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Summary 

Plants are expected to experience intense and extended periods of drought in many regions 

worldwide. Stomatal regulation, which governs water loss and hence plant water use, has been 

proposed as a key feature facilitating plant adaptation to water-limited environments. 

Nevertheless, the fundamental question as to what triggers stomatal closure during soil drying 

remains disputed.  

Recent soil–plant models proposed that the loss in hydraulic conductivities is the driver of 

stomatal closure, stomata responding to non-linearity in the relationship between transpiration 

rate (E) and leaf water potential (ψleaf). However, the primary hydraulic constraint along the 

soil–plant system, being in the soil or an element of the plants, remains without consensus. The 

overall objective of my thesis was to investigate how below-ground biophysical processes 

impact stomatal regulation and plant water status, especially in drying soils.  

This thesis comprises six chapters: chapter one introduces the state-of-the-art, summarizes the 

main findings, and provides an outlook. I asked the following questions: do stomata close when 

the E(ψleaf)-relation becomes non-linear? And what is the primary hydraulic limitation along 

the soil–plant system (chapter two)? Would differences in the root system impact the 

relationships between stomatal conductance, E, and ψleaf during soil drying (chapter three)? 

What is the role of abscisic acid (ABA) in stomatal response to non-linearity (chapter four)? 

What is the impact of salt accumulation at the root surface on plant response to water stress 

(chapter five)? Do arbuscular mycorrhiza fungi (AMF) impact the gradients in water potential 

around roots and hence the soil–plant hydraulic conductance during soil drying (Chapter six)? 

To answer these questions, I combined novel experiments and a soil–plant hydraulic model to 

shed light on the role of below-ground processes on plant response to edaphic and atmospheric 

drought. The main hypotheses were: 1) stomata close at the onset of hydraulic non-linearity; 

2) the loss in below-ground hydraulic conductances (namely soil, root and/or their interface) 

represent the primary driver of stomatal closure; 3) ABA plays a central role in plant response 

hydraulic non-linearity; 4) salt accumulation at the root surface limits transpiration by creating 

an osmotic gradient, especially as the soil dries; 5) AMF attenuate the drop in matric potential 

across the rhizosphere and hence enhance soil–plant hydraulic conductance under water stress.  
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In chapter two, I combined a novel root pressure chamber system and a soil–plant hydraulic 

model to investigate the primary driver of stomatal closure in tomato during soil drying. The 

method accurately measures the E(ψleaf)-relation in intact plants. Additionally, I have measured 

E and ψleaf without plant pressurization. The E(ψleaf)-relation was linear in wet soil and non-

linear as the soil dried. The comparison of pressurized and unpressurized plants revealed no 

decline in xylem hydraulic conductance, and the primary hydraulic limitation to E occurred 

within root-soil continuum, which proves the hypothesis that stomata close to obviate the non-

linear drop in ψleaf. Thus, I conclude that, in tomatoes, a decline in root-soil hydraulic 

conductance was the primary driver of stomatal closure in drying soil.  

To investigate the impacts of below-ground hydraulics, namely root system, on stomatal 

regulation, I grafted tomato plants, having identical shoots and two contrasting roots, a short 

and a long one. The E(ψleaf)-relation varied between the two root systems, i.e., short-rooted 

plant exhibited a marked non-linearity. Stomatal closure matched the onset of hydraulic non-

linearity and was significantly different between root systems. This proves there is no unique 

relationship between E and ψleaf and below-ground hydraulics play a pivotal role in plant 

response to soil drying.  

The role of ABA in stomatal response to hydraulic non-linearity was explored in chapter four. 

I used two tomato genotypes: ABA-deficient mutant and its parental line. The latter showed 

linear E(ψleaf)-relation, while the mutant exhibited non-linear relation already in wet soil. This 

initial finding proposes ABA as a potential mechanism allowing stomata to obviate hydraulic 

non-linearity. 

