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Silicon (Si) is an abundant and differentially distributed element in soils that is believed to have important biological functions. However, the benefits of Si and its essentiality in plants are controversial due to differences among species in their ability to take up this element. Despite this, there is a consensus that the application of Si improves the water status of plants under abiotic stress conditions. Hence, plants treated with Si are able to maintain a high stomatal conductance and transpiration rate under salt stress, suggesting that a reduction in Na+ uptake occurs due to deposition of Si in the root. In addition, root hydraulic conductivity increases when Si is applied. As a result, a Si-mediated upregulation of aquaporin (PIP) gene expression is observed in relation to increased root hydraulic conductivity and water uptake. Aquaporins of the subclass nodulin 26-like intrinsic proteins are further involved in allowing Si entry into the cell. Therefore, on the basis of available published results and recent developments, we propose a model to explain how Si absorption alleviates stress in plants grown under saline conditions through the conjugated action of different aquaporins.
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INTRODUCTION

The uptake of mineral nutrients is regulated by transporters in the root plasma membranes. In general, there is a strong interaction between the uptake of ions and water uptake, since both are dependent on each other. Therefore, the interactions between water transporters (aquaporins) and nutrients transporters need to be determined in root cells. Nutrient deprivation or excess due to changing environmental conditions usually involves fundamental parameters, including the water relations in plants, in which aquaporins play an important role. One of the first pieces of evidence regarding water-nutrient connections was found in plants deprived of nitrogen and phosphorus, in which there was a reversible reduction of cell and root hydraulic conductivity involving aquaporins (Carvajal et al., 1996). It was also reported that, when a plant is subjected to nutrient deficiency, alterations in aquaporins slow the movement of water through the plant (Clarkson et al., 2000; Shaw et al., 2002). The balance of nutrient supply received by roots can be regulated by aquaporins and ATPase and Ca-ATPase activities (Martínez-Ballesta et al., 2003; Cabañero et al., 2006). Therefore, it was suggested that aquaporins can play a central role in nutrient homeostasis, which is likely to comprise (i) support for ion fluxes through provision of an accompanying water flow and (ii) active re-direction of apoplastic/symplastic water flow within tissues and the whole plant (Maathuis et al., 2003).

Plant aquaporins belonging to the MIP (membrane intrinsic proteins) family are mainly homotetrameric transmembrane proteins that facilitate water transport through membranes, but they can also form heterotetramers (for review see Martínez-Ballesta and Carvajal, 2016). The classification of aquaporins into seven subfamilies is mostly based on phylogenetic distribution, while their localization in different membranes will be used for the nomenclature (e.g., PIP, TIP, and NIP). In addition to facilitating water diffusion, a number of aquaporins have also been shown to transport other molecules (Gerbeau et al., 1999; Bienert et al., 2011). During the last decade it was reported that aquaporins transport specific solutes, like urea (Liu et al., 2003), ammonia (Bertl and Kaldenhoff, 2007), carbon dioxide (Uehlein et al., 2003), hydrogen peroxide (Bienert et al., 2007), lactic acid (Choi and Roberts, 2007), boric acid (Takano et al., 2006), and silicic acid (Ma et al., 2006). The trafficking and subcellular relocalization of aquaporins could be the critical point in the regulation of the transport of mineral nutrients to the cytoplasm, since aquaporins are translocated from the endoplasmic reticulum (ER) to the plasma membrane via the Golgi apparatus (Maurel et al., 2009). However, the molecular and cellular mechanisms underlying the interactions of aquaporins and mineral nutrients still need to be investigated.

Silicon (Si), the second most abundant element in the earth’s crust but its essentiality in plant growth and development remains debated since plants differ widely in their ability to take up Si (Sommer et al., 2006). Silicic acid, Si(OH)4, is the only form known to be absorbed by plants (Ma and Yamaji, 2006). It will enter plant roots mainly by diffusion via the apoplastic pathway but requires the presence of specific aquaporins, NIP2s, to enter the symplastic pathways and be eventually translocated to aerial organs via the xylem (Guerriero et al., 2016).

Although Si is generally considered non-essential for plants, some species will accumulate between 1 and 5% on a dry weight basis. Families such as the Poaceae (grasses), most species of monocotyledons, aquatic macrophytes, and some dicotyledons, including the Cucurbitaceae (Rogalla and Römheld, 2002; Piperno, 2006; Schoelynck et al., 2012) have all been shown to accumulate high concentrations and benefit from Si presence. However, even in non-accumulating plants, the presence of Si in nutrient solutions or soils has been reported to be beneficial against abiotic stress (e.g., NaCl; for a review see Zhu and Gong, 2014), but the mechanisms of Si action in relation to water uptake and aquaporins are poorly understood. In this review, the improvement of plant salinity tolerance by Si through enhancement of root water uptake, including the regulation of aquaporin activity and gene expression, is discussed.

Si NUTRITION AND SALINITY STRESS

Si is generally considered non-essential for plant development, but many authors consider Si a ‘quasi-essential’ element for higher plants, since plant growth may be stimulated by the supply of Si and Si-starved plants may display physical abnormalities (Rafi and Epstein, 1997; Epstein and Bloom, 2005; Ma and Yamaji, 2008). It can enhance growth, yield, and crop quality, particularly under biotic and abiotic stresses, such as herbivory, leaf microbial pathogens, UV radiation, gravity, extreme temperatures, lodging, metal toxicity, nutrient deficiency and toxicity, drought, and salinity (Epstein, 1994, 1999, 2009; Ma and Takahashi, 2002; Richmond and Sussman, 2003; Cooke and Leishman, 2011; Van Bockhaven et al., 2013; Liang et al., 2015).

Salinity stress is an important factor that limits crop yields and productivity worldwide, affecting approximately 800 million hectares (ha) of arable land (FAO, 2008). Although our understanding of the role of Si in abiotic stress resistance is still limited, important advances with regard to salinity stress have been made (Rengasamy, 2010). In fact, it has been widely reported that the provision of Si increases salt tolerance and hence biomass in many important crops grown under different conditions, such as barley (Liang et al., 2005a), wheat (Tuna et al., 2008; Ali et al., 2012; Bibordy, 2014), rice (Gong et al., 2006; Mahdieh et al., 2015), soybean (Lee et al., 2010) sugarcane (Ashraf et al., 2010), tomato (Romero-Aranda et al., 2006; Muneer et al., 2014; Li et al., 2015), and cucumber (Khoshgoftarmanesh et al., 2014), among others.

Na+ and K+ Homeostasis

At high salt concentrations, one of the main salt-tolerance mechanisms is the maintenance of low intracellular Na+ concentration by the reduction of Na+ influx and/or the increase of Na+ efflux. Na+ enters roots passively, via non-selective cation channels and trough other Na+ transporters such as HKT (high-affinity K+ transporter) family; consequently, Na+ is critical to maintain intracellular K+ concentration (Blumwald, 2000; Munns and Tester, 2008; Kronzucker et al., 2013). It has been shown that Si may alleviate salinity stress by affecting Na+ and K+ concentrations (Ashraf et al., 2010). They found interactive effects of NaCl, Si, and genotype, on Na+, K+, and the K+/Na+ ratio (a salt-stress indicator) in sugarcane. In this study, the addition of Si reduced Na+ uptake and transport to the shoots and increased the shoot K+ concentration, with a resultant increase in the K+/Na+ ratio. Similarly, Xu et al. (2015) and Garg and Bhandari (2016) reported that Si application to salt-stressed aloe plants, and sensitive and tolerant genotypes of Cicer arietinum L., significantly decreased the Na+ content in roots and its translocation to leaves, while improving K+ uptake, consequently raising the K+/Na+ ratio.

