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Climate change is a major threat to crop productivity that negatively affects food security worldwide. Increase in global temperatures are usually accompanied by drought, flooding and changes in soil nutrients composition that dramatically reduced crop yields. Against the backdrop of climate change, human population increase and subsequent rise in food demand, finding new solutions for crop adaptation to environmental stresses is essential. The effects of single abiotic stress on crops have been widely studied, but in the field abiotic stresses tend to occur in combination rather than individually. Physiological, metabolic and molecular responses of crops to combined abiotic stresses seem to be significantly different to individual stresses. Although in recent years an increasing number of studies have addressed the effects of abiotic stress combinations, the information related to the root system response is still scarce. Roots are the underground organs that directly contact with the soil and sense many of these abiotic stresses. Understanding the effects of abiotic stress combinations in the root system would help to find new breeding tools to develop more resilient crops. This review will summarize the current knowledge regarding the effects of combined abiotic stress in the root system in crops. First, we will provide a general overview of root responses to particular abiotic stresses. Then, we will describe how these root responses are integrated when crops are challenged to the combination of different abiotic stress. We will focus on the main changes on root system architecture (RSA) and physiology influencing crop productivity and yield and convey the latest information on the key molecular, hormonal and genetic regulatory pathways underlying root responses to these combinatorial stresses. Finally, we will discuss possible directions for future research and the main challenges needed to be tackled to translate this knowledge into useful tools to enhance crop tolerance.
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INTRODUCTION

Climate change is having a harsh impact on natural ecosystems and agricultural production (Watts et al., 2021). Human activities have increased CO2 accumulation and other greenhouse gases in the atmosphere to dangerous levels during the last century leading to global warming and other climatic consequences (Chaudhry and Sidhu, 2021). Increase in the frequency of extreme weather events such as heat-waves, drought periods, intense precipitations, flooding, and changes in the freezing patterns are having a strong impact on agricultural production and food security worldwide (Dempewolf et al., 2014). A major challenge for agriculture is to feed an increasing human population in the backdrop of production losses provoked by climate change and at the same time mitigate its effects on the environment. Finding sustainable solutions for crop adaptation to changing climatic conditions and to enhance crop production is key to guarantee food security around the globe (St. Clair and Lynch, 2010). Abiotic stress events are more frequent causing extensive yield losses in many crops around the world (Mittler, 2006; Chaudhry and Sidhu, 2021). Wheat, rice, maize, and soybean, which supply two-thirds of the human food worldwide are expected to suffer yield losses of 6.0, 3.2, 7.4, and 3.1% respectively, for each degree-Celsius increase in the global mean temperature (Zhao et al., 2017). Effects linked to high temperature include changes in shoot and root growth, biomass production, flowering time, and seed production that in turn affect crop yield (Li et al., 2015). Drought is one of the major causes hampering agricultural production over the last 50 years. Thus, a severe reduction in global crop yield due to water deprivation is expected in the near future. Yield-related effects of drought in plants are alterations in different phenological stages, root architecture, seed production, crop biomass, harvest index and germination rates (Pervez et al., 2009; Dietz et al., 2021). Major advances have been made to gain knowledge on the effects of abiotic stresses in crop physiology and development. But we still need to fully understand the complex regulatory mechanisms underlying plant response to be able to enhance crop tolerance (Zhang et al., 2022).

In the last few decades, plant researchers have mainly focused on studying the effects of individual abiotic stresses on plants. However, field conditions are usually much more complex and abiotic stresses tend to occur in combination rather than individually (Suzuki et al., 2014). Concurrent abiotic stresses are often more damaging to crop productivity, especially when they occur at particular stages of plant growth related to crop yield, such as flowering time or seed production. They also have a strong effect on the early stages of plant development when roots are crucial for plant anchorage and settling. Crop productivity is differently affected by combinations of stresses than by individual stresses. The global yield of wheat and maize has been reduced due to the effects of high temperature, and this reduction has been intensified in areas also affected by drought (Matiu et al., 2017). Plants seem to perceive and integrate combined stress signals differently according to the nature of the combined interaction (Pandey et al., 2015). Thus, the physiological, metabolic and molecular response of plants to a particular combination of stresses can be different than individual stresses (Mittler, 2006). Even more, some stress combinations might trigger different signaling pathways in the plant interfering or even producing antagonistic responses compare to their response to individual stresses (Atkinson and Urwin, 2012). For example, during heat stress, plants open their stomata to reduce leaf temperature. But when heat stress is combined with drought, the stomata remain closed and leaf temperature cannot be compensated (Reynolds-Henne et al., 2010). Conversely, the production of reactive oxygen species (ROS) under combined drought and O3 stress is lower than under drought stress alone (Iyer et al., 2013). Although some advances have been made, there is still a large gap in our knowledge of the effect of simultaneous stress exposure in crops.

Roots play an essential role in the survival and development of the plant. Roots perform essential functions for the crops such as anchoring them to the soil, providing mechanical support, assimilating water and nutrients and establishing beneficial relationships with the microbiota (Shekhar et al., 2019). Since roots are in direct contact with the soil, they can be considered as the primary sensors of many abiotic stresses, such as drought, salinity or waterlogging (Wells and Eissenstat, 2002; Davies and Bacon, 2003). Roots are also able to trigger specific signaling pathways to adjust their developmental program to survive those stresses (Khan et al., 2016). Abiotic stresses can cause alterations in root morphology and physiology that change their functionality and affect the aerial parts of the plant compromising crop productivity (Ghosh and Xu, 2014). Despite this crucial role of roots, the effects of abiotic stresses on the RSA have been much less studied than on the aerial parts (Koevoets et al., 2016; Calleja-Cabrera et al., 2020). One of the main underlying reasons are the limitations and difficulties associated to the study of the root system in the field (Franco et al., 2015; Atkinson et al., 2019). This limitation has led to the analysis of the root system in controlled conditions, but the environmental setting in enclosed ecosystems tend to underrepresent the climatic conditions that occur in the field (Voss-Fels et al., 2018; Qiao et al., 2019). There has been little research about the effects of abiotic stresses on plant roots and this knowledge is even more limited when it concerns the effects of abiotic stress combination. Consequently, plant breeding has focused primarily on aboveground traits. A change of focus towards the study of the effects of abiotic stress combination in root traits might provide new knowledge and tools for breeding programs focused on improving crop adaptation (Villordon et al., 2014).

This review seeks to summarize the current information on the physiological, hormonal, and molecular effects of abiotic stress combination on the root system. We will provide an overview of the root responses that are shared under different abiotic stresses, and a detailed information about the root responses that are unique to each stress combination. We will describe the main mechanisms regulating crop tolerance and adaptation, focusing on the abiotic stress combinations that are more likely to occur under the scope of climate change. Finally, we will consider future alternatives and venues for research on the root response to combined stresses that could be relevant to tackle the challenge of improving crop tolerance to climate change.



COMMON EFFECTS OF ABIOTIC STRESSES ON THE CROP ROOT SYSTEM

Abiotic stresses have a big impact on root development and functionality, altering the uptake of water and nutrients as well as the root interactions with microorganisms in the rhizosphere (Koevoets et al., 2016; Choi et al., 2021). Under normal conditions, roots absorb water and nutrients from the soil, providing the cells with essential solutes and water to maintain the appropriate cellular homeostasis and nutrient balance. Under abiotic stresses, roots undergo a series of structural and functional alterations to mitigate the adverse effects on the plant growth caused by the alteration of this balance (Ghosh and Xu, 2014). These changes in RSA and functionality also affect the aerial parts of the plant, altering important physiological and developmental processes like stomatal conductance, photosynthesis or carbon allocation (Khan et al., 2016). All these adjustments in the above and below ground must be coordinated to provide a global plant response and enable stress adaptation.

In response to different abiotic stresses, roots display shared or unique physiological and morphological responses. Examples of shared changes on RSA and physiology are alterations in root length and depth, changes in lateral root formation and elongation as well as alterations in root hair development and carbon and nutrient root-shoot allocation (DoVale and Fritsche-Neto, 2015). Drought stress alters RSA decreasing root biomass and subsequent increase on the root/shoot ratio, and the amount of root carbohydrate and nitrogen content in several crops (Pedroso et al., 2014; Xu et al., 2015; Yıldırım et al., 2018). Heat stress also alters root biomass and growth mainly by modifying the number and elongation of lateral roots (Huang et al., 2012). Phosphate starvation produces an increase in lateral root formation and elongation (Waidmann et al., 2020) and the stress caused by root illumination can also lead to changes in RSA and the shoot:root ratio (Miralles et al., 2011; Silva-Navas et al., 2015).

Some metabolic changes are common to several abiotic stresses. One example is the accumulation of osmoprotectants to avoid intracellular water loss caused by several stresses including drought and salinity. Plants accumulate these metabolites inside the cell to reduce the water potential and promote osmotic adjustment that alleviates cellular damage. This accumulation of osmoprotectants, including amino acids like proline, sugars, oxalate and malate acids or other compounds such as glycine betaine and polyamines, has been observed in different crops exposed to salinity, drought, flooding, temperature changes and heavy metals (Hossain et al., 2022). ROS are natural compounds produce during the cellular metabolism that can act as cellular secondary messengers (Jaspers and Kangasjarvi, 2010). Under the vast majority of abiotic stresses, including drought, salinity, temperature stresses, nutrient deficiency, O3 stress or hypoxia, ROS accumulate at much higher levels, causing damage to DNA, carbohydrates and proteins (Moller et al., 2007; Foyer and Noctor, 2009). This accumulation of ROS by abiotic stress has been described in many crops such as wheat, rice, soybean, and tomato (Zhao et al., 2001; Kamal and Komatsu, 2015; Khan et al., 2019; Kushwaha et al., 2019). On the other hand, plant cells contain antioxidative compounds and enzymes to prevent this excessive ROS accumulation and balance the oxidative stress response. Some of those compounds that includes carotenoids, like glutathione and ascorbate, and enzymes such as catalase, superoxide dismutase (SOD) and ascorbate peroxidase (APX) are also induced by abiotic stresses (Desikan et al., 2004). Another common response to abiotic stresses is the increase in cytosolic Ca2+ levels due to the activation of Ca2+ channels produced in turn by increased levels of ROS and H2O2 (Ranty et al., 2016). Although this is a crucial cellular response, the calcium channels involved in abiotic stress-responses in roots are poorly known (Wilkins et al., 2016). These changes in Ca2+ influx are the signal to trigger several cascades of phosphorylation and dephosphorylation by Ca2+-dependent protein kinases. Then, these cascades will transmit the stress signal to the downstream targets of these kinases that includes specific families of transcription factors (TFs) regulating the global stress plant response (Kumar et al., 2020).

Several plant hormones like abscisic acid (ABA), jasmonic acid (JA), ethylene (ET), or salicylic acid (SA) have shown to mediate abiotic stress responses in roots. Thus, ABA acts as intermediary molecule in the root response to stresses such as drought, heat and salinity in wheat, rice, quinoa, cucumber and rice (Talanova et al., 2003; Trapeznikov et al., 2003; Jacobsen et al., 2009; Ding et al., 2016). Moreover, genes involved in the ABA biosynthetic pathway are activated and mediate root growth under difference abiotic stresses (Tuteja, 2007). JA also participates in the crop root response to many abiotic stresses like salinity, drought and thermal stress (de Ollas et al., 2013; Habibi et al., 2019; Ali et al., 2020). Several root responses like salinity in tomato; heat in artichoke; or cold in tomato are mediated by ET (Karni et al., 2010; Klay et al., 2014; Shinohara et al., 2017). SA is also induced in response to drought in barley (Bandurska, 2005). Additionally, root irrigation with exogenous SA induces tolerance to salinity, chilling and heavy metal stress in crops like barley, rice and tomato (Metwally et al., 2003; Stevens et al., 2006; Guo et al., 2009). Other hormones associated with the response to abiotic stresses are cytokinins, brassinosteroids, auxins and gibberellins (Peleg and Blumwald, 2011). For example, barley lines overexpressing a gene encoding for the cytokinin dehydrogenase in roots show more tolerance to drought stress (Pospíšilová et al., 2016) and exogenous application of auxin to salt-stressed strawberry seedlings protects root growth (Zhang et al., 2021).

Abiotic stresses induce global transcriptomic reprogramming to adjust plant growth to the new environmental situation. Several molecular studies have compared the transcriptome of plants exposed to different abiotic stresses and have found overlapping transcriptional patterns in crops like soybean, rice, and barley (Ozturk et al., 2002; Yun et al., 2012; Kidokoro et al., 2015). Plant responses to abiotic stresses also comprise different regulatory gene networks involving specific set of TFs. Members of the MYB family are activated by stresses like drought, UV-light and cold in several crops (Vannini et al., 2007; Schenke et al., 2011; Seo et al., 2011). The NAC family of TFs also plays a role in the response to drought, salinity, cold and dehydration in wheat and rice (Fujita et al., 2004; Nakashima et al., 2007; Seo et al., 2010; Xia et al., 2010). The ERF family of TFs participate in the response to drought, salinity and cold in rice, soybean, and tobacco (Guo et al., 2004; Cao et al., 2006; Zhang G. et al., 2009). The WRKY family is involved in the response to drought and heat rice (Qiu and Yu, 2009; Peng et al., 2011) and the DREB family has been related to drought, salinity and cold stresses in crops like wheat, barley, rice, and soybean (Shen et al., 2003; Li et al., 2005; Wang et al., 2008; Xu et al., 2009). Finally, heat shock factors (HSFs) are crucial TFs involved in the response to numerous abiotic stresses. HSFs regulate the expression of several heat shock proteins (HSPs) that function as molecular chaperons to protect and stabilize essential proteins, preventing their denaturation during stress (Atkinson and Urwin, 2012). Specific HSPs are activated under different abiotic stress conditions and their functional diversity allows plants to respond to a wide range of stresses (Rizhsky et al., 2004). They also mediate the reduction of ROS levels and activate downstream pathways to protect the plant from an excessive oxidative stress (Miller and Mittler, 2006). The role of HSPs as regulators of abiotic stress responses has been reported in several crops like wheat, tomato, or soybean (Mishra et al., 2002; Zhu et al., 2006; Xue et al., 2014).

Lastly, recent investigations have shown that epigenetic mechanisms play an important role in the regulation of abiotic stress responses. DNA methylation and histone modifications are involved in the response to salinity, drought, and temperature stress (Ashapkin et al., 2020; Miryeganeh, 2021). In rice, the gene DRM2, which encodes a DNA demethylase, is upregulated under salinity stress in tolerant cultivars (Ferreira et al., 2015). Cold stress induces the expression of genes encoding histone deacetylases, leading to a global modification of H3 and H4 histones in maize (Hu et al., 2011). In rice, the histone mark H3K4me3 has been related to the response to drought stress (Zong et al., 2020). Another epigenetic mechanism that participates in the response to several abiotic stresses is the regulation by small non-coding RNAs, microRNAs (miRNAs) or small interfering RNAs (siRNAs) (Sunkar et al., 2007). Small RNAs can regulate gene expression by post-transcriptional gene silencing or DNA methylation mechanisms (Waititu et al., 2020). Stresses such as drought, salinity and heat stress induce the expression of many miRNAs in crops like barley, maize and rice, suggesting an active role of these miRNAs in the responses (Wei et al., 2009; Sailaja et al., 2014; Deng et al., 2015). In rice, siRNAs that are involved in oxidation reduction and proteolysis have been associated with the response to drought stress (Jung et al., 2016). In addition, several heat-responsive siRNAs have been identified in Brassica rapa (Yu et al., 2013). However, despite the progress made in this field, the involvement of epigenetic mechanisms in abiotic stress tolerance in roots is still poorly known (Figure 1).
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FIGURE 1. Shared responses of plant roots to abiotic stresses. Roots display different cellular and molecular responses to alleviate the negative effects in their development and functionality provoked by abiotic stresses. Several key sensing, signaling and regulatory networks are shared between different stresses. First, roots are able to sense the stress and activate several physiological adaptive processes. Many abiotic stresses provoke a damage of the membranes and the loss of ionic and osmotic homeostasis that triggers ROS (O2–, H2O2) accumulation within different organelles. ROS is produced at the plasma membrane or the mitochondria by NADPH oxidases (RBOHs). This ROS has a dual function in response to abiotic stresses. Although at high levels, ROS are toxic to the cells, they can also act as a signal transducer activating Ca2+ channels that causes an increase in the intracellular Ca2+ concentration. This flux of Ca2+ triggers a cascade of events that activates calcium-dependent protein kinases (MAPKs) that phosphorylate and activate different TFs in the nucleus. These TFs belong to different families including, DREBs, MYBs, NAC, ERFs, WRKY, and HSFs. These TFs can regulate the expression of downstream genes involved in specific gene regulatory networks modulating each abiotic stress. They also regulate the biosynthesis and the metabolism of different phytohormones that in turn coordinate various signal transduction pathways regulating abiotic-stress response. On the other hand, interplay between ROS and hormone signaling orchestrates the acclimation response of plants to different abiotic stress combinations.




MULTI-STRESS COMBINATION AND ROOTS

Plants have evolved complex acclimation mechanisms that start with the perception and transmission of the stress signals to the cellular machinery, the subsequent triggering of different signaling pathways and the final activation of an adaptive response. Some of these acclimation responses are similar between stresses but plants can also trigger responses that are tailored to a particular stress combination (Pandey et al., 2015). As a consequence, plant response to stress combinations cannot be easily predicted from studying each single stress individually (Zandalinas et al., 2021). Moreover, two abiotic stresses that are occurring simultaneously can either aggravate or benefit plant survival and growth (Suzuki et al., 2014). Although most of stress combinations have an additive negative interaction (Ahmed et al., 2013b; Alhdad et al., 2013; Sales et al., 2013), there are examples of stresses that interact positively like drought and O3 stress or salinity and high CO2 (Iyer et al., 2013; Perez-Lopez et al., 2013). Understanding how crop tolerance mechanisms are adjusted to specific combinations of stresses is important to maintain yield stability under the variable environmental conditions driven by climate change. In this section, we will summarize our current knowledge of the main changes affecting RSA and functionality produced by combined abiotic stresses similar to the ones confronted by crops in the field (Table 1 and Figure 2).


TABLE 1. Individual effects of each stress and each abiotic stress combination in roots.
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FIGURE 2. Physiological, biochemical, hormonal and molecular effects of different abiotic stress combinations in plant roots. Red, blue, purple, and green charts show the physiological, biochemical, hormonal and molecular effects that occur in each stress combination. Some of these responses are similar between stresses but plants also trigger specific responses that are tailored to a particular stress combination. In addition, two abiotic stresses that are occurring simultaneously can aggravate or benefit crop survival and growth.



Thermal-Related Stresses


Heat and Drought

The continuous increase in the global mean temperatures together with the constant occurrence of drought episodes foresee that heat and drought stresses are the most likely stress combination affecting agriculture in the near future (Lei et al., 2013). The combination of drought and heat stress causes severe yield reductions in many important crops like wheat, maize, rice, soybean, chickpea, and lentils (Dornbos and Mullen, 1991; Prasad et al., 2011; Awasthi et al., 2014; Obata et al., 2015; Sehgal et al., 2017; Lawas et al., 2018a). Water availability is one of the most limiting factors for crop growth. Roots are essential organs in coping with drought stress because they determine the plant access to water and nutrients (Comas et al., 2013). On the other hand, roots are more sensitive to heat stress than the aerial parts of the plant with usually lower optimal growth temperature (Tuteja and Gill, 2013). High temperatures impair the normal functions of roots by affecting the activities of antioxidant enzymes and carbon partitioning and this negative effect is enhanced by lower soil moisture (Barnabas et al., 2008). Moderate drought stress in rice, maize, wheat, soybean, or tomato plants triggers morphological adaptations such as a deeper root system and more root branching to maximize water uptake (Tahere et al., 2000; Nezhadahmadi et al., 2013; Aslam et al., 2015; Battisti and Sentelhas, 2017; Moles et al., 2018). These root adaptations are cultivar-dependent and genetic variation has been observed in crops like wheat, soybean, and tomato (Fenta et al., 2014; Fang et al., 2017; Moles et al., 2018). However, it has been reported that reductions in root growth take place when the drought is more severe (Aslam et al., 2015; Wu et al., 2017). Similarly, reductions in root growth have also been observed during heat stress in wheat, oilseed rape, pepper, and potato (Aloni et al., 1992; Heckathorn et al., 2013; Wu et al., 2017, 2020). But when drought and heat stress are combined, root growth reductions are more pronounced. Maize plants subjected to the combination of both stresses show higher reductions in root growth and lateral root number than under the individual stresses (Vescio et al., 2021). Reductions in the number of lateral roots have also been reported on canola due to the effects of drought and heat stress combination (Wu et al., 2017). In drought-sensitive wheat cultivars, seedlings treated with drought and heat stress show a higher decrease in the development of seminal roots than seedlings subjected to drought stress alone (Fábián et al., 2008). Likewise, tomato plants exposed to the combination of drought and heat stresses display more reduced root growth than the individual stresses (Zhou et al., 2019). Changes in physiological and metabolic processes under heat and drought stress combination have also been reported. Severe drought conditions together with high temperatures provoke a strong inhibition of root respiration rate as well as a reduction in the partitioning of carbon assimilates to the roots (Prasad et al., 2008). Heat and drought stress treatments cause an increase in oxidative stress that is counterbalance by several ROS-detoxification mechanisms, including the activation of antioxidative compounds and enzymes (Zandalinas et al., 2018). Thus, antioxidant enzymes like CAT, SOD, APX, and glutathione reductase (GR) accumulate in roots after exposure to simultaneous drought and heat stresses in maize (Hu et al., 2010). In tobacco roots, APX accumulates under the combination of drought and heat stress and similarly, an increase of SOD, CAT, and GR levels is detected in barley roots (Torun, 2019). Likewise, the level of antioxidant compounds such as malondialdehyde (MDA) increases in citrus roots (Zandalinas et al., 2017). In cotton, proline also accumulates in roots (Sekmen et al., 2014). But in tobacco plants, drought-induced increase in proline and polyamine root levels are not affected further by the simultaneous application of heat stress and drought treatment (Cvikrová et al., 2013). All these results suggest that, although with differential role, increased antioxidant capacity could be a crucial tolerance mechanism of crops to this stress combination.