Salinity has an adverse effect on water availability. Such effects are highly dynamic, as they 

depend on soil moisture gradients, diffusion and convection, and are difficult to predict. Thus, 

in chapter five, I have demonstrated how salt accumulation at the root surface induces an 

osmotic stress which dictates a more negative leaf water potential in the predawn and 

successively throughout the daytime.  

AMF symbiosis plays a positive role in plant water status under drought. In chapter six, I have 

elucidated that AMF enhance plant water status by increasing soil-root hydraulic conductance 

during soil drying. These findings together suggest root-soil interface as a crucial biological 

hotspot that plays a major role in controlling plant water status. 
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These findings disclose the tied link between stomatal regulation and below-ground hydraulics, 

and call for reconciling soil and root hydraulics and rhizosphere biophysical processes to fully 

understand and optimally predict plant behavior and adaptation to future climate change.   
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Zusammenfassung 

Es ist zu erwarten, dass Pflanzen in Zukunft verstärkt durch Trockenperioden betroffen sind. 

Die Regulation der Spaltöffnungen, welche den Wasserverlust und damit die Effizienz der 

Wassernutzung durch Pflanzen entscheidend beeinflusst repräsentiert einen 

Schlüsselmechanismus zur Anpassung an durch Wasserverfügbarkeit limitierte 

Umweltbedingungen. Die grundlegende Frage, welche Faktoren ein Schließen der 

Spaltöffnungen auslöst bleibt umstritten. 

Aktuelle Boden-Pflanzen Modelle begründen das Schließen der Stomata mit einer Abnahme 

der hydraulischen Leitfähigkeit. Spaltöffnungen reagieren demnach auf das nichtlineare 

Verhältnis zwischen Transpirationsrate (E) und Blattwasserpotential (ψleaf). Ungeachtet dieses 

Zusammenhangs bleibt ungeklärt, an welcher Stelle entlang des Fließpfades zwischen 

Bodenwasser und Atmosphäre die Hauptursache für den beobachteten Mechanismus zu findet 

ist. In dieser Arbeit galt es zu klären, inwieweit biophysikalische Prozesse des Bodens die 

Regulation der Spaltöffnungen und damit den Zustand des Pflanzenwassers beeinflussen. 

Insbesondere galt es dabei den Einfluss des trocknenden Bodens zu klären.  

Diese Doktorarbeit besteht aus sechs Kapiteln. Kapitel eins beschreibt den aktuellen Stand der 

Wissenschaft, fasst die wichtigsten Ergebnisse dieser Arbeit zusammen und gibt einen 

Ausblick auf potenzielle Forschungsschwerpunkte. Im Detail stellten sich die folgenden 

Fragen: Wird das Schließen der Spaltöffnungen ausgelöst, sobald das Verhältnis zwischen E 

und ψleaf nichtlinear wird? Wo befindet sich der Auslöser oder die hydraulische Limitierung 

entlang des Boden-Pflanzen Systems (Kapitel zwei)? Wirken sich Unterschiede im Aufbau des 

Wurzelsystems auf das Verhältnis zwischen E und ψleaf in trocknenden Böden aus (Kapitel 

drei)? Welche Rolle spielt dabei Abscisinsäure (ABA) (Kapitel vier)? Welchen Einfluss hat 

die Anreicherung von Salz an der Wurzeloberfläche auf die Reaktion von Pflanzen auf 

Trockenstress (Kapitel fünf)? Beeinflussen arbuskuläre Mykorrhizapilze (AMF) den 

Gradienten im Wasserpotenzial im Boden um die Wurzeln und damit die hydraulische 

Leitfähigkeit zwischen Boden und Pflanzen im trocknenden Boden (Kapitel sechs)? Um diese 

Fragen zu beantworten, wurden neuartige Experimente mit einem hydraulischen Modell des 

Boden-Pflanze Kontinuums durchgeführt. Folgende Hypothesen wurden aufgestellt: 1) 

Stomata schließen mit dem Einsetzen nichtlinearer hydraulischer Bedingungen; 2) der Verlust 
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in hydraulischer Leitfähigkeit zwischen Boden und Wurzeloberfläche ist die Hauptursache für 

das Schließen der Spaltöffnungen; 3) ABA spielt eine entscheidende Rolle mit Bezug auf die 

Reaktion von Pflanzen auf diese nichtlinearen Bedingungen; 4) die Anreicherung von Salz an 

der Wurzeloberfläche, während der Boden trocknet verringert die Transpiration aufgrund des 

zunehmenden osmotischen Gradienten; 5) AMF verringern den Gradienten im Matrixpotential 

in der Rhizosphäre und verbessern damit die effektive hydraulische Leitfähigkeit des Bodens 

bei Trockenstress. 

