filho et al., 2013). Recent investigations 

revealed a cross-talk between ABA and gibberellins under water-limiting conditions, in which 

ABA biosynthesis and the control of stomatal conductance were regulated by the soluble 

receptor for gibberellins, GIBBERELLIN-INSENSITIVE DWARF 1 (GID1). The gid1 rice mutant, 

which is impaired in gibberellins signaling, showed lower levels of ABA and higher stomatal 

conductance in comparison to wild-type plants under drought stress (Du et al., 2015). In the 

present study, leaf concentrations of GA53 responded most consistently to Si applications 
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under well-watered and drought conditions (Figure 37F). Gibberellin44 levels increased in 

leaves by Si under both treatments (Figure 37G), while GA19 levels declined with increasing Si 

application in control plants (Figure 37H). In the early 13-hydroxylation pathway of 

gibberellins biosynthesis, GA53, GA44 and GA19 are converted in this order through GA20 into 

the bioactive forms GA1 and GA3 (Hedden and Sponsel, 2015). Accumulation of GA44 in 

response to Si supplementation under drought stress suggests that Si nutrition directly or 

indirectly suppresses the production of bioactive gibberellins forms in barley. Although GA1 

and GA3 could not been detected in this study, these results are in line with previous findings 

that showed decreasing GA3 levels were associated with increasing drought tolerance in 

wheat and maize plants (Wang et al., 2008; Coelho Filho et al., 2013). Also, higher doses of Si 

reduced GA1 levels and alleviated drought stress in leaves of soybean (Hamayun et al., 2010). 

These reports and the present results argue in favour of Si leading to lower levels of bioactive 

gibberellins forms that appear to be beneficial for plants in acquiring drought tolerance. 

Taken together, the present analysis indicates that Si strongly interferes with phytohormone 

homeostasis by shifting the abundance from growth-suppressing hormones towards the 

growth-promoting ones as a dominant part of Si-mediated mitigation of drought stress.  

6 Conclusion 

Despite previous reports showing that Si application can increase tolerance to K deficiency or 

drought stress, the underlying mechanisms have remained unclear. The present study 

provides physiological and molecular evidence, that Si nutrition in the first few days after K 

starvation temporary delayed the stress responses by an earlier and enhanced internal K re-

mobilization and a subsequent stronger de novo uptake through low- and high-affinity K 

transporters and channels in roots, which was accompanied by an increased K root-to-shoot 

translocation. In contrast, under long-term low K stress, Si suppressed most high- and low-

affinity K transporters genes, but enhanced preferential K provision of the shoot, allowing 

there to maintain K-dependent metabolic processes, suppression of stress and overall higher 

plant biomass. Likewise, Si nutrition mediated drought tolerance and increased shoot 

biomass by suppressing ABA accumulation and reconstituting homeostasis of growth-

promoting hormones without affecting ion imbalances in leaves. The observed prevention of 

growth retardation may point to a general mode of action of Si under low K and drought 

stress, which may rely on an improved internal availability of limiting resources for the sake 

of improved photosynthesis and biomass gain primarily in the shoot. 
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Table 1. List of primers used in the present study.  

 

 

 

 

 

Gene Forward primer Reverse primer Accession no.