Effects on Nutritional Balance

It is important to point out that one of the main deleterious effects of salinity is an imbalance in essential nutrients. Recent studies on the plant ionome have shown that salinity causes modifications of the tissue levels of macronutrients like N, Ca, P, S, and Mg, and micronutrients such as Zn, Mn, Fe, and B. Hellal et al. (2012) reported increased N, P, and Ca concentrations in the shoots and seeds of fava bean grown under salt stress when Si was supplied. Similarly, Si enhanced the P, Ca, and Mg contents in leaves and roots of aloe and tomato plants (Li et al., 2015; Xu et al., 2015), and maintained higher P and Fe contents in salt-stressed canola plants (Farshidi et al., 2012). Application of Si significantly increased the Ca concentration in shoots of cucumber plants exposed to salinity, while it had no effect on the shoot Ca concentration of plants grown under non-saline conditions (Khoshgoftarmanesh et al., 2014). By contrast, the supply of Si decreased the S content in Zinnia elegans exposed to salinity stress. However, the salinity-induced reduction of micronutrients such as Zn, Mn, Fe, and B was alleviated by Si addition (Manivannan et al., 2015). In previous reports, NaCl stress was found to increase Cu levels in several plant species (Wang and Han, 2007), but in the study by Manivannan et al. (2015), the level of Cu was not affected. These studies provided evidence that Si might induce salt tolerance in many crops, not only via inhibition of Na+ uptake and translocation, and improvement of the plant K+ content, but also by affecting the plant status of some other essential nutrients in order to maintain normal physiological conditions. A summary of the relationships between Si and different inorganic ions in plants grown under salinity stress is shown in Table 1.

TABLE 1. Summary of the relationship between Si and different inorganic ions in plants subjected to salt stress.
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Protection from Oxidative Damage

Plants produce low levels of reactive oxygen species (ROS), which form part of the chemical communication in cells. However, salinity also inhibits plant growth via an overproduction of ROS that can damage macromolecules essential for plant growth and development, such as DNA or lipid membranes. It has been demonstrated recently that Si mitigates oxidative stress by stimulation of antioxidants, both enzymatic and non-enzymatic (Savvas and Ntatsi, 2015), such as superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APx), peroxidases (POD), glutathione (GSH), and ascorbate (AA). Many authors have reported the beneficial effects of Si with regard to amelioration of salt-induced oxidative stress. Li et al. (2016) showed that the provision of Si in Hoagland’s solution at 1, 2, 4, or 6 mM increased the POD activity of Glycyrrhiza uralensis seedlings grown under salt stress, after 20 days of treatment. In this study, SOD activity was intensified only at 4 mM Si and the malondialdehyde (MDA) concentration was significantly decreased at all Si levels, compared with the saline control (50 mM NaCl). Garg and Bhandari (2016) showed that the oxidative markers O2-, H2O2, and MDA were more abundant in Cicer arietinum genotypes subjected to long-term salinity, but their levels declined when 4 mM Si was supplied. Additionally, SOD, CAT, guaiacol peroxidase (GPOX), APx, monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), and AA were increased in salt-stressed plants of both genotypes by Si supplementation. Likewise, Li et al. (2015) reported increased MDA and H2O2 concentrations and decreases in SOD and CAT activities in salt-stressed tomato seedlings grown under sand culture; however, Si application reversed all these stress-induced changes. In contrast, Bibordy (2016) found that SOD and CAT activities were suppressed by the supply of Si (2 or 4 g L-1) to canola plants grown under saline conditions. Although differing plant responses to salt stress have been demonstrated, Si supplementation, generally, seems to lead to a decline in ROS production and an increase in ROS scavenging enzymes and antioxidant compounds. Hence, at the cellular level, Si might ameliorate salinity-induced oxidative stress due to more efficient use of ROS-scavenging metabolic pathways, which may increase membrane integrity. This also might be related with a better Na+-K+ cellular status and an improvement of the plant ionome.

Photosynthesis and Osmoregulation

Salt stress decreases the physiological cell activities involved in photosynthesis (Garg and Bhandari, 2016), mostly due to osmotic stress, nutritional imbalance, and/or nutritional toxicity combined with later oxidative stress. However, recent evidence indicates that Si influences photosynthesis through effects on water uptake and transport. Mateos-Naranjo et al. (2013) showed that the negative effect of high salinity on gas exchange, water-use efficiency (WUE), pigment concentrations (Chla and Chlb), and PSII efficiency, was reversed by Si supply for the halophytic grass Spartina densiflora. On the other hand, Abbas et al. (2015) reported that Si application enhanced the stomatal conductance, transpiration rate, number of stomata, and stomatal size in salt-sensitive and salt-tolerant okra plants. A complementary protective mechanism of plants growing under saline conditions is the synthesis and accumulation of different osmolytes and compatible solutes. Although this is dependent on the plant species, Si has been found to enhance the contents of proline (Tuna et al., 2008; Soylemezoglu et al., 2009; Siddiqui et al., 2014), soluble protein (Li et al., 2015), polyamines (Wang S. et al., 2015; Yin et al., 2016), glycine betaine, total free amino acids, soluble sugars, and phenolic compounds (Abbas et al., 2015).

In summary, the potential correlation between the application of Si and benefits for plants under saline conditions are: (i) maintenance of the status of essential nutrients, by reduction of Na+ content and improvement of K+ content, (ii) greater efficiency of ROS-scavenging metabolic pathways and (iii) increase of gas exchange. All these mechanism are related to water relations and water-use efficiency as it will be reviewed as follows.

EFFECT OF Si ON WATER UPTAKE AND TRANSPORT

In accumulating species, Si has been assigned an unspecific function in crop protection, since it seems to be involved in structural and dynamic aspects of plant responses that help diminish the deleterious effect (Epstein, 2001). In fact, it is generally agreed that the positive effects of Si are more manifest under conditions of stress. For example, Yeo et al. (1999) indicated that Si could decrease Na uptake by plants under salinity stress. Studies with toxic metals such as Al indicated that silicified tissues may give protection against these metals through co-deposition of Al with Si in some monocotyledons (Sangster et al., 2001).

Accumulation of Si could occur actively (Liang et al., 2005a; Rains et al., 2006) or passively, the latter depending on the transpiration rate as described formerly (Takahashi et al., 1990). However, there are some plants that are excluders (Henriet et al., 2006; Carey and Fulweiler, 2014). The Si/Ca ratio has been reported to be indicative of the Si uptake mechanism (Carey and Fulweiler, 2014): ratios exceeding 1 indicate active uptake, ratios of 0.5–1 suggest passive uptake, and ratios below 0.5 could show exclusion. Also, another indicator proposed is the relationship between the Si availability around the root and the Si concentration inside the plant (Carey and Fulweiler, 2014). However, these indicators could change under saline conditions that alter Ca uptake and transpiration.

Recent studies have clearly established that Si uptake in plants is dependent on an influx channel-type transport, the Lsi1 channel, responsible for Si movement from the external solution into the internal cells. The first Si transporter was identified in rice (Ma et al., 2006), and subsequent studies have shown that this transporter was present in all Si-accumulating species including monocots such as barley, wheat, and maize (Yamaji et al., 2008, 2012; Chiba et al., 2009; Mitani et al., 2009; Montpetit et al., 2012) – and dicots, such as cucumber, pumpkin and soybean (Mitani-Ueno et al., 2011; Deshmukh et al., 2013; Wang H.S. et al., 2015). In addition, another transporter found in rice (Ma et al., 2007) and in a few other species, termed Lsi2, acts as an active efflux transporter carrying Si to the xylem (Ma and Yamaji, 2015). It is important in the long-distance transport of Si through the plant. Much less is known about the nature and properties of Lsi2s and they have only been described so far in monocotyledons and horsetail (Vivancos et al., 2016). Although, in general, Lsi1 and Lsi2 are localized in the plasma membrane, the distribution differs among species; in fact, in rice they are found in the exodermis and endodermis in the mature regions of the main and lateral roots (Ma et al., 2006), while in other monocotyledons such as maize and barley they are localized in epidermal, hypodermal, and cortical cells (Chiba et al., 2009; Mitani et al., 2009). In dicots, the pumpkin CmLsi1 is found in all root cells (Mitani et al., 2011) and the cucumber, CsLsi1 has been recently localized in endodermal and cortical cells in root tips and in root hairs (Sun et al., 2017). Therefore, the localization of Si transporters in the roots could be an important factor that determines how Si influences water uptake and, therefore, the sensitivity of the plant to salinity.

