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Drought stress is a major global issue limiting agricultural productivity. Plants respond to drought stress through a series of physiological, cellular, and molecular changes for survival. The regulation of water transport and photosynthesis play crucial roles in improving plants’ drought tolerance. Nitrogen (N, ammonium and nitrate) is an essential macronutrient for plants, and it can affect many aspects of plant growth and metabolic pathways, including water relations and photosynthesis. This review focuses on how drought stress affects water transport and photosynthesis, including the regulation of hydraulic conductance, aquaporin expression, and photosynthesis. It also discusses the cross talk between N, water transport, and drought stress in higher plants.
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INTRODUCTION

Crop production is facing threats from both biotic and abiotic stresses. Drought stress is considered to be one of the most devastating abiotic stresses, and it decreases crop yield, particularly in arid and semiarid areas (Chaves et al., 2003; Parry et al., 2007; Lambers et al., 2008). The decrease in yield varies from 13 to 94% in the investigated crops that were under drought stress (Farooq et al., 2009). Rice is traditionally cultivated in waterlogged conditions, and in China, 80% of the freshwater used in agriculture is for rice production, indicating that rice production would suffer more drought stress due to water shortages (Guo et al., 2007a). It is expected that drought stress would be more severe because of global warming (Chang, 2007).

In higher plants, drought stress induces an array of physiological and biochemical adaptations of metabolism for survival by increasing the drought resistance through three strategies, namely, “drought escape,” “drought avoidance,” and “drought tolerance” (Morgan, 1984; Xu et al., 2010; Vilagrosa et al., 2012). Strategies of drought escape include reducing life span and inducing vegetative dormancy to escape severe drought stress (Geber and Dawson, 1990; Vilagrosa et al., 2012). Strategies of drought avoidance include increasing water uptake ability and water use efficiency, for example, stomatal closure, extensive root systems, high capacity for water transport from roots to leaves, and high leaf mass to leaf area ratio (Schulze, 1986; Jackson et al., 2000). Strategies of drought tolerance mainly include improving osmotic adjustment ability, increasing cell wall elasticity to maintain tissue turgidity, increasing antioxidant metabolism, increasing compatible solutes, and enhancing the resistance to xylem cavitation (Morgan, 1984).

In this review, we present an overview on how drought stress affects water uptake, transport, and photosynthesis in higher plants. In particular, we summarize that nitrogen (N) supply may regulate drought tolerance in higher plants with different N forms and/or N levels. Nitrogen is an essential macronutrient for plants, and it can affect many aspects of plant growth and metabolic pathways (Guo et al., 2007b; Xu et al., 2012; Wang et al., 2014). Ammonium and nitrate are two major N sources in higher plants. It is well-documented that these N forms regulate drought tolerance through root water uptake and photosynthesis in rice (Li et al., 2009a, 2012; Yang et al., 2012; Ding et al., 2016b), French beans (Guo et al., 2002, 2007b), and maize (Mihailović et al., 1992).

DROUGHT STRESS AFFECTS WATER UPTAKE AND TRANSPORT

In soil-plant-atmosphere continuum system, water travels from soil to the atmosphere. Two water flow pathways are included in this process: axial movement (water flow from root xylem to leaf vessels) and radial movement (water flow from soil to root xylem and from leaf xylem vessels to mesophyll cells) (Sade and Moshelion, 2017). The whole plant hydraulic conductance is determined by radial conductance, that is, root hydraulic conductivity (Lpr) and leaf hydraulic conductance (Kleaf), since water must pass through apoplastic barriers, which resist the water flow (Steudle and Peterson, 1998; Sack and Holbrook, 2006). During drought stress, both Lpr and Kleaf are affected in higher plants (Aroca and Ruiz-Lozano, 2012; Sade and Moshelion, 2017).

Drought Stress Affects Lpr and Kleaf

Root hydraulic conductivity tends to decrease during drought stress (North et al., 2004; Aroca et al., 2012; Grondin et al., 2016; Meng and Fricke, 2017). The decrease in Lpr (1) causes a decrease in transpiration and an increase in water use efficiency (Iuchi et al., 2001) and (2) evades water leakage from root back into soil while soil water content decreases progressively (Jackson et al., 2000). Nonetheless, an increase in Lpr was observed after short-term water stress treatment with polyethylene glycol (PEG) 6000 in rice (Ding et al., 2016b) and maize (Hose et al., 2000). In other studies, decrease in Lpr was detected after short-term water stress treatment (with PEG) in cucumber (Qian et al., 2015) and tobacco (Mahdieh et al., 2008). The response of Lpr to drought stress varies among species, indicating that there are different strategies for water uptake regulation. It can be seen that water distribution is non-uniform when the soil becomes dry. McLean et al. (2011) demonstrated that one half of the roots increased the capacity of water uptake in a wet zone, whereas the other half of the roots decreased water uptake in a dry zone.