Another level of regulation of combined stresses is defined by several hormonal crosstalk pathways. ABA is the major hormone playing a role in plant responses to drought stress. When roots sense soil dehydration, ABA is synthesized to maintain root growth and increase root hydraulic conductivity to enhance water uptake. ABA can also act as a long-distance signaling molecule, being transported through the xylem to the shoots to regulate stomatal behavior and leaf expansion to prevent plant dehydration (Zhang J. et al., 2006). ABA has shown to be induced under the stress combination of drought and heat as well as under the individual application (Li et al., 2014). The role of ABA under heat and drought stresses has shown to be related to the regulation of the water status, and the induction of genes that encode for HSPs and oxidative stress (Suzuki et al., 2016; Zandalinas et al., 2016). In maize, proteomic analysis of roots subjected to a combination of drought and heat stresses identified proteins involved in cell growth and division, ion transport, metabolism and signal transduction that are also positively regulated by ABA. These results suggest that ABA may mediate the regulation of these biological processes in response to this stress combination in roots (Liu et al., 2013). Other hormones are also involved in the response to these combined stresses, including cytokinins and auxins (Basu et al., 2016). In tobacco, cytokinin levels increase in response to heat stress, whereas decrease under drought stress. However, in plants exposed to a combination of drought and heat stress, a strong suppression of bioactive cytokinins is observed in both shoots and roots due to an enhanced induction of a cytokinin oxidase/dehydrogenase activity (Dobra et al., 2010). Coincidentally, cytokinin oxidase/dehydrogenase overexpression in tobacco roots alters the antioxidant response of leaves and roots exposed to simultaneous drought and heat stresses affecting plant tolerance (Lubovská et al., 2014). Interestingly, a coincident increase in auxin and cytokinin has been described in response to both stresses in roots. This accumulation of auxins in roots may contribute to the development of the primary root, leading to a deeper root system (Vieten et al., 2007). Auxins can be transported to the roots with the help of ABA and the crosstalk between auxin and ABA is believed to play a major role in the root elongation during abiotic stresses such as heat stress (Xu et al., 2013; Wang et al., 2016). To summarize, a crosstalk between different hormones seems to coordinate different developmental and physiological responses to combined heat and drought in roots.

In wheat, tobacco, and sorghum, the combination of drought and heat stress has shown to activate specifics sets of genes that are very different from the transcriptional profiles under drought and heat stresses applied separately (Rizhsky et al., 2002; Rampino et al., 2012; Johnson et al., 2014). Transcripts that are specifically expressed under the combination of drought and heat stress correspond mainly to HSPs, MYBs, WRKYs, GTP-binding proteins, ROS detoxification proteins, lipid biosynthesis and starch degradation enzymes. All these changes in transcript levels may represent key programs of regulatory gene expression underlying tolerance (Rizhsky et al., 2004). In other species, like poplar, many genes are deregulated in roots by either drought or heat stresses but very few of them are commonly deregulated. Interestingly, these altered genes are involved in the synthesis of hormones like ABA and auxin, or in RNA regulation and transport (Jia et al., 2017). In maize roots, several HSFs regulated by ABA are activated under heat stress as well as the combination of heat and drought stress, but not under drought stress alone (Liu et al., 2013). All these data uncover the complexity of the molecular response of plants to this stress combination and reveal the interest of studying this process to identify putative targets genes to improve crop tolerance under natural environmental conditions.



Heat and Salinity

Soil salinity is a challenging environmental problem that affects 20% of the irrigated land worldwide (Qadir et al., 2014; Singh, 2022). Soil salinity reduces productivity not only in crops with high salinity sensitivity as sweet potato, wheat or maize but also in highly tolerant crops as cotton, barley and sugar beet (Zorb et al., 2019). Yield losses associated to soil salinity are expected to worsen in many regions because of the effects of climate change. The increase in global population and food demands will require an expansion of cultivated land. This expansion results in higher irrigation demand that often correlates with poor-quality water, leading to increase soil salinization (Yeo, 1998). Soil salinity can cause two different types of stress to the plant: osmotic stress which prevents the plant uptake of water and nutrients such as K+ by the roots; and ionic stress due to the toxic high concentrations of Na+ that can cause severe cellular damage (Conde et al., 2011; Negräo et al., 2017). Na+ enters the roots passively by non-selective cation channels and actively by transporters from the HKT gene family. Na+ can be either pumped-out of the roots or stored into root vacuoles via Na+/H+ antiporters from the high-affinity potassium NHX family. However, Na+ can also be transported to the shoots through the xylem (Munns and Tester, 2008; Maathuis, 2014). High temperatures cause changes in the fluidity of the plasma membrane affecting the transport of some of these ions and modify the expression of ion transporters thus altering ion homeostasis (Los and Murata, 2004; Zhang J. H. et al., 2006).

Several studies have found that the combination of both heat and salinity cause severe reductions in root growth. Tomato plants grown under either salinity, heat or their combination show reductions in root growth. However, these reductions are more pronounced in plants treated with salinity stress alone than in plants treated with either the stress combination or the heat treatment, suggesting that, in this case, heat stress can act as an antagonist of salinity stress (Rivero et al., 2014). This effect has also been observed in barley, where salinity stress causes a larger reduction on root growth than the combination of heat and salinity stresses (Faralli et al., 2015). On the other hand, wheat seedlings treated with the combination of heat and salinity stresses show a greater decrease in root growth than plants treated with salt alone (Hamada and Khulaef, 1995; Keleş and Öncel, 2002). Something similar happened in jatropha, where only plants subjected to this stress combination display a reduction in root growth (Silva et al., 2013). In cherry tomatoes, a reduction in root growth is also observed under combined salinity and heat stress (Liu F. Y. et al., 2014). All these results suggest that the effects of heat and salinity stress combination in roots depend not only on the plant species but also on the crop cultivar.

The combination of heat and salinity stresses have different effects on the plant ion concentrations. These differences may be mediated by alterations in the membrane fluidity that, in turn, affect the activity of membrane ion transporters and their uptake (Fan and Evans, 2015). In jatropha plants, the concentrations of Na+ and Cl– are higher in roots of plants subjected to heat and salinity stresses, than under salinity stress alone (Silva et al., 2013). It has been suggested that this accumulation of Na+ in the root could alleviate salinity damage by decreasing its level in leaves and reducing salt-induced photosynthesis alterations. But in citrus, the combination with heat stress aggravates the negative effects of salinity because the higher transpiration rate caused by heat prevents the protective physiological responses to salt stress and increases Cl-intake in leaves (Balfagon et al., 2019). Similarly, reductions on the K+ concentration in roots are higher under the salinity stress treatment than under the stress combination (Rivero et al., 2014). Some studies suggest that under heat and salinity stress combination Ca2+ channels can also sense perturbations in the plasma membrane caused by stresses leading to a reduction in Ca2+ absorption by the roots (Orvar et al., 2000). Accordingly, in cherry tomatoes, water and Ca2+ absorption by the roots is reduced under combined salinity and high temperatures (Liu F. Y. et al., 2014). The combination of heat and salinity increases the ROS levels in tomato roots and is subsequently compensated with an increase in the amount of proline to counteract ROS negative effects on growth (Rodrigues et al., 2021). In barley, the expression of the SOD and APX genes is induced in roots by salinity stress, and this induction last longer under the combination of heat stress and salinity (Faralli et al., 2015). In barley, the CAT gene is expressed under salinity stress and under the stress combination in the leaves but not in the roots (Torun, 2019). Other mechanism that plants use to cope with osmotic stress is the accumulation of osmoprotectants which can be amino acids polyols or sugars (Yancey, 2005). Accumulation of osmoprotectants has been observed in response to either salinity or heat stress in several crops (Rasheed et al., 2011; Arif et al., 2020; Nadeem et al., 2020). In jatropha, the concentration of free amino acids on roots is higher under the heat stress treatment but not under the salinity or their combination, and root proline and glycine betaine concentration increases under both treatments. On the other hand, sugars concentration in roots is only increased by heat stress, but not by an excess of salt or the combination of both heat and salinity (Silva et al., 2013). Changes in lipid peroxidation have been observed under the combination of heat and salinity in tomato roots (Rodrigues et al., 2021). Studies regarding gene expression in plants exposed to a combination of heat stress and salinity have mainly focused on shoots rather than roots. In Arabidopsis, transcriptomic studies have shown that the transcriptional response to the combination of heat and salinity differs from the response to those stresses applied individually and many of the transcripts involved on the response to this stress combination are related to ABA (Suzuki et al., 2016). In barley roots, the stress combination of heat stress and salinity has shown to activate the expression of some stress-related genes such as HvDRF1 and HvMT2 (Faralli et al., 2015). DRF1 participates in the upregulation of genes involved in ABA response and accumulation in roots, whereas MT2 is involved in metal homeostasis and detoxification (Go and Kim, 2001; Xue and Loveridge, 2004). Together these results suggest an important role of ABA and metal detoxification signaling pathways in the response to the combination of heat and salinity in roots.



Heat and Nutrient Deficiencies

Plants needs to obtain an adequate supply of nutrients to meet the demands of their basic cellular processes. Most of the soils used for agricultural practices worldwide contain limited levels of nutrients or lower nutrient availability for plants (Lynch and St. Clair, 2004). Nutrient uptake and assimilation affects various important processes related with yield such as biomass accumulation, carbon-nitrogen partition, seed and fruit development and seed quality (Pandey et al., 2021). Climate change is having an impact in soil fertility and plant nutrient acquisition and availability, increasing the constraints of crop productivity (St. Clair and Lynch, 2010).

It has been shown that heat stress decreases the amount of nutrients on plant tissues as well as the activity of enzymes involved in nutrient metabolism (Klimenko et al., 2006; Heckathorn et al., 2013; Hungria and Kaschuk, 2014). But temperature effect on nutrient uptake varies depends on the type of nutrient and the crop. Thus, in tomato, warmer soils restrict root growth and nutrient uptake causing a reduction in macro and micro-nutrient levels (Tindall et al., 1990). In Norway spruce, changes in the distribution of the root system and reduction in the root diameter and growth caused by heat stress correlate with less nutrient uptake (Lahti et al., 2005). In other tomato cultivars, as a consequence of poor root growth, heat stress reduces the total N content and assimilation and decreases nitrogen uptake related-proteins in roots (Giri et al., 2017). In two grass species used as fodder for livestock, Agrostis stolonifera and Andropogon gerardii, high temperature treatment of the roots results in a lower number of roots and an increase in the uptake and partitioning of nitrogen, phosphorous and potassium (DeLucia et al., 1992; Huang and Xu, 2000). In contrast, in maize only a moderate decrease in phosphorus and potassium uptake is detected when they are grown at high temperature (Bravo-F and Uribe, 1981; Bassirirad, 2000).

Regarding the effects of the combination of heat stress and nutrient deficiencies in roots, the information is scarce. Morphological and physiological changes caused by the combination of heat stress and nutrient deficiencies, including reductions in root growth and nutrient accumulation, have been observed. Thus, maize and wheat plants exposed to a combination of heat stress and Mg deficiency show reductions in root biomass and yield as well as lower levels of Mg in roots and shoots compared to control plants (Mengutay et al., 2013). Combination of nutrient deficiency with higher temperatures alters HSP synthesis more than high temperature stress alone (Wang et al., 2014). Lettuce plants subjected to a combination of K deficiency and heat show a greater decrease on root length, number of root tips and root surface area than under the individual stresses. Interestingly, a decrease in the root starch concentration is also detected likely due to the starch degradation into sugars which has shown to play an important role as osmoprotectors (Luo H. Y. et al., 2012; Dong and Beckles, 2019). Most of the arable land is poor in nutrients and temperatures are predicted to keep increasing over the next years. Consequently, in the future, crops are likely to simultaneously encounter heat stress and nutrient deficiency more frequently. To confront this challenge, a better knowledge of the regulation of the plant response to this stress combination is urgently needed.



Cold and Drought

Climate change will cause fluctuations in global temperatures and arbitrary weather patterns, including recurrent low temperatures episodes (Gu et al., 2008). Cold stress is one of the main abiotic stress factors that cause important damages to agriculture production (Mboup et al., 2012). Cold stress can be divided into chilling (0 – 20°C) and freezing (<0°C) (Ritonga and Chen, 2020). Cold stress alters root length and morphology, limiting the capacity of the roots to take water and nutrients (Cutforth et al., 1986; Richner et al., 1996). In general, the co-occurrence of cold and drought events worsens crop growth and production. Interestingly, the response mechanisms to cold and drought stresses share some similarities. Low temperatures can negatively affect hydraulic conductance, provoking poor root activity and reducing water uptake that produce a chilling-induced water stress similar to drought stress (Janská et al., 2010; Yadav, 2010). Additionally, it has been reported that both stresses cause a decrease in root biomass and an increase in the amount of antioxidant compounds as MDA in maize roots (Öktem et al., 2008). They also provoke an increase in the activity of root antioxidant enzymes in lentil plants (Hussain et al., 2018). In tobacco roots, both stresses produce an accumulation of dehydrins, a multi-family of very hydrophilic proteins (Beck et al., 2007). Interestingly, Norway spruce plants from freezing-tolerant cultivars display a larger root biomass that correlates with increase drought tolerance (Kang et al., 2003). Something similar happens in Eucaliptus globulus, where drought-tolerant cultivars that are more tolerant to freezing have also increased root biomass (Shvaleva et al., 2008). Other similar effects of both stresses are showed at the biochemical and molecular level. For example, the transcription factor WRKY38 is induced in barley roots after exposure to both drought and cold stresses (Marè et al., 2004). In cassava, overexpression of the AtCBF3 increases cold and drought tolerance and decreases root yield (An et al., 2016). In summary, all these results suggest that some of the physiological and molecular mechanisms controlling root stress tolerance are common to both stresses. Identifying and characterizing these mechanisms might provide a promising biotechnological tool to minimize the negatives effects of both combined stresses in crops.

But although they share common response mechanisms, it is not clear whether the stress combination of cold and drought interacts positively or negatively (Suzuki et al., 2014). Maize plants subjected to drought, chilling or the stress combination show a reduction on root length and biomass, but this reduction is greater in plants treated with either chilling or the stress combination (Hussain et al., 2020). In roots of chickpea plants, the stress combination of cold and drought causes an increase in ROS together with a decrease in the relative water content (RWC) and the amount of polyamines and those responses are more pronounced in the combination than in the single-stress treatments (Nayyar and Chander, 2004). On the other hand, pre-treatment with drought induces chilling-tolerance in a chilling-sensitive variety of maize (Irigoyen et al., 1996). Similar experiments performed in chickpea show that pre-treatment with mild drought improved cold tolerance, enhancing proline content and improving membrane integrity in roots (Kaur et al., 2016). Pre-treatment with drought stress also leads to a lower amount of H2O2 in roots of tomato seedlings grown under chilling stress (Ghanbari and Sayyari, 2018). In common bean, chilling produces a reduction in the root water uptake, provoking stomata opening and causing subsequent loss of water and wilting. However, exogenous application of ABA to the root system prior to the chilling treatment causes stomata closing and enhances chilling tolerance (Pardossi et al., 2020). Similarly, the closing of the stomata to protect the plant from drought stress has been correlated with chilling tolerance in maize (Aroca et al., 2003). Something similar takes place when plants are pre-treated with cold and then subjected to drought stress. Cold treatment increases root dry weight, length, and number of lateral roots in oilseed rape plants subjected to drought stress. Moreover, cold treatment improves oilseed rape drought tolerance by enhancing antioxidant enzyme activities, increasing osmotic-adjustment, and reducing lipid peroxidation (Ling et al., 2015). These results suggest that cold treatment can be used to ameliorative and protect crops against damage caused by drought stress and conversely the pre-treatment with drought could induce chilling-tolerance. Since the plant responses to cold and drought stress resemble each other, it seems that exposure to one of the stresses could activate the subsequent response to the second stress. However, more experiments in different crops will be necessary to probe the benefit and efficacy of these strategies.



Cold and Salinity

Extreme weather events and freeze-thaw cycles and salinity will coexist in certain agricultural areas in the future (Qadir et al., 2014). Several studies seem to indicate that the plant response to salinity and cold stresses might share some similarities. Expression of JERF1, an ABA-induced transcription factor, enhances germination and root growth under salinity and cold stresses in tobacco (Wu et al., 2007). HvPRP, a gene encoding for a proline-rich protein, is expressed in Arabidopsis roots under salinity and cold stress in cotton (Qin et al., 2013). SA also seems to play a role in the response to both salinity and cold stresses in roots (Miura and Tada, 2014). Thus, exogenous application of SA to roots improves chilling tolerance in banana plants (Kang et al., 2003). Similarly, irrigation of maize plants with SA decreases the levels of H2O2 and superoxide radicals in roots, increasing chilling tolerance (Wang et al., 2012). Cellular signaling by Ca2+ might also play a role in the root response to both stresses. Overexpression of the wheat CIPK14, a protein kinase that participates in Ca2+ signaling, enhances salinity and cold tolerance, as well as root elongation in tobacco plants (Deng et al., 2013).

Scarcely any research has been done regarding root responses to this particular stress combination. Consequently, it is not clear whether the combination of cold and salinity interacts negatively or positively (Mittler, 2006; Suzuki et al., 2014). Salinity causes a plasma membrane depolarization of root cells, altering the efflux and influx of K+ (Shabala et al., 2003). Pre-treatment with chilling improves salinity stress in wheat plants, causing an increased K+ and Ca2+ uptake by the roots and a decreased Na+ and Cl– uptake (Iqbal and Ashraf, 2010). Increases in the amount of Ca2+ and K+ in roots caused by chilling treatment could be attributed to an accumulation of intracellular Ca2+ that in turn alters the depolarization of the plasma membrane, leading to changes in the influx and efflux of K+. Several studies have shown that an accumulation of Ca2+ in the plasma membrane is an important factor contributing to salinity tolerance (Iqbal and Ashraf, 2007; El-Hendawy et al., 2009). These results suggest that increases in intracellular Ca2+ caused by pre-treatment with chilling might play a role in subsequent salinity tolerance.



Cold and Nutrient Deficiencies

Climate change is predicted to provoke changes in the snow cover, leading to an increased frequency of freeze-thaw cycles in mid to high latitudes (Song et al., 2017). This soil freeze-thaw process could cause modifications in the soil carbon and nitrogen dynamics and provoke that nutrients such as phosphorous could migrate with runoff and soil water (Henry, 2008; Zhao et al., 2021). Freezing can also lead to losses in inorganic nitrogen from the soil due to leaching, which in turn can decrease the N uptake by the plant roots (Joseph and Henry, 2008). Thus, alterations in N acquisition by roots because of low temperatures have been reported in some crops and forest ecosystems. In maple trees, freezing negatively affects the root uptake of N due to root injury, cellular damage and changes in the root osmotic potential (Campbell et al., 2014). Freezing has also negative effects in the N fixation in soybean by reducing root respiration and causing accumulation of N in root nodules and decreasing N partitioning to young shoot tissues (Walsh and Layzell, 1986). Another aspect of the plants response to cold stress depends on the activity of different phytohormones. It has been described that cold decreases cytokinin levels and increases ABA production by the roots and ABA subsequent transport to the shoots (Tantau and Dörffling, 1991). On the other hand, nutrient deficiencies lead to a decrease in cytokinin production by the roots promoting root growth and nutrient uptake in rice (Wang et al., 2020).

Few studies have focused on the root responses to cold stress in combination with nutrient deficiencies. K deficiency together with cold stress cause a reduction of root length and weight in cabbage (Shi-Heng et al., 2021). Stress combination of P deficiency and low temperature affects the membrane permeability in roots of crotalaria plants (Shen and Yan, 2002). Phosphate deficiency together with cold stress enhance the expression of several photosynthetic genes in plant roots as well as an increase in iron uptake (Gao et al., 2022). Low N and P availability together with chilling stress produce an increase in the amount of CAT, SOD, and POD in roots of cucumber seedlings. This increase in the root activities of antioxidant enzymes have also been observed in cucumber seedlings subjected to chilling stress after exogenous application of N, P, or K (Yan et al., 2012). Several studies have focused on the effects of exogenous nutrient application on plant tolerance to low temperatures (Waraich et al., 2012). The exogenous treatment with N and P seems to affect the freezing tolerance of winter wheat, enhancing root growth and increasing the tissue concentrations of N and P (Gusta et al., 1999). Similarly, the use of Zn improves the tolerance to low temperatures in rice (Liu et al., 2021). Finally, exogenous application of K+ causes an increase in root dry weight and RWC as well as an increase in the expression of genes encoding for antioxidant enzymes such as CAT, SOD, and GPX in ginseng plants subjected to chilling stress (Devi et al., 2012).



Cold and Flooding

Flooding or waterlogging affects around 10% of the agricultural land (Setter and Waters, 2003; Tewari and Mishra, 2018). It is mainly produced by irregular rainfall and poor soil drainage. Depending on the type of crop and the extension of the stress, total yield loss by waterlogging range from 15 to 80% (Patel et al., 2014). Shifts in precipitation and temperatures lead to the possibility of flooding events occurring together with low temperatures episodes (Dempewolf et al., 2014; Matti et al., 2016). Root response to flooding and chilling stresses combination are poorly known. One of the few responses that has been reported is the alteration of the development of adventitious roots by the combination of flooding and chilling stress on Annona glabra and Annona muricata (Ojeda et al., 2004). Hypoxia produced by flood increases the redox potential between waterlogged soil and plants, which leads to the production of ROS. Increased expression of APX in roots seems to contribute to waterlogging tolerance in tomato (Lin et al., 2004). Similarly, the expression in roots of antioxidant enzymes such as APX and SOD are related to the tolerance to the combined chilling and waterlogging stresses in winter squash and sponge gourd (Chiang et al., 2014). Root vacuolar H+ phosphatases are ion pumps that are present on the vacuolar membrane. They have shown to play a role in the tolerance to abiotic stresses by helping the sequestration of ions in the vacuole (Lv et al., 2015). This enzyme is induced in rice under anoxia stress (Liu et al., 2010). Interestingly, a vacuolar H+ – pyrophosphatase is induced under chilling stress combined with anoxia in the roots of rice seedlings, indicating its possible role in the tolerance to this stress combination (Carystinos et al., 1995). More studies on combined flooding and low temperatures in crops are needed to unravel the role of roots in this process.