HvLsi1 5’-TAGAGCGGTTGGTGAGTTGG-3’ 5’-CCAGGAAGTAGAGCCAGAGG-3’ AB447482

HvLsi2 5’-GCTCTCCGTCATCATCCTCC-3’ 5’-CCACCTCGTTCCCCATCAG-3’ AB447483

HvLsi6 5’-GCAGGGTTAGCAGTTGGTT-3’ 5’-CGAAGCGGATGTAGGTGTAG-3’ AB447484

HvAKT1 5’-TGCTTCGTCTATGGCGTCTC-3’ 5’-CGTTTCTTGTGGGTTCGGG-3’ DQ465922

HvAKT2 5’-CGACTCCAGATACAGGTGCT-3’ 5’-GAAGAAGGTGAGGGCGATGT-3’ DQ465923

HvHAK1 5’-GTCCTCTCGCTCATCCTCT-3’ 5’-CCACCATCTCCATTGTCGT-3’ AF025292

HvHAK4 5’-CCATTTGCTCTGTATTCGCTCC-3’ 5’-TAACTCCTCATCCGCTGCTT-3’ DQ465924

HvSKOR 5’-CATGGCGACTGTTGGTTATG-3’ 5’-TAAGCGCAGTCATGTTACCG-3’ HORVU7Hr1G040990.4

HvKCO1 5’-GCTTGTGTGTTCGTCTTCACA-3’ 5’-TCCTGCTTCTCCACGAGATAA-3’ EU926490

HvCYC 5’-CTGTCGTGTCGTCGGTCTAA-3’ 5’-CCAGCAGCCTAAAGAGTCCA-3’ AK253120

HvUBI 5’-CCAAGATCCAGGACAAGGAG-3’ 5’-CGTCTTCTTCTTGCGCTTCT-3’ M60175.1
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Figure 1. Concentration of macro- and micronutrients in water, water with iron, Hoagland solutions and stock solution of 
monosilicic acid H2SiO3. (A-J) Concentrations of silicon (Si; A), potassium (K; B), magnesium (Mg; C), calcium (Ca; D), sodium 
(Na; E), phosphorus (P; F), sulfur (S; G), iron (Fe; H), zinc (Zn; I), and manganese (Mn; J) in water (H2O); water and iron 
(H2O+Fe_EDTA); Hoagland solution without K, low K 0.04 Mm, or adequate K 2 mM, in the absence or presence of 1.78 mM 
Si; and stock solution of monosilicic acid H2SiO3. Bars indicate means ± SE. Different letters denote significant differences 
among solutions according to LSD test (p < 0.05; n = 3). 
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Figure 2. Influence of Si supply on concentrations of primary metabolites in leaves and roots of barley plants grown under 
adequate or low K supply. (A-J) Concentrations of adenosine monophosphate (AMP; A, B), glucose 6-phosphate+fructose 6-
phosphate (Glc-6-P+Fru-6-P; C, D), fructose-1,6-bisphosphate (Fru-1,6-bisP; E, F), cis-aconitic acid (Cis-Aconitate; G, H), and 
trans-aconitic acid (Trans-Aconitate; I, J) in leaves (A, C, E, G, I) or in roots (B, D, F, H, J). After 7 days of germination, plants 
were grown under either adequate (2 mM) or low (0.04 mM) K for 24 days in the absence or presence of 1.78 mM Si. Leaf 
analysis is based on the last fully expanded leaf. Bars indicate means ± SE. Different letters denote significant differences 
among treatments according to LSD test (p < 0.05; n = 8). 
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Figure 3. Influence of Si supply on concentrations of amino acids in leaves and roots of barley plants grown under adequate 
or low K supply. (A-J) Concentrations of tyrosine (Tyr; A, B), valine (Val; C, D), serine (Ser; E, F), arginine (Arg; G, H), and lysine 
(Lys; I, J) in leaves (A, C, E, G, I) or in roots (B, D, F, H, J). After 7 days of germination, plants were grown under either adequate 
(2 mM) or low (0.04 mM) K for 24 days in the absence or presence of 1.78 mM Si. Leaf analysis is based on the last fully 
expanded leaf. Bars indicate means ± SE. Different letters denote significant differences among treatments according to LSD 
test (p < 0.05; n = 8). 
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Figure 4. Influence of Si supply on concentrations of amino acids in leaves and roots of barley plants grown under adequate 
or low K supply. (A-F) Concentrations of threonine (Thr; A, B), phenylalanine (Phe; C, D), and alanine (Ala; E, F) in leaves (A, 
C, E) or in roots (B, D, F). After 7 days of germination, plants were grown under either adequate (2 mM) or low (0.04 mM) K 
for 24 days in the absence or presence of 1.78 mM Si. Leaf analysis is based on the last fully expanded leaf. Bars indicate 
means ± SE. Different letters denote significant differences among treatments according to LSD test (p < 0.05; n = 8). 
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9 Abbreviations 

 

Abbreviation Full name 

3PGA 3-phosphoglycerate

ABA Abscisic acid

ABAGlc Aba-glucose ester

ACC 1-aminocyclopropane-1-carboxylic acid

ADP Adenosine diphosphate

Al Aluminum

Ala Alanine

AMP Adenosine monophosphate

Arg Arginine

As Arsenic

B Boron

BP Biological process

C Carbon

Ca Calcium

CC Cellular component

Cd Cadmium

CK Cytokinin

Cl Chloride

CNGC Cyclic nucleotide gated channels

cZR Cis-zeatin riboside

DPA Dehydro-phaseic acid

DW Dry weight

Fe Iron

Fru Fructose

Fru-1,6-bisP Fructose-1,6-bisphosphate

FW Fresh weight

GA Gibberellin

GABA Gamma-aminobutyric-acid

GID1 Gibberellin-insensitive dwarf 1

Glc Glucose

Glc-6-P Glucose-1-phosphate

Glc-6-P+Fru-6-P Glucose 6-phosphate+fructose 6-phosphate

GlcA Glucuronic acid

Gly Glycine

IAA Indole-3-acetic acid

IAAMe Indole-3-acetic acid methyl ester

Ile Isoleucine

IPR Adenine riboside

JA Jasmonic acid

JA-Ile Ja-isoleucine

K Potassium

Leu Leucine
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Abbreviation Full name 

Lys Lysine

MF Molecular function

Mg Magnesium

Mn Manganese

MRM Multiple reactions monitoring

N Nitrogen

NA Nicotianamine

Na Sodium

NCBI National center for biotechnology information

oxIAA 2-oxindole-3-acetic acid

P Phosphorus

PA Phaseic acid

Pb Lead

PCA Principal component analysis

PEG Poly ethylene glycol

Phe Phenylalanine

PIP Plasma-membrane intrinsic protein

PM Plasmodesmata

Pro Proline

Rb Rubidium

ROS Reactive oxygen species

RuBisCO Ribulose-1,5-bisphosphat-carboxylase/-

oxygenase

RWC Relative water content

S Sulfur

SA Salicylic acid

Ser Serine

Si Silicon

Suc Sucrose

Suc-6-P Sucrose-6-phosphate

TCA Tricarboxylic acid

Thr Threonine

Tre-6-P Trehalose-6-phosphate

TW Turgid weight

Tyr Tyrosine

tZ Trans-zeatin

tZR Trans-zeatin riboside

UDP Uridine diphosphate

UDP-Glc Uridine diphosphate glucose

UMP Uridine monophosphate

Val Valine

Zn Zinc
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