Vandeleur et al. (2009) showed that, in grapevine under drought stress, Lpr decreased while cell hydraulic conductivity (Lpc) increased. Similar result was obtained by Hachez et al. (2012) in maize, and it was demonstrated that Lpc increased after 2 h of PEG treatment, without any further change in Lpr. Such an increase of Lpc might be helpful for osmotic adjustment. It was postulated that Lpr was controlled by the conductivity of exo- and endodermis cells, while not cortical cells (Lpc) under water stress, since large resistance was expected for water flow passing exo- and endodermis due to the deposition of lignin and suberine in these cells (Hachez et al., 2012).

In leaves, drought stress induced the decrease of both leaf water potential (Ψleaf) and Kleaf in many plants, including woody species (Johnson et al., 2009; Scoffoni et al., 2011a), grapevine (Pou et al., 2013), Arabidopsis (Shatil-Cohen et al., 2011), and sunflower (Nardini and Salleo, 2005). Water movement inside leaves includes two pathways (1) water movement through leaf xylem (i.e., petiole and venation) and (2) water movement outside the xylem (i.e., bundle sheath and mesophyll) (Sack and Holbrook, 2006). When plants suffer from drought stress, both water flow pathways are affected (Scoffoni et al., 2011b) and aquaporins play an important role in regulating water movement outside the xylem (Buckley, 2015). Decrease in Kleaf was associated with the downregulation of aquaporin expression and/or activity in bundle sheath cells under drought stress (Shatil-Cohen et al., 2011). Additionally, it was demonstrated that abscisic acid (ABA) accumulation inside leaves induced the downregulation of aquaporin activity in bundle sheath cells, which further induced the decrease of Kleaf under drought stress. Indeed, overexpressing the aquaporin gene (NtAQP1) in bundle sheath cells reduced the effect of ABA on Kleaf (Sade et al., 2015). On the other hand, leaf xylem embolism by cavitation formation decreased Kleaf under drought stress (Johnson et al., 2009; Scoffoni et al., 2011b; Vilagrosa et al., 2012).

Drought Stress Affects Lpr Through the Regulation of Aquaporin

In the “composite transport model” (Steudle and Peterson, 1998; Steudle, 2000a), water flows from soil to root xylem in two parallel pathways, namely, apoplastic pathway and cell-to-cell pathway. Apoplastic water flow is blocked by apoplastic barriers in exodermis and endodermis, and the flow must proceed through the cell-to-cell pathway, which has large resistance for water movement (Maurel, 1997). Yet, aquaporins located on the membrane reduce the resistance. Aquaporins play an important role in regulating Lpr (Javot and Maurel, 2002; Gambetta et al., 2017). Vandeleur et al. (2014) showed that shoot topping decreased Lpr by 50–60%, through the downregulation of aquaporin gene expression (five to tenfold decrease). Gambetta et al. (2017) reviewed that the contribution of aquaporin to Lpr is highly variable across species, ranging from 0∼90%, and the variability depends on the type of aquaporin inhibitor and the method used to measure Lpr. Genetically modified aquaporin expression is used to change Lpr, which was decreased by 42% in NtAQP1 knockouts, antisense tobacco plants deficient in the tobacco aquaporin NtAQP1, and by 20∼30% in AtPIP1;2 knockouts, Arabidopsis thaliana plants deficient in the aquaporin AtPIP1;2 (Postaire et al., 2010).