Soil-Related Stresses


Salinity and Drought

By the year 2025, drought and salinity are expected to affect 50% of the arable land (Wang et al., 2003). Increased salinity can impair the ability of roots to uptake water and produce similar effects to drought (Munns, 2002; Roy et al., 2014). Since salinity disturbs the water uptake by roots, the co-occurrence of drought and salinity in the field can produce serious growth and production problems for crops (Paul et al., 2019). One of the most typical plant adaptations to cope with drought is the allocation of resources to roots in order to enhance its growth and improve the acquisition of water and nutrients (Sharp et al., 2004; Gupta et al., 2020). It has been suggested that salinity could interfere with this response by disturbing root growth and hindering water and nutrients absorption (Srivastava and Singh, 2009). In some cotton cultivars, root biomass declines after exposure to either drought, salinity or the combination of both (Zhang et al., 2013). In poplar cultivars, root biomass decreases more under the stress combination of drought and salinity than under the individual stresses, but root/shoot ratio is maintained in all conditions (Yu et al., 2020). On the other hand, citrus seedlings pre-treated with high level of salt show greater tolerance to drought in later stages of development (Perez-Perez et al., 2007). In wheat, the stress combination of drought and salinity increases the root/shoot ratio as well as the biomass and carbon allocation to roots more than under salinity alone (Shaheen and Hood-Nowotny, 2005). Additionally in this crop, tolerance to the stress combination of drought and salinity seems to be associated with a larger root length in a cultivar-dependent manner (Dugasa et al., 2019). Ion homeostasis could play a role in the tolerance to combined salinity and drought stresses in roots. Thus, accumulation of Na+ and Cl– in the root system is one of the responses observed in several crops after exposure to the combination of drought and salinity. Barley plants subjected to salinity alone or the combination of both stresses, drought and salinity, accumulate higher levels of Na+ and Cl– while reducing the amount of K+ in roots (Ahmed et al., 2013a). In maize, the accumulation of Na+ in roots is greater under salinity than under the combination of drought and salinity (Morari et al., 2015). Salt-tolerant cotton cultivars accumulate higher amounts of Ca2+ and Mg2+ in roots after exposure to the combination of drought and salinity than sensitive cotton cultivars. This increase is accompanied by an increase in the number of vacuoles indicating a possible accumulation of ions in these organelles to avoid their excessive levels in the cytosol (Ibrahim et al., 2019). Similarly, tolerant cultivars treated with the combination of drought and salinity retain more K+ on roots than the sensitive ones indicating that accumulation of K+ in roots might also play a role in the tolerance to theses combined stresses (Dugasa et al., 2019). It has been showed that the biochemical effects of the combination of drought and salinity include the alteration of antioxidant enzymes levels in roots. In cotton roots after exposure to the combination of drought and salinity, H2O2 content and O2– generation increase whereas antioxidant enzymes activity decreases, leading to lipid peroxidation and the modification of the plasma membrane composition. Moreover, the activity of membrane H+-ATPase and Ca2+-ATPase transporters is also more reduced under the stress combination than under each individual stress (Zhang et al., 2013).

Limited information is available regarding the hormonal and molecular effects of the stress combination of drought and salinity. In citrus plants, drought increases ABA synthesis in the roots that is transported to the shoots and produce stomatal closure and leaf abscission (Syvertsen and Garcia-Sanchez, 2014). This drought-induced effect might interact with the plant salinity response since pre-treatment with ABA has shown to increase salt-tolerance in citrus (Gómez-Cadenas et al., 1998). ABA treatment also seems to alleviate salinity stress in other crops such as wheat or tomato (Afzal et al., 2006; Martinez-Andujar et al., 2021). In cotton and wheat, the overexpression of the rice gene NAC1 enhances drought and salt tolerance by enhancing root development (Saad et al., 2013; Liu G. et al., 2014). Similarly, finger millet NAC67 overexpression increases root growth and also confers tolerance in rice (Rahman et al., 2016). Expression of several genes belonging to the AREB and DREB families is increased after exposure to drought and salt individually in grapevine roots (Zandkarimi et al., 2015). Transcriptomic analyses in soybean roots show a significant overlapping between drought-stressed and salt-stressed plants suggesting common gene regulatory networks (Fan et al., 2013). In chickpea roots, transcripts that respond to drought and salinity are associated to carbohydrate metabolism, lipid metabolism, redox homeostasis and cell-wall component biogenesis suggesting the participation of these processes in the plant adaptation to these combined stresses (Garg et al., 2016). Although these studies suggest that the root response to drought and salinity stresses might share similarities, more research is needed to understand the regulatory networks underlying these combined stresses.



Salinity and Nutrient Deficiencies

Salinity stress is a major thread to agriculture worldwide, particularly in arid or semi-arid lands (Gupta and Huang, 2014). Excess of salt in the soil decreases the capacity of the plant to absorb nutrients linking both stresses, salinity, and nutrient deficiency (Acosta-Motos et al., 2017). Consequently, the combination of both stresses will create an exceedingly adverse environment for plant growth and crop yield. As described before, roots play an important role in the plant response to salinity and nutrient deficiencies. An enlarged and expanded root system with better capability to absorb nutrients from the soil has been associated with the tolerance to osmotic stress in several species such as maize and coffee (Ober and Sharp, 2003; Pinheiro et al., 2005; Sharp et al., 2006). The capacity of roots to absorb and retain K+ together with the whole plant K+/Na+ ratio is one of the mechanisms that has been correlated with salt-tolerance (Kumari et al., 2021; Tao et al., 2021). It is already known that soil salinity can induce nutrient deficiency due to the similar chemical properties of Na+ and K+ (Hasanuzzaman et al., 2018). Under high salinity, Na+ can cause the disruption of the activity of root K+ channels and low affinity K+ channels by acting as Na+ transporters (Chinnusamy et al., 2005). Thus, a correlation between roots K+ status and salinity tolerance has been described in barley and wheat (Chen et al., 2007; Cuin and Shabala, 2007). On the contrary, in wild barley, Hordeum maritimum, root growth is equally affected by salinity under either high or low K+ (Hafsi et al., 2007). But in maize, salinity alone has shown to decrease K+ uptake as well as K+ transport from roots to shoots and this effect is worsened under K+ deficiency (Botella et al., 1997). In red beet, low levels of K+ in the soil increase the Na+ uptake under salinity stress (Subbarao et al., 2000). Additionally, salinity stress in combination with K+ deficiency increases the levels of the antioxidant compound MDA in roots of the herbaceous plant Aeluropus lagopoides (Alikhani et al., 2011).

Other nutrient deficiencies that might interact with the root responses to salinity stress are P and N deficiencies. In Arabidopsis, P-starvation influences root responses to salinity affecting mainly the development of the lateral roots (Kawa et al., 2020). Wheat plants subjected to either low P, salinity or the combination of both show reductions in root growth but the effects of low P and the stress combination increase compare to salinity alone. Furthermore, wheat cultivars differing in salt tolerance are similarly affected by either low P or the stress combination (Abbas et al., 2018). On the other hand, P deficiency together with salinity stress decrease the accumulation of P in maize while salinity stress alone tends to increase the root P concentration in soybean (Phang et al., 2009). The detrimental effects of P deficiency and salinity on plant growth are more pronounced in cultivated barley than in wild barley. This lower effect correlates with a larger root system, higher root/shoot ratio and higher root P content under these stresses (Talbi Zribi et al., 2011; Zribi et al., 2014). Moderate salinity seems to alleviate the P-starvation response in barley by increasing root growth and K+/Na+ ratio (Zribi et al., 2012). Conversely, P-starvation increases salinity tolerance by increasing the root/shoot ratio, root length, K+/Na+ ratio and antioxidant capacity in barley (Talbi Zribi et al., 2011). However, another study in barley has shown that exogenous application of P enhances salinity tolerance due to root ion accumulation and root growth induction together with an increase in the levels of proline and soluble sugars in the shoots (Khosh Kholgh Sima et al., 2012). Additionally, the activity of root pyrophosphatases involved in the recycling of free Pi has been involved in the root response to the combination of salinity and nutrient deficiencies. Overexpression of a H+-pyrophosphatase from Salicornia europaea confers tolerance to the combination of salinity and N deficiency by increasing the amount of sugars and the transport of photosynthates to roots in wheat (Lv et al., 2015). Similar results are found in tobacco, where overexpression of a wheat vacuolar H+-pyrophosphatase enhances tolerance to salinity and P and N deficiencies by enlarging the root system and improving nutrient absorption (Li et al., 2014). In maize plants overexpressing a H+-pyrophosphatase, the enlargement of the root system is associated to the upregulation of genes related to auxin transport, suggesting a role of this hormone in the response to this stress combination (Pei et al., 2012). Finally, salinity stress might cause changes in the membrane permeability impeding the uptake of heavy metals. But when salinity is combined with N deficiency this effect seems to be blocked favoring the entrance of heavy metals in the root (Cheng et al., 2012). In summary, interplay between ions homeostasis and root development seems to underlie the tolerance to salinity and nutrient deficiency, revealing root development and function-related traits as promising targets to cope with these combined stresses in crops.



Salinity and Flooding

Another risk for agriculture associated to climate change is related to the increase in extreme rainfall that is raising the frequency of flooding events. Floods aggravate food insecurity by destroying cropping areas and delaying crop planting due to the associated high soil moisture (Lei et al., 2013; Iizumi and Ramankutty, 2015). Flooding causes changes in soil structure, depletes O2, enhances the amount of CO2, and increases the amount of elements such as Mg or Fe in the soil (Kozlowski, 1997). The depletion of O2 in the soil leads to a switch from aerobic to anaerobic metabolism in roots, accelerating root senescence and reducing root and shoot growth (Barrett-Lennard, 2003; Teakle et al., 2006). Flooding can also cause down-regulation of aquaporins expression, thus reducing root hydraulic conductance (Arbona et al., 2009; Gimeno et al., 2012; Rodríguez-Gamir et al., 2012). An increase in the flooding of coastal regions due to the rising of the sea-level and the alteration of climatology has been predicted for the near future. More frequent waves and storm surges are increasing seawater flooding of coastal regions (Vitousek et al., 2017). As a result, anionic and osmotic stress caused by the high salinity of seawater will become an additional problem besides the low O2 and CO2 levels caused by anoxia. The most common developmental root response to flooding is the development of adventitious roots and aerenchyma tissue formation. The expansion of the adventitious roots increases plant biomass and due to its high porosity improves water and nutrients uptake under the submerged state (Zhang et al., 2017). On the other hand, aerenchyma tissues enable the passage of oxygen from shoots to roots assisting the oxygenation of submerged tissues (Colmer, 2003).

Salinity stress in combination with waterlogging causes more damage to crops, including their roots, than salinity stress alone (Barrett-Lennard and Shabala, 2013). In summer squash, the combination of salinity and flooding affects the number and length of adventitious roots, number of lateral roots and root dry weight (NeSmith et al., 1995). Additionally, waterlogging can diminish the adaptation strategies that plants use to cope with salinity, such as the exclusion of Na+ and Cl– (Kahlown and Azam, 2002). An increase in the level of CO2 as a result of flooding is accompanied by phytotoxin accumulation, which inhibits root respiration in soybean (Tewari and Arora, 2016). The absence of O2 in the root-zone as a consequence of flooding events also causes an increase in the uptake of Na+ and a decrease in K+ in roots of several species such as wheat, barley, and cotton (Barrett-Lennard et al., 1999; Pang et al., 2006; Ashraf et al., 2011). Consequently, in barley, a greater increase in root Na+ and a decrease in K+ is produced under combined salinity and flooding than under salinity stress alone (Zeng et al., 2013). As it has been mentioned, the lack of O2 in the soil leads to a switch from aerobic respiration to anaerobic respiration reducing the production of ATP and the activity of root H+-ATPases that participate in Na+ and K+ homeostasis (Zeng et al., 2013). In wheat, it has been showed that salinity intensifies the negative effect of waterlogging at all the growth stages and affects root growth (Saqib et al., 2013).

In addition, hypoxia in combination with salinity stress increases the activities of two enzymes related to anaerobic fermentation, the alcohol dehydrogenase (ADH) and the lactate dehydrogenase (LDH), and reduces aerenchyma formation in roots of wheat cultivars (Akhtar et al., 1998). In alfalfa, the stress combination of flooding and salinity also decreases the root nitrate fixation capacity but increases the production of NO that participates in the formation of lysigenous aerenchyma to enhance O2 diffusion through the roots (Wany et al., 2017; Aridhi et al., 2020). In Arabidopsis roots, the NADPH/respiratory burst oxidase protein D (RBOHD) enzyme mediates H2O2 formation and Ca2+ signaling under salinity and waterlogging, affecting ion homeostasis and reducing Na+ accumulation (Wang et al., 2019). Additionally, the combination of salinity and waterlogging seems to reduce the cytokinin levels in sunflower (Burrows and Carr, 1969). In tomato and rice, expansion of adventitious roots under flooding is regulated by ET as well as root growth under salinity, suggesting a common pathway of ET-mediated regulation of RSA by both stresses (Sauter, 2013; Tao et al., 2015). Finally, proteomic analysis in soybean seedlings has shown that proteins responding to salinity and waterlogging stress combination are mainly involved in the maintenance of energy and N metabolism, osmotic adjustment-related secondary metabolites such as anthocyanins and flavonoids, and protein trafficking and signaling (Alam et al., 2011). Further characterization of this response, specially focused on roots, will shed light on the main processes involved in the tolerance to salinity and flooding.



Nutrient Deficiencies and Drought

Besides the detrimental effects that drought has in plant growth and development, this stress seems to alter mineral nutrition. Nutrient acquisition by roots is highly dependent on soil moisture and nutrient transport from roots to shoots relies mainly on leaf transpiration which is also highly influenced by the water status of the soil (da Silva et al., 2011). Water deficiency leads to the development of deeper root system to absorb water from deeper layers of the soil. This effect might be detrimental under nutrient deficiencies where a shallow and superficial root system needs to be developed to acquire some of the main nutrients that are typically distributed in the superficial areas of the soil (Ho et al., 2005). In wheat cultivars, heterogeneous distribution of nutrients in the soil enhances root growth in the areas where the nutrients are more abundant. Remarkably, the root sections growing in the nutrient-rich zone synthesize higher levels of ABA which has been linked to deeper roots and drought tolerance (Trapeznikov et al., 2003). In catalpa, N deficiency together with drought stress inhibits root growth. Conversely, exogenous application of N greatly reduces the effects of drought on roots by upregulating the expression of genes related to ABA biosynthesis and enhancing ABA signaling as well as the crosstalk with JA and auxin. Moreover, under severe drought stress, N uptake is impaired in maize roots. However, when a moderate drought stress is applied, no reduction in the capacity to acquire N is observed (Buljovcic and Engels, 2001). Adequate supply of N also enhances drought tolerance in poplars, improving the water uptake by the root system (Lu et al., 2019). In maize, the tolerance to the stress combination of N deficiency and drought seems to be cultivar-dependent and correlates with genotypes with enlarged root system (Eghball and Maranville, 1993). Interestingly, drought-tolerant sugar beet cultivars produce more root biomass as well as more root glycine betaine under combined drought and nitrogen deficiency, linking robust roots systems with their tolerance to the combination of both stresses (Shaw et al., 2002). Transcriptome analysis in poplar roots identify several transcripts that are specifically regulated under the combination of low N and drought. Most of the transcripts related to ammonium transporters and uptake are increased suggesting a preference for ammonium as a nitrogen source under these combined stresses (Zhang et al., 2018). Modulation of root length and RSA have shown to play an important role in drought tolerance and P-starvation in common bean (Margaret et al., 2014). Additionally, root hairs are essential for nutrient uptake, especially on P acquisition (Jungk, 2001). Barley genotypes with less root hairs are much more sensitive to the stress combination than wild type plants (Brown et al., 2012). Root hairs also play an important role on tolerance to drought and P-starvation in maize (Klamer et al., 2019). Drought-tolerant maize cultivars develop larger root system, root surface area and volume under P-starvation than drought-sensitive cultivars (Cantão et al., 2008). And in groundnut, the presence of larger roots, higher root density and root dry matter correlates with the tolerance to combined drought and P-starvation indicating the importance of these root traits in the plant adaptation to these stresses (Falalou, 2018).




Environmental and Atmospheric-Related Stresses


High CO2 and Drought

The levels of atmospheric CO2 have been continually raising since the industrial revolution and will continue to increase in the future (Ciais et al., 2013). Apart from its indirect effects on the environment, elevated CO2 levels have direct effects in crops mainly affecting the photosynthesis rate (Dusenge et al., 2019). Elevated CO2 not only affects the aerial parts of the plant but also the root system. High CO2 levels increase root length and diameter and modify root nutrient acquisition (Nie et al., 2013). Drought stress triggers stomatal closure to avoid water loss but also decreases CO2 absorption diminishing photosynthesis and negatively affecting plant growth (Li S. et al., 2020). The effects of elevated atmospheric CO2 in combination with drought stress cause a positive interaction and might mitigate each other’s negative effects (Mittler, 2006; Suzuki et al., 2014). Soybean plants subjected to drought and high CO2 allocated the same biomass to the roots than plants exposed to drought stress alone (Li et al., 2013). Additionally, the increase in photosynthesis and water use efficiency produced by elevated CO2 could improve the amount of C assimilation and carbohydrates synthesis, having a positive effect on root growth (Sun et al., 2012; Yan et al., 2017; Uddin et al., 2018). Thus, elevated CO2 has been correlated with enhanced root biomass, length, area and density due to an increase in carbon assimilation in sorghum (Chaudhuri et al., 1986). An increase in root length, as a consequence of elevated CO2 and drought, has been observed in several crops such as wheat, barley and coffee (Chaudhuri et al., 1990; De Souza et al., 2015; Avila et al., 2020; Bista et al., 2020). In addition to the effect on root growth, elevated CO2 also enhances root respiration in drought-stressed pepper plants (del Amor et al., 2010). In cucumber, elevated CO2 increases root biomass and hydraulic conductivity under moderate drought stress, and regulates the expression of aquaporin-related genes (Li Y. et al., 2020). In barley, the exudation of sugars and carbon is lower in elevated CO2 conditions than in ambient CO2 under well-watered regimes. However, if plants are exposed to drought stress, the exudation of sugars and carbon is higher under elevated CO2 (Zandkarimi et al., 2015). Elevated atmospheric CO2 produces changes in nutrient uptake under drought stress. In barley, drought stress alone significantly reduces the uptake of N and P but the increase of CO2 has no clear effect. However, high levels of CO2 and drought cause a mild increase in the activity of NRT1 and AMT1 which are root transporters for NO3– and NH4+, respectively (Bista et al., 2020). This observation could indicate a positive effect in the uptake of nutrients under drought stress caused by elevated CO2. Finally, epigenetic regulation has shown to play a role in the root responses to the combination of drought and elevated atmospheric CO2. Several drought–induced miRNAs that participate in carbon fixation, starch and sucrose metabolism, and hormone regulation have shown to respond to this stress combination in sweet potato storage- roots (Saminathan et al., 2019).



High CO2 and Salinity

Elevated atmospheric CO2 is likely to interact with salinity in some areas of the agricultural land. Although the combined effects of high CO2 and salinity stress on crops are not well understood, few studies have suggested that they might have antagonistic effects. Thus, high CO2 might mitigate the negative effects of salinity stress on plants. In peanut, root growth under salinity stress is enhanced by elevated CO2 (Ratnakumar et al., 2013). In sorghum, elevated CO2 has beneficial effects in root biomass under saline conditions. High CO2 levels also decrease Na+ and increased K+ on salt-stressed roots compared to plants treated with salinity and ambient CO2 suggesting a positive effect of CO2 in ion homeostasis of salt-stressed roots (Keramat et al., 2020). In olive trees, elevated CO2 decreases the levels of Na+ and Cl– in roots of salt-sensitive cultivars but has no effect on ion concentrations of salt-tolerant cultivars roots (Melgar et al., 2008). In citrus cultivars, the decrease in the levels of Na+ in salt-stressed roots as a consequence of elevated CO2 is also observed (García-Sánchez and Syvertsen, 2006). On the contrary, the levels of Na+ on salt-stressed roots are not affected by high CO2 in tomato (Takagi et al., 2009). In broccoli, enhanced CO2 improves the tolerance to salinity by enhancing the activity of root PIP aquaporins that modulates water balance (Zaghdoud et al., 2013). In tomato, elevated CO2 causes a greater tolerance to salinity stress due to the reduction of ABA and the ET precursor (ACC) levels and enhanced root growth (Brito et al., 2020). In pepper, elevated CO2 also causes a reduction on the amount of ABA and an increase in cytokinin levels in roots under salinity stress when compared to salinity and ambient CO2. This increase in the level of cytokinin could prevent the downregulation of the photosynthesis (Piñero et al., 2014). In summary, although high CO2 seems to mitigate the negative effects of salinity stress more experiments are needed to confirm this conclusion.





CONCLUSIONS AND FUTURE PERSPECTIVES

Roots are essential to detect and respond to many of the abiotic stresses caused by climate change. For this reason, root adaptive traits constitute an attractive target for future breeding programs trying to address cross-tolerance to multiple abiotic stresses related to climate change. As we have summarized in this review, plant research has only recently started to focus on abiotic stress combinations and the role of roots in these abiotic stress responses is still not well understood. To achieve multi-stress tolerance in roots, first, we need to identify the stress signaling and regulatory pathways shared across stresses. Several key TFs and other regulatory factors modulating combined abiotic stress-related gene expression has already been identified and could be potential genetic tools for cross-tolerance (Yoon et al., 2020). Similarly, recent advances in the common role of hormonal crosstalk and epigenetic mechanisms between stresses could also provide new targets for improving crop resilience. Once major genetic targets are identified and characterized, we will need to reliable and sustainable engineer multi-stress tolerance into crops. In this context, genome editing and cisgenesis are being proven to be a straightforward strategy to introduce desirable root traits and genes into different species of crops (Li et al., 2018). Another interesting strategy to use beneficial root traits to enhance multi-stress tolerance is to take advantage of plant natural variation. Wild relatives from important commercial crops that are tolerant to many abiotic stresses constitute an important source of genetic resources that can be used in breeding programs to achieve tolerance to abiotic stresses in commercial cultivars (Nevo and Chen, 2010; Atwell et al., 2014). Another emerging approach with great potential in cross stress tolerance is based on the advances in our understanding of plant stress memory and priming. Induced short or long-term memory enable crops to be tolerant to additional stresses after exposure to a primary stress or priming agent (Choudhary et al., 2021; Srivastava et al., 2021). The next challenge will be to find the way to incorporate concurrent stresses to this type of strategies (Kollist et al., 2019). Climate change is also enhancing the expansion and virulence of crop root-pathogens (Singh et al., 2018; Savary et al., 2019). Combination of abiotic stresses with biotic stresses in the field increase yield losses even further (Daami-Remadi et al., 2009; Suzuki et al., 2014; Anunda et al., 2019). A better understanding of the crosstalk between environmental conditions and pathogen interaction with plants will be required to produce disease-resistant crops also resilient to climate change. In summary, combined abiotic stress tolerance is a fast-developing field due to the urgency of finding solutions to confront climate change impact on crop productivity. In this context, more efforts on discovering new insights and approaches to understand the role of root systems in abiotic stress will be needed to incorporate beneficial root traits as a valuable tool to enhance combined abiotic stress tolerance (Figure 3).