Im zweiten Kapitel wird mithilfe einer neuartigen Wurzeldruckkammer und einem 

hydraulischen Modell des Pflanze-Boden Kontinuums der Einfluss verschiedener Faktoren auf 

die Schließung der Spaltöffnungen anhand von Tomaten in trocknenden Böden untersucht. Mit 

der angewendeten Methode lässt sich E und ψleaf in intakten Pflanzen quantifizieren. Zusätzlich 

wurde das Verhältnis ohne Anpassung des Drucks bestimmt um den Einfluss der Methode 

abzuschätzen. Das Verhältnis zwischen E und ψleaf war linear in feuchtem Boden und 

nichtlinear in trocknendem Boden. Der Vergleich zwischen Messungen unter Druck und ohne 

Anpassung des Drucks zeigte keine Veränderung in der hydraulischen Leitfähigkeit des 

Xylems und die Hauptursache für eine hydraulische Limitierung von E trat im Wurzel-Boden 

Kontinuum auf. Dies bestätigt die Hypothese, dass Stomata schließen, um eine nichtlineare 

Abnahme des ψleaf zu vermeiden. Auf dieser Grundlage folgere ich, dass eine Abnahme in der 

hydraulischen Leitfähigkeit in der Rhizosphäre im Falle von Tomaten die Hauptursache für 

das Verschließen der Spaltöffnungen darstellt.  

Um den Einfluss der Wurzeleigenschaften auf die Regulation der Stomata zu untersuchen 

wurden Tomaten mit gleichem Spross auf unterschiedliche Wurzelstöcke aufgepfropft. Ein 

kurzes und ein langes Wurzelsystem wurden dabei verglichen. Das Verhältnis zwischen E und 

ψleaf variierte zwischen den Wurzelsystemen, wobei das kurze Wurzelsystem ein markantes 

nichtlineares Verhältnis zur Folge hatte. Die Schließung der Stomata war zwischen den beiden 

Wurzelsystemen signifikant unterschiedlich und folgte auf das nicht-lineare Verhältnis 

zwischen E und ψleaf. Diese Ergebnisse beweisen, dass die Beziehung zwischen E und ψleaf 

nicht vorgegeben ist, sondern entscheidend durch bodenhydraulische Eigenschaften 

beeinflusst wird. 
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Die Rolle von ABA in diesem Prozess wurde in Kapitel vier untersucht. Zwei Genotypen der 

Tomate, einer mit einem Defizit in ABA Produktion und die nicht-defizitäre Stammlinie 

wurden dabei verglichen. Während die ursprüngliche Linie (nicht-defizitär) einen linearen 

Zusammenhang zwischen E und ψleaf zeigte, wurde für die defizitäre Mutante bereits in relativ 

feuchtem Boden ein nichtlinearer Zusammenhang beobachtet. Diese ersten Ergebnisse deuten 

auf die fundamentale Rolle von ABA zur Vermeidung des nichtlinearen Bereiches in der 

Abnahme des Blattwasserpotentials hin. 

Ein erhöhter Salzgehalt reduziert das pflanzenverfügbare Volumen des Bodenwassers. Dieser 

Effekt ist dynamisch, da er sowohl durch den Gradienten in der Bodenfeuchte als auch durch 

Diffusion und Konvektion beeinflusst wird. Entsprechend schwer gestalteten sich vorhersagen 

in diesem Zusammenhang. Aufgrund dessen wurde in Kapitel fünf der Einfluss der 

Akkumulation von Salz an der Wurzeloberfläche auf den daraus resultierenden osmotischen 

Gradienten untersucht. Ein erhöhter Salzgehalt hatte ein verringertes Blattwasserpotenzial von 

Beginn der Morgendämmerung zur Folge.  

