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Abstract

:

Warming surface temperatures and increasing frequency and duration of widespread droughts threaten the health of natural forests and agricultural crops. High temperatures (HT) and intense droughts can lead to the excessive plant water loss and the accumulation of reactive oxygen species (ROS) resulting in extensive physical and oxidative damage to sensitive plant components including photosynthetic membranes. ROS signaling is tightly integrated with signaling mechanisms of the potent phytohormone abscisic acid (ABA), which stimulates stomatal closure leading to a reduction in transpiration and net photosynthesis, alters hydraulic conductivities, and activates defense gene expression including antioxidant systems. While generally assumed to be produced in roots and transported to shoots following drought stress, recent evidence suggests that a large fraction of plant ABA is produced in leaves via the isoprenoid pathway. Thus, through stomatal regulation and stress signaling which alters water and carbon fluxes, we highlight the fact that ABA lies at the heart of the Carbon-Water-ROS Nexus of plant response to HT and drought stress. We discuss the current state of knowledge of ABA biosynthesis, transport, and degradation and the role of ABA and other isoprenoids in the oxidative stress response. We discuss potential variations in ABA production and stomatal sensitivity among different plant functional types including isohydric/anisohydric and pioneer/climax tree species. We describe experiments that would demonstrate the possibility of a direct energetic and carbon link between leaf ABA biosynthesis and photosynthesis, and discuss the potential for a positive feedback between leaf warming and enhanced ABA production together with reduced stomatal conductance and transpiration. Finally, we propose a new modeling framework to capture these interactions. We conclude by discussing the importance of ABA in diverse tropical ecosystems through increases in the thermotolerance of photosynthesis to drought and heat stress, and the global importance of these mechanisms to carbon and water cycling under climate change scenarios.
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1. Introduction


1.1. Global Increase of Atmospheric CO2 and Surface Warming Trends


In January 2015, free troposphere observations by the National Oceanic and Atmospheric Administration (NOAA) in the northern hemisphere revealed that atmospheric carbon dioxide (CO2) mixing ratios reached 400 ppm, for the first time in recorded history, and two years later (February 2017), CO2 levels had already climbed to 406.42 ppm (http://www.esrl.noaa.gov/). Direct observations of the radiative impact of increasing atmospheric CO2 obtained using Atmospheric Emitted Radiance Interferometer (AERI) spectra revealed that the 22 ppm increase in atmospheric CO2 between 2000 and 2010 resulted in an increase in CO2 surface radiative forcing by +0.2 W·m−2 per decade [1]. Also evident in the NOAA and AERI time series are the strong temporal variations due to surface biological processes including photosynthesis and respiration, which in turn affects the surface energy balance. Instead of accumulating in the atmosphere, an estimated half of the current anthropogenic CO2 emissions are absorbed by oceans and terrestrial ecosystems [2], demonstrating a large mitigating effect of anthropogenic warming, in part by surface biological processes. In particular, tropical forests, with their rich biodiversity, play a central role in Earth’s climate system by cycling more water and CO2 than any other biome [3].




1.2. Tropical Forest CO2 and Water Fluxes during Warming and Drought Conditions


Tropical forests absorb large amounts of atmospheric CO2, accounting for ~34% (42 PgC·year−1) [4] of total global terrestrial gross primary production (GPP). Part of this assimilated carbon in the tropics is lost to the atmosphere during autotrophic respiration (Ra) with the remaining flux (net primary production, NPP) accounting for ~35% of the total global NPP (22 PgC·year−1) [5,6]. Most NPP is stored as biomass with tropical forests accounting for 66% (~262 PgC) of the global total [5]; equivalent to ~1.7 times the terrestrial carbon sink since 1850 [7,8]. One of the largest terrestrial carbon sinks on Earth is the Amazon rainforest, with a total stock estimated around 120 PgC, in aboveground biomass and soils [9,10]. In addition, the Amazon cycles a large amount of carbon in the form of CO2 with the atmosphere via photosynthesis and respiration with an estimated annual flux of 18 PgC, which exceeds the rate of anthropogenic fossil fuel emissions [11]. However, a high drought sensitivity of this large terrestrial carbon sink has been increasingly documented, including reductions in net primary productivity (NPP), decreases in biomass gains, and increased vegetation mortality during the widespread 2005, 2010, and 2015 Amazonian droughts [2,9,12,13,14]. Moreover, climate models consistently predict warmer conditions in the Amazon basin by the end of the 21st century [15] and a higher frequency (e.g., every 5 years) and intensity of large-scale Amazonian droughts [2,16]. Therefore, climate change factors, including warming trends and droughts threatens the ability of tropical ecosystems to maintain a net carbon sink throughout the 21st century, and consequently mitigate anthropogenic climate effects in the atmosphere. Thus, there is an urgent need to better understand the biochemical and physiological mechanisms underlying forest drought response [17,18], and in particular the combined impacts of high leaf temperatures/light and low moisture availability on net carbon assimilation rates [19,20]. However, the mechanisms by which tropical trees respond and are negatively affected by these factors is an area of intense research. High temperatures and droughts can result in extensive oxidative damage to sensitive plant components such as photosynthetic membranes [21,22]. Understanding how plants respond to oxidative stress is key to being able to predict and perhaps mitigate some of the resulting impacts on tropical forest biodiversity, structure, and function as a globally important net carbon sink.




1.3. Plants Hydraulic Strategies in Response to Warming and Water Deficit


Water transport from the soil to the plant to the atmosphere can be viewed as a soil-plant-atmosphere continuum [23] with evaporative water vapor loss to the atmosphere in leaves driven by a water vapor pressure gradient between the sub-stomatal cavities and the atmosphere together with plant water replenishment via root water uptake driven by a gradient between soil and root water potential. Finally, transport of water via the xylem from roots to leaves is driven by a gradient between root and leaf water potential. Thus, precipitation (which influences soil moisture availability to roots) and temperature (which controls the vapor pressure of water) have been described as the main meterological variables influencing interannual diameter increment and tree growth in the Amazon Forest [24].



One the key plant traits known to be involved in drought and high temperature adaptation is the regulation of leaf water potential (Ψl) [25]. Isohydric plants are able to regulate stomatal conductance (gs) under high atmospheric demand for water vapor (Vapor Pressure Deficit, VPD) and therefore reduce declines in daily Ψl and transpiration, thereby reducing the likelihood of hydraulic failure. Hydraulic failure occurs when water tension in the xylem increases, enhancing the risk of xylem embolism, cavitation or collapse, and decrease or complete loss of transpiration [26]. In contrast, anisohydric plants show a reduced ability to regulate gs under high VPD, and consequently can be exposed to high risks of hydraulic failure under drought and high temperatures. Anisohydric plants have been shown to diverge from isohydric plants by having a lower Ψl while maintaining high gs, show a lower sensitivity of gs to decreases in Ψl, and a higher variation in Ψl along the day [27].




1.4. Abscisic Acid (ABA) and Reactive Oxygen Species (ROS) Signaling during Warming and Water Deficit


Studies in the Amazon have found high mid-day leaf temperatures up to 42 °C resulting in large leaf-to-atmosphere water vapor pressure deficits, which drive high leaf transpiration rates and reductions in leaf water potentials [28]. To avoid excessive water loss and potential hydraulic failure, an afternoon reduction in stomatal conductance is often observed, resulting in an afternoon depression of leaf net photosynthesis rates [29,30] and ecosystem NPP [31,32].



One of the earliest processes in plant response to HT and drought stress is the rapid accumulation of the isoprenoid hormone abscisic acid (ABA) stimulating stomatal closure [33] and reactive oxygen species (ROS) that initially function as warning signals that activate defense responses before triggering programmed cell death under excessive ROS accumulation [34]. ABA signaling stimulates stomatal closure leading to reductions in transpiration and net photosynthesis [35], increases in hydraulic conductivities, in part through aquaporin activity [36,37], and activation of defense gene expression including the antioxidant enzymes catalase, ascorbate peroxidase, glutathione reductase, and superoxide dismutase [38] as well as other ABA-induced abiotic stress resistance genes [39]. A recent study using next generation sequencing technology found that exogenous application of ABA to tomato fruit revealed the crucial role of ABA in flavonoids synthesis and regulation of antioxidant systems [40]. The three major components of the ABA signaling network have been described including an ABA receptor, a negative regulator (type 2C protein phosphatase, PP2C), and a positive regulator (SNF1-related protein kinase 2, SnRK2). Together they constitute a double negative regulatory system [41] which has been shown to modify the expression of 10,388 genes in tomato [40]. ABA signaling is intimately linked to ROS signaling. For example, stomatal closure by ABA is mediated by ROS signaling within guard cells [42] and increasing biochemical, genetic, and cell biological evidence points to the emerging view that ROS function as second messengers in ABA signaling [43].