[image: image]

FIGURE 3. New perspectives and approaches to improve crop root adaptation to multiples stress driven by climate change. Climate change is threatening agricultural productivity. High temperatures together with an increase in atmospheric CO2 are leading to changes in the rainfall patterns and increase frequency of extreme weather events like drought, freezing and heat waves. The combination of these environmental changes severely reduce crop yield. To be able to cope with the negative effects of climate change and to guarantee food security is crucial to develop crops that are more resilient to these new combined environmental conditions. In this context, robust and better adapted root systems withhold the potential to reach this goal. Moreover, new perspectives and approaches in the implementation of the knowledge of the role of root traits in the adaptation of crops to combined abiotic stresses will be needed to face this challenge.




AUTHOR CONTRIBUTIONS

MS-B, JCP, and MP drew the figures, wrote and revised the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported with a grant to JCP and MP by the Spanish Ministry of Science and Innovation BIO2017-82209-R. MS-B was supported by a Ph.D. contract (PRE-2019-088076), funded by the “Severo Ochoa Program for Centres of Excellence in R&D” (SEV-2016-0672, 2017-2021) from the Agencia Estatal de Investigación of Spain granted to the CBGP.



ACKNOWLEDGMENTS

We apologize to those authors whose research could not be cited owing to space limits.



REFERENCES

Abbas, G., Chen, Y., Khan, F. Y., Feng, Y., Palta, J. A., and Siddique, K. H. M. (2018). Salinity and low phosphorus differentially affect shoot and root traits in two wheat cultivars with contrasting tolerance to salt. Agronomy 8:155. doi: 10.3390/agronomy8080155

Acosta-Motos, J. R., Ortuño, M. F., Bernal-Vicente, A., Diaz-Vivancos, P., Sanchez-Blanco, M. J., and Hernandez, J. A. (2017). Plant responses to salt stress: adaptive mechanisms. Agronomy 7:18. doi: 10.3390/agronomy7010018

Afzal, I., Basra, S. M., Farooq, M., and Nawaz, A. (2006). Alleviation of salinity stress in spring wheat by hormonal priming with ABA, salicylic acid and ascorbic acid. Int. J. Agric. Biol. 8, 23–28.

Ahmed, I. M., Cao, F., Zhang, M., Chen, X., Zhang, G., and Wu, F. (2013a). Difference in yield and physiological features in response to drought and salinity combined stress during anthesis in tibetan wild and cultivated barleys. PLoS One 10:e77869. doi: 10.1371/journal.pone.0077869

Ahmed, I. M., Dai, H., Zheng, W., Cao, F., Zhang, G., Sun, D., et al. (2013b). Genotypic differences in physiological characteristics in the tolerance to drought and salinity combined stress between Tibetan wild and cultivated barley. Plant Physiol. Biochem. 63, 49–60. doi: 10.1016/j.plaphy.2012.11.004

Akhtar, J., Gorham, J., Qureshi, R. H., and Aslam, M. (1998). Does tolerance of wheat to salinity and hypoxia correlate with root dehydrogenase activities or aerenchyma formation? Plant Soil 201, 275–284.

Alam, I., Sharmin, S. A., Kim, K. H., Kim, Y. G., Lee, J. J., Bahk, J. D., et al. (2011). Comparative proteomic approach to identify proteins involved in flooding combined with salinity stress in soybean. Plant Soil 346, 45–62. doi: 10.1007/s11104-011-0792-0

Alhdad, G. M., Seal, C. E., Al-Azzawi, M. J., and Flowers, T. J. (2013). The effect of combined salinity and waterlogging on the halophyte Suaeda maritima: the role of antioxidants. Environ. Exp. Bot. 87, 120–125. doi: 10.1016/j.envexpbot.2012.10.010

Ali, A. Y. A., Ibrahim, M. E. H., Zhou, G., Nimir, N. E. A., Jiao, X., Zhu, G., et al. (2020). Exogenous jasmonic acid and humic acid increased salinity tolerance of sorghum. Agron. J. 112, 871–884. doi: 10.1002/agj2.20072

Alikhani, F., Saboora, A., and Razavi, K. (2011). Changes in osmolites contents, lipid peroxidation and photosynthetic pigment of Aeluropus lagopoides under potassium deficiency and salinity. J. Stress Physiol. Biochem. 7, 5–19.

Aloni, B., Karni, L., and Daie, J. (1992). Effect of heat stress on the growth, root sugars, acid invertase and protein profile of pepper seedlings following transplanting. J. Hortic. Sci. 67, 717–725. doi: 10.1080/00221589.1992.11516302

An, D., Ma, Q., Yan, W., Zhou, W., Liu, G., and Zhang, P. (2016). Divergent regulation of CBF regulon on cold tolerance and plant phenotype in cassava overexpressing Arabidopsis CBF3 Gene. Front. Plant Sci. 7:1866. doi: 10.3389/fpls.2016.01866

Anunda, H. N., Nyaboga, E. N., and Amugune, N. O. (2019). Genetic diversity of common bean (Phaseolus vulgaris L.) landraces from South Western Kenya for resistance to Pythium root rot disease. Afr. J. Biotechnol. 18, 316–324. doi: 10.5897/AJB2018.16730

Arbona, V., López-Climent, M. F., Pérez-Clemente, R. M., and Gómez-Cadenas, A. (2009). Maintenance of a high photosynthetic performance is linked to flooding tolerance in citrus. Environ. Exp. Bot. 66, 135–142. doi: 10.1016/j.envexpbot.2008.12.011

Aridhi, F., Sghaier, H., Gaitanaros, A., Khadri, A., Aschi-Smiti, S., and Brouquisse, R. (2020). Nitric oxide production is involved in maintaining energy state in Alfalfa (Medicago sativa L.) nodulated roots under both salinity and flooding. Planta 252:22. doi: 10.1007/s00425-020-03422-1

Arif, Y., Singh, P., Siddiqui, H., Bajguz, A., and Hayat, S. (2020). Salinity induced physiological and biochemical changes in plants: an omic approach towards salt stress tolerance. Plant Physiol. Biochem. 156, 64–77. doi: 10.1016/j.plaphy.2020.08.042

Aroca, R., Vernieri, P., Jose, J., and Sa, M. (2003). Involvement of abscisic acid in leaf and root of maize (Zea mays L.) in a voiding chilling-induced water stress. Plant Sci. 165, 671–679. doi: 10.1016/S0168-9452(03)00257-7

Ashapkin, V. V., Kutueva, L. I., Aleksandrushkina, N. I., and Vanyushin, B. F. (2020). Epigenetic Mechanisms of plant adaptation to biotic and abiotic stresses. Int. J. Mol. Sci. 21:7457. doi: 10.3390/ijms21207457

Ashraf, M. A., Ahmad, M. S. A., Ashraf, M., Al-Qurainy, F., and Ashraf, M. Y. (2011). Alleviation of waterlogging stress in upland cotton (Gossypium hirsutum L.) by exogenous application of potassium in soil and as a foliar spray. Crop Pasture Sci. 62, 25–38. doi: 10.1071/CP09225

Aslam, M., Maqbool, M. A., and Cengiz, R. (2015). “Effects of drought on maize” inDrought Stress in Maize (Zea mays L.). eds M. Aslam, M. A. Maqbool, and R. Cengiz Cham :Springer, 5–17.

Atkinson, J. A., Pound, M. P., Bennett, M. J., and Wells, D. M. (2019). Uncovering the hidden half of plants using new advances in root phenotyping. Curr. Opin. Biotechnol. 55, 1–8. doi: 10.1016/j.copbio.2018.06.002

Atkinson, N. J., and Urwin, P. E. (2012). The interaction of plant biotic and abiotic stresses: from genes to the field. J. Exp. Bot. 63, 3523–3543. doi: 10.1093/jxb/ers100

Atwell, B. J., Wang, H., and Scafaro, A. P. (2014). Could abiotic stress tolerance in wild relatives of rice be used to improve Oryza sativa? Plant Sci. 215, 48–58. doi: 10.1016/j.plantsci.2013.10.007

Avila, R. T., de Almeida, W. L., Costa, L. C., Machado, K. L. G., Barbosa, M. L., de Souza, R. P. B., et al. (2020). “Elevated air [CO2] improves photosynthetic performance and alters biomass accumulation and partitioning in drought-stressed coffee plants,” in: Environ. Exp. Bot. 177:104137.

Awasthi, R., Kaushal, N., Vadez, V., Turner, N. C., Berger, J., Siddique, K. H. M., et al. (2014). Individual and combined effects of transient drought and heat stress on carbon assimilation and seed filling in chickpea. Funct. Plant Biol. 41, 1148–1167. doi: 10.1071/FP13340

Balfagon, D., Zandalinas, S. I., and Gomez-Cadenas, A. (2019). High temperatures change the perspective: integrating hormonal responses in citrus plants under co-occurring abiotic stress conditions. Physiol. Plant. 165, 183–197. doi: 10.1111/ppl.12815

Bandurska, H. (2005). The effect of salicylic acid on barley response to water deficit. Acta Physiol. Plant. 27, 379–386. doi: 10.1007/s11738-005-0015-5

Barnabas, B., Jager, K., and Feher, A. (2008). The effect of drought and heat stress on reproductive processes in cereals. Plant Cell Environ. 31, 11–38. doi: 10.1111/j.1365-3040.2007.01727.x

Barrett-Lennard, E. (2003). The interaction between waterlogging and salinity in higher plants: causes, consequences and implications. Plant Soil 253, 35–54. doi: 10.1023/A:1024574622669

Barrett-Lennard, E. G., and Shabala, S. N. (2013). The waterlogging/salinity interaction in higher plants revisited–focusing on the hypoxia-induced disturbance to K+ homeostasis. Funct. Plant Biol. 40, 872–882. doi: 10.1071/FP12235

Barrett-Lennard, E., Van Ratingen, P., and Mathie, M. H. (1999). The developing pattern of damage in wheat (Triticum aestivum L.) due to the combined stresses of salinity and hypoxia: experiments under controlled conditions suggest a methodology for plant selection. Aust. J. Agric. Res. 50, 129–136. doi: 10.1071/A98076

Basu, S., Ramegowda, V., Kumar, A., and Pereira, A. (2016). Plant adaptation to drought stress. F1000Res. 5:F1000 Faculty Rev-1554. doi: 10.12688/f1000research.7678.1

Bassirirad, H. (2000). Kinetics of nutrient uptake by roots: responses to global change. New Phytol. 147, 155–169. doi: 10.1046/j.1469-8137.2000.00682.x

Battisti, R., and Sentelhas, P. C. (2017). Improvement of soybean resilience to drought through deep root system in Brazil. Agron. J. 109, 1612–1622. doi: 10.2134/agronj2017.01.0023

Beck, E. H., Fettig, S., Knake, C., Hartig, K., and Bhattarai, T. (2007). Specific and unspecific responses of plants to cold and drought stress. J. Biosci. 32, 501–510. doi: 10.1007/s12038-007-0049-5

Bista, D. R., Heckathorn, S. A., Jayawardena, D. M., and Boldt, J. K. (2020). Effect of drought and carbon dioxide on nutrient uptake and levels of nutrient-uptake proteins in roots of barley. Am. J. Bot. 107, 1401–1409. doi: 10.1002/ajb2.1542

Blödner, C., Skroppa, T., Johnsen, Ø., and Polle, A. (2005). Freezing tolerance in two Norway spruce (Picea abies [L.] Karst.) progenies is physiologically correlated with drought tolerance. J. Plant Physiol. 162, 549–558. doi: 10.1016/j.jplph.2004.09.005

Botella, M. A., Martinez, V., Pardines, J., and Cerda, A. (1997). Salinity induced potassium deficiency in maize plants. J. Plant Physiol. 150, 200–205. doi: 10.1016/S0176-1617(97)80203-9

Bravo-F, P., and Uribe, E. G. (1981). Temperature dependence of the concentration kinetics of absorption of phosphate and potassium in corn roots. Plant Physiol. 674, 815–819. doi: 10.1104/pp.67.4.815

Brito, F. A. L., Pimenta, T. M., Henschel, J. M., Martins, S. C. V., Zsögön, A., and Ribeiro, D. M. (2020). Elevated CO2 improves assimilation rate and growth of tomato plants under progressively higher soil salinity by decreasing abscisic acid and ethylene levels. Environ. Exp. Bot. 176:104050.

Brown, L. K., George, T. S., Thompson, J. A., Wright, G., Lyon, J., Dupuy, L., et al. (2012). What are the implications of variation in root hair length on tolerance to phosphorus deficiency in combination with water stress in barley (Hordeum vulgare)? Ann. Bot. 110, 319–328. doi: 10.1093/aob/mcs085

Buljovcic, Z., and Engels, C. (2001). Nitrate uptake ability by maize roots during and after drought stress. Plant Soil 229, 125–135. doi: 10.1023/A:1004879201623

Burrows, W. J., and Carr, D. J. (1969). Effects of flooding the root system of sunflower plants on the cytokin in content in the xylem sap. Physiol. Plant. 22, 1105–1112. doi: 10.1111/j.1399-3054.1969.tb09098.x

Calleja-Cabrera, J., Boter, M., Oñate-Sánchez, L., and Pernas, M. (2020). Root growth adaptation to climate change in crops. Front. Plant Sci. 11:544. doi: 10.3389/fpls.2020.00544

Calvo, O. C., Franzaring, J., Schmid, I., and Fangmeier, A. (2019). Root exudation of carbohydrates and cations from barley in response to drought and elevated CO2. Plant Soil 438, 127–142. doi: 10.1007/s11104-019-03998-y

Campbell, J. L., Socci, A. M., and Templer, P. H. (2014). Increased nitrogen leaching following soil freezing is due to decreased root uptake in a northern hardwood forest. Glob. Change Biol. 20, 2663–2673. doi: 10.1111/gcb.12532

Cantão, F. R. O., Durães, F. O. M., Oliveira, A. C., Soares, Â. M., and Magalhães, P. C. (2008). Morphological attributes of root system of maize genotypes contrasting in drought tolerance due to phosphorus stress. Rev. Bras. Milho Sorgo 7, 113–127. doi: 10.18512/1980-6477/rbms.v7n2p113-127

Cao, Y., Song, F., Goodman, R. M., and Zheng, Z. (2006). Molecular characterization of four rice genes encoding ethylene-responsive transcriptional factors and their expressions in response to biotic and abiotic stress. J. Plant Physiol. 163, 1167–1178. doi: 10.1016/j.jplph.2005.11.004

Carystinos, G. D., MacDonald, H. R., Monroy, A. F., Dhindsa, R. S., and Poole, R. J. (1995). Vacuolar H+-translocating pyrophosphatase is induced by anoxia or chilling in seedlings of rice. Plant Physiol. 108, 641–649. doi: 10.1104/pp.108.2.641

Chaudhry, S., and Sidhu, G. P. S. (2021). Climate change regulated abiotic stress mechanisms in plants: a comprehensive review. Plant Cell Rep. 41, 1–31. doi: 10.1007/s00299-021-02759-5

Chaudhuri, U. N., Kirkham, M. B., and Kanemasu, E. T. (1990). Root growth of winter wheat under elevated carbon dioxide and drought. Crop Sci. 30, 853–857. doi: 10.2135/cropsci1990.0011183X003000040017x

Chaudhuri, U., Deaton, M., Kanemasu, E., Wall, G., Marcarian, V., and Dobrenz, A. (1986). A Procedure to select drought-tolerant sorghum and millet genotypes using canopy temperature and vapor pressure deficit 1. Agron. J. 78, 490–494. doi: 10.1046/j.1439-037x.1999.00335.x

Chen, Z., Zhou, M., Newman, I. A., Mendham, N. J., Zhang, G., and Shabala, S. (2007). Potassium and sodium relations in salinised barley tissues as a basis of differential salt tolerance. Funct. Plant Biol. 34, 150–162. doi: 10.1071/FP06237

Cheng, H., Wang, Y. S., Ye, Z. H., Chen, D. T., Wang, Y. T., Peng, Y. L., et al. (2012). Influence of N deficiency and salinity on metal (Pb, Zn and Cu) accumulation and tolerance by Rhizophora stylosa in relation to root anatomy and permeability. Environ. Pollut. 164, 110–117. doi: 10.1016/j.envpol.2012.01.034

Chiang, C. M., Kuo, W. S., and Lin, K. H. (2014). Cloning and gene expression analysis of sponge gourd ascorbate peroxidase gene and winter squash superoxide dismutase gene under respective flooding and chilling stresses. Hortic. Environ. Biotechnol. 55, 129–137. doi: 10.1007/s13580-014-0116-4

Chinnusamy, V., Jagendorf, A., and Zhu, J. K. (2005). Understanding and improving salt tolerance in plants. Crop Sci. 45, 437–448. doi: 10.2135/cropsci2005.0437

Choi, K., Khan, R., and Lee, S. W. (2021). Dissection of plant microbiota and plant-microbiome interactions. J. Microbiol. 59, 281–291. doi: 10.1007/s12275-021-0619-5

Choudhary, M., Singh, A., and Rakshit, S. (2021). Coping with low moisture stress: remembering and responding. Physiol. Plant. 172, 1162–1169. doi: 10.1111/ppl.13343

Ciais, P., Sabine, C., Bala, G., Bopp, L., Brovkin, V., Canadell, J., et al. (2013). The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Geneva: IPCC Climate. 465–570.

Colmer, T. (2003). Long-distance transport of gases in plants: a perspective on internal aeration and radial oxygen loss from roots. Plant Cell Environ. 26, 17–36. doi: 10.1046/j.1365-3040.2003.00846.x

Comas, L. H., Becker, S. R., Cruz, V. M., Byrne, P. F., and Dierig, D. A. (2013). Root traits contributing to plant productivity under drought. Front. Plant Sci. 4:442. doi: 10.3389/fpls.2013.00442

Conde, A., Silva, P., Agasse, A., Conde, C., and Geros, H. (2011). Mannitol transport and mannitol dehydrogenase activities are coordinated in Olea europaea under salt and osmotic stresses. Plant Cell Physiol. 52, 1766–1775. doi: 10.1093/pcp/pcr121

Cuin, T. A., and Shabala, S. (2007). Compatible solutes reduce ROS-induced potassium efflux in Arabidopsis roots. Plant Cell Environ. 30, 875–885. doi: 10.1111/j.1365-3040.2007.01674.x

Cutforth, H., Shaykewich, C., and Cho, C. (1986). Effect of soil water and temperature on corn (Zea mays L.) root growth during emergence. Can. J. Soil Sci. 66, 51–58. doi: 10.3390/agriculture12040443

Cvikrová, M., Gemperlová, L., Martincová, O., and Vanková, R. (2013). Effect of drought and combined drought and heat stress on polyamine metabolism in proline-over-producing tobacco plants. Plant Physiol. Biochem. 73, 7–15. doi: 10.1016/j.plaphy.2013.08.005

da Silva, E., Nogueira, R., da Silva, M., and de Albuquerque, M. (2011). Drought stress and plant nutrition. Plant Stress 5, 32–41.

Daami-Remadi, M., Souissi, A., Oun, H. B., Mansour, M., and Nasraoui, B. (2009). Salinity effects on Fusarium wilt severity and tomato growth. Dyn. Soil Dyn. Plant 3, 61–69.

Davies, W. J., and Bacon, M. A. (2003). “Adaptation of roots to drought,” in Root Ecology, eds H. de Kroon and E. J. W. Visser (Heidelberg: Springer). 173–192.

DeLucia, E. H., Heckathorn, S. A., and Day, T. A. (1992). Effects of soil temperature on growth, biomass allocation and resource acquisition of Andropogon gerardii Vitman. New Phytol. 120, 543–549. doi: 10.1111/j.1469-8137.1992.tb01804.x

de Ollas, C., Hernando, B., Arbona, V., and Gómez-Cadenas, A. (2013). Jasmonic acid transient accumulation is needed for abscisic acid increase in citrus roots under drought stress conditions. Physiol. Plant. 147, 296–306. doi: 10.1111/j.1399-3054.2012.01659.x

De Souza, A. P., Cocuron, J. C., Garcia, A. C., Alonso, A. P., and Buckeridge, M. S. (2015). Changes in whole-plant metabolism during the grain-filling stage in sorghum grown under elevated CO2 and drought. Plant Physiol. 169, 1755–1765. doi: 10.1104/pp.15.01054

del Amor, F. M., Cuadra-Crespo, P., Walker, D. J., Cámara, J. M., and Madrid, R. (2010). Effect of foliar application of antitranspirant on photosynthesis and water relations of pepper plants under different levels of CO2 and water stress. J. Plant Physiol. 167, 1232–1238. doi: 10.1016/j.jplph.2010.04.010

Dempewolf, H., Eastwood, R. J., Guarino, L., Khoury, C. K., Müller, J. V., and Toll, J. (2014). Adapting agriculture to climate change: a global initiative to collect, conserve, and use crop wild relatives. Agroecol. Sustain. Food Syst. 38, 369–377. doi: 10.1080/21683565.2013.870629

Deng, P., Wang, L., Cui, L., Feng, K., Liu, F., Du, X., et al. (2015). Global identification of microRNAs and their targets in barley under salinity stress. PLoS One 10:e0137990. doi: 10.1371/journal.pone.0137990

Deng, X., Zhou, S., Hu, W., Feng, J., Zhang, F., Chen, L., et al. (2013). Ectopic expression of wheat TaCIPK14, encoding a calcineurin B-like protein-interacting protein kinase, confers salinity and cold tolerance in tobacco. Physiol. Plant. 149, 367–377. doi: 10.1111/ppl.12046

Desikan, R., Cheung, M. K., Bright, J., Henson, D., Hancock, J. T., and Neill, S. J. (2004). ABA, hydrogen peroxide and nitric oxide signalling in stomatal guard cells. J. Exp. Bot. 55, 205–212. doi: 10.1093/jxb/erh033

Devi, B. S. R., Kim, Y. J., Selvi, S. K., Gayathri, S., Altanzul, K., Parvin, S., et al. (2012). Influence of potassium nitrate on antioxidant level and secondary metabolite genes under cold stress in Panax ginseng. Russ. J. Plant Physiol. 59, 318–325. doi: 10.1134/S1021443712030041

Dietz, K. J., Zorb, C., and Geilfus, C. M. (2021). Drought and crop yield. Plant Biol. 23, 881–893. doi: 10.1111/plb.13304

Ding, L., Li, Y., Wang, Y., Gao, L., Wang, M., Chaumont, F., et al. (2016). Root ABA accumulation enhances rice seedling drought tolerance under ammonium supply: interaction with aquaporins. Front. Plant Sci. 7:1206. doi: 10.3389/fpls.2016.01206

Dobra, J., Motyka, V., Dobrev, P., Malbeck, J., Prasil, I. T., Haisel, D., et al. (2010). Comparison of hormonal responses to heat, drought and combined stress in tobacco plants with elevated proline content. J. Plant Physiol. 167, 1360–1370. doi: 10.1016/j.jplph.2010.05.013

Dong, S., and Beckles, D. M. (2019). Dynamic changes in the starch-sugar interconversion within plant source and sink tissues promote a better abiotic stress response. J. Plant Physiol. 234, 80–93. doi: 10.1016/j.jplph.2019.01.007

Dornbos, D. Jr., and Mullen, R. (1991). Influence of stress during soybean seed fill on seed weight, germination, and seedling growth rate. Can. J. Plant Sci. 71, 373–383. doi: 10.4141/cjps91-052

DoVale, J. C., and Fritsche-Neto, R. (2015). “Root phenomics,” in Phenomics, eds R. Fritsche-Neto and A. Borém (Cham: Springer International Publishing). 49–66.