Die Symbiose von Pflanzen und AMF hat einen positiven Effekt auf die Wasseraufnahme 

während Trockenheit. In Kapitel Sechs wird der Einfluss von AMF auf die hydraulische 

Leitfähigkeit zwischen Wurzeln und Boden untersucht. Die Ergebnisse weisen auf eine 

entscheidende Rolle der Grenzfläche zwischen Wurzeln und Boden zur Kontrolle des 

Pflanzenwassers hin. 

Diese Arbeit zeigt die Abhängigkeit zwischen der Regulation der Spaltöffnungen und 

bodenhydraulischen Parametern. Die hydraulischen Eigenschaften von Böden und Wuzeln, 

sowie biophysikalische Prozesse in der Rhizosphäre bedürfen einer ganzheitlichen 

Betrachtung, um die Reaktion von Pflanzen zu verstehen und vorherzusagen. Von besonderer 

Bedeutung erscheint diese Aufgabe vor dem Hintergrund der Anpassung an ein im zügigen 

Wandel befindliches Klima. 
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1 Chapter One: Synopsis 

1.1 Introduction 

Terrestrial vegetation is progressively exposed to episodes of edaphic and atmospheric water 

deficits impacting global productivity, photosynthesis and yield. These increasing drought 

episodes threaten future agricultural and food productions and drive widespread tree mortality 

(Madadgar et al., 2017; Choat et al., 2018; Brodribb et al., 2020). Soil drying diminishes the 

water pool available for plants, hence, limits root water uptake and transpiration fluxes. 

Simultaneously, vapor pressure deficit (VPD) drives transpiration that causes continuous 

decrease in the leaf water potential that propagates through the xylem vessels down to the roots 

and the soil. A recent study, employing mathematical modeling, decoupled the impacts of VPD 

and soil moisture on terrestrial vegetation, and demonstrated that soil moisture dominates the 

dryness stress on ecosystem production globally (Liu et al., 2020). Although transpiration 

dominates terrestrial water fluxes (Jasechko et al., 2013), and climate change is expected to 

influence global transpiration (López et al., 2021), the mechanistic understanding of how 

edaphic water deficit impacts leaf water potential, stomatal conductance, and transpiration rate 

remains obscure. Filling this knowledge gap is essential to improve the current understanding 

and future predictions of plant responses to environmental changes (Bartlett et al., 2016; 

Martin-StPaul et al., 2017; Buckley, 2019).  

Stomata, microscopic bio-valves formed by guard cells, are present in aerial surfaces of most 

land plants 400 million years ago (Edwards et al., 1998; Peterson et al., 2010). Stomata play a 

pivotal role in regulating the exchange of carbon and water between the atmosphere and 

terrestrial vegetation (Hetherington and Woodward, 2003; Wolz et al., 2017; Buckley, 2019; 

Deans et al., 2020). Stomatal regulation makes it possible for plants to promptly respond to 

intrinsic and extrinsic environments to sustain plant water status, and thus adaptability to water 

scarcity in the soil and the atmosphere. The fundamental understanding of how stomata 

function under stress conditions will facilitate an improved prediction of plant behavior under 

stress conditions. Furthermore, understanding stomatal behavior under water deficit conditions 

will facilitate predicting plant behavior under other co-occurring stresses, e.g., salinity, and 

interactions with plant microbiome, e.g., arbuscular mycorrhiza fungi. Gaining this knowledge 
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is instrumental for future breeding programs and improvements of crops that are resilient in 

the face of climate change and capable of supplying the increasing food demand.  