Under drought stress, the change in Lpr is associated with the regulation of aquaporin expression (Steudle, 2000b; Aroca and Ruiz-Lozano, 2012; Aroca et al., 2012; Henry et al., 2012). The contribution of aquaporins to Lpr was up to 85% under drought stress in rice (Grondin et al., 2016). Four rice genotypes showed increased contribution, whereas two showed decreased contribution after long-term drought treatment in comparison with well-watered treatment. Our results demonstrated that ammonium nutrition enhanced drought tolerance in rice seedlings when compared with nitrate nutrition (Guo et al., 2007a; Li et al., 2009a), which is associated with the regulation of aquaporin expression (see Figure 1; Gao et al., 2010; Yang et al., 2012; Ding et al., 2015, 2016b). After 24 h of water stress treatment with PEG 6000, the expression and activity of aquaporins were enhanced in plants supplied with ammonium when compared with normal water treatment, whereas no increase was observed in plants supplied with nitrate (Ding et al., 2015, 2016b). Furthermore, it was observed that ABA accumulation was much faster in roots supplied with ammonium than with nitrate during 24 h drought treatment, which supported the increase in aquaporin expression (Ding et al., 2016b). Abscisic acid had a positive effect on Lpr and aquaporin expression (Aroca et al., 2006; Mahdieh and Mostajeran, 2009; Parent et al., 2009). Parent et al. (2009) demonstrated that a higher aquaporin expression and Lpr was observed in the maize line producing more ABA than in the line producing less ABA.


[image: image]

FIGURE 1. The mechanism of nitrogen form affecting drought tolerance in rice plants. NH4+, Ammonium; NO3-, Nitrate; AQP, Aquaporin; ABA, Abscisic acid; Lpr, Root hydraulic conductivity; Tr, Transpiration rate; Ψleaf, Leaf water potential; Tleaf, Leaf temperature; Kleaf, Leaf hydraulic conductance; A, Photosynthetic rate; gs, Stomatal conductance; gm, Mesophyll conductance. Up arrows, increase; down arrows, decrease.



Drought Stress Affects Lpr Through the Regulation of Root Anatomy and Morphology

The decrease in Lpr could be explained by increased or accelerated deposition of root suberin under drought stress (Gambetta et al., 2017), and the accumulation of suberin leads to the formation of apoplastic barriers. Vandeleur et al. (2009) demonstrated that the diminution of Lpr was caused by suberin and lignin depositions, which restricts the apoplastic water flow under drought stress. In rice plants, suberization of the endodermis increased under drought stress (Henry et al., 2012). On the other hand, more aerenchyma formation could restrict the passage of water through cortical cells in rice roots (Ranathunge et al., 2003, 2004; Yang et al., 2012; Ren et al., 2015). Yang et al. (2012) observed that drought induced more root aerenchyma formation and restricted root water uptake in rice plants supplied with nitrate.

Additionally, Lpr is regulated by the change in root morphology under drought stress. Plants tend to develop a deeper root system to obtain more water, since the drying rate is more pronounced in superficial soil layers than in the deeper ones (Pinheiro et al., 2005; Alsina et al., 2010). In rice plants, lateral root growth was enhanced by water stress treatment with PEG 6000 in plants supplied with ammonium (Ding et al., 2015).

DROUGHT STRESS AFFECTS PHOTOSYNTHESIS

Drought stress decreases photosynthetic rate (A), restricts plant growth, and reduces crop yield (Farooq et al., 2009). The decrease in A is associated with stomatal closure (Flexas and Medrano, 2002; Flexas et al., 2006a) and metabolic impairment (Tezara et al., 1999; Tang et al., 2002). In most studies, the decrease in A was due to stomatal closure and increase in resistance to CO2 diffusion (Xu et al., 2010; Flexas et al., 2012; Perez-Martin et al., 2014). Under drought stress, ABA accumulated in leaf apoplast and induced stomatal closure (Seki et al., 2007; Skirycz and Inzé, 2010; Rodrigues et al., 2017). Photosynthesis was restored after elevating CO2 concentration in leaves (Kaiser, 1987; Gallé et al., 2007) or stripping the epidermis (Schwab et al., 1989), indicating that stomatal closure is the main factor causing the decline in A. The ways to evaluate photosynthesis limitation under drought stress are discussed by Flexas et al. (2012). Drought stress intensity was divided into three levels based on stomatal conductance (gs): (1) mild drought stress (gs > 0.15 mol H2O m-2 s-1), (2) moderate drought stress (0.05 mol H2O m-2 s-1< gs < 0.15 mol H2O m-2 s-1), and (3) severe drought stress (gs < 0.05 mol H2O m-2 s-1) (Medrano et al., 2002; Cano et al., 2014). During mild drought stress, decrease in gs was the only cause for the decline in photosynthetic rate. During moderate drought stress, the decrease in gs and meshophyll conductance (gm) caused the decline in A. After severe drought stress photosynthetic capacity is impaired, inhibiting photosynthetic enzymes and decreasing chlorophyll and protein content. The plants also suffer oxidative stress under severe drought stress (Zhou et al., 2007; Farooq et al., 2009). However, the decrease in gs and gm accounts for more than 90% of total A reduction from mild to severe drought stress in tobacco (Galle et al., 2009) and eucalyptus (Cano et al., 2014).