Dugasa, M. T., Cao, F., Ibrahim, W., and Wu, F. (2019). Differences in physiological and biochemical characteristics in response to single and combined drought and salinity stresses between wheat genotypes differing in salt tolerance. Physiol. Plant. 165, 134–143. doi: 10.1111/ppl.12743

Dusenge, M. E., Duarte, A. G., and Way, D. A. (2019). Plant carbon metabolism and climate change: elevated CO 2 and temperature impacts on photosynthesis, photorespiration and respiration. New Phytol. 221, 32–49. doi: 10.1111/nph.15283

Eghball, B., and Maranville, J. W. (1993). Root development and nitrogen influx of corn genotypes grown under combined drought and nitrogen stresses. Agron. J. 65, 298–307. doi: 10.1270/jsbbs.65.298

El-Hendawy, S., Ruan, Y., Hu, Y., and Schmidhalter, U. (2009). A comparison of screening criteria for salt tolerance in wheat under field and controlled environmental conditions. J. Agron. Crop Sci. 195, 356–367. doi: 10.1111/j.1439-037X.2009.00372.x

Fábián, A., Jäger, K., and Barnabás, B. (2008). Effects of drought and combined drought and heat stress on germination ability and seminal root growth of wheat (Triticum aestivum L) seedlings. Acta Biol. Szeged. 52, 157–159.

Falalou, H. (2018). Genotypic variation for root development, water extraction and yield components in groundnut under low phosphorus and drought stresses. Am. J. Agric. For. 6, 122–131. doi: 10.3389/fpls.2017.01499

Fan, W., and Evans, R. M. (2015). Turning up the heat on membrane fluidity. Cell 161, 962–963. doi: 10.1016/j.cell.2015.04.046

Fan, X. D., Wang, J. Q., Yang, N., Dong, Y. Y., Liu, L., Wang, F. W., et al. (2013). Gene expression profiling of soybean leaves and roots under salt, saline-alkali and drought stress by high-throughput Illumina sequencing. Gene 512, 392–402. doi: 10.1016/j.gene.2012.09.100

Fang, Y., Du, Y., Wang, J., Wu, A., Qiao, S., Xu, B., et al. (2017). Moderate drought stress affected root growth and grain yield in old, modern and newly released cultivars of winter wheat. Front. Plant Sci. 8:672. doi: 10.3389/fpls.2017.00672

Faralli, M., Lektemur, C., Rosellini, D., and Gürel, F. (2015). Effects of heat shock and salinity on barley growth and stress-related gene transcription. Biol. Plant. 59, 537–546. doi: 10.1007/s10535-015-0518-x

Fenta, B. A., Beebe, S. E., Kunert, K. J., Burridge, J. D., Barlow, K. M., Lynch, J. P., et al. (2014). Field phenotyping of soybean roots for drought stress tolerance. Agronomy 4, 418–435. doi: 10.3390/agronomy4030418

Ferreira, L. J., Azevedo, V., Maroco, J., Oliveira, M. M., and Santos, A. P. (2015). Salt tolerant and sensitive rice varieties display differential methylome flexibility under salt stress. PLoS One 10:e0124060. doi: 10.1371/journal.pone.0124060

Foyer, C. H., and Noctor, G. (2009). Redox regulation in photosynthetic organisms: signaling, acclimation, and practical implications. Antioxid. Redox Signal. 11, 861–905. doi: 10.1089/ars.2008.2177

Franco, J. A., Bañón, S., Vicente, M. J., Miralles, J., Bañón, S., Vicente, M. J., et al. (2015). Root development in horticultural plants grown under abiotic stress conditions. J. Hortic. Sci. Biotechnol. 86, 543–556. doi: 10.1080/14620316.2011.11512802

Fujita, M., Fujita, Y., Maruyama, K., Seki, M., Hiratsu, K., Ohme-Takagi, M., et al. (2004). A dehydration-induced NAC protein, RD26, is involved in a novel ABA-dependent stress-signaling pathway. Plant J. 39, 863–876. doi: 10.1111/j.1365-313X.2004.02171.x

Gao, X., Dong, J., Rasouli, F., Pouya, A. K., Tahir, A. T., and Kang, J. (2022). Transcriptome analysis provides new insights into plants responses under phosphate starvation in association with chilling stress. BMC Plant Biol. 22:26. doi: 10.1186/s12870-021-03381-z

García-Sánchez, F., and Syvertsen, J. P. (2006). Salinity tolerance of Cleopatra mandarin and Carrizo citrange citrus rootstock seedlings is affected by CO2 enrichment during growth. J. Am. Soc. Hortic. Sci. 131, 24–31. doi: 10.21273/JASHS.131.1.24

Garg, R., Shankar, R., Thakkar, B., Kudapa, H., Krishnamurthy, L., Mantri, N., et al. (2016). Transcriptome analyses reveal genotype- and developmental stage-specific molecular responses to drought and salinity stresses in chickpea. Sci. Rep. 6:19228. doi: 10.1038/srep19228

Ghanbari, F., and Sayyari, M. (2018). Controlled drought stress affects the chilling-hardening capacity of tomato seedlings as indicated by changes in phenol metabolisms, antioxidant enzymes activity, osmolytes concentration and abscisic acid accumulation. Sci. Hortic. 229, 167–174. doi: 10.1016/j.scienta.2017.10.009

Ghosh, D., and Xu, J. (2014). Abiotic stress responses in plant roots: a proteomics perspective. Front. Plant Sci. 5:6. doi: 10.3389/fpls.2014.00006

Giri, A., Heckathorn, S., Mishra, S., and Krause, C. (2017). Heat stress decreases levels of nutrient-uptake and -assimilation proteins in tomato roots. Plants 6:6. doi: 10.1038/s41598-019-49496-0

Go, M. J., and Kim, H. J. (2001). The effect of metallothionein on the activity of enzymes invelved in remival of reactive oxygen species. Bull. Korean Chem. Soc. 22, 362–366. doi: 10.5012/bkcs.2001.22.4.362

Gómez-Cadenas, A., Tadeo, F. R., Primo-Millo, E., and Talón, M. (1998). Involvement of abscisic acid and ethylene in the responses of citrus seedlings to salt shock. Physiol. Plant. 103, 475–484. doi: 10.1034/j.1399-3054.1998.1030405.x

Gu, L., Hanson, P. J., Post, W. M., Kaiser, D. P., Yang, B., Nemani, R., et al. (2008). The 2007 eastern US spring freeze: increased cold damage in a warming world? BioScience 58, 253–262. doi: 10.1641/B580311

Guo, B., Liang, Y., and Zhu, Y. (2009). Does salicylic acid regulate antioxidant defense system, cell death, cadmium uptake and partitioning to acquire cadmium tolerance in rice? J. Plant Physiol. 166, 20–31. doi: 10.1016/j.jplph.2008.01.002

Guo, Z. J., Chen, X. J., Wu, X. L., Ling, J. Q., and Xu, P. (2004). Overexpression of the AP2/EREBP transcription factor OPBP1 enhances disease resistance and salt tolerance in tobacco. Plant Mol. Biol. 55, 607–618. doi: 10.1007/s11103-004-1521-3

Gupta, B., and Huang, B. (2014). Mechanism of salinity tolerance in plants: physiological, biochemical, and molecular characterization. Int. J. Genomics 2014:701596. doi: 10.1155/2014/701596

Gupta, A., Rico-Medina, A., and Cano-Delgado, A. I. (2020). The physiology of plant responses to drought. Science 368, 266–269. doi: 10.1126/science.aaz7614

Gusta, L. V., O’Connor, B. J., and Lafond, G. L. (1999). Phosphorus and nitrogen effects on the freezing tolerance of Norstar winter wheat. Can. J. Plant Sci. 79, 191–195. doi: 10.4141/cjps81-131

Habibi, F., Ramezanian, A., Rahemi, M., Eshghi, S., Guillén, F., Serrano, M., et al. (2019). Postharvest treatments with γ−aminobutyric acid, methyl jasmonate, or methyl salicylate enhance chilling tolerance of blood orange fruit at prolonged cold storage. J. Sci. Food Agric. 99, 6408–6417. doi: 10.1002/jsfa.9920

Hafsi, C., Lakhdhar, A., Rabhi, M., Debez, A., Abdelly, C., and Ouerghi, Z. (2007). Interactive effects of salinity and potassium availability on growth, water status, and ionic composition of Hordeum maritimum. J. Plant Nutr. Soil Sci. 170, 469–473. doi: 10.1002/jpln.200625203

Hamada, A. M., and Khulaef, E. M. (1995). Effects of salinity and heat-shock on wheat seedling growth and content of carbohydrates, proteins and amino acids. Biol. Plant 37, 399–404. doi: 10.3390/plants10061044

Hasanuzzaman, M., Bhuyan, M., Nahar, K., Hossain, M., Mahmud, J. A., Hossen, M., et al. (2018). Potassium: a vital regulator of plant responses and tolerance to abiotic stresses. Agronomy 8:31. doi: 10.3390/agronomy8030031

Heckathorn, S. A., Giri, A., Mishra, S., and Bista, D. (2013). “Heat stress and roots,” in Climate Change and Plant Abiotic Stress Tolerance, eds N. Tuteja and S. S. Gill (Hoboken, NJ: Wiley). 109–136.

Henry, H. A. (2008). Climate change and soil freezing dynamics: historical trends and projected changes. Clim. Change 87, 421–434. doi: 10.1007/s10584-007-9322-8

Ho, M. D., Rosas, J. C., Brown, K. M., and Lynch, J. P. (2005). Root architectural tradeoffs for water and phosphorus acquisition. Funct. Plant Biol. 32, 737–748. doi: 10.1071/FP05043

Hossain, A., Syed, M. A., Maitra, S., Garai, S., Mondal, M., Akter, B., et al. (2022). “Genetic regulation, biosynthesis, and the roles of osmoprotective compounds in abiotic stress tolerance in plants,” in Plant Abiotic Stress Physiology: Volume 2: Molecular Advancements, eds T. Aftab and K. R. Hakeem (Burlington, ON: Apple Academic Press). 61. doi: 10.1016/j.plaphy.2020.06.041

Hu, X., Liu, R., Li, Y., Wang, W., Tai, F., Xue, R., et al. (2010). Heat shock protein 70 regulates the abscisic acid-induced antioxidant response of maize to combined drought and heat stress. Plant Growth Regul. 60, 225–235. doi: 10.1007/s10725-009-9436-2

Hu, Y., Zhang, L., Zhao, L., Li, J., He, S., Zhou, K., et al. (2011). Trichostatin a selectively suppresses the cold-induced transcription of the ZmDREB1 gene in maize. PLoS One 6:e22132. doi: 10.1371/journal.pone.0022132

Huang, B., and Xu, Q. (2000). Root growth and nutrient element status of creeping bentgrass cultivars differing in heat tolerance as influenced by supraoptimal shoot and root temperatures. J. Plant Nutr. 23, 979–990. doi: 10.1080/01904160009382075

Huang, B., Rachmilevitch, S., and Xu, J. (2012). Root carbon and protein metabolism associated with heat tolerance. J. Exp. Bot. 63, 3455–3465. doi: 10.1093/jxb/ers003

Hungria, M., and Kaschuk, G. (2014). Regulation of N2 fixation and NO3−/NH4+ assimilation in nodulated and N-fertilized Phaseolus vulgaris L. exposed to high temperature stress. Environ. Exp. Bot. 98, 32–39. doi: 10.1016/j.envexpbot.2013.10.010

Hussain, H. A., Hussain, S., Khaliq, A., Ashraf, U., and Anjum, S. A. (2018). Chilling and drought stresses in crop plants : implications, cross talk, and potential management opportunities. Front. Plant Sci. 9:393. doi: 10.3389/fpls.2018.00393

Hussain, H. A., Men, S., Hussain, S., Zhang, Q., Ashraf, U., Anjum, S. A., et al. (2020). Maize tolerance against drought and chilling stresses varied with root morphology and antioxidative defense system. Plants 9:720. doi: 10.3390/plants9060720

Iizumi, T., and Ramankutty, N. (2015). How do weather and climate influence cropping area and intensity? Glob. Food Secur. 4, 46–50. doi: 10.1016/j.gfs.2014.11.003

Ibrahim, W., Qiu, C. W., Zhang, C., Cao, F., Shuijin, Z., and Wu, F. (2019). Comparative physiological analysis in the tolerance to salinity and drought individual and combination in two cotton genotypes with contrasting salt tolerance. Physiol. Plant. 165, 155–168. doi: 10.1111/ppl.12791

Iqbal, M., and Ashraf, M. (2007). Seed treatment with auxins modulates growth and ion partitioning in salt-stressed wheat plants. J. Integr. Plant Biol. 49, 1003–1015. doi: 10.1111/j.1672-9072.2007.00488.x

Iqbal, M., and Ashraf, M. (2010). Changes in hormonal balance: a possible mechanism of pre-sowing chilling-induced salt tolerance in spring wheat. J. Agron. Crop Sci. 196, 440–454. doi: 10.1111/j.1439-037X.2010.00434.x

Irigoyen, B. Y. J. J., Juan, J. P. D. E., and Sanchez-Diaz, D. M. (1996). Drought enhances chilling tolerance in a chilling-sensitive maize (Zea mays) variety. New Phytol. 134, 53–59. doi: 10.1034/j.1399-3054.2003.00065.x

Iyer, N. J., Tang, Y., and Mahalingam, R. (2013). Physiological, biochemical and molecular responses to a combination of drought and ozone in Medicago truncatula. Plant Cell Environ. 36, 706–720. doi: 10.1111/pce.12008

Jacobsen, S.-E., Liu, F., and Jensen, C. R. (2009). Does root-sourced ABA play a role for regulation of stomata under drought in quinoa (Chenopodium quinoa Willd.). Sci. Hortic. 122, 281–287. doi: 10.1016/j.scienta.2009.05.019

Janská, A., Maršík, P., Zelenková, S., and Ovesná, J. (2010). Cold stress and acclimation–what is important for metabolic adjustment? Plant Biol. 12, 395–405. doi: 10.1111/j.1438-8677.2009.00299.x

Jaspers, P., and Kangasjarvi, J. (2010). Reactive oxygen species in abiotic stress signaling. Physiol. Plant. 138, 405–413. doi: 10.1111/j.1399-3054.2009.01321.x

Jia, J., Zhou, J., Shi, W., Cao, X., Luo, J., Polle, A., et al. (2017). Comparative transcriptomic analysis reveals the roles of overlapping heat-/drought-responsive genes in poplars exposed to high temperature and drought. Sci. Rep. 7:43215. doi: 10.1038/srep43215

Johnson, S. M., Lim, F. L., Finkler, A., Fromm, H., Slabas, A. R., and Knight, M. R. (2014). Transcriptomic analysis of Sorghum bicolor responding to combined heat and drought stress. BMC Genom. 15:456. doi: 10.1186/1471-2164-15-456

Joseph, G., and Henry, H. A. L. (2008). Soil nitrogen leaching losses in response to freeze-thaw cycles and pulsed warming in a temperate old field. Soil Biol. Biochem. 40, 1947–1953. doi: 10.1016/j.soilbio.2008.04.007

Jung, I., Ahn, H., Shin, S. J., Kim, J., Kwon, H. B., Jung, W., et al. (2016). Clustering and evolutionary analysis of small RNAs identify regulatory siRNA clusters induced under drought stress in rice. BMC Syst. Biol. 10:115. doi: 10.1186/s12918-016-0355-3

Jungk, A. (2001). Root hairs and the acquisition of plant nutrients from soil. J. Plant Nutr. Soil Sci. 164, 121–129. doi: 10.1093/aob/mcl114

Kahlown, M. A., and Azam, M. (2002). Individual and combined effect of waterlogging and salinity on crop yields in the Indus basin. Irrig. Drain. 51, 329–338. doi: 10.1002/ird.62

Kamal, A. H., and Komatsu, S. (2015). Involvement of reactive oxygen species and mitochondrial proteins in biophoton emission in roots of soybean plants under flooding stress. J. Proteome Res. 14, 2219–2236. doi: 10.1021/acs.jproteome.5b00007

Karni, L., Aktas, H., Deveturero, G., and Aloni, B. (2010). Involvement of root ethylene and oxidative stress-related activities in pre-conditioning of tomato transplants by increased salinity. J. Hortic. Sci. Biotechnol. 85, 23–29.

Kaur, S., Jairath, A., Singh, I., and Nayyar, H. (2016). Alternate mild drought stress (−0.1 MPa PEG) immunizes sensitive chickpea cultivar against lethal chilling by accentuating the defense mechanisms. Acta Phys. Plant 38:189. doi: 10.1016/j.jgeb.2017.10.009

Kang, G., Wang, C., Sun, G., and Wang, Z. (2003). Salicylic acid changes activities of H2O2-metabolizing enzymes and increases the chilling tolerance of banana seedlings. Environ. Exp. Bot. 50, 9–15. doi: 10.1016/S0098-8472(02)00109-0

Kawa, D., Julkowska, M. M., Sommerfeld, H. M., Horst, A., Haring, M. A., and Testerink, C. (2020). Phosphate-Dependent root system architecture responses to salt stress. Plant Physiol. 172, 690–706. doi: 10.1104/pp.16.00712

Keleş, Y., and Öncel, I. (2002). Response of antioxidative defence system to temperature and water stress combinations in wheat seedlings. Plant Sci. 163, 783–790. doi: 10.1016/S0168-9452(02)00213-3

Keramat, S., Eshghizadeh, H. R., Zahedi, M., and Nematpour, A. (2020). Growth and biochemical changes of sorghum genotypes in response to carbon dioxide and salinity interactions. Cereal Res. Commun. 48, 325–332. doi: 10.1007/s42976-020-00068-3

Khan, M. A., Gemenet, D. C., and Villordon, A. (2016). Root system architecture and abiotic stress tolerance: current knowledge in root and tuber crops. Front. Plant Sci. 7:1584. doi: 10.3389/fpls.2016.01584

Khan, M. Y., Prakash, V., Yadav, V., Chauhan, D. K., Prasad, S. M., Ramawat, N., et al. (2019). Regulation of cadmium toxicity in roots of tomato by indole acetic acid with special emphasis on reactive oxygen species production and their scavenging. Plant Physiol. Biochem. 142, 193–201. doi: 10.1016/j.plaphy.2019.05.006

Khosh Kholgh Sima, N. A., Ahmad, S. T., Alitabar, R. A., Mottaghi, A., and Pessarakli, M. (2012). Interactive effects of salinity and phosphorus nutrition on physiological responses of two barley species. J. Plant Nutr. 35, 1411–1428. doi: 10.1080/01904167.2012.684132

Kidokoro, S., Watanabe, K., Ohori, T., Moriwaki, T., Maruyama, K., Mizoi, J., et al. (2015). Soybean DREB 1/CBF-type transcription factors function in heat and drought as well as cold stress-responsive gene expression. Plant J. 81, 505–518. doi: 10.1111/tpj.12746

Klamer, F., Vogel, F., Li, X., Bremer, H., Neumann, G., Neuhäuser, B., et al. (2019). Estimating the importance of maize root hairs in low phosphorus conditions and under drought. Ann. Bot. 124, 961–968. doi: 10.1093/aob/mcz011

Klay, I., Pirrello, J., Riahi, L., Bernadac, A., Cherif, A., Bouzayen, M., et al. (2014). Ethylene response factor Sl-ERF. B. 3 is responsive to abiotic stresses and mediates salt and cold stress response regulation in tomato. Sci. World J. 2014:67681. doi: 10.1155/2014/167681

Klimenko, S., Peshkova, A., and Dorofeev, N. (2006). Nitrate reductase activity during heat shock in winter wheat. J. Stress Physiol. Biochem. 2, 50–55.

Koevoets, I. T., Venema, J. H., Elzenga, J. T. M., and Testerink, C. (2016). Roots withstanding their environment: exploiting root system architecture responses to abiotic stress to improve crop tolerance. Front. Plant Sci. 7:1335. doi: 10.3389/fpls.2016.01335

Kollist, H., Zandalinas, S. I., Sengupta, S., Nuhkat, M., Kangasjärvi, J., and Mittler, R. (2019). Rapid responses to abiotic stress: priming the landscape for the signal transduction network. Trends Plant Sci. 24, 25–37. doi: 10.1016/j.tplants.2018.10.003

Kozlowski, T. (1997). Responses of woody plants to flooding and salinity. Tree Physiol. 17, 490–490. doi: 10.1111/j.1438-8677.2012.00597.x

Kumar, K., Raina, S. K., and Sultan, S. M. (2020). Arabidopsis MAPK signaling pathways and their cross talks in abiotic stress response. J. Plant Biochem. Biotechnol. 29, 700–714.