Thus, through stomatal regulation and ABA-ROS stress signaling which alters water and carbon fluxes [44,45], it can be hypothesized that ABA lies at the heart of the Carbon-Water Nexus of plant response to HT and drought stress. A growing body of literature suggests that isoprenoids, including ABA, carotenoids, isoprene, and monoterpenes, play important roles in minimizing ROS accumulation in plants through antioxidant mechanisms including the consumption of excess photosynthetic energy during isoprenoid biosynthesis [46], direct ROS-isoprenoid antioxidant reactions [47,48], and signaling properties of oxidation products [49]. Therefore, ABA plays a central role in plant thermotolerance by increasing hydraulic conductivities and decreasing stomatal conductance to help replenish plant water reserves and mitigate oxidative stress resulting in enhanced cell membrane integrity and continued function carbon assimilation via photosynthesis. Because stomatal closure under HT and drought stress reduces plant uptake flux of atmospheric CO2, continued efficient operation of carbon assimilation mechanisms is mediated by enhanced re-assimilation of plant internally produced CO2 generated by photorespiration, respiration, and various biosynthetic pathways including the isoprenoid and fatty acid pathways [50].



In contrast, if ROS production overwhelms the scavenging action of the antioxidant system, extensive cellular damage including membrane peroxidation and the reduction of ecosystem net primary productivity (NPP) with a shift from terrestrial sinks to sources of atmospheric CO2 [21]. Such a shift in tropical forest carbon balance would eliminate a critical ecosystem service and accelerate global warming.




1.5. Biochemical Mechanisms of Isohydric and Anisohydric Strategies


Given its important role in inducing gs reductions, ABA has been implicated in isohydric behavior. When leaves of isohydric angiosperms were exposed to reduced Ψl by modifying external atmospheric pressure, foliar ABA levels rapidly increased. In contrast, when leaves of anisohydric non-flowering plants were exposed to the same reductions in Ψl, significant increases in foliar ABA were not detected [51]. Therefore, it can be hypothesized that isohydric plants show a higher sensitivity of gs to decreases in Ψl, and a lower variation in Ψl along the day due to foliar accumulation of ABA. In contrast, anisohydric plants may show a lower sensitivity of gs to decreases in Ψl, and a higher variation in Ψl along the day due to the lack of a strong foliar ABA accumulation. Thus, leaf turgor loss provides an endogenous signal which appears to trigger ABA accumulation and that the high diversity of tropical tree species and their corresponding ecological niches may differ greatly in the turgor loss thresholds that trigger ABA accumulation. For example in the tropics, the classic Neotropical pioneer genera Vismia and Cecropia dominate large rainforest disturbance gaps in the Amazon Basin [52] where they help accelerate the regeneration of secondary forests by influencing forest successional pathways [53,54,55]. Their success in secondary forests is related to their ability to maintain high values of stomatal conductance and high corresponding rates of net photosynthesis, transpiration, and growth under conditions of full sunlight, high leaf temperatures, and low nutrient availability, often characteristic of tropical landscapes impacted by natural [52] and human [56] disturbances. In addition to high values of stomatal conductance, relative to climax species in mature forests, pioneer species in disturbed forests often have hydraulic characteristics to facilitate water transport including low height, low wood specific gravity (WSG), and large xylem vessel size [57,58].



A high diversity of hydraulic traits in the Amazon has been observed and associated with the large spatial scale of the Basin (7.5 million km2) which has a high environmental heterogeneity and range of plant traits and many hyper-diverse ecosystems with a recent estimate of 6727 tree species across the Basin [59]. Changes in plant hydraulic functional traits are highly associated with local variations in soil type, forest structure, and moisture availability. For example, in the central Amazon, valleys (“baixios”) with predominant sandy soils are vertically close to the water table giving essentially unlimited access to water by roots [60]. In contrast, plateau tree roots may not have direct access to the water table which has been observed at more than 30 m depth [61]. In an effort to minimize water stress during the dry season, plateau trees have been documented to enhance surface water availability during the day by hydraulic redistribution at night where water is moved from moist to dry regions of the soil profile [62]. This leads to the hypothesis that trees in the valleys may be associated with anisohydric stomatal characteristics as they have been documented to have both higher soil water availability and facility of moving water from soils to leaves. One characteristic of isohydric species is the low sensitivity of stomatal conductance to increases in VPD. The higher efficient water transport systems in the valley trees are associated with lower heights [63] and wood specific gravity (WSG), larger xylem vessel diameter, and higher stem cross-sectional sapwood area relative to plateau species [60]. This increased water transport efficiency may come at the expense of hydraulic safety [60]. In contrast, trees associated with well drained plateaus areas, with predominant clay soil content, invest in a wider range of vessel diameters potentially reducing the number of vessels that cavitate, and therefore become non-functional, during severe drought [60]. Likewise, high stomatal sensitivities to increases in VPD and/or decreases in Ψl may be more common in plateau species, which is a characteristic of isohydric species. Therefore isohydric species may invest more heavily in hydraulic safety at the expense of high rates of net photosynthesis.



Thus, it can be hypothesized that tropical “pioneer species” and trees in the valleys (known as baixio areas in Portuguese), which may exhibit characteristics consistent with anisohydric hydraulic strategies, show a reduced foliar accumulation of ABA due to a reduced sensitivity of ABA production and reductions in gs to decreases in Ψl. Thus, the trees in the plateau show hydraulic traits commonly associated with hydraulic safety at the expense of fast growth rates whereas pioneer trees and those of the valleys show traits commonly associated with fast growth at the expense of reduced hydraulic safety.





2. Metabolism of Abscisic Acid (ABA)


Understanding the metabolism of ABA is fundamental to the understanding of its role in the performance of the plant under stress environments including those associated with predictions in future climate including increases in surface temperatures. Abscisic acid biosynthesis begins in the plastids and ends in the cytosol (Figure 1). As a plastidic isoprenoid, ABA derives from C5 isoprene units produced in the 2-C-methyl-d-erythritol-4-phosphate (MEP) pathway [64] through the cleavage of C40 caratenoids [65]. In this route, ABA is synthesized by cleavage of the C40 carotenoid precursor, followed by a two-step conversion of intermediate xanthoxin to ABA via ABA-aldehyde, which will be oxidized to ABA [66]. ABA catabolism is carried out by either oxidative degradation or conjugation with glucose [39]. An emerging view in the literature is that ABA may be produced directly in leaves as the dominant source in plants [67] and here we highlight the possibility that production may occur in photosynthetic plastids (i.e., chloroplasts). Therefore, we hypothesize that the biosynthesis of ABA may have a strong direct connection to photosynthesis for carbon precursors generated as the primary output of the Calvin-Benson cycle reactions (e.g., glyceraldehyde-3-phosphate, GA3P) as well as reducing power (nicotinamide adenine dinucleotide phosphate, NADPH) and energy (adenosine triphosphate, ATP) requirements produced by the light reactions (Figure 1).



Two Scenarios of ABA Biosynthesis with Distinct Environmental Controls


In the literature, two scenarios related to ABA biosynthesis have been described (Figure 1). The increase in ABA content of root, xylem sap and leaves of drought-stressed plants has been extensively reported [68]. Although the majority of research to-date has focused on ABA production in roots followed by transport to leaves via the transpiration stream (Scenario 1), ABA production is now acknowledged to also occur in leaves (Scenario 2) [69]. Transgenic plants overexpressing key enzymes in the ABA biosynthetic pathway show elevated ABA tissue levels and reduced stomatal conductance [70] with an increased tolerance to drought [71]. Changes in stomatal conductance by guard cells are linked with ABA signaling arriving in the xylem [72], and numerous studies have reported negative correlations between concentrations of ABA in xylem sap and stomatal conductance [73]. However, girdling and decapitation experiments revealed ABA gradients were at least partially determined by local biosynthesis rather than root to leaf transport [74]. As reviewed previously [75], historical studies concluded that the primary plant source of ABA are roots [76] with this biochemical model propagated throughout the literature including its incorporation into widely used leaf gas-exchange models which allow root-derived ABA to be transported to leaves where it impacts stomatal conductance, and therefore fluxes of net photosynthesis and transpiration [77,78]. However, a series of recent studies using foliar application of labeled ABA, reciprocal grafting between ABA biosynthetic mutant and wild-type plants, and stem girdling to block basipetal phloem transport, it was concluded that foliage-derived ABA is readily transported to the roots where it is critical for maintaining normal roots ABA levels and determining root architecture and growth [79,80]. As summarized in the recent review article [75], the results of the two experimental studies concluded that not only is the majority of leaf ABA produced locally in the leaf tissues, leaf-sourced ABA followed by transport to roots dominates root sources of ABA. Thus, the emerging view is that ABA biosynthesis in roots is considered minimal. This conclusion is supported by a previous study which found that leaf response to limited soil water supply was not affected by the capacity to generate ABA in the root, but instead requires ABA biosynthesis and signaling within leaves [81]. Furthermore, these authors concluded that the long-distance communication signal between the roots and leaves is not ABA, but rather a hydraulic signal, which proceeds ABA signaling and stomatal closure.