In C3 plants, light-saturated photosynthetic rate is restricted by chloroplastic CO2 concentration (Cc) under present ambient CO2 level, and Cc is unsaturated (Li et al., 2009b; Ding et al., 2016a). The Cc depends on the regulation of gs and gm (Flexas et al., 2008; Evans et al., 2009; Kaldenhoff, 2012). Under drought stress, even less Cc is predicted owing to stomatal closure, the increase in diffusion resistance, and the activity of Rubisco (key enzyme for carboxylation), which decreases due to insufficient CO2 (Flexas et al., 2006a). In comparison with stomatal closure, which is regulated by ABA and/or hydrogen peroxide (H2O2) (Zhang et al., 2001; Rodrigues et al., 2017), the regulation of gm is more complex under drought stress. It was demonstrated that the decrease in Ψleaf resulted in chloroplast downsizing and subsequently decreased gm in plants supplied with nitrate under water stress treatment with PEG 6000 (Li et al., 2012). Chloroplast shrinking induced the decrease in total chloroplast surface area and the surface area of chloroplasts exposed to intercellular airspace per unit leaf area (Sc), which are positively correlated to gm (Evans et al., 2009; Li et al., 2009b; Xiong et al., 2017).

In other studies, the decrease in gs and gm has been associated with the regulation of aquaporin expression (Flexas et al., 2006b; Miyazawa et al., 2008; Pou et al., 2013; Perez-Martin et al., 2014). In olive, the downregulation of two aquaporin gene expression, OePIP1;1 and OePIP2;1, explained the decrease in both gs and gm under drought stress (Perez-Martin et al., 2014). Pou et al. (2013) observed that the expression of VvTIP2;1, a grapevine tonoplast aquaporin, was highly correlated with gs, and the downregulated expression might partially cause gs decline under drought stress. However, they also found that there was no decrease in the expression of the other aquaporin genes under drought stress, for example, VvPIP2;1 (a grapevine root-specific aquaporin) and VvTIP1;1 (an isoform of the grapevine tonoplast aquaporin). This result suggests that the aquaporin members play different roles in regulating leaf water relations and photosynthesis. Indeed, some aquaporin genes are located in stomatal complexes [guard cells, Hachez et al. (2017)], and they are involved in controlling the stomatal movement. Rodrigues et al. (2017) showed that AtPIP2;1, an aquaporin in Arabidopsis, facilitated H2O2 entry into guard cells and induced stomatal closure under ABA treatment. Evidence elucidates that the inhibition of aquaporin expression in bundle sheath cells was due to ABA accumulation in leaf under drought stress (Shatil-Cohen et al., 2011). Mizokami et al. (2015) observed that gm decreased with the increase in leaf ABA content in wild type plants under drought stress, whereas both ABA and gm were unchanged in aba1, an ABA-deficient mutant, indicating that ABA plays a major role in the regulation of gm under drought stress by affecting aquaporin expression.

Full recovery of A after rewatering was observed in many studies (Izanloo et al., 2008; Xu et al., 2009; Cano et al., 2014). However, the recovery speed varied among these studies, which depended on the degree and velocity of decline in A during stress imposition (Flexas et al., 2012). In severe drought stress plants, the recovery of A was only 40–60% on the first day of rewatering, but the recovery continued in the next few days. When A was 36% in control plants before rewatering, the total recovery of A occurred in 4 days. When A was 23% in control plants, full recovery took up to 6 days, and when A was 3% in control plants, full recovery required 18 days (Flexas et al., 2012). Besides, the recovery of A depends on the change in gs and gm after rewatering. Cano et al. (2014) observed that full recovery of A was associated with quick recovery of gm in eucalyptus, whereas gs recovery was slower than gm. Stomatal conductance might not be fully recovered after rewatering, which aims to increase intrinsic water use efficiency (Gallé et al., 2007; Galmés et al., 2007; Xu et al., 2009).