Kumari, S., Chhillar, H., Chopra, P., Khanna, R. R., and Khan, M. I. R. (2021). Potassium: a track to develop salinity tolerant plants. Plant Physiol. Biochem. 167, 1011–1023. doi: 10.1016/j.plaphy.2021.09.031

Kushwaha, B. K., Singh, S., Tripathi, D. K., Sharma, S., Prasad, S. M., Chauhan, D. K., et al. (2019). New adventitious root formation and primary root biomass accumulation are regulated by nitric oxide and reactive oxygen species in rice seedlings under arsenate stress. J. Hazard. Mater. 361, 134–140. doi: 10.1016/j.jhazmat.2018.08.035

Lahti, M., Aphalo, P. J., Finer, L., Ryyppo, A., Lehto, T., and Mannerkoski, H. (2005). Effects of soil temperature on shoot and root growth and nutrient uptake of 5-year-old Norway spruce seedlings. Tree Physiol. 25, 115–122. doi: 10.1093/treephys/25.1.115

Lawas, L. M. F., Shi, W., Yoshimoto, M., Hasegawa, T., Hincha, D. K., Zuther, E., et al. (2018a). Combined drought and heat stress impact during flowering and grain filling in contrasting rice cultivars grown under field conditions. Field Crops Res. 229, 66–77. doi: 10.1016/j.fcr.2018.09.009

Lawas, L. M. F., Zuther, E., Jagadish, S. K., and Hincha, D. K. (2018b). Molecular mechanisms of combined heat and drought stress resilience in cereals. Curr. Opin. Plant Biol. 45, 212–217. doi: 10.1016/j.pbi.2018.04.002

Lei, X., Zhang, Q., Zhou, A.-L., and Ran, H. (2013). Assessment of flood catastrophe risk for grain production at the provincial scale in China based on the BMM method. J. Integr. Agric. 12, 2310–2320. doi: 10.1016/S2095-3119(13)60587-0

Li, D., Liu, H., Qiao, Y., Wang, Y., Cai, Z., Dong, B., et al. (2013). Effects of elevated CO2 on the growth, seed yield, and water use efficiency of soybean (Glycine max (L.) Merr.) under drought stress. Agric. Water Manag. 129, 105–112. doi: 10.1016/j.agwat.2013.07.014

Li, S., Li, X., Wei, Z., and Liu, F. (2020). ABA-mediated modulation of elevated CO2 on stomatal response to drought. Curr. Opin. Plant Biol. 56, 174–180. doi: 10.1016/j.pbi.2019.12.002

Li, T., Hasegawa, T., Yin, X., Zhu, Y., Boote, K., Adam, M., et al. (2015). Uncertainties in predicting rice yield by current crop models under a wide range of climatic conditions. Glob. Change Biol. 21, 1328–1341. doi: 10.1111/gcb.12758

Li, T., Yang, X., Yu, Y., Si, X., Zhai, X., Zhang, H., et al. (2018). Domestication of wild tomato is accelerated by genome editing. Nat. Bbiotechnol. 36, 1160–1163. doi: 10.1038/nbt.4273

Li, X., Yang, Y., Sun, X., Lin, H., Chen, J., Ren, J., et al. (2014). Comparative physiological and proteomic analyses of poplar (Populus yunnanensis) plantlets exposed to high temperature and drought. PLoS One 9:e107605. doi: 10.1371/journal.pone.0107605

Li, X.-P., Tian, A.-G., Luo, G.-Z., Gong, Z.-Z., Zhang, J.-S., and Chen, S.-Y. (2005). Soybean DRE-binding transcription factors that are responsive to abiotic stresses. Theor. Appl. Genet. 110, 1355–1362. doi: 10.1007/s00122-004-1867-6

Li, Y., Li, S., He, X., Jiang, W., Zhang, D., Liu, B., et al. (2020). CO2 enrichment enhanced drought resistance by regulating growth, hydraulic conductivity and phytohormone contents in the root of cucumber seedlings. Plant Physiol. Biochem. 152, 62–71. doi: 10.1016/j.plaphy.2020.04.037

Li, S.-H., Li, W.-M., and Bu, L.-H. (2021). Effects of potassium deficiency on growth of Pakchoi in cold and dry areas. Res. Square [Preprint]. doi: 10.21203/rs.3.rs-229701/v1

Lin, K. H. R., Weng, C. C., Lo, H. F., and Chen, J.-T. (2004). Study of the root antioxidative system of tomatoes and eggplants under waterlogged conditions. Plant Sci. 167, 355–365. doi: 10.1016/S0168-9452(04)00158-X

Ling, L., Jiangang, L., Minchong, S., Chunlei, Z., and Yuanhua, D. (2015). Cold plasma treatment enhances oilseed rape seed germination under drought stress. Sci. Rep. 5:13033. doi: 10.1038/srep13033

Liu, F. Y., Li, K. T., and Yang, W. J. (2014). Differential responses to short-term salinity stress of heat-tolerant cherry tomato cultivars grown at high temperatures. Hortic. Environ. Biotechnol. 55, 79–90. doi: 10.1007/s13580-014-0127-1

Liu, G., Li, X., Jin, S., Liu, X., Zhu, L., Nie, Y., et al. (2014). Overexpression of rice NAC gene SNAC1 improves drought and salt tolerance by enhancing root development and reducing transpiration rate in transgenic cotton. PLoS One 9:e86895. doi: 10.1371/journal.pone.0086895

Liu, Q., Zhang, Q., Burton, R. A., Shirley, N. J., and Atwell, B. J. (2010). Expression of vacuolar H+-pyrophosphatase (OVP3) is under control of an anoxia-inducible promoter in rice. Plant Mol. Biol. 72, 47–60. doi: 10.1007/s11103-009-9549-z

Liu, T., Zhang, L., Yuan, Z., Hu, X., Lu, M., Wang, W., et al. (2013). Identification of proteins regulated by ABA in response to combined drought and heat stress in maize roots. Acta Physiol. Plant. 35, 501–513. doi: 10.1007/s11738-012-1092-x

Liu, Z., Su, J., Luo, X., Meng, J., Zhang, H., Li, P., et al. (2021). Nitrogen limits zinc-mediated stimulation of tillering in rice by modifying phytohormone balance under low-temperature stress. Food Energy Secur. 11:2359. doi: 10.1002/fes3.359

Los, D. A., and Murata, N. (2004). Membrane fluidity and its roles in the perception of environmental signals. Biochim. Biophys. Acta 1666, 142–157. doi: 10.1016/j.bbamem.2004.08.002

Lu, M., Chen, M., Song, J., Wang, Y., Pan, Y., Wang, C., et al. (2019). Anatomy and transcriptome analysis in leaves revealed how nitrogen (N) availability influence drought acclimation of Populus. Trees 33, 1003–1014. doi: 10.1186/s12870-019-1667-4

Lubovská, Z., Dobrá, J., Štorchová, H., Wilhelmová, N., and Vanková, R. (2014). Cytokinin oxidase/dehydrogenase overexpression modifies antioxidant defense against heat, drought and their combination in Nicotiana tabacum plants. J. Plant Physiol. 171, 1625–1633. doi: 10.1016/j.jplph.2014.06.021

Luo, X., Bai, X., Zhu, D., Li, Y., and Ji, W. (2012). GsZFP, a new Cys2/His2-type zinc-finger protein, is a positive regulator of plant tolerance to cold and drought stress. Planta 235, 1141–1155. doi: 10.1007/s00425-011-1563-0

Luo, H. Y., He, J., and Lee, S. K. (2012). Interaction between potassium concentration and root-zone temperature on growth and photosynthesis of temperate lettuce grown in the tropics. J. Plant Nutr. 35, 1004–1021. doi: 10.1080/01904167.2012.671404

Lv, S., Jiang, P., Nie, L., Chen, X., Tai, F., Wang, D., et al. (2015). H+-pyrophosphatase from Salicornia europaea confers tolerance to simultaneously occurring salt stress and nitrogen deficiency in Arabidopsis and wheat. Plant Cell Environ. 38, 2433–2449. doi: 10.1111/pce.12557

Lynch, J. P., and St. Clair, S. B. (2004). Mineral stress: the missing link in understanding how global climate change will affect plants in real world soils. Field Crops Res. 90, 101–115. doi: 10.1016/j.fcr.2004.07.008

Maathuis, F. J. (2014). Sodium in plants: perception, signalling, and regulation of sodium fluxes. J. Exp. Bot. 65, 849–858. doi: 10.1093/jxb/ert326

Marè, C., Mazzucotelli, E., Crosatti, C., Francia, E., Stanca, A. M., and Cattivelli, L. (2004). Hv-WRKY38: a new transcription factor involved in cold- and drought-response in barley. Plant Mol. Biol. 55, 399–416. doi: 10.1007/s11103-004-0906-7

Margaret, N., Tenywa, J. S., Otabbong, E., Mubiru, D. N., and Basamba, T. A. (2014). Development of common bean (Phaseolus vulgaris L.) production under low soil phosphorus and drought in Sub-Saharan Africa: a review. J. Sustain. Dev. 7, 128–139. doi: 10.5539/jsd.v7n5p128

Martinez-Andujar, C., Martinez-Perez, A., Albacete, A., Martinez-Melgarejo, P. A., Dodd, I. C., Thompson, A. J., et al. (2021). Overproduction of ABA in rootstocks alleviates salinity stress in tomato shoots. Plant Cell Environ. 44, 2966–2986. doi: 10.1111/pce.14121

Matiu, M., Ankerst, D. P., and Menzel, A. (2017). Interactions between temperature and drought in global and regional crop yield variability during 1961-2014. PLoS One 12:e0178339. doi: 10.1371/journal.pone.0178339

Matti, B., Dahlke, H. E., and Lyon, S. W. (2016). On the variability of cold region flooding. J. Hhydrol. 534, 669–679. doi: 10.1002/hyp.11365

Mboup, M., Fischer, I., Lainer, H., and Stephan, W. (2012). Trans-species polymorphism and allele-specific expression in the CBF gene family of wild tomatoes. Mol. Biol. Evol. 29, 3641–3652. doi: 10.1093/molbev/mss176

Melgar, J. C., Syvertsen, J. P., and García-Sánchez, F. (2008). Can elevated CO2 improve salt tolerance in olive trees? J. Plant Physiol. 165, 631–640. doi: 10.1016/j.jplph.2007.01.015

Mengutay, M., Ceylan, Y., Kutman, U. B., and Cakmak, I. (2013). Adequate magnesium nutrition mitigates adverse effects of heat stress on maize and wheat. Plant Soil 368, 57–72. doi: 10.1007/s11104-013-1761-6

Metwally, A., Finkemeier, I., Georgi, M., and Dietz, K. J. (2003). Salicylic acid alleviates the cadmium toxicity in barley seedlings. Plant Physiol. 132, 272–281. doi: 10.1104/pp.102.018457

Miller, G., and Mittler, R. (2006). Could heat shock transcription factors function as hydrogen peroxide sensors in plants? Ann. Bot. 98, 279–288. doi: 10.1093/aob/mcl107

Miralles, J., Martínez-Sánchez, J., Franco, J., and Bañón, S. (2011). Rhamnus alaternus growth under four simulated shade environments: morphological, anatomical and physiological responses. Sci. Hortic. 127, 562–570. doi: 10.1016/j.scienta.2010.12.005

Miryeganeh, M. (2021). Plants’ epigenetic mechanisms and abiotic stress. Genes 12:1106. doi: 10.3390/genes12081106

Mishra, S. K., Tripp, J., Winkelhaus, S., Tschiersch, B., Theres, K., Nover, L., et al. (2002). In the complex family of heat stress transcription factors, HsfA1 has a unique role as master regulator of thermotolerance in tomato. Genes Dev. 16, 1555–1567. doi: 10.1101/gad.228802

Mittler, R. (2006). Abiotic stress, the field environment and stress combination. Trends Plant Sci. 11, 15–19. doi: 10.1016/j.tplants.2005.11.002

Miura, K., and Tada, Y. (2014). Regulation of water, salinity, and cold stress responses by salicylic acid. Front. Plant Sci. 5:4. doi: 10.3389/fpls.2014.00004

Moles, T. M., Mariotti, L., De Pedro, L. F., Guglielminetti, L., Picciarelli, P., and Scartazza, A. (2018). Drought induced changes of leaf-to-root relationships in two tomato genotypes. Plant Physiol. Biochem. 128, 24–31. doi: 10.1016/j.plaphy.2018.05.008

Moller, I. M., Jensen, P. E., and Hansson, A. (2007). Oxidative modifications to cellular components in plants. Annu. Rev. Plant Biol. 58, 459–481. doi: 10.1146/annurev.arplant.58.032806.103946

Mollier, A., and Pellerin, S. (1999). Maize root system growth and development as influenced by phosphorus deficiency. J. Exp. Bot. 50, 487–497. doi: 10.1093/jxb/50.333.487

Morari, F., Meggio, F., Lunardon, A., Scudiero, E., Forestan, C., Farinati, S., et al. (2015). Time course of biochemical, physiological, and molecular responses to field-mimicked conditions of drought, salinity, and recovery in two maize lines. Front. Plant Sci. 6:314. doi: 10.3389/fpls.2015.00314

Munns, R. (2002). Comparative physiology of salt and water stress. Plant Cell Environ. 25, 239–250. doi: 10.1046/j.0016-8025.2001.00808.x

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

Nadeem, M., Ali, M., Kubra, G., Fareed, A., Hasan, H., Khursheed, A., et al. (2020). “Role of osmoprotectants in salinity tolerance in wheat,” in Climate Change and Food Security with Emphasis on Wheat, eds M. Ozturk and A. Gul (Cambridge, MA: Academic Press). 93–106.

Nakashima, K., Tran, L. S., Van Nguyen, D., Fujita, M., Maruyama, K., Todaka, D., et al. (2007). Functional analysis of a NAC-type transcription factor OsNAC6 involved in abiotic and biotic stress-responsive gene expression in rice. Plant J. 51, 617–630. doi: 10.1111/j.1365-313X.2007.03168.x

Nayyar, H., and Chander, S. (2004). Protective effects of polyamines against oxidative stress induced by water and cold stress in chickpea. J. Agron. Crop Sci. 190, 355–365. doi: 10.1111/j.1439-037X.2004.00106.x

Negräo, S., Schmockel, S. M., and Tester, M. (2017). Evaluating physiological responses of plants to salinity stress. Ann. Bot. 119, 1–11. doi: 10.1093/aob/mcw191

NeSmith, D. S., NeSmith, D. S., Bridges, D. C., and Johnson, J. W. (1995). Responses of squash to salinity, waterlogging, and subsequent drainage: II. root and shoot growth. J. Plant Nutr. 18, 127–140. doi: 10.1080/01904169509364891

Nevo, E., and Chen, G. (2010). Drought and salt tolerances in wild relatives for wheat and barley improvement. Plant Cell Environ. 33, 670–685. doi: 10.1111/j.1365-3040.2009.02107.x

Nezhadahmadi, A., Prodhan, Z. H., and Faruq, G. (2013). Drought tolerance in wheat. Sci. World J. 2013:610721. doi: 10.1155/2013/610721

Nie, M., Lu, M., Bell, J., Raut, S., and Pendall, E. (2013). Altered root traits due to elevated CO2: a meta-analysis. Glob. Ecol. Biogeogr. 22, 1095–1105. doi: 10.1111/geb.12062

Obata, T., Witt, S., Lisec, J., Palacios-Rojas, N., Florez-Sarasa, I., Yousfi, S., et al. (2015). Metabolite profiles of maize leaves in drought, heat, and combined stress field trials reveal the relationship between metabolism and grain yield. Plant Physiol. 169, 2665–2683. doi: 10.1104/pp.15.01164

Ober, E. S., and Sharp, R. E. (2003). Electrophysiological responses of maize roots to low water potentials: relationship to growth and ABA accumulation. J. Exp. Bot. 54, 813–824. doi: 10.1093/jxb/erg060

Ojeda, M., Schaffer, B., and Davies, F. S. (2004). Flooding, root temperature, physiology and growth of two Annona species. Tree Physiol. 24, 1019–1025. doi: 10.1093/treephys/24.9.1019

Öktem, H. A., Eyidoðan, F., Demirba, D., Bayraç, A. T., Öz, M. T., Özgür, E., et al. (2008). Antioxidant responses of lentil to cold and drought stress. J. Plant Biochem. Biotechnol. 17, 15–21.

Orvar, B., Sangwan, V., and Ornann, F. (2000). Dhintlsa. RS, 2000. Early steps in cold sensing by plant cells: the role of actin cytoskeleton and membrane fluidity. Plant J. 23, 85–87. doi: 10.1046/j.1365-313x.2000.00845.x

Ozturk, Z. N., Talamé, V., Deyholos, M., Michalowski, C. B., Galbraith, D. W., Gozukirmizi, N., et al. (2002). Monitoring large-scale changes in transcript abundance in drought-and salt-stressed barley. Plant Mol. Biol. 48, 551–573. doi: 10.1023/a:1014875215580

Pandey, P., Ramegowda, V., and Senthil-kumar, M. (2015). Shared and unique responses of plants to multiple individual stresses and stress combinations: physiological and molecular mechanisms. Front. Plant Sci. 6:723. doi: 10.3389/fpls.2015.00723

Pandey, R., Vengavasi, K., and Hawkesford, M. J. (2021). Plant adaptation to nutrient stress. Plant Physiol. Rep. 26, 583–586. doi: 10.1007/s40502-021-00636-7

Pang, J. Y., Newman, I., Mendham, N., Zhou, M., and Shabala, S. (2006). Microelectrode ion and O2 fluxes measurements reveal differential sensitivity of barley root tissues to hypoxia. Plant. Cell. Environ. 29, 1107–1121. doi: 10.1111/j.1365-3040.2005.01486.x

Pardossi, A., Vernieri, P., Tognoni, F., and Agrarie, P. (2020). Involvement of abscisic acid in regulating water status in Phaseolus vulgaris L. during chilling. Plant Physiol. 100, 1243–1250. doi: 10.1104/pp.100.3.1243

Patel, P. K., Singh, A., Tripathi, N., Yadav, D., and Hemantaranjan, A. (2014). Flooding: abiotic constraint limiting vegetable productivity. Adv. Plants Agric. Res. 1, 96–103. doi: 10.15406/apar.2014.01.00016

Paul, K., Pauk, J., Kondic-Spika, A., Grausgruber, H., Allahverdiyev, T., Sass, L., et al. (2019). Co-occurrence of mild salinity and drought synergistically enhances biomass and grain retardation in wheat. Front. Plant Sci. 10:501. doi: 10.3389/fpls.2019.00501

Pedroso, F. K., Prudente, D. A., Bueno, A. C. R., Machado, E. C., and Ribeiro, R. V. (2014). Drought tolerance in citrus trees is enhanced by rootstock-dependent changes in root growth and carbohydrate availability. Environ. Exp. Bot. 101, 26–35. doi: 10.1016/j.envexpbot.2013.12.024

Pei, L., Wang, J., Li, K., Li, Y., Li, B., Gao, F., et al. (2012). Overexpression of Thellungiella halophila H+-pyrophosphatase gene improves low phosphate tolerance in maize. PLoS One 7:e43501. doi: 10.1371/journal.pone.0043501

Peleg, Z., and Blumwald, E. (2011). Hormone balance and abiotic stress tolerance in crop plants. Curr. Opin. Plant Biol. 14, 290–295. doi: 10.1016/j.pbi.2011.02.001

Peng, X. X., Tang, X. K., Zhou, P. L., Hu, Y. J., Deng, X. B., Yan, H., et al. (2011). Isolation and expression patterns of rice WRKY82 transcription factor gene responsive to both biotic and abiotic stresses. Agric. Sci. China 10, 893–901. doi: 10.1016/S1671-2927(11)60074-6

Perez-Lopez, U., Miranda-Apodaca, J., Munoz-Rueda, A., and Mena-Petite, A. (2013). Lettuce production and antioxidant capacity are differentially modified by salt stress and light intensity under ambient and elevated CO2. J. Plant Physiol. 170, 1517–1525. doi: 10.1016/j.jplph.2013.06.004

Perez-Perez, J. G., Syvertsen, J. P., Botia, P., and Garcia-Sanchez, F. (2007). Leaf water relations and net gas exchange responses of salinized Carrizo citrange seedlings during drought stress and recovery. Ann. Bot. 100, 335–345. doi: 10.1093/aob/mcm113

Pervez, M., Ayub, C., Khan, H., Shahid, M., and Ashraf, I. (2009). Effect of drought stress on growth, yield and seed quality of tomato (Lycopersicon esculentum L.). Pak. J. Agric. Sci. 46, 174–178.

Phang, T. H., Shao, G., Liao, H., Yan, X., and Lam, H. M. (2009). High external phosphate (Pi) increases sodium ion uptake and reduces salt tolerance of ‘Pi-tolerant’soybean. Physiol. Plant. 135, 412–425. doi: 10.1111/j.1399-3054.2008.01200.x

Piñero, M. C., Houdusse, F., Garcia-Mina, J. M., Garnica, M., and del Amor, F. M. (2014). Regulation of hormonal responses of sweet pepper as affected by salinity and elevated CO2 concentration. Physiol. Plant. 151, 375–389. doi: 10.1111/ppl.12119

Pinheiro, H. A., Da Matta, F. M., Chaves, A. R., Loureiro, M. E., and Ducatti, C. (2005). Drought tolerance is associated with rooting depth and stomatal control of water use in clones of Coffea canephora. Ann. Bot. 96, 101–108. doi: 10.1093/aob/mci154

Pospíšilová, H., Jiskrova, E., Vojta, P., Mrizova, K., Kokáš, F., Čudejková, M. M., et al. (2016). Transgenic barley overexpressing a cytokinin dehydrogenase gene shows greater tolerance to drought stress. New Biotechnol. 33, 692–705. doi: 10.1016/j.nbt.2015.12.005

Prasad, P. V. V., Staggenborg, S. A., and Ristic, Z. (2008). “Impacts of drought and/or heat stress on physiological, developmental, growth, and yield processes of crop plants,” in Response of Crops to Limited Water: Understanding and Modeling Water Stress Effects on Plant Growth Processes: Advances in Agricultural Systems Modeling, eds L. R. Ahuja, V. R. Reddy, S. A. Saseendran, and Y. Qiang (Madison, WI: American Society of Agronomy). 301–355.