Isohydric plants are able to rapidly respond to transient water shortages in leaves manifested by decreases in leaf water potential during the late morning to early afternoon by closing their stomata to reduce transpiration leading to a suppression of net photosynthesis [82]. Such a short-term control is difficult to reconcile with the long-distance transport of ABA in trees between roots and leaves and this difficulty is further amplified in the tropics due to low sap velocities (<30 cm·h−1) and large tree heights (up to 45 m). Using real-time observations, we present new theoretical estimates of transport times of ABA between roots and the upper canopy from 4 trees in an undisturbed mature tropical forest in the central Amazon during a 12-day dry season period (5–21 May 2015, Figure 2). The results show that for tree heights of 19.8 to 31.0 m, the mean daily sap velocity ranged between to is 0.4 to 1.4 m/day with transport from roots to canopy between 22 and 49 days. These extremely long transport times make the scenario of fast stomatal regulation through root to canopy transport of root-derived ABA unlikely, but support instead the scenario of a direct leaf source of ABA (Figure 3).



Therefore, these two scenarios (not mutually exclusive) describe plant sources of ABA and suggest distinct environmental controls (Figure 3). In the first scenario (Scenario 1), ABA biosynthesis is carried out in the roots and transported to the leaves via the transpiration stream with ABA acting as a whole-plant messenger of low soil water potential and a leaf signal that the plant needs to save water by reducing gs. In this classic scenario, root ABA biosynthesis is stimulated by a decrease in soil water potential. In the second scenario (Scenario 2), ABA is produced directly in the leaves in response to a number of physiological and environmental variables including leaf water potential, and VPD. In addition, it can be hypothesized that, due to the tight connection between the Calvin cycle and the MEP pathway (Figure 1), variables influencing photosynthesis including leaf temperature, photosynthetically active radiation (PAR) and leaf internal concentrations of CO2 may also affect leaf ABA production. In addition, variables influencing leaf water status including leaf to atmosphere vapor pressure deficit (VPD) and leaf water potential are also expected to influence leaf ABA production.



Consistent with the second scenario, in response to high temperature stress, a large number of tropical plants synthesizes a number of secondary defense metabolites via the isoprenoid pathway in chloroplasts (e.g., isoprene and monoterpenes), some of which have sufficient vapor pressures to be directly emitted into the atmosphere at high rates as volatile organic compounds (VOCs). Isoprene and monoterpene emissions generally account for 1–2% of net photosynthesis at leaf temperatures below the optimum for photosynthesis, but 10% or higher at temperatures above this optimum. A large fraction of tropical tree species emit isoprene and/or monoterpene to the atmosphere at high rates. 13CO2 labeling experiments have shown that these volatile isoprenoid emissions derive from recently assimilated carbon rather than from stored reserves [14,45,83]. Moreover, net photosynthesis (Pnet) and gs generally shows a leaf temperature optimum between 31 and 33 °C [84], while emissions of isoprene and monoterpenes continue to increase up to 40 °C or beyond [14,83]. Observations at the leaf and ecosystem scales in the central Amazon demonstrate the highest isoprenoid emission fluxes during the hottest period of the day (13:00–14:00) when stomatal conductance is reduced [47,85,86,87] (Figure 4). Therefore, as has been shown for isoprene and monoterpenes with de novo biosynthesis linked to photosynthesis for carbon and energy via the MEP pathway, it can be hypothesized that the rates of ABA production may continue to increase with leaf temperature, giving rise to a positive feedback of stomatal closure, the minimization of water loss, and the prevention of hydraulic failure and mortality.





3. Modeling of Leaf and Canopy Conductance to Water and CO2 in a Changing World


The mechanistic representation of the main source(s) of ABA production in plants into physiological and global models are extremely important for the accurate simulation of the response of different Plant Functional Types (PFTs) widely used in Dynamic Global Vegetation Models (DGVMs) and their responses to climate variables including temperature and moisture availability. For example, approaches have been described that represent the impact of heritable traits on stress tolerance [88]. These efforts will improve the representation of forest structure and function including soil-plant-atmosphere exchange fluxes of H2O and CO2, which are critical to improve fully coupled Earth System Models (ESMs) aiming to quantify the interactions and feedbacks between terrestrial vegetation and climate. Towards this goal, the root sourced ABA biosynthesis Scenario 1 (Figure 3) has infiltrated the literature, forming the basis for widely used gas-exchange models of various complexity with considerations to include them in large scale land surface models [78,89,90,91,92]. However, with new experimental results demonstrating that the principle plant source of ABA is local production in leaves [67,75,79,80], a new modeling framework based on a Scenario 2 is required (Figure 3).



Many ESMs employ the empirical Ball–Berry type models which predicts stomatal conductance based on net photosynthesis rates and environmental conditions including relative humidity and CO2 concentrations at the leaf surface [93]. Net photosynthesis rates can be calculated by a Farquhar-Berry type model using stomatal conductance (to derive leaf internal CO2) and environmental variables (light, temperature, CO2) as input together with kinetic properties of the Ribulose-1,5-bisphosphate carboxylase/oxygenase enzyme (Vcmax), electron transport (Jmax), and triosphosphate utilization [94]. Thus, sequential operation of the Ball–Berry–Farquhar models in ESMs enables predictions of the response of plant physiological variables including stomatal conductance, transpiration, and net photosynthesis to changes in environmental variables including light, temperature, CO2 concentrations, relative humidity, and soil moisture [95]. Here, we propose the development of a photosynthetic energy-linked isoprenoid component, which produces ABA locally within leaves. The integration with an ABA-stomatal conductance model with a conventional Ball-Berry model may lead to improved predictions of stomatal conductance, especially if parameterized across different PFTs including isohydric and anisohydric plants. Thus, by integrating these models, a combined mechanistic representation of environmental, biochemical, and physiological controls over stomatal conductance could be achieved (Figure 5).




4. Future Experiments and Studies


4.1. Demonstration of Recent Photosynthesis in Leaves as a Principal Carbon Source for ABA


A GC-MS based method [96] could be used with 13CO2-labeling to provide the first demonstration of photosynthetic carbon sources for ABA. Alternatively, Liquid Chromatography-Mass Spectrometry (LC-MS) could allow for the simultaneous quantification and isotopic analysis of ABA, carotenoids, and other low molecular weight antioxidants and their oxidation products [97]. Thus, 13C-isotopic analysis of leaf ABA during 13CO2-labeling experiments would enable the first estimate of the relative importance of local photosynthetic ABA production versus transported root-derived ABA.



Novel stable carbon isotope techniques that integrate leaf gas-exchange systems with advanced analytics including Gas Chromatography-Mass Spectrometry (GC-MS), Proton Transfer Reaction-Mass Spectrometry (PTR-MS), and Cavity Ringdown Spectrometry (CRDS) could be applied [83]. This configuration allows for the simultaneous quantification of photosynthesis via 13CO2 uptake and 13C-labeling analysis of volatile (isoprene and monoterpenes) together with offline analysis of 13C-ABA labeling using GC-MS and/or LC-MS (Figure 6).




4.2. Leaf ABA Biosynthesis as a Function of Leaf Temperature (VPD Constant) and VPD (Leaf Temperature Constant)


Due to their influence over physical (e.g., transpiration and leaf water potential) and biochemical (enzyme activity) leaf properties, the influences of leaf temperature and VPD on leaf ABA biosynthesis/concentrations and gs should be explored independently. However, changes in leaf temperature are often associated with changes in VPD. To decouple these effects on gs, leaf temperature gs response curves could be carried out under constant VPD (by also varying relative humidity). In addition, leaf VPD gs response curves could be carried out under constant leaf temperature by only varying relative humidity.