THE COORDINATED DECLINE IN Kleaf WITH A UNDER DROUGHT STRESS

The coordination between Kleaf and A played an important role in the evolution of leaves (Sack and Holbrook, 2006; Scoffoni et al., 2016). Many studies have demonstrated that positive correlations exist among species between hydraulic conductance of stem; leaf; the whole plant; and gs, gm, and A (Sack and Holbrook, 2006; Brodribb et al., 2007; Flexas et al., 2013; Scoffoni et al., 2016; Xiong et al., 2017).

Under drought stress, coordinated decline of Kleaf and A was observed in maize (Gleason et al., 2017), rice (Tabassum et al., 2016), and woodland species (Skelton et al., 2017). In rice plants, the decrease in major venation thickness induced the decline of both A and Kleaf (Tabassum et al., 2016). In other studies, it has been shown that ABA plays an important role in the coordinated decline of Kleaf and A under drought stress (Shatil-Cohen et al., 2011; Mizokami et al., 2015; Coupel-Ledru et al., 2017), through the regulation of aquaporins (Shatil-Cohen et al., 2011; Pou et al., 2013). Abscisic acid induced the deactivation of aquaporins in bundle sheath cells under drought stress, which caused the decrease in Ψleaf and Kleaf (Shatil-Cohen et al., 2011). The deactivation of aquaporins could directly downregulate gm by affecting CO2 transport (Flexas et al., 2006b; Evans et al., 2009; Kaldenhoff, 2012).

CROSS TALK OF N, WATER TRANSPORT, AND DROUGHT STRESS

Nitrogen Supply Affects Root Water Uptake

Nitrogen is an essential macronutrient for plants, and it affects many aspects of plant growth and metabolic pathways (Guo et al., 2007c; Xu et al., 2012; Wang et al., 2014). Ammonium and nitrate are two major sources of N uptake by higher plants. The N form and the levels of N available affect root water uptake (Tyerman et al., 2017). Gorska et al. (2008a) found that the increase in root water uptake was associated with high nitrate supply (5 mM) in cucumber and tomato. Further analysis demonstrated that the increase in root hydraulic conductivity resulted from the change in Lpc, which was measured with a cell pressure probe. The Lpc decreased after inhibition of nitrate uptake by cucumber roots with nitrate reductase inhibitor tungstate, whereas Lpc was able to recover after direct injection of nitrate into the cells (Gorska et al., 2008a). Additionally, it was demonstrated that the capacity for nitrate regulation of Lpr correlated with the species’ nitrate uptake rates (Górska et al., 2010). High nitrate supply significantly increased the nitrate uptake rate, as well as root water uptake rate in maize plants, whereas the increase was not found in Populus trichocarpa, which is insensitive to high nitrate supply. Similar result was obtained by Li G. et al. (2016), although they showed a strong positive relationship between Lpr and nitrate accumulation in shoots rather than in roots. In NRT2.1, mutant of a high-affinity nitrate transporter, there was 30% reduction in Lpr. The results revealed that synergetic transport exists between nitrate and water uptake in roots. In plants supplied with N in both ammonium and nitrate forms, the high N supply also increased Lpr in rice (Ishikawa-Sakurai et al., 2014; Ren et al., 2015). Nitrogen deprivation decreased Lpr, resulting from the downregulation of aquaporin genes in roots, as well as the increased aerenchyma formation. On the contrary, high ammonium (3 mM) supply induced more apoplastic barrier formation and decreased Lpr when compared with low ammonium supply (0.03 mM) in rice seedlings (Ranathunge et al., 2016). Nonetheless, when we compared root water uptake in plants supplied with ammonium or nitrate, a higher expression of aquaporin genes (PIPs and TIPs) was observed in rice plants supplied with ammonium than with nitrate (2.86 mM) (Ding et al., 2016b; Wang et al., 2016), indicating a higher water uptake ability (symplastic pathway flux) in rice plants under similar conditions. But, this was not observed in other species, such as maize (Gorska et al., 2008b) and French bean (Guo et al., 2007b). Instead, they observed higher root water uptake or aquaporin expression in plants supplied with nitrate than with ammonium.