Prasad, P., Pisipati, S., Momčilović, I., and Ristic, Z. (2011). Independent and combined effects of high temperature and drought stress during grain filling on plant yield and chloroplast EF-Tu expression in spring wheat. J. Agron. Crop Sci. 197, 430–441. doi: 10.1111/j.1439-037X.2011.00477.x

Qadir, M., Quillérou, E., Nangia, V., Murtaza, G., Singh, M., Thomas, R. J., et al. (2014). Economics of salt-induced land degradation and restoration. Nat. Resour. Forum 38, 282–295. doi: 10.1111/1477-8947.12054

Qiao, S., Fang, Y., Wu, A., Xu, B., Zhang, S., Deng, X., et al. (2019). Dissecting root trait variability in maize genotypes using the semi-hydroponic phenotyping platform. Plant Soil 439, 75–90. doi: 10.1007/s11104-018-3803-6

Qin, L., Walk, T. C., Han, P., Chen, L., Zhang, S., Li, Y., et al. (2019). Adaption of roots to nitrogen deficiency revealed by 3D quantification and proteomic analysis. Plant Physiol. 179, 329–347. doi: 10.1104/pp.18.00716

Qin, L. X., Zhang, D. J., Huang, G. Q., Li, L., Li, J., Gong, S. Y., et al. (2013). Cotton GhHyPRP3 encoding a hybrid proline-rich protein is stress inducible and its overexpression in Arabidopsis enhances germination under cold temperature and high salinity stress conditions. Acta Physiol. Plant. 35, 1531–1542. doi: 10.1007/s11738-012-1194-5

Qiu, Y., and Yu, D. (2009). Over-expression of the stress-induced OsWRKY45 enhances disease resistance and drought tolerance in Arabidopsis. Environ. Exp. Bot. 65, 35–47. doi: 10.1016/j.envexpbot.2008.07.002

Rahman, H., Ramanathan, V., Nallathambi, J., Duraialagaraja, S., and Raveendran, M. (2016). Over-expression of a NAC 67 transcription factor from finger millet (Eleusine coracana L.) confers tolerance against salinity and drought stress in rice. BMC Biotechnol. 16:35. doi: 10.1186/s12896-016-0261-1

Rampino, P., Mita, G., Fasano, P., Borrelli, G. M., Aprile, A., Dalessandro, G., et al. (2012). Novel durum wheat genes up-regulated in response to a combination of heat and drought stress. Plant Physiol. Biochem. 56, 72–78. doi: 10.1016/j.plaphy.2012.04.006

Ranty, B., Aldon, D., Cotelle, V., Galaud, J.-P., Thuleau, P., and Mazars, C. (2016). Calcium sensors as key hubs in plant responses to biotic and abiotic stresses. Front. Plant Sci. 7:327. doi: 10.3389/fpls.2016.00327

Rasheed, R., Wahid, A., Farooq, M., Hussain, I., and Basra, S. (2011). Role of proline and glycinebetaine pretreatments in improving heat tolerance of sprouting sugarcane (Saccharum sp.) buds. Plant Growth Regul. 65, 35–45. doi: 10.1007/s10725-011-9572-3

Ratnakumar, P., Rajendrudu, G., and Swamy, P. M. (2013). Photosynthesis and growth responses of peanut (Arachis hypogaea L.) to salinity at elevated CO2. Plant Soil Environ. 59, 410–416.

Reynolds-Henne, C. E., Langenegger, A., Mani, J., Schenk, N., Zumsteg, A., and Feller, U. (2010). Interactions between temperature, drought and stomatal opening in legumes. Environ. Exp. Bot. 68, 37–43. doi: 10.1016/j.envexpbot.2009.11.002

Richner, W., Soldati, A., and Stamp, P. (1996). Shoot-to-root relations in field-grown maize seedlings. Agron. J. 88, 56–61. doi: 10.2134/agronj1996.00021962008800010012x

Ritonga, F. N., and Chen, S. (2020). Physiological and molecular mechanism involved in cold stress tolerance in plants. Plants 9:560. doi: 10.3390/plants9050560

Rivero, R. M., Mestre, T. C., Mittler, R., Rubio, F., Garcia-Sanchez, F., and Martinez, V. (2014). The combined effect of salinity and heat reveals a specific physiological, biochemical and molecular response in tomato plants. Plant Cell Environ. 37, 1059–1073. doi: 10.1111/pce.12199

Rizhsky, L., Liang, H., and Mittler, R. (2002). The combined effect of drought stress and heat shock on gene expression in tobacco. Plant Physiol. 130, 1143–1151. doi: 10.1104/pp.006858

Rizhsky, L., Liang, H., Shuman, J., Shulaev, V., Davletova, S., and Mittler, R. (2004). When defense pathways collide. the response of Arabidopsis to a combination of drought and heat stress. Plant Physiol. 134, 1683–1696. doi: 10.1104/pp.103.033431

Rodrigues, F., Sousa, B., Soares, C., Martins, M., Cunha, A., and Fidalgo, F. (2021). “Tolerance response of tomato plants (Solanum lycopersicum L.) to climate change: biochemical aspects of salinity-and/or heat-induced stress,” in Proceedings of the IJUP2021 - Young Researchers Meeting 2021 (14th Meeting). Porto.

Roy, S. J., Negrao, S., and Tester, M. (2014). Salt resistant crop plants. Curr. Opin. Biotechnol. 26, 115–124. doi: 10.1016/j.copbio.2013.12.004

Saad, A. S. I., Li, X., Li, H. P., Huang, T., Gao, C. S., Guo, M. W., et al. (2013). A rice stress-responsive NAC gene enhances tolerance of transgenic wheat to drought and salt stresses. Plant Sci. 203, 33–40. doi: 10.1016/j.plantsci.2012.12.016

Sailaja, B., Voleti, S., Subrahmanyam, D., Sarla, N., Prasanth, V. V., Bhadana, V., et al. (2014). Prediction and expression analysis of miRNAs associated with heat stress in Oryza sativa. Rice Sci. 21, 3–12. doi: 10.1016/S1672-6308(13)60164-X

Sales, C. R., Ribeiro, R. V., Silveira, J. A., Machado, E. C., Martins, M. O., and Lagoa, A. M. (2013). Superoxide dismutase and ascorbate peroxidase improve the recovery of photosynthesis in sugarcane plants subjected to water deficit and low substrate temperature. Plant Physiol. Biochem. 73, 326–336. doi: 10.1016/j.plaphy.2013.10.012

Saminathan, T., Alvarado, A., Lopez, C., Shinde, S., Gajanayake, B., Abburi, V. L., et al. (2019). Elevated carbon dioxide and drought modulate physiology and storage-root development in sweet potato by regulating microRNAs. Funct. Integr. Genom. 19, 171–190. doi: 10.1007/s10142-018-0635-7

Saqib, M., Akhtar, J., Qureshi, R. H., and Nasim, M. (2013). Selection and characterization of wheat genotypes for saline soils prone to water-logging. J. Plant Nutr. Soil Sci. 176, 131–137. doi: 10.1016/j.still.2003.12.005

Sauter, M. (2013). Root responses to flooding. Curr. Opin. Plant Biol. 16, 282–286. doi: 10.1016/j.pbi.2013.03.013

Savary, S., Willocquet, L., Pethybridge, S. J., Esker, P., McRoberts, N., and Nelson, A. (2019). The global burden of pathogens and pests on major food crops. Nat. Ecol. Evol. 3, 430–439. doi: 10.1038/s41559-018-0793-y

Schenke, D., Boettcher, C., and Scheel, D. (2011). Crosstalk between abiotic ultraviolet-B stress and biotic (flg22) stress signalling in Arabidopsis prevents flavonol accumulation in favor of pathogen defence compound production. Plant Cell Environ. 34, 1849–1864. doi: 10.1111/j.1365-3040.2011.02381.x

Sehgal, A., Sita, K., Kumar, J., Kumar, S., Singh, S., Siddique, K. H., et al. (2017). Effects of drought, heat and their interaction on the growth, yield and photosynthetic function of lentil (Lens culinaris Medikus) genotypes varying in heat and drought sensitivity. Front. Plant Sci. 8:1776. doi: 10.3389/fpls.2017.01776

Sekmen, A. H., Ozgur, R., Uzilday, B., and Turkan, I. (2014). Reactive oxygen species scavenging capacities of cotton (Gossypium hirsutum) cultivars under combined drought and heat induced oxidative stress. Environ. Exp. Bot. 99, 141–149.

Seo, P. J., Kim, M. J., Park, J. Y., Kim, S. Y., Jeon, J., Lee, Y. H., et al. (2010). Cold activation of a plasma membrane-tethered NAC transcription factor induces a pathogen resistance response in Arabidopsis. Plant J. 61, 661–671. doi: 10.1111/j.1365-313X.2009.04091.x

Seo, P. J., Lee, S. B., Suh, M. C., Park, M. J., Go, Y. S., and Park, C. M. (2011). The MYB96 transcription factor regulates cuticular wax biosynthesis under drought conditions in Arabidopsis. Plant Cell 23, 1138–1152. doi: 10.1105/tpc.111.083485

Setter, T., and Waters, I. (2003). Review of prospects for germplasm improvement for waterlogging tolerance in wheat, barley and oats. Plant Soil 253, 1–34. doi: 10.1016/j.envexpbot.2013.11.010

Shabala, S., Shabala, L., and Volkenburgh, E. V. (2003). Effect of calcium on root development and root ion fluxes in salinised barley seedlings. Funct. Plant Biol. 30, 507–514. doi: 10.1071/FP03016

Shaheen, R., and Hood-Nowotny, R. C. (2005). Effect of drought and salinity on carbon isotope discrimination in wheat cultivars. Plant Sci. 168, 901–909. doi: 10.1016/j.plantsci.2004.11.003

Sharp, R. E., Poroyko, V., Hejlek, L. G., Spollen, W. G., Springer, G. K., Bohnert, H. J., et al. (2004). Root growth maintenance during water deficits: physiology to functional genomics. J. Exp. Bot. 55, 2343–2351. doi: 10.1093/jxb/erh276

Sharp, R., Zhu, J., Alvarez, S., LeNoble, M., Marsh, E., Chen, S., et al. (2006). Root growth maintenance during water deficits: physiology to cell wall proteomics—and back to physiology. J. Exp. Bot. 55, 2343–2351. doi: 10.1093/jxb/erh276

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

Shekhar, V., Stckle, D., Thellmann, M., and Vermeer, J. E. M. (2019). The role of plant root systems in evolutionary adaptation. Curr. Top. Dev. Biol. 131, 55–80. doi: 10.1016/bs.ctdb.2018.11.011

Shen, H., and Yan, X. (2002). Membrane permeability in roots of crotalaria seedlings as affected by low temperature and low phosphorus stress. J. Plant Nutr. 25, 1033–1047. doi: 10.1081/pln-120003937

Shen, Y. G., Zhang, W. K., He, S. J., Zhang, J. S., Liu, Q., and Chen, S. Y. (2003). An EREBP/AP2-type protein in Triticum aestivum was a DRE-binding transcription factor induced by cold, dehydration and ABA stress. Theor. Appl. Genet. 106, 923–930. doi: 10.1007/s00122-002-1131-x

Shi, H., Ma, W., Song, J., Lu, M., Rahman, S. U., Xuan Bui, T. T., et al. (2017). Physiological and transcriptional responses of Catalpa bungei to drought stress under sufficient- and deficient-nitrogen conditions. Tree Physiol. 37, 1457–1468. doi: 10.1093/treephys/tpx090

Shi-Heng, L., Wei-Ming, L., and Ling-Hao, B. (2021). Effects of potassium deficiency on growth of pakchoi in cold and dry areas. Mapp. Intimacies. doi: 10.21203/rs.3.rs-229701/v1

Shinohara, T., Martin, E. A., and Leskovar, D. I. (2017). Ethylene regulators influence germination and root growth of globe artichoke seedlings exposed to heat stress conditions. Seed Sci. Technol. 45, 167–178. doi: 10.15258/sst.2017.45.1.07

Shvaleva, A., Costa e Silva, F., Scotti, P., Oufir, M., Hausman, J. F., Cedric, G., et al. (2008). Physiological and biochemical responses to low non-freezing temperature of two Eucalyptus globulus clones differing in drought resistance. Ann. For. Sci. 65:204.

Silva, E. N., Vieira, S. A., Ribeiro, R. V., Ponte, L. F. A., Ferreira-Silva, S. L., and Silveira, J. A. G. (2013). Contrasting physiological responses of Jatropha curcas plants to single and combined stresses of salinity and heat. J. Plant Growth Regul. 32, 159–169. doi: 10.1007/s00344-012-9287-3

Silva-Navas, J., Moreno-Risueno, M. A., Manzano, C., Pallero-Baena, M., Navarro-Neila, S., Téllez-Robledo, B., et al. (2015). D-Root: a system for cultivating plants with the roots in darkness or under different light conditions. Plant J. 84, 244–255. doi: 10.1111/tpj.12998

Singh, A. (2022). Soil salinity: a global threat to sustainable development. Soil Use Manag. 38, 39–67. doi: 10.1111/sum.12772

Singh, P., Hussain, T., Patel, S., and Akhtar, N. (2018). “Impact of climate change on root–pathogen interactions,” in Root Biology, eds B. Giri, R. Prasad, and A. Varma (Cham: Springer). 409–427. doi: 10.1007/978-3-319-75910-4_16

Song, Y., Zou, Y., Wang, G., and Yu, X. (2017). Altered soil carbon and nitrogen cycles due to the freeze-thaw effect: a meta-analysis. Soil Biol. Biochem. 109, 35–49. doi: 10.1016/j.soilbio.2017.01.020

Srivastava, A. K., and Singh, S. (2009). Citrus decline: soil fertility and plant nutrition. J. Plant Nutr. 32, 197–245. doi: 10.1080/01904160802592706

Srivastava, A. K., Suresh Kumar, J., and Suprasanna, P. (2021). Seed ‘primeomics’: plants memorize their germination under stress. Biol. Rev. Camb. Philos. Soc. 96, 1723–1743. doi: 10.1111/brv.12722

St. Clair, S. B., and Lynch, J. P. (2010). The opening of pandora’s box: climate change impacts on soil fertility and crop nutrition in developing countries. Plant Soil 335, 101–115. doi: 10.1007/s11104-010-0328-z

Stevens, J., Senaratna, T., and Sivasithamparam, K. (2006). Salicylic acid induces salinity tolerance in tomato (Lycopersicon esculentum cv. Roma): associated changes in gas exchange, water relations and membrane stabilisation. Plant Growth Regul. 49, 77–83. doi: 10.1007/s10725-006-0019-1

Subbarao, G. V., Wheeler, R. M., Stutte, G. W., and Levine, L. H. (2000). Low potassium enhances sodium uptake in red-beet under moderate saline conditions. J. Plant Nutr. 23, 1449–1470. doi: 10.1080/01904160009382114

Sun, P., Mantri, N., Lou, H., Hu, Y., Sun, D., Zhu, Y., et al. (2012). Effects of elevated CO2 and temperature on yield and fruit quality of strawberry (Fragaria× ananassa Duch.) at two levels of nitrogen application. PLoS One 7:e41000. doi: 10.1371/journal.pone.004100

Sunkar, R., Chinnusamy, V., Zhu, J., and Zhu, J. K. (2007). Small RNAs as big players in plant abiotic stress responses and nutrient deprivation. Trends Plant Sci. 12, 301–309. doi: 10.1016/j.tplants.2007.05.001

Suzuki, N., Bassil, E., Hamilton, J. S., Inupakutika, M. A., Zandalinas, S. I., Tripathy, D., et al. (2016). ABA is required for plant acclimation to a combination of salt and heat stress. PLoS One 11:e0147625. doi: 10.1371/journal.pone.0147625

Suzuki, N., Rivero, R. M., Shulaev, V., Blumwald, E., and Mittler, R. (2014). Tansley review abiotic and biotic stress combinations. New Phytol. 203, 32–43. doi: 10.1111/nph.12797

Syvertsen, J. P., and Garcia-Sanchez, F. (2014). Multiple abiotic stresses occurring with salinity stress in citrus. Environ. Exp. Bot. 103, 128–137. doi: 10.1016/J.ENVEXPBOT.2013.09.015

Tahere, A.-S., Yamauchi, A., Kamoshita, A., and Wade, L. J. (2000). Genotypic variation in response of rainfed lowland rice to drought and rewatering: II. root growth. Plant Prod. Sci. 3, 180–188. doi: 10.1626/pps.3.180

Takagi, M., El-Shemy, H. A., Sasaki, S., Toyama, S., Kanai, S., Saneoka, H., et al. (2009). Elevated CO2 concentration alleviates salinity stress in tomato plant. Acta Agric. Scand. B Soil Plant Sci. 59, 87–96. doi: 10.1080/09064710801932425

Talanova, V., Akimova, T., and Titov, A. (2003). Effect of whole plant and local heating on the ABA content in cucumber seedling leaves and roots and on their heat tolerance. Russ. J. Plant Physiol. 50, 90–94. doi: 10.1023/A:1021996703940

Talbi Zribi, O., Abdelly, C., and Debez, A. (2011). Interactive effects of salinity and phosphorus availability on growth, water relations, nutritional status and photosynthetic activity of barley (Hordeum vulgare L.). Plant Biol. 13, 872–880. doi: 10.1111/j.1438-8677.2011.00450.x

Tantau, H., and Dörffling, K. (1991). Effects of chilling on physiological responses and changes in hormone levels in two Euphorbia pulcherrima varieties with different chilling tolerance. J. Plant Physiol. 138, 734–740. doi: 10.1016/S0176-1617(11)81324-6

Tao, J. J., Chen, H. W., Ma, B., Zhang, W. K., Chen, S. Y., and Zhang, J. S. (2015). The Role of ethylene in plants under salinity stress. Front. Plant Sci. 6:1059. doi: 10.3389/fpls.2015.01059

Tao, R., Ding, J., Li, C., Zhu, X., Guo, W., and Zhu, M. (2021). Evaluating and screening of agro-physiological indices for salinity stress tolerance in wheat at the seedling stage. Front. Plant Sci. 12:529. doi: 10.3389/fpls.2021.646175

Teakle, N., Real, D., and Colmer, T. (2006). Growth and ion relations in response to combined salinity and waterlogging in the perennial forage legumes Lotus corniculatus and Lotus tenuis. Plant Soil 289, 369–383. doi: 10.1007/s11104-006-9146-8

Tewari, S., and Arora, N. (2016). “Soybean production under flooding stress and its mitigation using plant growth-promoting microbes,” in Environmental Stresses in Soybean Production, ed. M. Miransari (Cambridge, MA: Academic Press). 23–40. doi: 10.1016/B978-0-12-801535-3.00002-4

Tewari, S., and Mishra, A. (2018). “Flooding stress in plants and approaches to overcome,” in Plant Metabolites and Regulation Under Environmental Stress, ed. M. Miransari (Cambridge, MA: Academic Press). 355–366.

Tindall, J. A., Mills, H. A., and Radcliffe, D. E. (1990). The effect of root zone temperature on nutrient uptake of tomato. J. Plant Nutr. 13, 939–956. doi: 10.1080/01904169009364127

Torun, H. (2019). Time-course analysis of salicylic acid effects on ROS regulation and antioxidant defense in roots of hulled and hulless barley under combined stress of drought, heat and salinity. Physiol. Plant 165, 169–182. doi: 10.1111/ppl.12798

Trapeznikov, V. K., Ivanov, I. I., and Kudoyarova, G. R. (2003). Effect of heterogeneous distribution of nutrients on root growth, ABA content and drought resistance of wheat plants. Plant Soil 252, 207–214.

Tuteja, N. (2007). Abscisic Acid and abiotic stress signaling. Plant Signal. Behav. 2, 135–138. doi: 10.4161/psb.2.3.4156

Tuteja, N., and Gill, S. S. (2013). Climate Change and Plant Abiotic Stress Tolerance. Hoboken, NJ: John Wiley and Sons.

Uddin, S., Low, M., Parvin, S., Fitzgerald, G. J., Tausz-Posch, S., Armstrong, R., et al. (2018). Elevated [CO2] mitigates the effect of surface drought by stimulating root growth to access sub-soil water. PLoS One 13:e0198928. doi: 10.1371/journal.pone.0198928

Vannini, C., Campa, M., Iriti, M., Genga, A., Faoro, F., Carravieri, S., et al. (2007). Evaluation of transgenic tomato plants ectopically expressing the rice Osmyb4 gene. Plant Sci. 173, 231–239.

Vescio, R., Abenavoli, M. R., and Sorgonà, A. (2021). Single and combined abiotic stress in maize root morphology. Plants 10:5. doi: 10.3390/plants10010005

Vieten, A., Sauer, M., Brewer, P. B., and Friml, J. (2007). Molecular and cellular aspects of auxin-transport-mediated development. Trends Plant Sci. 12, 160–168. doi: 10.1016/j.tplants.2007.03.006

Villordon, A. Q., Ginzberg, I., and Firon, N. (2014). Root architecture and root and tuber crop productivity. Trends Plant Sci. 19, 419–425. doi: 10.1016/j.tplants.2014.02.002

Vitousek, S., Barnard, P. L., Fletcher, C. H., Frazer, N., Erikson, L., and Storlazzi, C. D. (2017). Doubling of coastal flooding frequency within decades due to sea-level rise. Sci. Rep. 7:1399. doi: 10.1038/s41598-017-01362-7

Voss-Fels, K. P., Snowdon, R. J., and Hickey, L. T. (2018). Designer roots for future crops. Trends Plant Sci. 23, 957–960. doi: 10.1016/j.tplants.2018.08.004

Waidmann, S., Sarkel, E., and Kleine-Vehn, J. (2020). Same same, but different: growth responses of primary and lateral roots. J. Exp. Bot. 71, 2397–2411. doi: 10.1093/jxb/eraa027

Waititu, J. K., Zhang, C., Liu, J., and Wang, H. (2020). Plant non-coding RNAs: origin, biogenesis, mode of action and their roles in abiotic stress. Int. J. Mol. Sci. 21:8401. doi: 10.3390/ijms21218401

Walsh, K. B., and Layzell, D. B. (1986). Carbon and nitrogen assimilation and partitioning in soybeans exposed to low root temperatures. Plant Physiol. 80, 249–255. doi: 10.1104/pp.80.1.249

Wang, Y., Hu, J., Qin, G., Cui, H., and Wang, Q. (2012). Salicylic acid analogues with biological activity may induce chilling tolerance of maize (Zea mays) seeds. Botany 90, 845–855. doi: 10.1139/b2012-055

Wang, F., Chen, Z. H., Liu, X., Shabala, L., Yu, M., Zhou, M., et al. (2019). The loss of RBOHD function modulates root adaptive responses to combined hypoxia and salinity stress in Arabidopsis. Environ. Exp. Bot. 158, 125–135.