4.3. Evaluating the Role of ABA Biosynthesis on Stomatal Control in Distinct Plant Functional Types


Understanding the biochemical mechanisms underlying the different physiological strategies of isohydric and anisohydric stomatal behavior is important for quantifying carbon and water fluxes in terrestrial ecosystems. This is also essential for predicting which species succumb to future climate warming and drought and which species are resistant and survive. Given the potential role of leaf ABA production in regulating gs and activating defenses including antioxidants systems, its role in isohydric/anisohydric and pioneer/climax stomatal behavior in tropical forests deserves attention. For example, new observations of diurnal leaf water potential, gs, transpiration, net photosynthesis, and leaf ABA concentrations are needed in the topographic gradient from the valleys to plateaus in response to changing environmental variables including solar radiation, leaf temperature, VPD, ambient CO2 concentrations, and soil water content. Similar observations are suggested in disturbed secondary forests dominated by fast-growing pioneer species. While many species only exist in the valley or the plateau, there are many generalist species that occur in both the plateaus and valleys including Eschweilera coriaceae, Protium hebetatum, Swartzia tomentifera, Gustavia hexapetala and Pseudolmedia laevis [98]. Although the ishohydric/anisohidric behaviors of these generalist species are unclear, it could hypothesized that they demonstrate high phenotypic plasticity of functional hydraulic traits. For example, functional plasticity in the hydraulic architecture and specific leaf area (SLA) has been observed in a perennial herb in response to changes in water availability [99]. Finally, little is known about the role of seasonal variations and leaf phenology on isohydric/anysohydric stomatal behavior in tropical forests and the role of ABA in these interactions.




4.4. Quantification Tissue Concentration of ABA, ROS, Antioxidant Capacity, Membrane Peroxidation Biomarkers


In order to evaluate the interactions between ABA and ROS signaling under HT and drought stress in the tropics and their roles in membrane stability and thermotolerance of photosynthesis, a suite of leaf metabolites are recommended to be simultaneously quantified. This includes quantification of ABA, ROS, antioxidant capacity, and membrane peroxidation biomarkers. Experimental kits for the quantification of these metabolites are available based on colorimetric and/or fluorescence detection such as the Enzyme-Linked Immuno Sorbent Assay (ELISA) for ABA [100].





5. Conclusions


Under drought and HT stress, the phytohormone ABA has been well documented to induce stomatal closure leading to a reduction in transpiration and net photosynthesis, increase plant hydraulic conductivities, and activates defense gene expression including antioxidant systems. Therefore, ABA lies at the heart of the Carbon-Water-ROS Nexus of plant response to environment extremes and may be a critical plant endogenous factor that integrates hydraulics, carbon and energy metabolism, and defense mechanisms with environmental variables including moisture availability and temperature. Until recently, nearly all plant ABA experimental observations and models of ABA production, stomatal conductance, and gas exchange assumed a root source as the principal source of ABA in plants (Figure 1: Scenario 1). Here we show that the theoretical ABA transport time between the roots and main canopy leaves in the central Amazon is too long (>3 weeks) to account for rapid changes in gs throughout the day (e.g., mid-day suppression of gs associated with high VPD). This is consistent with recent experimental evidence that suggests a leaf source as the principal source of ABA in plants (Figure 1: Scenario 2). As tropical leaf emissions of isoprene and monoterpenes derive from recent photosynthesis via the same biochemical pathway as ABA (MEP), the possibility of a direct energetic and carbon link between leaf ABA biosynthesis and photosynthesis exists. This possibility suggests the potential for a positive feedback between leaf warming and enhanced ABA production together with reduced stomatal conductance and transpiration. Moreover, variations in stomatal sensitivities to increases in VPD and decreases in Ψl across diverse hydraulic functional traits maybe partially attributed to variations in ABA biosynthesis sensitivities to VPD and Ψl. Thus, species-specific variations in ABA biosynthesis sensitivities to VPD and Ψl, may help explain isohydric stomatal behavior in Amazon forest plateaus and anisohydric stomatal behavior in valleys and secondary forests. Given the predictions of increasing mean surface temperatures and frequency and duration of widespread droughts in the tropics, an accurate representation of stomatal conductance behavior in ESMs is critical for predicting future carbon and water fluxes between terrestrial ecosystems and the atmosphere. For example, a reduced stomatal sensitivity to VPD in valley ecosystems relative to plateau ecosystems may potentially buffer overall decreases in ecosystem NPP during HT stress. This knowledge is also essential for predicting which species succumb to future climate warming and drought and which species are resistant and thrive. If a photosynthetic source of ABA is verified, an integrated gas exchange model could be developed linking photosynthesis and ABA production to stomatal conductance. Such an integrated model could be incorporated into modern ESMs to potentially improve predictions of the interactions and feedbacks between terrestrial ecosystems and the atmosphere under a changing climate.







Author Contributions


I.d.J.S.F., K.J.J. and R.C.A.d.O. conceived of the study, analyzed the data, generated the graphics, and wrote the manuscript. K.J.J. and B.O.G. collected the field data. L.O.C. and L.R.d.O.P. edited the manuscript, L.A.C., N.H., and J.Q.C. acquired the research funding, assisted with logistics, and edited the paper.




Acknowledgments


This material is based upon work supported as part of the Next Generation Ecosystem Experiments-Tropics (NGEE-Tropics) funded by the U.S. Department of Energy, Office of Science, Office of Biological and Environmental Research through contract No. DE-AC02-05CH11231 to LBNL, as part of DOE’s Terrestrial Ecosystem Science Program. Additional funding for this research was provided by the Coordination for the Improvement of Higher Education Personal (CAPES) in Brazil. Logistical and scientific support is acknowledged by the Forest Management (MF), Climate and Environment (CLIAMB), and Large Scale Biosphere-Atmosphere (LBA) programs at the National Institute for Amazon Research (INPA).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Feldman, D.; Collins, W.; Gero, P.; Torn, M.; Mlawer, E.; Shippert, T. Observational determination of surface radiative forcing by CO2 from 2000 to 2010. Nature 2015, 519, 339–343. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, N.; Yoon, J.-H.; Marengo, J.A.; Subramaniam, A.; Nobre, C.A.; Mariotti, A.; Neelin, J.D. Causes and impacts of the 2005 Amazon drought. Environ. Res. Lett. 2008, 3, 014002. [Google Scholar] [CrossRef][Green Version]

	



Schimel, D.S. Terrestrial ecosystems and the carbon cycle. Glob. Chang. Biol. 1995, 1, 77–91. [Google Scholar] [CrossRef]

	



Beer, C.; Reichstein, M.; Tomelleri, E.; Ciais, P.; Jung, M.; Carvalhais, N.; Roedenbeck, C.; Arain, M.A.; Baldocchi, D.; Bonan, G.B.; et al. Terrestrial gross carbon dioxide uptake: Global distribution and covariation with climate. Science 2010, 329, 834–838. [Google Scholar] [CrossRef] [PubMed]

	



Pan, Y.; Birdsey, R.A.; Phillips, O.L.; Jackson, R.B. The structure, distribution, and biomass of the world’s forests. Annu. Rev. Ecol. Evol. Syst. 2013, 44, 593–622. [Google Scholar] [CrossRef]

	



Fernandez-Martinez, M.; Vicca, S.; Janssens, I.A.; Luyssaert, S.; Campioli, M.; Sardans, J.; Estiarte, M.; Penuelas, J. Spatial variability and controls over biomass stocks, carbon fluxes, and resource-use efficiencies across forest ecosystems. Trees-Struct. Funct. 2014, 28, 597–611. [Google Scholar] [CrossRef]

	



Boden, T.; Marland, G.; Andres, R.J. Global, Regional, and National Fossil-Fuel CO2 Emissions; Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory (ORNL): Oak Ridge, TN, USA, 2010.

	



Le Quere, C.; Moriarty, R.; Andrew, R.M.; Canadell, J.G.; Sitch, S.; Korsbakken, J.I.; Friedlingstein, P.; Peters, G.P.; Andres, R.J.; Boden, T.A.; et al. Global carbon budget 2015. Earth Syst. Sci. Data 2015, 7, 349–396. [Google Scholar] [CrossRef][Green Version]

	



Phillips, O.L.; Aragão, L.E.; Lewis, S.L.; Fisher, J.B.; Lloyd, J.; López-González, G.; Malhi, Y.; Monteagudo, A.; Peacock, J.; Quesada, C.A. Drought sensitivity of the Amazon rainforest. Science 2009, 323, 1344–1347. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Malhi, Y.; Roberts, J.T.; Betts, R.A.; Killeen, T.J.; Li, W.; Nobre, C.A. Climate change, deforestation, and the fate of the Amazon. Science 2008, 319, 169–172. [Google Scholar] [CrossRef] [PubMed]

	



Malhi, Y.; Grace, J. Tropical forests and atmospheric carbon dioxide. Trends Ecol. Evol. 2000, 15, 332–337. [Google Scholar] [CrossRef]

	



Laan-Luijkx, I.; Velde, I.; Krol, M.; Gatti, L.; Domingues, L.; Correia, C.; Miller, J.; Gloor, M.; Leeuwen, T.; Kaiser, J. Response of the Amazon carbon balance to the 2010 drought derived with carbontracker South America. Glob. Biogeochem. Cycles 2015, 29, 1092–1108. [Google Scholar] [CrossRef]