With different forms of N supply, the regulation of root hydraulics/aquaporins could be through (1) local and systemic signaling induced by nitrate (Cramer et al., 2009; Li G. et al., 2016), (2) root anatomy development, i.e., the depositions of lignin and suberin, regulated by ammonium and nitrate (Ren et al., 2015; Barberon et al., 2016; Ranathunge et al., 2016; Gao et al., 2017), or (3) the transport of N-containing molecules (Wang et al., 2016). Firstly, there is a strong correlation between soil N mobility and water mass flow. More nitrate could reach the root surface with increasing total water flow through the plant when nitrate is sensed (Gorska et al., 2008a,b; Cramer et al., 2009). Both high and low affinity nitrate transporters were involved in this sensing and signaling (Tyerman et al., 2017). In NRT2.1 knock out plants, Lpr was reduced and under different N concentration treatments, Lpr was positively correlated with the nitrate content in leaves (Li G. et al., 2016). However, when the nitrate concentration was above 2 mM inside xylem, stomatal conductance decreased in an ABA-dependent manner in maize (Wilkinson et al., 2007). It could be expected that less water and nitrate were acquired. Secondly, it’s well known that two parallel pathways, namely, apoplastic and cell-to-cell pathway, exist for radial water movement in root. Basically, water flow in apoplastic pathway is blocked by apoplastic barriers, and water flow continues through the cell-to-cell pathway. The deposition of lignin and suberin may affect Lpr and the expression of aquaporins. Ranathunge et al. (2016) demonstrated that high ammonium supply increased the deposition of lignin and suberin; furthermore, Lpr decreased in comparison with low ammonium supply in rice. Unfortunately, they didn’t examine the difference between ammonium and nitrate supply. In a previous study, we observed that the expression of PIPs and TIPs was higher in rice plants supplied with ammonium than with nitrate (Ding et al., 2016b). We could expect a higher deposition of lignin and/suberin in roots supplied with ammonium than with nitrate, since no difference in Lpr was observed between ammonium and nitrate treatments (Yang et al., 2012; Ding et al., 2015). Moreover, the production of ethylene and ABA was regulated by the different N forms available in rice (Ding et al., 2015, 2016b; Gao et al., 2017). Ethylene may reduce the suberisation, whereas ABA increases the suberisation (Barberon et al., 2016). Thirdly, some aquaporin genes are involved in NH4+/NH3 transport but not in nitrate transport in plants (Wang et al., 2016). The correlation between nitrogen fixation and aquaporins is discussed in the next section. From this correlation, it becomes clear that the expression of aquaporins is regulated by ammonium/nitrate supply. Aquaporins could be regulated at many levels, including transcription, protein amount, localization, and by gating (Chaumont and Tyerman, 2014), and it remains unclear how N supply affects these regulations.

The Correlation Between N Metabolism and Aquaporins

Nitrogen is acquired by plants through either nitrogen fixation from atmosphere, carried out by the Leguminosae family plants, or by utilization of N sources present in soil, including ammonium, nitrate, urea, and other organic N forms. During N absorption, assimilation, and remobilization, aquaporins play important roles, and the two main subfamilies involved are nodulin 26-like intrinsic proteins (NIPs) and tonoplast intrinsic proteins (TIPs).

Nodulin 26-Like Intrinsic Protein (NIPs) and Nitrogen Fixation

Nitrogen is fixed by Leguminosae family plants, through nodulin. Symbiosomes are established between nitrogen fixing bacteria and root by exchange of carbon and nitrogen through symbiosome membrane in the nodulin (Roth and Stacey, 1989; Mylona et al., 1995; Udvardi and Poole, 2013). Nodulin 26-like intrinsic protein is a superfamily of aquaporins (aquaglyceroporin), and it was named based on nodulin 26, which is the major protein component of the mature soybean symbiosome membrane (Fortin et al., 1987; Weaver et al., 1991; Kaldenhoff and Fischer, 2006). It was observed that, nodulin 26 was able to facilitate the transport of water and glycerol (Rivers et al., 1997; Dean et al., 1999) and the efflux of NH3/NH4+ from the symbiosome membrane based on stopped flow measurement with symbiosome membrane vesicles (Niemietz and Tyerman, 2000) and proteoliposomes by reconstituting nodulin 26 protein (Hwang et al., 2010). Nodulin 26 showed a fivefold preference in the transport rate of ammonia when compared with water (Hwang et al., 2010). Moreover, Masalkar et al. (2010) observed that nodulin 26 formed a complex with soybean nodule cytosolic glutamine synthetase (GS), which catalyzes the assimilation of ammonia. GS interacts with the carboxyl terminal domain of nodulin 26, by regulating the activity, trafficking, and stability of nodulin 26. The results suggested that nodulin 26 plays a major role in nitrogen fixation by Leguminosae plants. Phosphorylation of nodulin 26 was induced by osmotic drought stress (Guenther et al., 2003) and flooding/hypoxia stress (Hwang, 2013), by affecting the activity of water and/or ammonia transport.