Silicon has been described as a protective element against abiotic stress like salinity, on the basis of its induction of changes in lignin and suberin processing and deposition, which reduces the rates of water loss and evapotranspiration (Cruz et al., 1992; Sonobe et al., 2009; Amin et al., 2016). Along the same lines, Si has been reported to increase lignification in sorghum, thereby increasing xylem resistance to water loss (Hattori et al., 2005). Some studies have also suggested that Si could induce a thicker cuticle in leaves of rice and sorghum, reducing stomatal conductance and decreasing water loss through the epidermal layer and thus maintaining the water potential in leaves (Matoh et al., 1991; Hattori et al., 2005). Furthermore, Si has been reported to improve the regulation of stomatal opening, although the mechanism behind this has not been resolved (Gao et al., 2006). Also, Gao et al. (2004) found that Si increased the water use efficiency in maize due to induction of root hydraulic conductance.

Other results have shown that Si improved the response to abiotic stress when water availability was reduced. In sorghum plants for instance, when Si was applied to the nutrient solution, there was an increase of water uptake and water flow from roots to leaves, together with an increase of stomatal conductance (Sonobe et al., 2009). Hattori et al. (2008) indicated that Si application enhanced root hydraulic conductance, and Sonobe et al. (2009) suggested that the improvement of this parameter could occur in a radial direction in the root (by modification of osmotic characteristics or expression of aquaporins) rather than axially (via modification of the number or diameter of xylem vessels). Therefore, the influence of Si on transpiration and its role in the physiology of the stomata are controversial (Agarie et al., 1998; Gao et al., 2006). It is clear that, under water deficiency, if Si only reduced transpiration, an increase in water use efficiency followed by protection against wilting would occur (Gao et al., 2004). However, if transpiration is increased, accompanied by higher root hydraulic conductance (Sonobe et al., 2009), the water use efficiency will also increase. The role of Si in water relations thus seems to be associated with the maintenance of water use efficiency, but at the moment there is not enough evidence to propose a model that clarifies this response. Therefore, future studies should focus on this matter.

The link between water stress and Si has been well studied in tomato where Romero-Aranda et al. (2006) showed that Si enhanced drought resistance in tomato plants as a result of an increase in leaf water content. Shi et al. (2016) showed that the effects of Si not only increased root hydraulic conductance in tomato, but also maintained membrane integrity and protected it against oxidative damage by an increase of the antioxidant metabolism. Furthermore, several studies on Si and drought stress in different species, including sorghum, maize, and tomato, concluded that Si alleviated the effect of the stress (Agarie et al., 1998; Hattori et al., 2008; Sonobe et al., 2009; Shi et al., 2016). However, although insights into its mechanism of action have not been provided yet, the fact that all reported results concluded that water relations are improved, supports the notion that aquaporins and hydraulic signals are involved (Figure 1).
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FIGURE 1. Under salinity stress, Si has been reported to improve stomatal functioning and enhance root hydraulic conductance. The physiological mechanism could involve hydraulic signaling through aquaporin expression, leading to higher water-use efficiency.



AQUAPORINS AND Si

Aquaporins belong to the major intrinsic protein (MIP) family and allow the transport of water and small solutes through biological membranes (Chrispeels and Maurel, 1994; Kruse et al., 2006). In plants, they are classified into different subfamilies: the plasma membrane intrinsic proteins (PIPs), the tonoplast intrinsic proteins (TIPs), the nodulin26-like intrinsic proteins (NIPs), the small basic intrinsic proteins (SIPs), the uncategorized intrinsic proteins (XIPs), the GIPs, and the hybrid intrinsic proteins (HIPs) (Danielson and Johanson, 2008), according to their subcellular localization, function, sequence length, and substrate selectivity (for review, see Maurel et al., 2015).

Aquaporins have been reported to transport distinct types of substrates, such as ammonia, antimony, arsenite, boron, carbon dioxide, formamide, glycerol, hydrogen peroxide, lactic acid, silicon, and urea (Bienert and Chaumont, 2011; Hove and Bhave, 2011). The substrate selectivity regarding the transported molecule is determined by two factors: the NPA motifs, responsible for proton exclusion, and the aromatic/arginine (ar/R) region, that functions as the main filter in the pore (Wu and Beitz, 2007). Because of this, MIPs facilitate the transport of the widest range of solutes, including several metalloids. Different isoforms belong to the NIP subfamily: the NIP1 subgroup, that is more permeable to water and glycerol, the NIP2 subgroup, that transports metalloids and is the only aquaporin subgroup able to transport Si (Mitani-Ueno et al., 2011), and the NIP3 subgroup, that is notable for its biological function in boric-acid transport. All subgroups are permeable to formamide (Dean et al., 1999; Wallace and Roberts, 2005).

It has been reported that Si plays an important role in the mechanisms that enable plants to cope with biotic and abiotic stresses (Vivancos et al., 2016). However, the capacity to transport Si depends on the plant genotype. A mechanism combining efflux (Lsi2) and influx (Lsi1) Si transporters has been reported to regulate Si accumulation in different cell compartments and plant organs and tissues (Deshmukh et al., 2015). Lsi1, a NIP2 homolog aquaporin and Si-influx transporter, was first identified in rice (Ma et al., 2006), and is conserved among different plant species. Also in rice, NIP2;2 (Lsi6) was classified as a Si transporter which enables silicic acid to pass from the xylem to leaves (Yamaji et al., 2008). Furthermore, NIP2 aquaporins have been identified only in plants where Si has a beneficial role in plant nutrition.

A peculiarity of NIPs that transport Si is their expression profile, in which they are situated on the distal side of the root endodermis plasma membrane (Ma et al., 2006; Chiba et al., 2009; Mitani et al., 2009; Yamaji and Ma, 2009). This allows cooperation with other Si transporters, such as the active Lsi2 efflux transporters, situated on the proximal side of the membrane. It has been postulated that this cell polar localization of NIPs takes place when these aquaporins have a direct role in Si uptake and translocation (Pommerrenig et al., 2015). Therefore, localization of Si transporters on different sides of the cell membrane may allow optimization of the directional Si flux. Deshmukh et al. (2015) determined that the ability to transport Si was determined by a GSGR amino-acid motif in the selectivity filter of the NIP subfamily, and when this amino-acid group was confined within a specific distance from the NPA domains. This may explain the lack of Si accumulation in some plant species such as tomato (Deshmukh et al., 2015), where an inadequate amino-acid distance between the NPA motifs is observed (Deshmukh et al., 2015). Also, a larger constriction size in the pore of NIP2 proteins, relative to other NIP subgroups, is responsible for Si transport. Furthermore, in graminaceous plants, NIP2:1 orthologs have been described as Si transporters involved in its distribution and reallocation within these plants (Chiba et al., 2009; Mitani et al., 2009). In horsetail (Equisetum arvense), one of the species in the plant kingdom that accumulates high amounts of Si, Si channels of the NIP subfamily were identified. These results point out the complexity of Si uptake and distribution in the whole plant, since the ability to take up Si does not depend solely on the aquaporins, but also on the presence of active transporters (Deshmukh and Bélanger, 2016).

A dual role of aquaporins under salt stress, in the presence of Si, can be described. On the one hand, members of the PIP subfamily may act as regulators of plant water balance, and, on the other hand, the NIP subfamily can participate in Si uptake and cell levels. However, the mechanisms by which Si alleviates salinity stress via aquaporin regulation need a deeper investigation. It has been reported that Si is able to reduce Na+ and Cl- uptake and translocation to the shoot in barley (Liang et al., 2005b), alfalfa (Wang and Han, 2007), wheat (Tuna et al., 2008), soybean (Lee et al., 2010), and rice (Gong et al., 2006; Shi et al., 2013) under salinity. In rice, a typical Si-accumulating species, inhibition of Na+ and Cl- accumulation by Si may not involve a reduction of the transpiration stream, since Gong et al. (2006) found that stomatal conductance and transpiration were increased. Silicon formed a physical barrier in the endodermal and exodermal Casparian bands, reducing the translocation of these ions. But, whether a similar mechanism occurs in other Si accumulators must be elucidated. In tomato, a Si-excluder, the levels of Na+ and Cl- were maintained in the plant in the presence of Si, despite the reduction of the adverse effects produced by salinity (Romero-Aranda et al., 2006). The ameliorative effect of Si on NaCl stress has been related to osmotic stress alleviation, with the involvement of aquaporins as regulators of plant water status, rather than a palliative effect on ion toxicity (Liu et al., 2015). Therefore similar beneficial effects appear to be observed in both Si-accumulating and non-accumulating plants.