	



Lewis, S.L.; Brando, P.M.; Phillips, O.L.; van der Heijden, G.M.; Nepstad, D. The 2010 Amazon drought. Science 2011, 331, 554. [Google Scholar] [CrossRef] [PubMed]

	



Jardine, K.J.; Jardine, A.B.; Holm, J.A.; Lombardozzi, D.L.; Negron-Juarez, R.I.; Martin, S.T.; Beller, H.R.; Gimenez, B.O.; Higuchi, N.; Chambers, J.Q. Monoterpene ‘thermometer’of tropical forest-atmosphere response to climate warming. Plant Cell Environ. 2017, 40, 441–452. [Google Scholar] [CrossRef] [PubMed]

	



Olivares, I.; Svenning, J.-C.; van Bodegom, P.M.; Balslev, H. Effects of warming and drought on the vegetation and plant diversity in the Amazon basin. Bot. Rev. 2015, 81, 42–69. [Google Scholar] [CrossRef]

	



Nobre, C.A.; Borma, L.D.S. ‘Tipping points’ for the Amazon forest. Curr. Opin. Environ. Sustain. 2009, 1, 28–36. [Google Scholar] [CrossRef]

	



Brestic, M.; Zivcak, M.; Kalaji, H.M.; Carpentier, R.; Allakhverdiev, S.I. Photosystem II thermostability in situ: Environmentally induced acclimation and genotype-specific reactions in Triticum aestivum L. Plant Physiol. Biochem. 2012, 57, 93–105. [Google Scholar] [CrossRef] [PubMed]

	



Brestic, M.; Zivcak, M. PSII fluorescence techniques for measurement of drought and high temperature stress signal in crop plants: Protocols and applications. In Molecular Stress Physiology of Plants; Springer: Berlin, Germnay, 2013; pp. 87–131. [Google Scholar]

	



Chen, D.; Neumann, K.; Friedel, S.; Kilian, B.; Chen, M.; Altmann, T.; Klukas, C. Dissecting the phenotypic components of crop plant growth and drought responses based on high-throughput image analysis. Plant Cell 2014. [Google Scholar] [CrossRef] [PubMed]

	



Overdieck, D.; Ziche, D.; Böttcher-Jungclaus, K. Temperature responses of growth and wood anatomy in European beech saplings grown in different carbon dioxide concentrations. Tree Physiol. 2007, 27, 261–268. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Jardine, K.J.; Chambers, J.Q.; Holm, J.; Jardine, A.B.; Fontes, C.G.; Zorzanelli, R.F.; Meyers, K.T.; de Souza, V.F.; Garcia, S.; Gimenez, B.O. Green leaf volatile emissions during high temperature and drought stress in a central Amazon rainforest. Plants 2015, 4, 678–690. [Google Scholar] [CrossRef] [PubMed]

	



Pšidová, E.; Živčák, M.; Stojnić, S.; Orlović, S.; Gömöry, D.; Kučerová, J.; Ditmarová, Ľ.; Střelcová, K.; Brestič, M.; Kalaji, H.M. Altitude of origin influences the responses of PSII photochemistry to heat waves in European beech (Fagus sylvatica L.). Environ. Exp. Bot. 2018, 152, 97–106. [Google Scholar] [CrossRef]

	



Lambers, H.; Chapin, F.S.; Pons, T.L. Plant water relations. In Plant Physiological Ecology; Springer: New York, NY, USA, 2008; pp. 163–223. [Google Scholar]

	



Higuchi, N.; Santos, J.D.; Lima, A.J.N.; Higuchi, F.G.; Chambers, J.Q. A floresta Amazônica e a água da chuva. Floresta 2011, 41, 427–434. [Google Scholar] [CrossRef]

	



Petrov, P.; Petrova, A.; Dimitrov, I.; Tashev, T.; Olsovska, K.; Brestic, M.; Misheva, S. Relationships between leaf morpho-anatomy, water status and cell membrane stability in leaves of wheat seedlings subjected to severe soil drought. J. Agron. Crop Sci. 2018, 204, 219–227. [Google Scholar] [CrossRef]

	



Brodribb, T.J.; Cochard, H. Hydraulic failure defines the recovery and point of death in water-stressed conifers. Plant Physiol. 2009, 149, 575–584. [Google Scholar] [CrossRef] [PubMed]

	



Klein, T. The variability of stomatal sensitivity to leaf water potential across tree species indicates a continuum between isohydric and anisohydric behaviours. Funct. Ecol. 2014, 28, 1313–1320. [Google Scholar] [CrossRef][Green Version]

	



Gimenez, B.O.; Jardine, K.J.; Higuchi, N.; Negron-Juarez, R.; Sampaio-Filho, I.; Cobello, L.; Fontes, C.G.; Dawson, T.E.; Varadharajan, C.; Christianson, D.S.; et al. Hysteresis patterns as a proxy for leaf temperature and ecophysiological interactions during the 2015–2016 El Niño event in the Amazon forest. Funct. Ecol. 2018. in review. [Google Scholar]

	



Koch, G.W.; Amthor, J.S.; Goulden, M.L. Diurnal patterns of leaf photosynthesis, conductance and water potential at the top of a lowland rain forest canopy in Cameroon: Measurements from the Radeau des Cimes. Tree Physiol. 1994, 14, 347–360. [Google Scholar] [CrossRef] [PubMed]

	



Chambers, J.Q.; Silver, W.L. Some aspects of ecophysiological and biogeochemical responses of tropical forests to atmospheric change. Philos. Trans. R. Soc. B Biol. Sci. 2004, 359, 463–476. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Piedade, M.T.F.; Long, S.; Junk, W.J. Leaf and canopy photosynthetic CO2 uptake of a stand of Echinochloa polystachya on the central Amazon floodplain. Oecologia 1994, 97, 193–201. [Google Scholar] [CrossRef] [PubMed]

	



Goulden, M.L.; Miller, S.D.; Da Rocha, H.R.; Menton, M.C.; de Freitas, H.C.; e Silva Figueira, A.M.; de Sousa, C.A.D. Diel and seasonal patterns of tropical forest CO2 exchange. Ecol. Appl. 2004, 14, 42–54. [Google Scholar] [CrossRef]

	



Bright, J.; Desikan, R.; Hancock, J.T.; Weir, I.S.; Neill, S.J. ABA-induced NO generation and stomatal closure in Arabidopsis are dependent on H2O2 synthesis. Plant J. 2006, 45, 113–122. [Google Scholar] [CrossRef] [PubMed]

	



Mittler, R.; Vanderauwera, S.; Suzuki, N.; Miller, G.; Tognetti, V.B.; Vandepoele, K.; Gollery, M.; Shulaev, V.; Van Breusegem, F. ROS signaling: The new wave? Trends Plant Sci. 2011, 16, 300–309. [Google Scholar] [CrossRef] [PubMed]

	



Downton, W.; Loveys, B.; Grant, W. Stomatal closure fully accounts for the inhibition of photosynthesis by abscisic acid. New Phytol. 1988, 108, 263–266. [Google Scholar] [CrossRef]

	



Hose, E.; Steudle, E.; Hartung, W. Abscisic acid and hydraulic conductivity of maize roots: A study using cell-and root-pressure probes. Planta 2000, 211, 874–882. [Google Scholar] [CrossRef] [PubMed]

	



Parent, B.; Hachez, C.; Redondo, E.; Simonneau, T.; Chaumont, F.; Tardieu, F. Drought and abscisic acid effects on aquaporin content translate into changes in hydraulic conductivity and leaf growth rate: A trans-scale approach. Plant Physiol. 2009, 149, 2000–2012. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, A.; Jiang, M.; Zhang, J.; Tan, M.; Hu, X. Mitogen-activated protein kinase is involved in abscisic acid-induced antioxidant defense and acts downstream of reactive oxygen species production in leaves of maize plants. Plant Physiol. 2006, 141, 475–487. [Google Scholar] [CrossRef] [PubMed]

	



Hauser, F.; Li, Z.; Waadt, R.; Schroeder, J.I. Snapshot: Abscisic acid signaling. Cell 2017, 171, 1708. [Google Scholar] [CrossRef] [PubMed]

	



Mou, W.; Li, D.; Luo, Z.; Mao, L.; Ying, T. Transcriptomic analysis reveals possible influences of ABA on secondary metabolism of pigments, flavonoids and antioxidants in tomato fruit during ripening. PLoS ONE 2015, 10, e0129598. [Google Scholar] [CrossRef] [PubMed]

	