Additionally, the expression of NIPs was induced by arbuscular mycorrhizal (AM) fungi infection in Lotus japonicas (Giovannetti et al., 2012) and Medicago truncatula (Uehlein et al., 2007), which benefits the utilization of phosphate and nitrogen (Smith and Smith, 2011). It could be assumed that NIPs are involved in both rhizobial and AM symbiosis for nutrient delivery and water transport.

During the evolution of plants, NIPs were present in all land plants (Roberts and Routray, 2017), such as maize (Chaumont et al., 2001), Arabidopsis (Johanson et al., 2001), rice (Sakurai et al., 2005), grapevine (Fouquet et al., 2008), cotton (Park et al., 2010), and soybean (Zhang et al., 2013). Apart from their function as ammonia channels, NIPs are also characterized as channels for metalloids (Bienert and Bienert, 2017), including boron (Takano et al., 2008), silicon (Ma and Yamaji, 2015), arsenic (Ma et al., 2008), aluminum (Wang Y. et al., 2017), antimony, and germanium (Bienert and Bienert, 2017). For more details, the function and classification of NIPs were reviewed by Roberts and Routray (2017).

Aquaporin Facilitates the Transport of Ammonium, Ammonia, and Urea

Urea is the most widely used nitrogen fertilizer in agricultural crop production and also an important N metabolite in plants. Urea is degraded to ammonium by urease in soil and then utilized by plants. However, urea can be taken up by roots directly, mediated by two types transporters, namely, aquaporins (Liu et al., 2003b; Yang et al., 2015) and DUR3 orthologs (Liu et al., 2003a; Witte, 2011). Wang et al. (2016), in a review, showed that two main subfamilies of aquaporins were involved in the transport of urea, including NIPs and TIPs. Nodulin 26-like proteins facilitate the entry of urea into cells via the plasma membrane, followed by vacuolar loading through TIPs. Vacuolar loading is beneficial for the storage of excess urea, and vacuolar unloading can remobilize the urea under nitrogen starvation (Kojima et al., 2006). Zhang et al. (2016) demonstrated that CsNIP2;1, a plasma membrane transporter from Cucumis sativus, was able to transport urea through the plasma membrane when expressed in yeast. The expression of CsNIP2;1 was induced by nitrogen deficiency. Additionally, they found that ectopic expression of CsNIP2;1 improved the growth of Arabidopsis and rescued the growth of atdur3-3 mutant on medium with urea as the sole N source. These results suggested that urea was transported by aquaporins of NIPs, which were localized in the plasma membrane. On the contrary, a lower expression of AtNIP5;1 and AtNIP6;1, two urea transporters, was observed in Arabidopsis supplied with urea than with ammonium nitrate, although a higher expression of DUR3 was observed in the plants under similar conditions (Yang et al., 2015). It was postulated that the downregulation of AtNIP5;1 and AtNIP6;1 was involved in the detoxicification of urea/ammonia under excessive urea level. Besides, it was demonstrated that urea uptake decreased in nip5;1 when compared with the wild type under boron deficient conditions. The remobilization of urea from vacuoles is regulated by TIPs. ZmTIP4;4, a maize aquaporin gene, was shown to facilitate the transport of urea, and the expression of the gene was upregulated under N deficiency in expanded leaves (Gu et al., 2012), suggesting that ZmTIP4;4 played an important role in unloading vacuolar urea across tonoplast under N deficient conditions. Soto et al. (2010) demonstrated that two urea transporters were involved in N recycling in pollen tubes in Arabidopsis.

Urea is degraded to ammonium by the enzyme urease present in soil. Ammonia (NH4+/NH3) is taken up by roots mainly through ammonium transporters (Xu et al., 2012). Transport of NH4+/NH3 into vacuole would allow N storage and eliminate toxicity, and the stored N could be remobilized by passive and low-affinity transport pathways. Both the influx and efflux of NH4+/NH3 into vacuole are regulated by TIPs (Wang et al., 2016).