In Sorghum bicolor L., Si regulated the expression of the PIP aquaporins, under short-term salt-stress exposure, which restored the root hydraulic conductance, Lp, lost due to salinity. This allowed the plants to maintain their water content and rate of photosynthesis. Silicon alleviated the osmotic effect of salinity without the appearance of symptoms of Na+ toxicity in the plants (Liu et al., 2014; 2015). In addition, it has been observed that salt stress may reduce Lp through the inactivation of aquaporins by H2O2 (Boursiac et al., 2008). Silicon may enhance Lp by decreasing H2O2, which affects not only expression, but also PIP activity (Liu et al., 2015). Since H2O2 promotes the internalization of PIPs from the plasma membrane under salinity (Boursiac et al., 2008), an influence of Si on PIPs trafficking cannot be discounted.

It has been reported that Si may promote the development of suberized structures in the root endodermis and exodermis (Fleck et al., 2015). Apoplastic Na+ transport would be thus reduced, preventing the accumulation of this ion in the plant shoot (Krishnamurthy et al., 2011). This may lead to a reestablishment of the expression of PIPs, in order to maintain the water flux through the symplastic route.

Zhu et al. (2015) observed the effect of Si on two cucumber (Cucumis sativus L.) cultivars under salinity. In their work, Si increased the expression of the root PIP2 subfamily and decreased the osmotic potential by an increase in the root sugar content, which favored water uptake. The authors concluded that osmotic adjustment by the plants, to acquire water under salt stress, was a mechanism initiated after Si addition that developed differentially in the two cucumber genotypes.

Members of the NIP subfamily may influence plant responses to salinity through controlled Si uptake and transport. For two varieties of rice, the expression of the OsLsi1 gene, a NIP2 homolog, increased under salt stress, but was higher in the tolerant cultivar compared to the sensitive cultivar, inducing greater Si uptake in the former (Senadheera et al., 2009). In this case, the authors described Si accumulation via the transpiration stream as a mechanism to reduce NaCl transport to the aerial parts of the plant. However, the response of OsLsi1 expression to the addition of Si alone was the opposite of that which was observed with salinity alone, and so the study of the combination of these two factors in species with high water demand is critical (Senadheera et al., 2009).

Reduction of water uptake and transport induced by salinity stress appears to be alleviated by Si as a function of aquaporin activity. Indeed, NIP aquaporins promotes Si entrance into the cell, which increases the expression of root PIP aquaporin subfamily. This effect enhances root hydraulic conductance enabling an optimal water transport and reduction of Na+ accumulation (Figure 2). On the other hand, this possible mode of action is not found to be directly associated with other secondary effects such as osmotical adjustment (Pei et al., 2010; Ming et al., 2012; Liu et al., 2014) or oxidative-stress amelioration (Shi et al., 2016). Therefore, the direct role of Si on the regulation of aquaporin functionality needs further validation.
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FIGURE 2. Aquaporin regulation by Si under salt stress in the root endodermis. Silicic acid enters the plant roots by water flow via the apoplastic and symplastic pathways: the symplastic pathway involves the action of aquaporins, mainly NIPs (Lsi1) localized on the distal membrane side of the efflux transporter Lsi2. NIPs allow Si accumulation in the transpiration stream, impeding Na+ accumulation. In addition, Si increases the expression of the root PIP aquaporin subfamily and therefore enhances root hydraulic conductance under salinity, optimizing water transport in the cell. This, together with a decreased osmotic potential of the root sap due to Si-dependent osmolyte accumulation, allows for an increase in water uptake under stress. Coordination between PIPs and TIPs is responsible for the water balance during osmotic adjustment.



CONCLUDING REMARKS

The evidence that Si promotes salinity tolerance via enhancement of root hydraulic conductance and water uptake, thereby contributing to increased water use efficiency, underlines the importance of studying Si uptake mechanisms and their regulation. Furthermore, if the beneficial effects of Si, in both monocotyledons and dicotyledons, are linked to the passage of water through membranes, future studies should concentrate on the influence of Si on aquaporin expression, particularly under abiotic stress conditions. Recent findings suggest that water relations involving aquaporins are the key point in the amelioration of the adverse effects of salinity stress. Considering that Si transport is also mediated by aquaporins (NIP2), this suggests that stimulation of the Si uptake system in plants could lead to a new approach to PIP aquaporin up-regulation, which in turn will reduce Na+ conglomeration in membranes and increase water uptake and transport. However, to further elucidate Si accumulation and understand its critical role at the whole plant level, molecular and physiological characterization of Si-transporting aquaporins in different plant species is required. The importance of the NIP2 aquaporins subgroup as Si transporters in plants highlights that aquaporins could be the subject of biotechnological intervention to produce salinity tolerant plants and cultivars biofortified with Si.

AUTHOR CONTRIBUTIONS

JJR, MM-B, JMR, and BB contribute to writing. MC contribute to writing, correction and production of figures.

FUNDING

This work was funded by the Spanish Ministerio de Economía Industria y Competitividad (AGL2016-80247-C2-1-R). We acknowledge support of the publication fee by the CSIC Open Access Publication Support Initiative through its Unit of Information Resources for Research (URICI).

ACKNOWLEDGMENT

The authors thank Dr. D. Walker, for correction of the written English in the manuscript.

REFERENCES

Abbas, T., Balal, R. M., Shahid, M. A., Pervez, M. A., Ayyub, C. M., Aqueel, M. A., et al. (2015). Silicon-induced alleviation of NaCl toxicity in okra (Abelmoschus esculentus) is associated with enhanced photosynthesis, osmoprotectants and antioxidant metabolism. Acta Physiol. Plant. 37, 6–21. doi: 10.1007/s11738-014-1768-5

Agarie, S., Uchida, H., Agata, W., Kubota, F., and Kaufman, P. B. (1998). Effects of silicon on transpiration and leaf conductance in rice plants (Oryza sativa L.). Plant Prod. Sci. 1, 89–95. doi: 10.1371/journal.pone.0113782

Ali, A., Basra, S. M., Hussain, S., and Iqbal, J. (2012). Increased growth and changes in wheat mineral composition through calcium silicate fertilization under normal and saline field conditions. Chil. J. Agric. Res. 72, 98–103. doi: 10.4067/S0718-58392012000100016

Amin, M., Ahmad, R., Ali, A., Hussain, I., Mahmood, R., Aslam, M., et al. (2016). Influence of silicon fertilization on maize performance under limited water supply. Silicon. doi: 10.1007/s12633-015-9372-x

Ashraf, M., Rahmatullah, K., Afzal, M., Ahmed, R., Mujeeb, F., Sarwar, A., and Ali, L. (2010). Alleviation of detrimental effects of NaCl by silicon nutrition in salt-sensitive and salt-tolerance genotypes of sugarcane (Saccharum officinarum L.). Plant Soil 326, 381–391. doi: 10.1007/s11104-009-0019-9

Bertl, A., and Kaldenhoff, R. (2007). Function of a separate NH3-pore in Aquaporin TIP2;2 from wheat. FEBS Lett. 581, 5413–5417. doi: 10.1016/j.febslet.2007.10.034

Bibordy, A. (2014). Interactive effects of silicon and potassium nitrate in improving salt tolerance of wheat. Int. J. Agric. 13, 1889–1899. doi: 10.1016/S2095-3119(13)60639-5

Bibordy, A. (2016). Influence of zeolite, selenium and silicon upon some agronomic and physiologic characteristics of canola grown under salinity. Commun. Soil Sci. Plant Anal. 47, 832–850. doi: 10.1080/00103624.2016.1146898

Bienert, G. P., Bienert, M. D., Jahn, T. P., Boutry, M., and Chaumont, F. (2011). Solanaceae XIPs are plasma membrane aquaporins that facilitate the transport of many uncharged substrates. Plant J. 66, 306–317. doi: 10.1111/j.1365-313X.2011.04496.x

Bienert, G. P., and Chaumont, F. (2011). “Plant aquaporins: roles in water homeostasis, nutrition, and signaling processes,” in Transporters and Pumps in Plant Signaling, Signaling and Communication in Plants 7, eds M. Geisler and K. Venema (Berlin: Spinger-Verlag), 3–36.