Umezawa, T.; Nakashima, K.; Miyakawa, T.; Kuromori, T.; Tanokura, M.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Molecular basis of the core regulatory network in ABA responses: Sensing, signaling and transport. Plant Cell Physiol. 2010, 51, 1821–1839. [Google Scholar] [CrossRef] [PubMed]

	



Jammes, F.; Song, C.; Shin, D.; Munemasa, S.; Takeda, K.; Gu, D.; Cho, D.; Lee, S.; Giordo, R.; Sritubtim, S. Map kinases MPK9 and MPK12 are preferentially expressed in guard cells and positively regulate ROS-mediated ABA signaling. Proc. Natl. Acad. Sci. USA 2009, 106, 20520–20525. [Google Scholar] [CrossRef] [PubMed]

	



Kwak, J.M.; Mori, I.C.; Pei, Z.M.; Leonhardt, N.; Torres, M.A.; Dangl, J.L.; Bloom, R.E.; Bodde, S.; Jones, J.D.; Schroeder, J.I. NADPH oxidase AtrbohD and AtrbohF genes function in ROS-dependent ABA signaling in Arabidopsis. EMBO J. 2003, 22, 2623–2633. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Hubbard, K.E.; Nishimura, N.; Hitomi, K.; Getzoff, E.D.; Schroeder, J.I. Early abscisic acid signal transduction mechanisms: Newly discovered components and newly emerging questions. Genes Dev. 2010, 24, 1695–1708. [Google Scholar] [CrossRef] [PubMed]

	



Jardine, A.; Jardine, K.; Fuentes, J.; Martin, S.; Martins, G.; Durgante, F.; Carneiro, V.; Higuchi, N.; Manzi, A.; Chambers, J. Highly reactive light-dependent monoterpenes in the Amazon. Geophys. Res. Lett. 2015, 42, 1576–1583. [Google Scholar] [CrossRef][Green Version]

	



Jardine, K.J.; Jardine, A.B.; Souza, V.F.; Carneiro, V.; Ceron, J.V.; Gimenez, B.O.; Soares, C.P.; Durgante, F.M.; Higuchi, N.; Manzi, A.O.; et al. Methanol and isoprene emissions from the fast growing tropical pioneer species Vismia guianensis (aubl.) pers. (Hypericaceae) in the central Amazon forest. Atmos. Chem. Phys. 2016, 16, 6441–6452. [Google Scholar] [CrossRef]

	



Jardine, K.J.; Abrell, L.; Jardine, A.; Huxman, T.; Saleska, S.; Arneth, A.; Monson, R.; Karl, T.; Fares, S.; Loreto, F.; et al. Within-plant isoprene oxidation confirmed by direct emissions of oxidation products methyl vinyl ketone and methacrolein. Glob. Chang. Biol. 2012, 18, 973–984. [Google Scholar] [CrossRef]

	



Jardine, K.J.; Meyers, K.; Abrell, L.; Alves, E.G.; Serrano, A.M.; Kesselmeier, J.; Karl, T.; Guenther, A.; Chambers, J.Q.; Vickers, C. Emissions of putative isoprene oxidation products from mango branches under abiotic stress. J. Exp. Bot. 2013, 64, 3697–3709. [Google Scholar] [CrossRef] [PubMed]

	



Karl, T.; Harley, P.; Emmons, L.; Thornton, B.; Guenther, A.; Basu, C.; Turnipseed, A.; Jardine, K. Efficient atmospheric cleansing of oxidized organic trace gases by vegetation. Science 2010, 330, 816–819. [Google Scholar] [CrossRef] [PubMed]

	



Voss, I.; Sunil, B.; Scheibe, R.; Raghavendra, A. Emerging concept for the role of photorespiration as an important part of abiotic stress response. Plant Biol. 2013, 15, 713–722. [Google Scholar] [CrossRef] [PubMed]

	



McAdam, S.A.; Brodribb, T.J. Linking turgor with ABA biosynthesis: Implications for stomatal responses to vapour pressure deficit across land plants. Plant Physiol. 2016. [Google Scholar] [CrossRef] [PubMed]

	



Chambers, J.Q.; Robertson, A.L.; Carneiro, V.M.; Lima, A.J.; Smith, M.-L.; Plourde, L.C.; Higuchi, N. Hyperspectral remote detection of niche partitioning among canopy trees driven by blowdown gap disturbances in the central Amazon. Oecologia 2009, 160, 107–117. [Google Scholar] [CrossRef] [PubMed]

	



Uhl, C.; Buschbacher, R.; Serrao, E. Abandoned pastures in eastern Amazonia. I. Patterns of plant succession. J. Ecol. 1988, 76, 663–681. [Google Scholar] [CrossRef]

	



Vieira, I.C.G.; de Almeida, A.S.; Davidson, E.A.; Stone, T.A.; de Carvalho, C.J.R.; Guerrero, J.B. Classifying successional forests using Landsat spectral properties and ecological characteristics in eastern Amazonia. Remote Sens. Environ. 2003, 87, 470–481. [Google Scholar] [CrossRef]

	



Zalamea, P.-C.; Stevenson, P.R.; Madriñán, S.; Aubert, P.-M.; Heuret, P. Growth pattern and age determination for Cecropia sciadophylla (Urticaceae). Am. J. Bot. 2008, 95, 263–271. [Google Scholar] [CrossRef] [PubMed]

	



Mesquita, R.C.; Ickes, K.; Ganade, G.; Williamson, G.B. Alternative successional pathways in the Amazon basin. J. Ecol. 2001, 89, 528–537. [Google Scholar] [CrossRef]

	



McCulloh, K.A.; Johnson, D.M.; Meinzer, F.C.; Voelker, S.L.; Lachenbruch, B.; Domec, J.C. Hydraulic architecture of two species differing in wood density: Opposing strategies in co-occurring tropical pioneer trees. Plant Cell Environ. 2012, 35, 116–125. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Poorter, L.; McDonald, I.; Alarcón, A.; Fichtler, E.; Licona, J.C.; Peña-Claros, M.; Sterck, F.; Villegas, Z.; Sass-Klaassen, U. The importance of wood traits and hydraulic conductance for the performance and life history strategies of 42 rainforest tree species. New Phytol. 2010, 185, 481–492. [Google Scholar] [CrossRef] [PubMed]

	



Cardoso, D.; Särkinen, T.; Alexander, S.; Amorim, A.M.; Bittrich, V.; Celis, M.; Daly, D.C.; Fiaschi, P.; Funk, V.A.; Giacomin, L.L. Amazon plant diversity revealed by a taxonomically verified species list. Proc. Natl. Acad. Sci. USA 2017, 114, 10695–10700. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Cosme, L.H.; Schietti, J.; Costa, F.R.; Oliveira, R.S. The importance of hydraulic architecture to the distribution patterns of trees in a central Amazonian forest. New Phytol. 2017, 215, 113–125. [Google Scholar] [CrossRef] [PubMed]

	



Nobre, A.D.; Cuartas, L.A.; Hodnett, M.; Rennó, C.D.; Rodrigues, G.; Silveira, A.; Waterloo, M.; Saleska, S. Height above the nearest drainage—A hydrologically relevant new terrain model. J. Hydrol. 2011, 404, 13–29. [Google Scholar] [CrossRef]

	



Oliveira, R.S.; Dawson, T.E.; Burgess, S.S.; Nepstad, D.C. Hydraulic redistribution in three Amazonian trees. Oecologia 2005, 145, 354–363. [Google Scholar] [CrossRef] [PubMed]

	



Suwa, R.; Sakai, T.; dos Santos, J.; da Silva, R.P.; Kajimoto, T.; Ishizuka, M.; Higuchi, N. Significance of topographic gradient in stem diameter-height allometry for precise biomass estimation of a tropical moist forest in the central Amazon. Jpn. Agric. Res. Q. 2013, 47, 109–114. [Google Scholar] [CrossRef]

	



Sharkey, T.D.; Yeh, S.; Wiberley, A.E.; Falbel, T.G.; Gong, D.M.; Fernandez, D.E. Evolution of the isoprene biosynthetic pathway in Kudzu. Plant Physiol. 2005, 137, 700–712. [Google Scholar] [CrossRef] [PubMed]

	



Parry, A.D.; Horgan, R. Carotenoids and abscisic acid (ABA) biosynthesis in higher plants. Physiol. Plant. 1991, 82, 320–326. [Google Scholar] [CrossRef]

	



Sah, S.K.; Reddy, K.R.; Li, J. Abscisic acid and abiotic stress tolerance in crop plants. Front. Plant Sci. 2016, 7, 571. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, F.-P.; Sussmilch, F.; Nichols, D.S.; Cardoso, A.A.; Brodribb, T.J.; McAdam, S.A. Leaves, not roots or floral tissue, are the main site of rapid, external pressure-induced ABA biosynthesis in Angiosperms. J. Exp. Bot. 2018, 69, 1261–1267. [Google Scholar] [CrossRef] [PubMed]