Various concepts have been proposed to understand and predict stomatal behavior. Carbon 

optimization theory, a pioneering concept predicting stomatal responses, posits stomata 

maximize carbon gain for a penalty of water loss (Cowan and Farquhar, 1977; Wang et al., 

2020). Another approach suggest stomatal regulation to respond to decline in leaf water 

potential in two ways, hydro-active and hydro-passive mechanisms (Brodribb and McAdam, 

2011; Buckley, 2019). Following the hydro-passive hypothesis, stomata close in response to 

declining leaf water potential (Buckley et al., 2003). While the hydro-active path postulated 

that stomatal regulation is actively controlled by the abscisic acid (ABA) under stress 

conditions (Brodribb and McAdam, 2011; Merilo et al., 2018; Buckley, 2019). Combining 

chemical and hydraulic signal was suggested to fully understand stomatal regulation (Buckley, 

2019). The proposition of these various hypotheses indicates the challenges on understanding 

how stomata detect and react to their intrinsic and extrinsic environment while maintaining 

plant water status (Brodribb and McAdam, 2011; Buckley, 2019).  

Even though the underpinning mechanisms controlling stomatal regulation at the mechanistic 

and molecular levels are yet to be fully revealed (Buckley, 2005, 2019), recent studies have 

demonstrated that we still could anticipate stomatal response to soil and atmospheric drought 

from its emergent hydraulic properties (Sperry et al., 2016). A hydraulic framework was 

proposed to predict stomatal closure based on a 'supply-demand' function to understand the 

physical constraints on transpiration (Sperry and Love, 2015). In this concept, stomatal 

regulation obviates excessive (non-linear) drop in leaf water potential by responding to 

disproportionality between transpiration rate and leaf water potential (Sperry and Love, 2015). 

The non-linearity and the trigger of stomatal closure have been presumed to be coordinated 

with xylem vulnerability (Sperry and Love, 2015; Anderegg et al., 2017). This hydraulic-based 

framework has been utilized in other models. For instance, Stomata optimization models were 

shown to exhibit improved predictions skills when based on hydraulics (Wolf et al., 2016; 

Eller et al., 2020; Wang et al., 2020). The primary hydraulic limitation among soil–plant 

continuum remains controversial. Modeling approaches has been used to identify the greater 

hydraulic limitation along the soil-plant-atmosphere continuum. For instance, Sperry et al. 
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(2002) argued that either xylem or rhizosphere are primary hydraulic limitations to 

transpiration. Afterward, Sperry and Love (2015) suggested xylem as the main hydraulic 

constraint to transpiration, neglecting below-ground components. Carminati and Javaux (2020) 

proposed declining soil hydraulic conductance as the driver of stomatal closure. The authors, 

utilizing meta-analysis, validated their concept among different plant species and soil types 

(Carminati and Javaux, 2020). Although there is no consensus regarding the primary hydraulic 

limitation, either above- or below-ground, both models argue that stomata respond to the 

hydraulic non-linearity between transpiration rate and leaf water potential (Sperry and Love, 

2015; Carminati and Javaux, 2020). These fascinating conceptual models are an excellent 

reminder that despite mathematical models are approximation to reality, they are essentially 

valuable to interpret and predict experimental outcomes and, more still, to direct future 

research (Blatt, 2021).  

Experimental studies endeavored to understand the primary hydraulic limitation triggering 

stomatal closure. Numerous studies have associated stomatal closure to xylem capability to 

transport water under tension (e.g. Scoffoni et al., 2014; Brodribb et al., 2016, 2017). 

Occurrence of other hydraulic limitations along the soil–plant continuum, apart from xylem 

vulnerability, has been experimentally investigated. For instance, Corso et al. (2020) 

investigated the loss in hydraulic conductance in the vascular system during plant dehydration, 

and concluded that neither xylem cavitation nor a decrease in leaf conductance drives stomatal 

closure (Corso et al., 2020). The authors showed that, in wheat, stomata close before embolism 

propagation (Corso et al., 2020). Similarly, Lamarque et al. (2020) demonstrated that stomatal 

closure occur well before xylem cavitation in tomato. Recent studies applied novel methods to 

evaluate reduction in below-ground hydraulics in situ. Rodriguez-Dominguez and Brodribb 

(2020) used rehydration kinetic technique in olive trees and showed that root-soil interface 

represents the primary hydraulic resistance to water flow in water-stressed plants. The authors 

observed a sharp decline in root hydraulic conductance (including soil-root interface) 

happening during the same range of water potentials as stomatal closure, which was far higher 

above those needed to initiate xylem cavitation (Rodriguez‐Dominguez and Brodribb, 2020). 