Bienert, G. P., Moller, A. L. B., Kristiansen, K. A., Schulz, A., Moller, I. M., Schjoerring, J. K., et al. (2007). Specific aquaporins facilitate the diffusion of hydrogen peroxide across membranes. J. Biol. Chem. 282, 1183–1192. doi: 10.1074/jbc.M603761200

Blumwald, E. (2000). Sodium transport and salt tolerance in plants. Curr. Opin. Cell Biol. 12, 431–434. doi: 10.1016/S0955-0674(00)00112-5

Boursiac, Y., Boudet, J., Postaire, O., Luu, D. T., Tournaire-Roux, C., and Maurel, C. (2008). Stimulus-induced downregulation of root water transport involves reactive oxygen species-activated cell signalling and plasma membrane intrinsic protein internalization. Plant Cell 56, 207–218. doi: 10.1111/j.1365-313X.2008.03594.x

Cabañero, F. J., Martinez-Ballesta, M. C., Teruel, J. A., and Carvajal, M. (2006). New evidences about the relationship between aquaporin and calcium in salinity-stressed pepper plants. Plant Cell Physiol. 47, 224–233. doi: 10.1093/pcp/pci239

Carey, J. C., and Fulweiler, R. W. (2014). Silica uptake by Spartina—evidence of multiple modes of accumulation from salt marshes around the world. Front. Plant Sci. 5:186. doi: 10.3389/fpls.2014.00186

Carvajal, M., Cooke, D. T., and Clarkson, D. T. (1996). Response of wheat plants to nutrient deprivation may involve the regulation of water uptake. Planta 199, 372–381. doi: 10.1007/BF00195729

Chiba, Y., Mitani, N., Yamaji, N., and Ma, J. F. (2009). HvLsi1 is a silicon influx transporter in barley. Plant J. 57, 810–818. doi: 10.1111/j.1365-313X.2008.03728.x

Choi, W. G., and Roberts, D. M. (2007). Arabidopsis NIP2;1, a major intrinsic protein transporter of lactic acid induced by anoxic stress. J. Biol. Chem. 282, 24209–24218. doi: 10.1074/jbc.M700982200

Chrispeels, M. J., and Maurel, C. (1994). Aquaporins: the molecular basis of facilitated water movement through living plant cells? Plant Physiol. 105, 9–13. doi: 10.1104/pp.105.1.9

Clarkson, D. T., Carvajal, M., Henzler, T., Waterhouse, R., Smyth, A., Cooke, D. T., et al. (2000). Root hydraulic conductance: diurnal expression and the effects of nutrient stress. J. Exp. Bot. 51, 61–70. doi: 10.1093/jxb/51.342.61

Cooke, J., and Leishman, M. R. (2011). Its plant ecology more siliceous than we realise? Trends Plant Sci. 16, 61–68. doi: 10.1016/j.tplants.2010.10.003

Cruz, T. R., Jordan, W. R., and Drew, M. C. (1992). Structural changes and associated reduction of hydraulic conductance in roots of Sorghum bicolor L. following exposure. Plant Physiol. 99, 203–212. doi: 10.1104/pp.99.1.203

Danielson, J. A., and Johanson, U. (2008). Unexpected complexity of the aquaporin gene family in the moss Physcomitrella patens. BMC Plant Biol. 8:45. doi: 10.1186/1471-2229-8-45

Dean, R. M., Rivers, R. L., Zeidel, M. L., and Roberts, D. M. (1999). Purification and functional reconstitution of soybean nodulin 26. An aquaporin with water and glycerol transport properties. Biochemistry 38, 347–353. doi: 10.1021/bi982110c

Deshmukh, R. K., and Bélanger, R. R. (2016). Molecular evolution of aquaporins and silicon influx in plants. Funct. Ecol. 30, 1277–1285. doi: 10.1111/1365-2435.12570

Deshmukh, R. K., Vivancos, J., Guérin, V., Sonah, H., Labbé, C., Belzile, F., et al. (2013). Identification and functional characterization of silicon transporters in soybean using comparative genomics of major intrinsic proteins in Arabidopsis and rice. Plant Mol. Biol. 83, 303–315. doi: 10.1007/s11103-013-0087-3

Deshmukh, R. K., Vivancos, J., Ramakrishnan, G., Guérin, V., Carpentier, G., Sonah, H., et al. (2015). A precise spacing between the NPA domains of aquaporins is essential for silicon permeability in plants. Plant J. 83, 489–500. doi: 10.1111/tpj.12904

Epstein, E. (1994). The anomaly of silicon in plant biology. Proc. Natl. Acad. Sci. U.S.A. 91, 11–17. doi: 10.1073/pnas.91.1.11

Epstein, E. (1999). Silicon. Ann. Rev. Plant Physiol. Plant Mol. Biol. 50, 641–644. doi: 10.1146/annurev.arplant.50.1.641

Epstein, E. (2001). “Silicon in plants: facts vs concepts,” in Silicon in Agriculture, eds L. D. Datnoff, G. H. Snyder, and G. H. Korndörfer (Amsterdam: Elsevier Science B.V), 85–113.

Epstein, E. (2009). Silicon: its manifold roles in plants. Ann. Appl. Biol. 155, 155–160. doi: 10.1111/j.1744-7348.2009.00343.x

Epstein, E., and Bloom, A. J. (2005). Mineral Nutrition of Plants: Principles and Persperctives, 2nd Edn. Sunderland: Sinauer Associates Inc.

 FAO (2008). FAO Land and Plant Nutrition Management Service. Available at: http://www.fao.org/ag/agl/agll/spush

Farshidi, M., Abdolzadeh, A., and Sadeghipour, H. R. (2012). Silicon nutrition alleviates physiological disorders imposed by salinity in hydroponically grown canola (Brassica napus L.) plants. Acta Physiol. Plant. 34, 1779–1788. doi: 10.1007/s11738-012-0975-1

Fleck, A. T., Schulze, S., Hinrichs, M., Specht, A., Wassmann, F., Schreiber, L., et al. (2015). Silicon promotes exodermal Casparian band formation in Si- accumulating and Si-excluding species by forming phenol complexes. PLoS ONE 10:e0138555. doi: 10.1371/journal.pone.0138555

Gao, X., Zou, C., Wang, L., and Zhang, F. (2004). Silicon improves water use efficiency in maize plants. J. Plant Nutr. 27, 1457–1470. doi: 10.1081/PLN-200025865

Gao, X., Zou, C., Wang, L., and Zhang, F. (2006). Silicon decreases transpiration rate and conductance from stomata of maize plants. J. Plant Nutr. 29, 1637–1647. doi: 10.1155/2015/245072

Garg, N., and Bhandari, P. (2016). Interactive effects of silicon and arbuscular mycorrhiza in modulating ascorbate-glutathione cycle and antioxidant scavenging capacity in differentially salt-tolerant Cicer arietinum L. genotypes subjected to long-term salinity. Protoplasma 253, 1325–1345. doi: 10.1007/s00709-015-0892-4

Gerbeau, P., Guclu, J., Ripoche, P., and Maurel, C. (1999). Aquaporin Nt-TIPa can account for the high permeability of tobacco cell vacuolar membrane to small neutral solutes. Plant J. 18, 577–587. doi: 10.1046/j.1365-313x.1999.00481.x

Gong, H. J., Randall, D. P., and Flowers, T. J. (2006). Silicon deposition in roots reduces sodium uptake in rice (Oryza sativa L.) seedling by reducing bypass flow. Plant Cell Environ. 29, 1970–1979. doi: 10.1111/j.1365-3040.2006.01572.x

Guerriero, G., Hausman, J. F., and Legay, S. (2016). Silicon and the plant extracellular matrix. Front. Plant Sci. 7:463. doi: 10.3389/fpls.2016.00463

Hattori, A., Inanaga, S., Araki, H., An, P., Mortia, S., Luxova, M., et al. (2005). Application of silicon enhanced drought tolerance in Sorghum bicolor. J. Plant Physiol. 123, 459–466. doi: 10.1111/j.1399-3054.2005.00481.x

Hattori, T., Sonobe, K., Inanaga, S., An, P., and Morita, S. (2008). Effects of silicon on photosynthesis of young cucumber seedlings under osmotic stress. J. Plant Nutr. 3, 1046–1058. doi: 10.1080/01904160801928380

Hellal, F. A., Abdelhamid, M. T., Abo-Basha, D. M., and Zewainy, R. M. (2012). Alleviation of the adverse effects of soil salinity stress by foliar application of silicon on faba bean (Vicia faba L.). J. Appl. Sci. Res. 8, 4428–4433.