	



Davies, W.J.; Zhang, J. Root signals and the regulation of growth and development of plants in drying soil. Annu. Rev. Plant Biol. 1991, 42, 55–76. [Google Scholar] [CrossRef]

	



Boursiac, Y.; Léran, S.; Corratgé-Faillie, C.; Gojon, A.; Krouk, G.; Lacombe, B. ABA transport and transporters. Trends Plant Sci. 2013, 18, 325–333. [Google Scholar] [CrossRef] [PubMed]

	



Thompson, A.J.; Jackson, A.C.; Symonds, R.C.; Mulholland, B.J.; Dadswell, A.R.; Blake, P.S.; Burbidge, A.; Taylor, I.B. Ectopic expression of a tomato 9-cis-epoxycarotenoid dioxygenase gene causes over-production of abscisic acid. Plant J. 2000, 23, 363–374. [Google Scholar] [CrossRef] [PubMed]

	



Ko, J.H.; Yang, S.H.; Han, K.H. Upregulation of an arabidopsis RING-H2 gene, XERICO, confers drought tolerance through increased abscisic acid biosynthesis. Plant J. 2006, 47, 343–355. [Google Scholar] [CrossRef] [PubMed]

	



Correia, M.; Pereira, J.; Chaves, M.; Rodrigues, M.; Pacheco, C. ABA xylem concentrations determine maximum daily leaf conductance of field-grown Vitis vinifera L. Plants. Plant Cell Environ. 1995, 18, 511–521. [Google Scholar] [CrossRef]

	



Tardieu, F.; Katerji, N.; Bethenod, O.; Zhang, J.; Davies, W. Maize stomatal conductance in the field: Its relationship with soil and plant water potentials, mechanical constraints and ABA concentration in the xylem sap. Plant Cell Environ. 1991, 14, 121–126. [Google Scholar] [CrossRef]

	



Soar, C.J.; Speirs, J.; Maffei, S.M.; Loveys, B.R. Gradients in stomatal conductance, xylem sap ABA and bulk leaf ABA along canes of vitis vinifera cv. Shiraz: Molecular and physiological studies investigating their source. Funct. Plant Biol. 2004, 31, 659–669. [Google Scholar] [CrossRef]

	



McAdam, S.A.; Manzi, M.; Ross, J.J.; Brodribb, T.J.; Gómez-Cadenas, A. Uprooting an abscisic acid paradigm: Shoots are the primary source. Plant Signal. Behav. 2016, 11, 652–659. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Schurr, U.; Davies, W. Control of stomatal behaviour by abscisic acid which apparently originates in the roots. J. Exp. Bot. 1987, 38, 1174–1181. [Google Scholar] [CrossRef]

	



Zhang, J.; Davies, W. Abscisic acid produced in dehydrating roots may enable the plant to measure the water status of the soil. Plant Cell Environ. 1989, 12, 73–81. [Google Scholar] [CrossRef]

	



Tardieu, F.; Davies, W. Integration of hydraulic and chemical signalling in the control of stomatal conductance and water status of droughted plants. Plant Cell Environ. 1993, 16, 341–349. [Google Scholar] [CrossRef]

	



McAdam, S.A.; Brodribb, T.J.; Ross, J.J. Shoot-derived abscisic acid promotes root growth. Plant Cell Environ. 2016, 39, 652–659. [Google Scholar] [CrossRef] [PubMed]

	



Manzi, M.; Lado, J.; Rodrigo, M.J.; Zacarías, L.; Arbona, V.; Gómez-Cadenas, A. Root ABA accumulation in long-term water-stressed plants is sustained by hormone transport from aerial organs. Plant Cell Physiol. 2015, 56, 2457–2466. [Google Scholar] [CrossRef] [PubMed]

	



Christmann, A.; Weiler, E.W.; Steudle, E.; Grill, E. A hydraulic signal in root-to-shoot signalling of water shortage. Plant J. 2007, 52, 167–174. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Schulze, E.-D.; Hall, A. Stomatal responses, water loss and CO2 assimilation rates of plants in contrasting environments. In Physiological Plant Ecology II; Springer: Berlin, Gremany, 1982; pp. 181–230. [Google Scholar]

	



Jardine, K.J.; Chambers, J.; Alves, E.G.; Teixeira, A.; Garcia, S.; Holm, J.; Higuchi, N.; Manzi, A.; Abrell, L.; Fuentes, J.D.; et al. Dynamic balancing of isoprene carbon sources reflects photosynthetic and photorespiratory responses to temperature stress. Plant Physiol. 2014, 166, 2051–2064. [Google Scholar] [CrossRef] [PubMed]

	



Lloyd, J.; Farquhar, G.D. Effects of rising temperatures and [CO2] on the physiology of tropical forest trees. Philos. Trans. R. Soc. B Biol. Sci. 2008, 363, 1811–1817. [Google Scholar] [CrossRef] [PubMed]

	



Jardine, K.; Abrell, L.; Kurc, S.A.; Huxman, T.; Ortega, J.; Guenther, A. Volatile organic compound emissions from Larrea tridentata (Creosotebush). Atmos. Chem. Phys. 2010, 10, 12191–12206. [Google Scholar] [CrossRef]

	



Jardine, K.; Abrell, L.; Yanez Serrano, A.M.; Arneth, A.; Alves, E.; Kesselmeier, J.; Huxman, T.; Saleska, S.; Jardine, A.; Taylor, T.; et al. Ecosystem-scale compensation points of formic and acetic acid in the central Amazon. Biogeosciences 2011, 8, 3709–3720. [Google Scholar] [CrossRef]

	



Alves, E.G.; Harley, P.; Gonçalves, J.F.D.C.; Moura, C.E.D.S.; Jardine, K. Effects of light and temperature on isoprene emission at different leaf developmental stages of Eschweilera coriacea in central Amazon. Acta Amazon. 2014, 44, 9–18. [Google Scholar] [CrossRef]

	



Tardieu, F.; Tuberosa, R. Dissection and modelling of abiotic stress tolerance in plants. Curr. Opin. Plant Biol. 2010, 13, 206–212. [Google Scholar] [CrossRef] [PubMed]

	



Tardieu, F.; Simonneau, T.; Parent, B. Modelling the coordination of the controls of stomatal aperture, transpiration, leaf growth, and abscisic acid: Update and extension of the Tardieu–Davies model. J. Exp. Bot. 2015, 66, 2227–2237. [Google Scholar] [CrossRef] [PubMed]

	



Huntingford, C.; Smith, D.M.; Davies, W.J.; Falk, R.; Sitch, S.; Mercado, L.M. Combining the [ABA] and net photosynthesis-based model equations of stomatal conductance. Ecol. Model. 2015, 300, 81–88. [Google Scholar] [CrossRef]

	



Sauter, A.; Davies, W.J.; Hartung, W. The long-distance abscisic acid signal in the droughted plant: The fate of the hormone on its way from root to shoot. J. Exp. Bot. 2001, 52, 1991–1997. [Google Scholar] [CrossRef] [PubMed]

	



Dewar, R.C. The Ball–Berry–Leuning and Tardieu–Davies stomatal models: Synthesis and extension within a spatially aggregated picture of guard cell function. Plant Cell Environ. 2002, 25, 1383–1398. [Google Scholar] [CrossRef]

	



Ball, J.T.; Woodrow, I.E.; Berry, J.A. A model predicting stomatal conductance and its contribution to the control of photosynthesis under different environmental conditions. In Progress in Photosynthesis Research; Springer: Berlin, Germany, 1987; pp. 221–224. [Google Scholar]

	



Farquhar, G.; von Caemmerer, S.V.; Berry, J. A biochemical model of photosynthetic CO2 assimilation in leaves of C3 species. Planta 1980, 149, 78–90. [Google Scholar] [CrossRef] [PubMed]

	



Ju, W.; Wang, S.; Yu, G.; Zhou, Y.; Wang, H. Modeling the impact of drought on canopy carbon and water fluxes for a subtropical evergreen coniferous plantation in southern China through parameter optimization using an ensemble Kalman filter. Biogeosciences 2010, 7, 845–857. [Google Scholar] [CrossRef][Green Version]

	



Schmelz, E.A.; Engelberth, J.; Alborn, H.T.; O’donnell, P.; Sammons, M.; Toshima, H.; Tumlinson, J.H. Simultaneous analysis of phytohormones, phytotoxins, and volatile organic compounds in plants. Proc. Natl. Acad. Sci. USA 2003, 100, 10552–10557. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Perin, E.C.; Crizel, R.L.; Galli, V.; da Silva Messias, R.; Rombaldi, C.V.; Chaves, F.C. Extraction and quantification of abscisic acid and derivatives in Strawberry by lC-MS. Food Anal. Methods 2018, 1–6. [Google Scholar] [CrossRef]