The rehydration technique was recently applied to woody and herbaceous species (Bourbia et 

al., 2021). The authors showed that stomata close concomitantly with the decline in root 

hydraulic conductivity in both herbaceous and woody species (Bourbia et al., 2021).  
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Collectively, these experimental studies have presented below-ground hydraulic conductance 

as the potential primary hydraulic constraint to transpiration. This conclusion implicitly 

proposes reducing below-ground hydraulics, rather than xylem, as a potential source in 

initiating hydraulic non-linearity between transpiration rate and leaf water potential. Although 

the linkage between declining below-ground hydraulics and the onset of hydraulic non-

linearity is logical, it remains, as yet, without experimental support. Because there is a lack of 

systematic experimentations that directly measure the incidence of hydraulic non-linearity and 

stomatal closure. Furthermore, the influence of different below-ground hydraulic traits (e.g. 

root length) on the onset of hydraulic non-linearity and stomatal closure, to the best of my 

knowledge, has never been investigated so far.  

The hydraulic framework suggests stomata close at the onset of hydraulic non-linearity. 

However, this concept does not provide what helps stomata optimally respond to non-linearity. 

A potential mechanism might be through a chemical signal that mediates stomatal closure. 

Mounting evidence established the inverse relation between ABA and stomatal conductance 

(Davies and Zhang, 1991; Schurr et al., 1992; Dodd, 2005; Brodribb and McAdam, 2011; 

McAdam and Brodribb, 2018). Earlier studies suggested a cross-talk between root and shoot 

under stress conditions (Dodd, 2005). Roots were suggested to produce ABA that is transferred 

to the shoot and induces stomatal closure (Davies and Zhang, 1991; Dodd, 2005). However, 

root-sourced ABA has been shown to play no role in stomatal closure in tomato (see the 

seminal work by Holbrook et al. (2002)). Recent studies demonstrated that ABA is de novo 

synthesized in leaf mesophyll and initiates stomatal closure (McAdam and Brodribb, 2018). 

Although these studies together indicate a little consensus regarding the location of ABA 

production, they do emphasize ABA essentiality to guard cells movement. The fact that ABA 

initiates stomatal closure suggests a potential correlation between ABA abundance/synthesis 

and the onset of hydraulic non-linearity (Wankmüller and Carminati, 2021). Thus the urgent 

question is: what is the role of ABA in stomatal response to the hydraulic non-linearity?  

The relation between transpiration rate and leaf water potential might be affected by factors 

impacting root-soil interface. As transpiration demand drives water stream from soil to root, it 

is worth noting that the water in the soil is never chemically pure. The liquid phase in the soil 

encompasses considerable amounts of solutes, Na+ and Cl-, in saline soils, for instance. High 
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salt concentrations in the soil impede root water uptake and reduce the maximum transpiration 

rate. Indeed, soil salinity is a considerable bottleneck limiting crop growth and productivity, 

which might coincide with drought conditions, especially in arid and semi-arid zones (Munns, 

2002; Fricke et al., 2004; Munns and Tester, 2008; Chaves et al., 2009). High salt 

concentration in soil limits plants' ability to take up water (Munns and Tester, 2008), similarly 

to the impact of soil drying (Munns, 2002). Numerous studies showed that salinity triggers 

stomatal closure, subsequently impacting photosynthesis, plant growth and development 

(Munns, 2002; Fricke et al., 2004; Munns and Tester, 2008; Chaves et al., 2009). Salt 

accumulation in the soil hinders plant's capabilities in two actions: reducing water availability 

and inducing toxic effects of sodium and chlorine ions (Munns and Tester, 2008; van Zelm et 

al., 2020; Zhang et al., 2021). Munns et al. (2020) suggested that, in saline soils, plants must 

eliminate 98% of both Cl- and Na+ while taking up water to evade high ion concentrations 

inside plant tissues (Munns and Gilliham, 2015; Munns et al., 2020). Consequently, salts might 

build up around roots and possibly induce osmotic stress at the root-soil interface (Stirzaker 

and Passioura, 1996). The follow-up question is how salt accumulation at the root-soil interface 

impacts plant hydraulics during soil drying? 