Henriet, C., Draye, X., Oppitz, I., Swennen, R., and Delvaux, B. (2006). Effects, distribution and uptake of silicon in banana (Musa spp.) under controlled conditions. Plant Soil 287, 359–379. doi: 10.1007/s11104-006-9085-4

Hove, R. M., and Bhave, M. (2011). Plant aquaporins with non-aqua functions: deciphering the signature sequences. Plant Mol. Biol. 75, 413–430. doi: 10.1007/s11103-011-9737-5

Khoshgoftarmanesh, A. M., Khodarahmi, S., and Haghighi, M. (2014). Effect of silicon nutrition on lipid peroxidation and antioxidant response of cucumber plants exposed to salinity stress. Arch. Agron. Soil Sci. 60, 639–653. doi: 10.1080/03650340.2013.822487

Krishnamurthy, P., Ranathunge, K., Nayak, S., Schreiber, L., and Mathew, M. K. (2011). Root apoplastic barriers block NaCl transport to shoots in rice (Oryza sativa L.). J. Exp. Bot. 62, 4215–4228. doi: 10.1093/jxb/err135

Kronzucker, H. J., Coskun, D., Schulce, L. M., Wong, J. R., and Britto, D. (2013). Sodium a nutrient and toxicant. Plant Soil 369, 1–23. doi: 10.1007/s11104-013-1801-2

Kruse, E., Uehlein, N., and Kaldenhoff, R. (2006). The aquaporins. Genome Biol. 7, 206. doi: 10.1186/gb-2006-7-2-206

Lee, S. K., Sohn, E. Y., Hamayun, M., Yoon, J. Y., and Lee, I. J. (2010). Effect of silicon on growth and salinity stress of soybean plant grown under hydroponic system. Agrofor. Syst. 80, 333–340. doi: 10.1007/s10457-010-9299-6

Li, H., Zhu, Y., Hu, Y., Han, W., and Gong, H. (2015). Beneficial effects of silicon in alleviating salinity stress of tomato seedlings grown under sand culture. Acta Physiol. Plant. 37, 71–80. doi: 10.1007/s11738-015-1818-7

Li, Y. T., Zang, W. J., Cui, J. J., Lang, D. Y., Li, M., Zhao, Q. P., et al. (2016). Silicon nutrition alleviates the lipid peroxidation and ion imbalance of Glycyrrhiza uralensis seedlings under salt stress. Acta Physiol. Plant. 38, 96–105. doi: 10.1007/s11738-016-2108-8

Liang, Y., Nikolic, M., Bélanger, R., Gong, H., and Song, A. (2015). Silicon in Agriculture. Dordrecht: Springer. doi: 10.1007/978-94-017-9978-2

Liang, Y., Si, J., and Römheld, V. (2005a). Silicon uptake and transport is an active process in Cucumis sativus. New Phytol. 167, 797–804.

Liang, Y., Zhang, W. H., Chen, Q., and Ding, R. X. (2005b). Effects of silicon on H+-ATPase and H+-PPase activity, fatty acid composition and fluidity of tonoplast vesicles from roots of salt-stressed barley (Hordeum vulgare L.). Environ. Exp. Bot. 53, 29–37. doi: 10.1016/j.envexpbot.2004.02.010

Liu, L. H., Ludewig, U., Gassert, B., Frommer, W. B., and von Wiren, N. (2003). Urea transport by nitrogen-regulated tonoplast intrinsic proteins in Arabidopsis. Plant Physiol. 133, 1220–1228. doi: 10.1104/pp.103.027409

Liu, P., Yin, L., Wang, S., Zhang, M., Deng, X., Zhang, S., et al. (2015). Enhanced root hydraulic conductance by aquaporin regulation accounts for silicon alleviated salt-induced osmotic stress in Sorghum bicolor L. Environ. Exp. Bot. 111, 42–51. doi: 10.1016/j.envexpbot.2014.10.006

Liu, P., Yin, L. N., Deng, X. P., Wang, S. W., Tanaka, K., and Zhang, S. Q. (2014). Aquaporin-mediated increase in root hydraulic conductance is involved in silicon-induced improved root water uptake under osmotic stress in Sorghum bicolor L. J. Exp. Bot. 65, 4747–4756. doi: 10.1093/jxb/eru220

Ma, J. F., and Takahashi, E. (2002). Soil, Fertilizer and Plant Silicon Research in Japan. Amsterdam: Elsevier.

Ma, J. F., Tamai, K., Yamaji, N., Mitani, N., Konishi, S., Katsuhara, M., et al. (2006). A silicon transporter in rice. Nature 440, 688–691. doi: 10.1038/nature04590

Ma, J. F., and Yamaji, N. (2006). Silicon uptake and accumulation in higher plants. Trends Plant Sci. 11, 392–397. doi: 10.1016/j.tplants.2006.06.007

Ma, J. F., and Yamaji, N. (2008). Functions and transport of silicon in plants. Cell. Mol. Life Sci. 65, 3049–3057. doi: 10.1007/s00018-008-7580-x

Ma, J. F., and Yamaji, N. (2015). A cooperative system of silicon transport in plants. Trend Plant Sci. 20, 435–441. doi: 10.1016/j.tplants.2015.04.007

Ma, J. F., Yamaji, N., Mitani, N., Tamai, K., Konishi, S., Fujiwara, T., et al. (2007). An efflux transporter of silicon in rice. Nature 448, 209–212. doi: 10.1038/nature05964

Maathuis, F. J. M., Filatov, V., Herzyk, P., Krijger, G. C., Axelsen, K. B., Chen, S., et al. (2003). Transcriptome analysis of root transporters reveals participation of multiple gene families in the response to cation stress. Plant J. 35, 675–692. doi: 10.1046/j.1365-313X.2003.01839.x

Mahdieh, M., Habibollahi, N., Amirjani, M. R., Abnosi, M. H., and Ghorbanpour, M. (2015). Exogenous silicon nutrition ameliorates salt-induced stress by improving growth and efficiency of PSII in Oryza saliva L. cultivars. J. Soil Sci. Plant Nutr. 15, 1050–1060.

Manivannan, A., Soundararjan, P., Arum, L. S., Ko, C. H., Munner, S., and Jeong, R. (2015). Silicon-mediated enhancement of physiological and biochemical characteristics of Zinnia elegans ‘Dreamland Yellow’ grown under salinity stress. Hortic. Environ. Biotechnol. 56, 721–731. doi: 10.1007/s13580-015-1081-2

Martínez-Ballesta, M. C., and Carvajal, M. (2016). Mutual interactions between aquaporins and membrane components. Front. Plant Sci. 7:1322. doi: 10.3389/fpls.2016.01322

Martínez-Ballesta, M. C., Martínez, V., and Carvajal, M. (2003). Aquaporin functionality in relation to H+-ATPase activity in root cells of Capsicum annuum, L. grown under salinity. Physiol. Plant. 117, 413–420. doi: 10.1034/j.1399-3054.2003.00044.x

Mateos-Naranjo, E., Andrades-Moreno, L., and Davy, A. J. (2013). Silicon alleviates deleterious effects of high salinity on the halophytic grass Spartina densiflora. Plant Physiol. Biochem. 63, 115–121. doi: 10.1016/j.plaphy.2012.11.015

Matoh, T., Murata, S., and Takahashi, E. (1991). Effect of silicate application on photosynthesis of rice plants. Jpn. J. Soil Sci. Plant Nutr. 62, 248–251.