	



Souza, F.C.D. Dinâmica de Uma Floresta de Terra Firme na Estação Experimental de Silvicultura Tropical, Manaus, Amazonas. Ph.D. Thesis, Instituto Nacional de Pesquisas da Amazônia, Manaus, Brazil, 2011. [Google Scholar]

	



Von Arx, G.; Archer, S.R.; Hughes, M.K. Long-term functional plasticity in plant hydraulic architecture in response to supplemental moisture. Ann. Bot. 2012, 109, 1091–1100. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Daie, J.; Wyse, R. Adaptation of the enzyme-linked immunosorbent assay (ELISA) to the quantitative analysis of abscisic acid. Anal. Biochem. 1982, 119, 365–371. [Google Scholar] [CrossRef]








[image: Ijms 19 02023 g001 550] 





Figure 1. Simplified diagram of the 2-C-methyl-d-erythritol-4-phosphate (MEP) pathway for phytohormone abscisic acid (ABA) biosynthesis with components occurring in the Chloroplast and Cytosol. ABA is derived from C40 epoxycarotenoid precursors through an oxidative cleavage reaction in chloroplasts. The C15 intermediate xanthoxin is converted to ABA by a two-step reaction via ABA-aldehyde in the cytosol. The green intermediates (CO2 and glyceraldehyde-3-phosphate, G3P) represent the substrate and product of photosynthesis in the Calvin Cycle) with blue photorespiratory intermediates (glycolate and glycerate). 






Figure 1. Simplified diagram of the 2-C-methyl-d-erythritol-4-phosphate (MEP) pathway for phytohormone abscisic acid (ABA) biosynthesis with components occurring in the Chloroplast and Cytosol. ABA is derived from C40 epoxycarotenoid precursors through an oxidative cleavage reaction in chloroplasts. The C15 intermediate xanthoxin is converted to ABA by a two-step reaction via ABA-aldehyde in the cytosol. The green intermediates (CO2 and glyceraldehyde-3-phosphate, G3P) represent the substrate and product of photosynthesis in the Calvin Cycle) with blue photorespiratory intermediates (glycolate and glycerate).



[image: Ijms 19 02023 g001]







[image: Ijms 19 02023 g002 550] 





Figure 2. Real-time sap velocities of 4 trees in an undisturbed mature tropical forest in the central Amazon during a 12-day dry season period (5–21 May 2015). Also shown in the table below are calculated transport times required for root-derived ABA to reach the top of the canopy via the transpiration stream. 
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Figure 3. Schematic diagram of two scenarios where ABA mediated plant responses to warming and drought are driven primarily by subsurface processes with environmental controls primarily in soil water potential (Ψs) (Scenario 1) and above ground processes linked with photosynthesis with potential environmental controls including leaf water potential (Ψl), Vapor Pressure Deficit (VPD), leaf temperature (Temp leaf), photosynthetically active radiation (PAR), and leaf internal CO2 (Ci) (Scenario 2). In Scenario 1, the blue arrow with a star represents root-derived ABA transported to the leaves. In Scenario 2, the green arrow with a star represents leaf-derived ABA transported to the roots. A list of environmental controls influencing ABA biosynthesis are represented underneath the underlined text Root Sourced ABA and Leaf Sourced ABA. 
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Figure 4. Uncoupling of Pnet (green) from isoprene emissions (blue) at elevated leaf temperatures as modified from [83] (www.plantphysiol.org, “Copyright American Society of Plant Biologists”). Similar uncoupling of Pnet and monoterpene emissions at elevated leaf temperatures has also been observed [14]. Vertical dashed line represent optimum temperatures for leaf Pnet and isoprene emissions (Imax). 
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Figure 5. Simplified diagram showing proposed model interactions between a Ball–Berry (stomatal conductance), Farquhar–MEP (photosynthesis-isoprenoid), and isoprenoid emissions and ABA (stomatal conductance) models. 
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Figure 6. Example of a potential experimental instrumentation configuration for the quantification of 13C-labeling analysis of volatile isoprenoids (isoprene and monoterpenes) and non-volatile isoprenoids (e.g., ABA and carotenoids) during photosynthesis under a 13CO2 atmosphere. The blue arrow represents stable carbon isotope analysis of CO2 by laser spectroscopy and the red arrows represents stable carbon isotope analyses of ABA and volatile organic compounds (VOCs) by mass spectrometry. 






Figure 6. Example of a potential experimental instrumentation configuration for the quantification of 13C-labeling analysis of volatile isoprenoids (isoprene and monoterpenes) and non-volatile isoprenoids (e.g., ABA and carotenoids) during photosynthesis under a 13CO2 atmosphere. The blue arrow represents stable carbon isotope analysis of CO2 by laser spectroscopy and the red arrows represents stable carbon isotope analyses of ABA and volatile organic compounds (VOCs) by mass spectrometry.



[image: Ijms 19 02023 g006]








© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
—— Eschweilera cyathiformis —— Eshweilera sp. —— Pouteria anomala —— Pouteria erythrochrysa

15 —
£
E
o
5 10—
i
O
o
>
Q.
%
5_
0

0 40 80 120 160 200 240 280
hours (relative to 09-May-15 00:00)

Eschweillera cyathiformis

19.8 0.4 49

Eschweilera sp. 26.7 1.0 27

Pouteria anomala 31 1.4 22
Pouteria erythrochrysa

29.3 0.6 48





nav.xhtml


  ijms-19-02023


  
    		
      ijms-19-02023
    


  




  





media/file2.png
— \

Xanthonxin oxidation Glu6P Starch metabolism
l Photosynthesis
GA3P (C3) "hotorespiration
+ MEP pathway
PEP
+

te (C
LS Cozflﬂz glycerate

€O, ’
D}ip (Ce) glycolate

MEP to/from
peroxisome and
HMBPP mitochondria

IPP «—» DMAPP——lsoprene (Cg)

/,, Monoterpenes (Cyg)
Abscisic acid GPP (Cyp)

aldehyde
GGPP (C,g) — Diterpenes (Cyg)
2x

B-Carotene (Cap)
<
Zeaxanthin

Antheraxanthin
+

All-trans-Violaxanthin

Xanthonxin

NG ' %

9-cis-Violaxanthin 9'-cis-Neoxanthin

-






media/file5.jpg
Induced Stomatal Induced Stomatal
Closure Closure

= =

Photosynthesis Photosynthesis

Volatlle Chlorophyll Chiorophyll
Isoprenoids Fluorescence

Respiration R Respiration
‘Photorespiration ‘Photorespiration
0 il [

Scenario 1





media/file3.jpg





media/file1.jpg
o 07 oH
Abscisic acid

I

N
“oH
o ]
Abscisic acid

aldehyde

ﬁf(\)\t
HO' So

Xanthonxin
(Cs)

Glucose 3
|7 S starch  chloroplast

Ghﬁ?/ Starch metabolism|
ani
7
o
pyra ()
o]
D dhveate ’
|
MR toffrom
| peroxisomeand
Wiger mitochondn

1P +——» DMAPP —sizoprene (Cs)

Monoterpenes (Cyo)
GPP (Cuo) =

1l

GGPP (C;o) — Diterpenes (Cao)

%

.coatene (Cal






media/file7.jpg
2 4
Isoprene, nmolm's
8 8 2 & o

120
100

 Jmax > 375 °c

... wE Jowr ‘sisayjuhsojoyd





media/file10.png
isoprene,
monoterpenes

Farquhar - MEP

N/





media/file12.png
—
o —

TD-GC-MS

-






media/file9.jpg
Farquhar - MEP






media/file0.png





media/file8.png
Photosynthesis, pmol m’s’

1
28

T T T v T
30 32 34 36 38

Leaf temperature, °C

g 8
jowu ‘auaidosi

IS
o
s w





media/file11.jpg
CRDS.

¢, 2C-VOCs and ABA

TD-GC-MS





media/file6.png
Induced Stomatal
Closure

—

Photosynthesis
Volatile COy Chlorophyll
Isoprenoids [ \, Fluorescence
| < ' NPQ
P
Vo'V Respiration
/““Photorespiration
. 3 COy

Root Sourced ABA
Env. Controls
*

Scenario 1

Volatile COy
Isoprenoids

Leaf Sourced ABA

Induced Stomatal
Closure

—

Photosynthesis

Chlorophyll
Fluorescence
NPQ

. \_‘:

Respiration
Photorespiration
.. A CO

Env. Controls
* Y

* VPD

* Temp_leaf
* PAR
* Ci

Scenario 2