Another open question is regarding plant microbiome impacting root-soil hydraulic 

conductance during soil drying. Root-soil interface is a biological hot spot and is occupied by 

plant microbiome, which may impact plant water status, possibly by influencing the hydraulics 

of the rhizosphere (Bitterlich et al., 2018a; Benard et al., 2019; Trivedi et al., 2020; Pauwels 

et al., 2020). For instance, Arbuscular mycorrhiza fungi (AMF) symbiosis, which occurs 

naturally between fungi and most plant species, is documented to play a positive role in plant 

water relations, especially under water stress conditions (Augé, 2001; Augé et al., 2015; 

Ouledali et al., 2018). Earlier studies showed that AMF facilitates higher transpiration rate in 

dry soils in tomato (Bitterlich et al., 2018b). Similarly, AMF was reported to enhance tomato 

performance under water stress and improve plant biomass and water use efficiency (Chitarra 

et al., 2016). In maize, Quiroga et al., (2019) demonstrated that AMF enable higher stomatal 

conductance during soil drying. Moreover, AMF was suggested to increase root hydraulic 

conductivity (Aroca et al., 2007; Quiroga et al., 2019) and amend soil hydraulic properties 

(Bitterlich et al., 2018a; Pauwels et al., 2020). However, the impact of AMF on soil–plant 

hydraulic conductance, especially during soil drying, remains obscure. This would be crucial 
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to improving our current understanding of plant responses to drought (Carminati et al., 2020; 

Hayat et al., 2020; Rodriguez‐Dominguez and Brodribb, 2020). Therefore, investigating the 

influences of AMF on soil–plant hydraulic conductance during soil drying is a research 

priority.  

1.2 Objectives and thesis outlines 

The ultimate objective of this thesis was to utilize a hydraulic framework to mechanistically 

understand how soil drying affects plant response to drought. In other words, understanding 

the mechanisms by which declining soil water potential impact stomatal conductance and soil–

plant hydraulics. And to define what are the hydraulic limitations to transpiration. Additionally, 

understanding the coupled effects of other co-occurring factors impacting root-soil interface.   

Do stomata close at the point when the hydraulic conductance starts to decrease? The 

hypothesis is that stomata respond to a decline in soil–plant hydraulic conductance and hence 

close at the onset of hydraulic non-linearity. Testing this hypothesis requires a method that not 

only measures transpiration rate and leaf water potential but also explores the non-linear part 

of the relation. This is achievable by the root pressure chamber apparatus (Passioura 1980; Cai 

et al., 2020). By pressurizing the soil and thus maintaining the leaf turgid, plant explores the 

non-linear part of the relationship. Furthermore, pressurization prevents cavitation (Passioura 

and Munns, 1984). Yet, below-ground conductances are not affected by pressurization, 

including the potential shrinkage of the root cortex and the loss of contact with the soil. 