Maurel, C., Boursiac, Y., Luu, D. T., Santoni, V., Shahzad, Z., and Verdoucq, L. (2015). Aquaporin in plants. Physiol. Rev. 95, 1321–1358. doi: 10.1152/physrev.00008.2015

Maurel, C., Santoni, V., Luu, D. T., Wudick, M. M., and Verdoucq, L. (2009). The cellular dynamics of plant aquaporin expression and functions. Curr. Opin. Plant Biol. 12, 690–698. doi: 10.1016/j.pbi.2009.09.002

Ming, D. F., Pei, Z. F., Naeem, M. S., Gong, H. J., and Zhou, W. J. (2012). Silicon alleviates PEG-induced water-deficit stress in upland rice seedlings by enhancing osmotic adjustment. J. Agron. Crop Sci. 198, 14–26. doi: 10.1111/j.1439-037X.2011.00486.x

Mitani, N., Yamaji, N., Ago, Y., Iwasaki, K., and Ma, J. F. (2011). Isolation and functional characterization of an influx silicon transporter in two pumpkin cultivars contrasting in silicon accumulation. Plant J. 66, 231–240. doi: 10.1111/j.1365-313X.2011.04483.x

Mitani, N., Yamaji, N., and Ma, J. F. (2009). Identification of maize silicon influx transporters. Plant Cell Physiol. 50, 5–12. doi: 10.1093/pcp/pcn110

Mitani-Ueno, N., Yamaji, N., Zhao, F. L., and Ma, J. F. (2011). The aromatic/arginine selectivity filter of NIP aquaporins plays a critical role in substrate selectivity for silicon, boron, and arsenic. J. Exp. Bot. 62, 4391–4398. doi: 10.1093/jxb/err158

Montpetit, J., Vivancos, J., Mitani-Ueno, N., Yamaji, N., Remús-Borel, W., Belzile, F., et al. (2012). Cloning, functional characterization and heterologous expression of TaLsi1, a wheat silicon transporter gene. Plant Mol. Biol. 79, 35–46. doi: 10.1007/s11103-012-9892-3

Muneer, S., Park, Y. G., Manivannan, A., Soundararajan, P., and Jeon, B. R. (2014). Physiological and proteomic analysis in chloroplast of Solanum lycopersicum L. under silicon efficiency and salinity stress. Int. J. Mol. Sci. 15, 21803–21824. doi: 10.3390/ijms151221803

Munns, R., and Tester, M. (2008). Mechanism of salinity tolerance. Annu. Rev. Plant Biol. 59, 651–681. doi: 10.1146/annurev.arplant.59.032607.092911

Pei, Z. F., Ming, D. F., Liu, D., Wan, G. L., Geng, X. X., Gong, H. J., et al. (2010). Silicon improves the tolerance to water-deficit stress induced by polyethylene glycol in wheat seedlings. Plant Growth Regul. 29, 106–115. doi: 10.1007/s00344-009-9120-9

Piperno, D. R. (2006). Phytoliths: A Comprehensive Guide for Archaeologists and Paleoecologists. Oxford: Alta Mira Press.

Pommerrenig, B., Diehn, T. A., and Bienert, G. P. (2015). Metalloido-porins: essentiality of Nodulin26-like intrinsic proteins in metalloid transport. Plant Sci. 238, 212–227. doi: 10.1016/j.plantsci.2015.06.002

Rafi, M. M., and Epstein, E. (1997). Silicon deprivation causes physical abnormalities in wheat (Triticum aestivatum L.). J. Plant Physiol. 151, 497–501. doi: 10.1016/S0176-1617(97)80017-X

Rains, D. W., Epstein, E., Zasoski, R. J., and Aslam, M. (2006). Active silicon uptake by wheat. Plant Soil 280, 223–228. doi: 10.1007/s11104-005-3082-x

Rengasamy, P. (2010). Soil processes affecting crop production in salt affected soils. Funct. Plant Biol. 37, 613–620. doi: 10.1071/FP09249

Richmond, K. E., and Sussman, M. (2003). Got silicon? The non-essential beneficial plant nutrient. Curr. Opin. Plant Biol. 6, 268–272. doi: 10.1016/S1369-5266(03)00041-4

Rogalla, H., and Römheld, V. (2002). Role of leaf apoplast in silicon-mediated manganese tolerance of Cucumis sativus L. Plant Cell Environ. 25, 549–555. doi: 10.1046/j.1365-3040.2002.00835.x

Romero-Aranda, M. R., Jurado, O., and Cuartero, J. (2006). Silicon alleviates the deleterious salt effect on tomato plant growth by improving plant water status. J. Plant Physiol. 163, 847–855. doi: 10.1016/j.jplph.2005.05.010

Sangster, A. G., Hodson, M. J., and Tubb, H. J. (2001). “Silicon deposition in higher plants,” in Silicon in Agriculture, eds L. D. Datnoff, G. H. Snyder, and G. H. Korndörfer (Amsterdam: Elsevier Science B.V), 85–113.

Savvas, D., and Ntatsi, G. G. (2015). Biostimulant activity of silicon in horticulture. Sci. Hortic. 196, 66–81. doi: 10.1016/j.scienta.2015.09.010

Schoelynck, J., Bal, K., Puijalon, S., Meire, P., and Struyf, E. (2012). Hydrodynamically mediated macrophyte silica dynamics. Plant Biol. 14, 997–1005. doi: 10.1111/j.1438-8677.2012.00583.x

Senadheera, P., Singh, R. K., and Maathuis, F. J. M. (2009). Differentially expressed membrane transporters in rice roots may contribute to cultivar dependent salt tolerance. J. Exp. Bot. 60, 2553–2563. doi: 10.1093/jxb/erp099

Shaw, B., Thomas, T. H., and Cooke, D. T. (2002). Responses of sugar beet (Beta vulgaris L.) to drought and nutrient deficiency stress. Plant Growth Regul. 37, 77–83. doi: 10.1023/A:1020381513976

Shi, Y., Wang, Y. C., Flowers, T. J., and Gong, H. J. (2013). Silicon decreases chloride transport in rice (Oryza sativa L.) in saline conditions. J. Plant Physiol. 170, 847–853. doi: 10.1016/j.jplph.2013.01.018

Shi, Y., Zhang, Y., Han, W., Feng, R., Hu, Y., Guo, J., et al. (2016). Silicon enhances water stress tolerance by improving root hydraulic conductance in Solanum lycopersicum L. Front. Plant Sci. 7:196. doi: 10.3389/fpls.2016.00196

Siddiqui, M. H., Al-Whaibi, M. H., Faisal, M., and Al-Sahli, A. A. (2014). Nano-silicon dioxide mitigates the adverse effects of salt stress on Cucurbita pepo L. Environ. Toxicol. Chem. 33, 2429–2437. doi: 10.1002/etc.2697

Sommer, M., Kaczorek, D., Kuzyakov, Y., and Breuer, J. (2006). Silicon pools and fluxes in soils and landscapes-a review. J. Plant Nutr. Soil Sci. 169, 310–329. doi: 10.1002/jpln.200521981

Sonobe, K., Hattori, T., An, P., Tsuji, W., Eneji, E., Tanaka, K., et al. (2009). Diurnal variations in photosynthesis, stomatal conductance and leaf water relation in Sorghum grown with or without silicon under water stress. J. Plant Nutr. 32, 433–442. doi: 10.1080/01904160802660743

Soylemezoglu, G., Demir, K., Inal, A., and Gunes, A. (2009). Effect of silicon on antioxidant and stomatal response of two grapevine (Vitis vinifera L.) rootstocks grown in boron toxic, saline and boron toxic-saline soil. Sci. Hortic. 123, 240–246. doi: 10.1016/j.scienta.2009.09.005

Sun, H., Guo, J., Duan, Y., Zhang, T., Huo, H., and Gong, H. (2017). Isolation and functional characterization of CsLsi1, a silicon transporters gene in Cucumis sativus. Physiol. Plant. 159, 201–214. doi: 10.1111/ppl.12515

Takahashi, E., Ma, J. F., and Miyake, Y. (1990). The possibility of silicon as an essential element for higher plants. Comments Agric. Food Chem. 2, 99–122.