Nitrogen Supply Affects Drought Tolerance in Plants

Despite the high nitrate supply, increased root water uptake was observed under normal water condition, and the high nitrate supply may decrease drought tolerance in plants under drought stress. Wilkinson et al. (2007) observed that the decrease in stomatal closure and leaf elongation rates were more sensitive to drought stress in maize plants supplied with high nitrate. Stomatal conductance decreased by 30% in plants supplied with high nitrate after 3 days of drought stress, whereas only 10% decrease in gs was found in control plants (supplied with water). Further evidence showed that the effect of nitrate on growth inhibition under drought stress was associated with pH based ABA redistribution. Drought stress may induce the alkalinization of leaf apoplast, in tomato (Jia and Davies, 2007) and hop (Korovetska et al., 2014), and especially in plants supplied with high nitrate (Wilkinson et al., 2007). While pH increases under drought stress, more ABA is activated in leaf apoplast, which further induces stomatal closure (Zhang et al., 2006) and decrease in Kleaf (Shatil-Cohen et al., 2011).

On the other hand, nitrogen supply might affect plant drought tolerance through regulation of root water uptake (Figure 1). In plants supplied with ammonium nutrition, drought stress induced a rapid decrease in aquaporin expression (including PIPs and TIPs), meanwhile ABA started to accumulate in the roots (Ding et al., 2016b). After 24 h water stress treatment with PEG 6000, an increase in aquaporin expression was observed, and ABA accumulation reached a peak. Both increase in aquaporin expression and Lpr were regulated by ABA accumulation (Ding et al., 2015, 2016b). In plants supplied with nitrate, root water uptake and transport were restricted by lower aquaporin expression and/or activity, more aerenchyma formation was observed when compared with plants supplied with ammonium under water stress treatment with PEG 6000. Yang et al. (2012) investigated that more aerenchyma formation would restrict radial water transport in roots supplied with nitrate than with ammonium, and aerenchyma formation was regulated by ethylene production (Gao et al., 2017). Additionally, ethylene may inhibit ABA production (Sharp, 2002), which could further affect aquaporin expression.

Interestingly, increased root ABA content and higher stomatal conductance were found in rice plants supplied with ammonium than with nitrate under water stress treatment with PEG 6000 (Ding et al., 2016b). It’s well known that drought stress induces stomatal closure, regulated by ABA; yet, this ABA may be not from roots. Christmann et al. (2007) showed that this ABA was biosynthesized in shoots and it further induced stomatal closure.

IMPLICATIONS

Many efforts have been made to increase crop drought resistance through identification of genetic, transcriptomic, metabolomic, and epigenetic aspects. Water uptake and photosynthesis are the two key traits that enhance crop drought tolerance. In this review, two approaches have been highlighted for enhancing crop drought tolerance:

(1) Deregulation of aquaporin expression. Many researchers have demonstrated that over-expressing a single aquaporin gene could enhance plant drought tolerance and silence the genes that result in drought sensitivity in plants (Table 1). There are plenty of aquaporin members in plant species (Fox et al., 2017), and they play important roles in controlling water relations (Chaumont and Tyerman, 2014), nutrient uptake (Wang et al., 2016), and photosynthesis (Groszmann et al., 2017; Uehlein et al., 2017). In the future, more aquaporin genes should be characterized and their expression should be genetically modified in specific tissues and/or organs to enhance plant drought tolerance.

(2) Ammonium fertilizer application for rice water saving culture. Rice is traditionally cultivated in waterlogged conditions, and 80% of the freshwater used in agriculture is for rice production in China (Guo et al., 2007a). With increase in the severity of water shortage, water saving culture (non-flooded mulching cultivation) has become popular now. The main nutritional change that occurs when rice is cultivated in aerobic soil is the N form, i.e., from ammonium in waterlogged condition, to nitrate and/or the mixture of ammonium and nitrate in aerobic condition. It was well documented that ammonium nutrition could enhance rice seedling drought tolerance (Guo et al., 2007a; Li et al., 2009a). In non-flooded mulching cultivation of rice, we recommend using ammonium fertilizer to enhance drought tolerance in rice seedlings.

TABLE 1. Drought tolerance was affected by the deregulation of a single aquaporin gene.
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