Wang, K., Zhang, X., Goatley, M., and Ervin, E. (2014). Heat shock proteins in relation to heat stress tolerance of creeping bentgrass at different N levels. PLoS One 9:e102914. doi: 10.1371/journal.pone.0102914

Wang, Q., Guan, Y., Wu, Y., Chen, H., Chen, F., and Chu, C. (2008). Overexpression of a rice OsDREB1F gene increases salt, drought, and low temperature tolerance in both Arabidopsis and rice. Plant Mol. Biol. 67, 589–602. doi: 10.1007/s11103-008-9340-6

Wang, Q., Zhu, Y., Zou, X., Li, F., Zhang, J., Kang, Z., et al. (2020). Nitrogen deficiency-induced decrease in cytokinins content promotes rice seminal root growth by promoting root meristem cell proliferation and cell elongation. Cells 9:916. doi: 10.3390/cells9040916

Wang, W., Vinocur, B., and Altman, A. (2003). Plant responses to drought, salinity and extreme temperatures: towards genetic engineering for stress tolerance. Planta 218, 1–14. doi: 10.1007/s00425-003-1105-5

Wang, Z., Wang, F., Hong, Y., Huang, J., Shi, H., and Zhu, J. K. (2016). Two chloroplast proteins suppress drought resistance by affecting ROS production in guard cells. Plant Physiol. 172, 2491–2503. doi: 10.1104/pp.16.00889

Wany, A., Kumari, A., and Gupta, K. J. (2017). Nitric oxide is essential for the development of aerenchyma in wheat roots under hypoxic stress. Plant Cell Environ. 40, 3002–3017. doi: 10.1111/pce.13061

Waraich, E., Ahmad, R., Halim, A., and Aziz, T. (2012). Alleviation of temperature stress by nutrient management in crop plants: a review. J. Soil Sci. Plant Nutr. 12, 221–244. doi: 10.4067/S0718-95162012000200003

Watts, N., Amann, M., Arnell, N., Ayeb-Karlsson, S., Beagley, J., Belesova, K., et al. (2021). The 2020 report of the lancet countdown on health and climate change: responding to converging crises. Lancet 397, 129–170. doi: 10.1016/S0140-6736(20)32290-X

Wei, L., Zhang, D., Xiang, F., and Zhang, Z. (2009). Differentially expressed miRNAs potentially involved in the regulation of defense mechanism to drought stress in maize seedlings. Int. J. Plant Sci. 170, 979–989. doi: 10.1086/605122

Wells, C. E., and Eissenstat, D. M. (2002). Beyond the roots of young seedlings: the influence of age and order on fine root physiology. J. Plant Growth Regul. 21, 324–334. doi: 10.1007/s00344-003-0011-1

Wilkins, K. A., Matthus, E., Swarbreck, S. M., and Davies, J. M. (2016). Calcium-Mediated abiotic stress signaling in roots. Front. Plant Sci. 7:1296. doi: 10.3389/fpls.2016.01296

Wu, L., Chen, X., Ren, H., Zhang, Z., Zhang, H., Wang, J., et al. (2007). ERF protein JERF1 that transcriptionally modulates the expression of abscisic acid biosynthesis-related gene enhances the tolerance under salinity and cold in tobacco. Planta 226, 815–825. doi: 10.1104/pp.111.179028

Wu, W., Duncan, R. W., and Ma, B. L. (2017). Quantification of canola root morphological traits under heat and drought stresses with electrical measurements. Plant Soil 415, 229–244. doi: 10.1007/s11104-016-3155-z

Wu, W., Shah, F., Duncan, R. W., and Ma, B. L. (2020). Grain yield, root growth habit and lodging of eight oilseed rape genotypes in response to a short period of heat stress during flowering. Agric. For. Meteorol. 287:107954. doi: 10.1016/j.agrformet.2020.107954

Xia, N., Zhang, G., Liu, X. Y., Deng, L., Cai, G. L., Zhang, Y., et al. (2010). Characterization of a novel wheat NAC transcription factor gene involved in defense response against stripe rust pathogen infection and abiotic stresses. Mol. Biol. Rep. 37, 3703–3712. doi: 10.1007/s11033-010-0023-4

Xu, W., Cui, K., Xu, A., Nie, L., Huang, J., and Peng, S. (2015). Drought stress condition increases root to shoot ratio via alteration of carbohydrate partitioning and enzymatic activity in rice seedlings. Acta Physiol. Plant. 37:9. doi: 10.1007/s11738-014-1760-0

Xu, W., Jia, L., Shi, W., Liang, J., Zhou, F., Li, Q., et al. (2013). Abscisic acid accumulation modulates auxin transport in the root tip to enhance proton secretion for maintaining root growth under moderate water stress. New Phytol. 197, 139–150. doi: 10.1111/nph.12004

Xu, Z. S., Ni, Z. Y., Li, Z. Y., Li, L. C., Chen, M., Gao, D. Y., et al. (2009). Isolation and functional characterization of HvDREB1-a gene encoding a dehydration-responsive element binding protein in Hordeum vulgare. J. Plant Res. 122, 121–130. doi: 10.1007/s10265-008-0195-3

Xue, G. P., and Loveridge, C. W. (2004). HvDRF1 is involved in abscisic acid-mediated gene regulation in barley and produces two forms of AP2 transcriptional activators, interacting preferably with a CT-rich element. Plant J. 37, 326–339. doi: 10.1046/j.1365-313x.2003.01963.x

Xue, G.-P., Sadat, S., Drenth, J., and McIntyre, C. L. (2014). The heat shock factor family from Triticum aestivum in response to heat and other major abiotic stresses and their role in regulation of heat shock protein genes. J. Exp. Bot. 65, 539–557. doi: 10.1093/jxb/ert399

Yadav, S. K. (2010). Cold stress tolerance mechanisms in plants. a review. Agron. Sustain. Dev. 30, 515–527.

Yan, F., Li, X., and Liu, F. (2017). ABA signaling and stomatal control in tomato plants exposure to progressive soil drying under ambient and elevated atmospheric CO2 concentration. Environ. Exp. Bot. 139, 99–104. doi: 10.1016/j.envexpbot.2017.04.008

Yan, Q., Duan, Z., Mao, J., Li, X., and Dong, F. (2012). Effects of root-zone temperature and N, P, and K supplies on nutrient uptake of cucumber (Cucumis sativus L.) seedlings in hydroponics. Soil Sci. Plant Nutr. 58, 707–717. doi: 10.1080/00380768.2012.733925

Yancey, P. H. (2005). Organic osmolytes as compatible, metabolic and counteracting cytoprotectants in high osmolarity and other stresses. J. Exp. Biol. 208, 2819–2830. doi: 10.1242/jeb.01730

Yeo, A. (1998). Predicting the interaction between the effects of salinity and climate change on crop plants. Sci. Hortic. 78, 159–174. doi: 10.1016/S0304-4238(98)00193-9

Yıldırım, K., Yağcı, A., Sucu, S., and Tunç, S. (2018). Responses of grapevine rootstocks to drought through altered root system architecture and root transcriptomic regulations. Plant Physiol. Biochem. 127, 256–268. doi: 10.1016/j.plaphy.2018.03.034

Yoon, Y., Seo, D. H., Shin, H., Kim, H. J., Kim, C. M., and Jang, G. (2020). The Role of Stress-responsive transcription factors in modulating abiotic stress tolerance in plants. Agronomy 10:788. doi: 10.3390/agronomy10060788

Yu, L., Dong, H., Li, Z., Han, Z., Korpelainen, H., and Li, C. (2020). Species-specific responses to drought, salinity and their interactions in Populus euphratica and P. pruinosa seedlings. J. Plant Ecol. 13, 563–573.

Yu, X., Yang, J., Li, X., Liu, X., Sun, C., Wu, F., et al. (2013). Global analysis of cis-natural antisense transcripts and their heat-responsive nat-siRNAs in Brassica rapa. BMC Plant Biol. 13:208. doi: 10.1186/1471-2229-13-208

Yun, W., Jinping, Z., Yong, S., Jauhar, A., Jianlong, X., and Zhikang, L. (2012). Identification of genetic overlaps for salt and drought tolerance using simple sequence repeat markers on an advanced backcross population in rice. Crop Sci. 52, 1583–1592. doi: 10.2135/cropsci2011.12.0628

Zaghdoud, C., Mota-Cadenas, C., Carvajal, M., Muries, B., Ferchichi, A., and Martínez-Ballesta, M. C. (2013). Elevated CO2 alleviates negative effects of salinity on broccoli (Brassica oleracea L. var Italica) plants by modulating water balance through aquaporins abundance. Environ. Exp. Bot. 95, 15–24.

Zandalinas, S. I., Balfagón, D., Arbona, V., and Gómez-Cadenas, A. (2017). Modulation of antioxidant defense system is associated with combined drought and heat stress tolerance in citrus. Front. Plant Sci. 8:953. doi: 10.3389/fpls.2017.00953

Zandalinas, S. I., Balfagón, D., Arbona, V., Gómez-Cadenas, A., Inupakutika, M. A., and Mittler, R. (2016). ABA is required for the accumulation of APX1 and MBF1c during a combination of water deficit and heat stress. J. Exp. Bot. 67, 5381–5390. doi: 10.1093/jxb/erw299

Zandalinas, S. I., Mittler, R., Balfagon, D., Arbona, V., and Gomez-Cadenas, A. (2018). Plant adaptations to the combination of drought and high temperatures. Physiol. Plant. 162, 2–12. doi: 10.1111/ppl.12540

Zandalinas, S. I., Sengupta, S., Fritschi, F. B., Azad, R. K., Nechushtai, R., and Mittler, R. (2021). The impact of multifactorial stress combination on plant growth and survival. New Phytol. 230, 1034–1048. doi: 10.1111/nph.17232

Zandkarimi, H., Ebadi, A., Salami, S. A., Alizade, H., and Baisakh, N. (2015). Analyzing the expression profile of AREB/ABF and DREB/CBF genes under drought and salinity stresses in grape (Vitis vinifera L.). PLoS One 10:e0134288. doi: 10.1371/journal.pone.0134288

Zeng, F., Shabala, L., Zhou, M., Zhang, G., and Shabala, S. (2013). Barley responses to combined waterlogging and salinity stress: separating effects of oxygen deprivation and elemental toxicity. Front. Plant Sci. 4:313. doi: 10.3389/fpls.2013.00313

Zhang, C., Meng, S., Li, M., and Zhao, Z. (2018). Transcriptomic insight into nitrogen uptake and metabolism of Populus simonii in response to drought and low nitrogen stresses. Tree Physiol. 38, 1672–1684.

Zhang, G., Chen, M., Li, L., Xu, Z., Chen, X., Guo, J., et al. (2009). Overexpression of the soybean GmERF3 gene, an AP2/ERF type transcription factor for increased tolerances to salt, drought, and diseases in transgenic tobacco. J. Exp. Bot. 60, 3781–3796. doi: 10.1093/jxb/erp214

Zhang, Z., Wang, Q., Li, Z., Duan, L., and Tian, X. (2009). Effects of potassium deficiency on root growth of cotton seedlings and its physiological mechanisms. Acta Agron. Sin. 35, 718–723. doi: 10.1016/S1875-2780(08)60079-6

Zhang, H., Zhu, J., Gong, Z., and Zhu, J. K. (2022). Abiotic stress responses in plants. Nat. Rev. Genet. 23, 104–119. doi: 10.1038/s41576-021-00413-0

Zhang, J. H., Liu, Y. P., Pan, Q. H., Zhan, J. C., Wang, X. Q., and Huang, W. D. (2006). Changes in membrane-associated H+-ATPase activities and amounts in young grape plants during the cross adaptation to temperature stresses. Plant Sci. 170, 768–777. doi: 10.1016/J.PLANTSCI.2005.11.009

Zhang, J., Jia, W., Yang, J., and Ismail, A. M. (2006). Role of ABA in integrating plant responses to drought and salt stresses. Field Crops Res. 97, 111–119. doi: 10.1016/j.fcr.2005.08.018

Zhang, L., Chen, B., Zhang, G., Li, J., Wang, Y., Meng, Y., et al. (2013). Effect of soil salinity, soil drought, and their combined action on the biochemical characteristics of cotton roots. Acta Physiol. Plant. 35, 3167–3179. doi: 10.1007/s10265-012-0533-3

Zhang, Q., Huber, H., Beljaars, S. J. M., Birnbaum, D., de Best, S., de Kroon, H., et al. (2017). Benefits of flooding-induced aquatic adventitious roots depend on the duration of submergence: linking plant performance to root functioning. Ann. Bot. 120, 171–180. doi: 10.1093/aob/mcx049

Zhang, R., Xu, C., Bao, Z., Xiao, R., Chen, X., Xiao, W., et al. (2021). Auxin alters sodium ion accumulation and nutrient accumulation by playing protective role in salinity challenged strawberry. Plant Physiol. Biochem. 164, 1–9. doi: 10.1016/j.plaphy.2021.04.008

Zhao, C., Liu, B., Piao, S., Wang, X., Lobell, D. B., Huang, Y., et al. (2017). Temperature increase reduces global yields of major crops in four independent estimates. Proc. Natl. Acad. Sci. U.S.A 114, 9326–9331. doi: 10.1073/pnas.1701762114

Zhao, Y., Li, Y., and Yang, F. (2021). Critical review on soil phosphorus migration and transformation under freezing-thawing cycles and typical regulatory measurements. Sci. Total Environ. 751:141614. doi: 10.1016/j.scitotenv.2020.141614

Zhao, Z., Chen, G., and Zhang, C. (2001). Interaction between reactive oxygen species and nitric oxide in drought-induced abscisic acid synthesis in root tips of wheat seedlings. Funct. Plant Biol. 28, 1055–1061.

Zhou, R., Kong, L., Wu, Z., Rosenqvist, E., Wang, Y., Zhao, L., et al. (2019). Physiological response of tomatoes at drought, heat and their combination followed by recovery. Physiol. Plant 165, 144–154. doi: 10.1111/ppl.12764

Zhu, B., Ye, C., Lu, H., Chen, X., Chai, G., Chen, J., et al. (2006). Identification and characterization of a novel heat shock transcription factor gene, GmHsfA1, in soybeans (Glycine max). J. Plant Res. 119, 247–256. doi: 10.1007/s10265-006-0267-1

Zong, W., Yang, J., Fu, J., and Xiong, L. (2020). Synergistic regulation of drought-responsive genes by transcription factor OsbZIP23 and histone modification in rice. J. Int. Plant Biol. 62, 723–729. doi: 10.1111/jipb.12850

Zorb, C., Geilfus, C. M., and Dietz, K. J. (2019). Salinity and crop yield. Plant Biol. 21, 31–38. doi: 10.1111/plb.12884

Zribi, O. T., Houmani, H., Kouas, S., Slama, I., Ksouri, R., and Abdelly, C. (2014). Comparative Study of the interactive effects of salinity and phosphorus availability in wild (Hordeum maritimum) and Cultivated Barley (H. vulgare). J. Plant Growth Regul. 33, 860–870. doi: 10.1007/s00344-014-9429-x

Zribi, O. T., Labidi, N., Slama, I., Debez, A., Ksouri, R., Rabhi, M., et al. (2012). Alleviation of phosphorus deficiency stress by moderate salinity in the halophyte Hordeum maritimum L. Plant Growth Regul. 66, 75–85. doi: 10.1007/s10725-011-9631-9


Conflict of Interest: 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Sánchez-Bermúdez, del Pozo and Pernas. 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) and the copyright owner(s) 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/fpls-13-918537-g002.jpg
-
Heat )

+ Drought:
- Increase in ROS and activation of antioxidant enzymes and
osmoprotectants.
- Increase in ABA synthesis and auxins but decrease in cytokinins.
- Induction of TFs (HSFs, MYBs and WRKY's) and HSPs
expression.
+ Salinity:
- High Na* and CI-but reduction in Ca?* absorption and changes
in the activity of ion transporters.
- Increase in ROS and antioxidant enzymes and osmoprotectants
and lipid peroxidation.
- Expression of ABA-related transcripts, and metal homeostasis and

detoxification
+ Nutrient deficiencies:
- Decrease in the activity of nutrient-related enzymes, reduction of
starch and degradation to sugars. J

Drought

+ Salinity:
- Alteration of ion homeostasis and activity of H*-ATPase transporters.
- Increase in antioxidant enzymes and lipid peroxidation.
- Shared genetic and molecular pathways.
+ Nutrient deficiencies:
- Accumulation of osmoprotectants.

- Activation of N transport-related transcripts.

+ High CO2:

- Increase in ABA, decrease in auxins and GAs.
- Expression of aquaporin-related genes, activity of miRNAs
involved in root development.

4 )

- Increase in carbohydrates and C assimilation, activity of N transporters.

/i i Cold b

+ Drought:

~————— - Increase in ROS and antioxidant compounds and dehydrins.

- Decrease in relative water content.
- Regulation mediated by ABA.
+ Salinity:
- Increase in intracellular Ca?*, changes in the
influx/efflux of K*.
+ Nutrient deficiencies:
- Changes in membrane permeability and ion uptake,
and increase in antioxidant enzymes.
+ Flooding:
- Increase in ROS and antioxidant enzymes, and enhanced
activity of vacuolar H*- pyrophosphatase.

r

Salinity

+ Nutrient deficiencies:
- Alteration of Na*/K* ratio and changes in the activity of phosphatases.
+ Flooding:
- Increase of Na* and reduction of K*.
- Increased activity of anaerobic-related enzymes, decrease in the N-fixation
capacity and increase of NO.
- Alteration of proteins related to N-metabolism and secondary metabolites
related to osmotic adjustment.
- Reduction in cytokinins.
+ High CO2:
- Decrease in Na* and increase in K*, decreases in aminoacids.

- Increases in the activity of PIP aquaporins.
- Reductions in ABA and increase in cytokinins.
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and approaches

B Engineer multistress tolerance using key transcription factors
and other key regulatory genes modulating combined stress
abiotic-related gene expression in roots.

B Incorporation of hormonal crosstalk and epigenetic
mechanisms regulating root response into combined stress
abiotic tolerance breeding programmes.

B Genome editing approaches to generate novel desired alleles
based on natural variation of stress-responsive genes.

B Improvement of agronomic management practices and the use
of precise farming: more efficient use of nitrogen and
phosphate fertilizers as well as water.

B priming-induced multistress resilence applied on roots.
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Thermal-related stresses References

Heat stress
Individual effects - Reduction in root growth - Wu et al., 2020
- Changes in the fluidity of the cell plasma membrane - Los and Murata, 2004
Combination with drought - Reduction in root growth - Vescio et al., 2021
- Reduction in the number of lateral roots -Wuetal., 2017
- Suppression of the development of seminal roots - Fébian et al., 2008
Combination with salinity - Reduction in root growth - Rivero et al., 2014
- Increase in root/shoot ratio -LiuF. Y. etal, 2014
Combination with nutrient deficiencies - Reduction in root growth - Tindall et al., 1990
- Reduction in root length, number of root tips and root surface area -Luo X etal., 2012; LuoH. Y. et al., 2012
- Changes in the distribution of the root system and reductions in diameter - Lahtiet al., 2005
Cold stress
Individual effects - Reductions in root growth - Richner et al., 1996
- Reductions in water uptake - Yadav, 2010
Combination with drought - Pre-treatment with drought leads to enhanced root system under cold stress. - Kaur et al., 2016
- Pre-treatment with cold leads to an increase in root dry weight, length and - Ling etal., 2015
increase in number of lateral roots under drought stress - Hussain et al., 2020
- Cold and drought applied at the same time lead to root growth reduction
Combination with salinity - Pre-treatment with cold decreases ion uptake - Igbal and Ashraf, 2010
Combination with nutrient deficiencies - Combination with K deficiency leads to reductions in root length - Shi-Heng et al., 2021
Combination with flooding - Changes in the development of adventitious roots - Ojeda et al., 2004
Soil-related stresses References
Drought stress
Individual effects - Deeper root system under moderate drought - Moles et al., 2018
- Reductions in root growth under severe drought -Wuetal, 2017
Combination with salinity - Aggravation of the effects of drought, inhibiting root growth - Srivastava and Singh, 2009
- Increase in root/shoot ratio - Shaheen and Hood-Nowotny, 2005
- Changes in the root tips cell ultrastructure - lorahim et al., 2019
Combination with nutrient deficiencies - Inhibition of root growth - Shietal, 2017
- P-starvation and drought cause modifications on root hairs - Jungk, 2001
Salinity stress
Individual effects - Reduction in water uptake - Negréo et al., 2017
Combination with nutrient deficiencies - P-starvation with salinity causes changes in the development of lateral roots - Kawa et al., 2020
and reductions in root growth - Abbas et al., 2018
Combination with flooding - Detrimental effects on the number of adventitious roots, number of lateral - NeSmith et al., 1995

roots and root dry weight
Nutrient deficiencies

Individual effects - N deficiency causes roots to become longer, with larger cells but reduced - Qinetal., 2019
solidity - Mollier and Pellerin, 1999
- P deficiency causes reductions on root growth - Zhang G. et al., 2009; Zhang Z. et al., 2009
- K deficiency causes reductions in root length, area and volume
Flooding stress
Individual effects - Reductions in root growth - Barrett-Lennard, 2003
- Expansion of adventitious roots -Zhangetal., 2017
Atmospheric-related stresses References
- Enhanced root growth - Uddin et al., 2018
- Increase in root mass, length, area and density - Chaudhuri et al., 1986
Combination with drought - Enhanced root biomass compared to individual drought stress -LiY.etal, 2020
Combination with salinity - Enhanced root growth when compared to salinity stress alone - Ratnakumar et al., 2013

Summary of the current knowledge regarding morphological effects of abiotic stress combinations in roots of crops. The table summarizes indivical effects of each
abiotic stress in roots as well as the effects of different stress combinations. The different stresses are divided into three categories: thermal-related stresses, soil-related
stresses and atmospheric-related stresses. The morphological effects showed in this table have been observed among several crops. References for each statement are
'shown in the column at the right side of the table.
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