Takano, J., Wada, M., Ludewig, U., Schaaf, G., von Wiren, N., and Fujiwara, T. (2006). The Arabidopsis major intrinsic protein NIP5;1 is essential for efficient boron uptake and plant development under boron limitation. Plant Cell 18, 1498–1509. doi: 10.1105/tpc.106.041640

Tuna, A. L., Kaya, C., Higgs, D., Murillo-Amador, B., Aydemir, S., and Girgin, A. R. (2008). Silicon improves salinity tolerance in wheat plants. Environ. Exp. Bot. 62, 10–16. doi: 10.1016/j.envexpbot.2007.06.006

Uehlein, N., Lovisolo, C., Siefritz, F., and Kaldenhoff, R. (2003). The tobacco aquaporin NtAQP1 is a membrane CO2 pore with physiological functions. Nature 425, 734–737. doi: 10.1038/nature02027

Van Bockhaven, J., De Vleesschauwer, D., and Hofte, M. (2013). Towards stablishing broad-spectrum disease resistance in plants: silicon leads the way. J. Exp. Bot. 64, 1281–1293. doi: 10.1093/jxb/ers329

Vivancos, J., Deshmukh, R., Grégoire, C., Rémus-Borel, W., Belzile, F., and Bélanger, R. R. (2016). Identification and characterization of silicon efflux transporters in horsetail (Equisetum arvense). J. Plant Physiol. 200, 82–89. doi: 10.1016/j.jplph.2016.06.011

Wallace, I. S., and Roberts, D. M. (2005). Distinct transport selectivity of two structural subclasses of the nodulin-like intrinsic protein family of plant aquaglyceroporin channels. Biochemistry 44, 16826–16834. doi: 10.1021/bi0511888

Wang, H. S, Yu, C., Fan, P. P., Bao, B. F., Li, T., and Zhu, Z. J. (2015). Identification of two cucumber putative silicon transporter genes in Cucumis sativus. J. Plant Growth Regul. 34, 332–338. doi: 10.1007/s00344-014-9466-5

Wang, S., Liu, P., Chen, D., Yin, L., Li, H., and Deng, X. (2015). Silicon enhanced salt tolerance by improving the root water uptake and decreasing ion toxicity in cucumber. Front. Plant Sci. 6:759. doi: 10.3389/fpls.2015.00759

Wang, X. S., and Han, J. G. (2007). Effects of NaCl and silicon on ion distribution in the roots, shoots and leaves of two alfalfa cultivars with different salt tolerance. Soil Sci. Plant Nutr. 53, 278–285. doi: 10.1111/j.1747-0765.2007.00135.x

Wu, B., and Beitz, E. (2007). Aquaporins with selectivity for unconventional permeants. Cell. Mol. Life Sci. 64, 2413–2421. doi: 10.1007/s00018-007-7163-2

Xu, C. X., Ma, Y. P., and Liu, Y. L. (2015). Effects of silicon (Si) on growth, quality and ionic homeostasis of aloe under salt stress. S. Afr. J. Bot. 98, 26–36. doi: 10.1016/j.sajb.2015.01.008

Yamaji, N., Chiba, Y., Mitani-Ueno, N., and Ma, J. F. (2012). Functional characterization of a silicon transporter gene implicated in silicon distribution in barley. Plant Physiol. 160, 1491–1497. doi: 10.1104/pp.112.204578

Yamaji, N., and Ma, J. F. (2009). A transporter at the node responsible for intravascular transfer of silicon in rice. Plant Cell 21, 2878–2883. doi: 10.1105/tpc.109.069831

Yamaji, N., Mitatni, N., and Ma, J. F. (2008). A transporter regulating silicon distribution in rice shoots. Plant Cell 20, 1381–1389. doi: 10.1105/tpc.108.059311

Yeo, A. R., Flowers, S. A., Rao, G., Welfare, K., Senanayake, N., and Flowers, T. J. (1999). Silicon reduces sodium uptake in rice (Oryza sativa L.) in saline conditions and this is accounted for by a reduction in the transpirational bypass flow. Plant Cell Environ. 22, 559–565. doi: 10.1046/j.1365-3040.1999.00418.x

Yin, L., Wang, S., Tanaka, K., Fujihara, S., Itai, A., Den, X., et al. (2016). Silicon mediated changes in polyamines participate in silicon-induced salt tolerance in Sorghum bicolor L. Plant Cell Environ. 39, 245–258. doi: 10.1111/pce.12521

Zhu, Y., and Gong, H. (2014). Beneficial effects of silicon on salt and drought tolerance in plants. Agron. Sustain. Dev. 34, 455–472. doi: 10.1007/s13593-013-0194-1

Zhu, Y. X., Xu, X. B., Hu, Y. H., Han, W. H., Yin, J. L., Li, H. L., et al. (2015). Silicon improves salt tolerance by increasing root water uptake in Cucumis sativus L. Plant Cell Rep. 34, 1629–1646. doi: 10.1007/s00299-015-1814-9

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Rios, Martínez-Ballesta, Ruiz, Blasco and Carvajal. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers

in Plant Science

Silicon-mediated Improvement in
Plant Salinity Tolerance: The Role
of Aquaporins





OPS/images/fpls-08-00948-g001.jpg
Silicilic
acid

Abiotic stress:
Salinity

Silicilic
acid

AQUAPORINS
AQUAPORINS

Increase Ly

Increase Gs





OPS/images/fpls-08-00948-g002.jpg
CORTEX

ENDODERMIS
A

Cvtosol Anion transport
4 Lsi2

Plasma
embrane

TIPs p’ Cell wall

Agquaporins
NIPs (Lsi1) |

\
\
o |
\
\
\

[
|
|
|
Aquaporins
AN
|
|
|
|
|
|
|

Silicic acid —

XYLEM

Na® - ¢ ° o
Aquaporins . Tonoplast
PIPs

o Prevacuolar
H,0 %o I compartments

|
|

I : gi apparatus
I Casparian

I Strip

I





OPS/images/cross.jpg
3,

i





OPS/images/logo.jpg
’ frontiers
in Plant Science





OPS/images/fpls-08-00948-t001.jpg
Inorganic  Relation Plant species Reference
ions

Na Antagonism Saccharum officinarum  Ashraf et al., 2010

Aloe vera Xu et al., 2015

Cicer arietinum Garg and Bhandari, 2016
K Synergism  Saccharum officinarum  Ashraf et al., 2010

Aloe vera Xu et al., 2015

Cicer arietinum Garg and Bhandari, 2016
N Synergism  Vicia faba ellal et al., 2012
P Synergism  Vicia faba ellal et al., 2012

Aloe vera Xu et al., 2015

Solanum lycopersicum  Li et al., 2015
Ca Synergism  Vicia faba ellal et al., 2012

Aloe vera Xu et al., 2015

Solanum lycopersicum  Liet al., 2015

Cucumis sativus Khoshgoftarmanesh et al.,

2014

Mg Synergism  Vicia faba ellal et al., 2012

Ale vera Xu et al., 2015
S Antagonism  Zinnia elegans anivannan et al., 2015
Zn Synergism  Zinnia elegans anivannan et al., 2015
Mn Synergism  Zinnia elegans anivannan et al., 2015
Fe Synergism  Zinnia elegans anivannan et al., 2015

Brassica napus Farshidi et al., 2012
B Synergism  Zinnia elegans anivannan et al., 2015
Cu No relation  Zinnia elegans anivannan et al., 2015