Therefore, this method accurately evaluates the changes in below-ground hydraulic 

conductance occurring at a given transpiration rate and a soil water status  (Passioura, 1980; 

Carminati et al., 2017). In parallel, I measured the decrease of transpiration rate and leaf water 

potential in unpressurized plants. By comparing leaf water potential in pressurized and 

unpressurized plants at the same transpiration rate and a soil water status, we obtain 

information on the decrease in shoot hydraulic conductance and xylem cavitation (both 

prevented in pressurized plants). Additionally, by comparing pressurized and unpressurized 

experiments, we tested the hypothesis that stomata close at the onset of hydraulic limitation. I 

applied this method to tomato plants growing in a sandy-loam soil. The data were interpreted 

using the conceptual and numerical soil–plant hydraulic model of Carminati and Javaux 

(2020). 
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Do differences in below-ground traits (i.e. contrasting root system) impact the relation between 

transpiration rate and leaf water potential during soil drying? At a given transpiration rate, 

water fluxes at root surface will be affected by the root length. I expect that short root system 

would require a larger water flow per root surface, and thus larger gradients in soil matric 

potential. Therefore, plants with shorter root system should exhibit a more marked hydraulic 

non-linearity and should close stomata at less negative leaf water potential. 

Does ABA make it possible for plant to avoid hydraulic non-linearity? Answering this question 

requires measuring transpiration rate and leaf water potential in ABA-deficient mutant and its 

wild-type counterpart using the above-mentioned method. The hypothesis is that ABA-

deficient mutant might not respond to non-linearity and show limited stomatal regulation, 

which would require higher water fluxes at the root surface, causing a steep drop in matric 

potential in the vicinity around the root. This in turn would entail a more negative water 

potential in leaves of ABA-deficient plants, and consequently, incidence of the non-linearity, 

which might possibly occur in a combination of wet soil conditions and high transpiration 

rates. 

Investigating these fundamental question highlights the significant importance of soil–plant 

hydraulic conductance and how it may be affected by other factors. Salinity might cause an 

accumulation of salts at root surface and impact root water uptake. To test this hypothesis, I 

have investigated the coupled effects of salinity and soil drying on soil–plant hydraulics using 

the similar method. Additionally, AMF was proposed to enhance soil-root contact and improve 

soil-root hydraulic conductance. I hypothesize that AMF limit the drop in matric potential 

across the rhizosphere and hence enhance soil–plant hydraulic conductance under edaphic 

water stress.  

The specific objectives were: 

- To investigate whether stomata close at the onset of hydraulic non-linearity and to 

identify the main hydraulic limitation, along the soil–plant continuum, that limits 

transpiration (Chapter Two). 

- To investigate whether differences in below-ground traits (i.e., contrasting root system) 

impact the E(ψleaf)-relation and the onset of hydraulic non-linearity during soil drying 

(Chapter Three).  
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- To assess the impacts of root hydraulic capacitance on the onset of hydraulic non-

linearity. Further, to evaluate the differences in root water contents vs. differences in 

soil water content on the onset of non-linearity (Chapter Three).  

- To investigate the potential role of the phytohormone abscisic acid on stomatal 

response to hydraulic non-linearity (Chapter Four). 

-  To explain how salinity impedes root water uptake and the consequences on stomatal 

regulation and soil–plant hydraulics, particularly under water stress conditions, 

implementing hydraulic framework. Furthermore, whether salinity generates additional 

below-ground resistance to water fluxes, namely in the rhizosphere, impacting stomatal 

regulation (Chapter Five). 

- To quantify the osmotic stress at the root surface under soil drying and salinity 

conditions (Chapter Five). 

- To elucidate the role of AMF on below-ground hydraulic conductance and whether 

AMF attenuate the drop in matric potential around roots hence sustaining an improving 

plant water status (Chapter Six).  

The thesis encompasses six chapters. The first chapter is an extended summary of the work 

that had been done. The following chapters represent research articles, three are published, and 

two are undergoing peer-review. I have added three additional abstracts of manuscripts where 

I have co-authored and they are intimately linked to this doctoral work.  

1.3 Materials and methods 

1.3.1 Plant material 

Various tomato genotypes were used during the experimental campaigns. Solanum 

lycopersicum L. was used to investigate what triggers stomatal closure during soil drying, 

while its wild relatives, i.e., Lycopersicon hirsutum and a hybrid of both L. hirsutum and L. 

pimpinellifolium were used as rootstocks to investigate how differences in below-ground 

hydraulics will impact the onset of hydraulic non-linearity and stomatal closure. Additionally, 

L. hirsutum was used as rootstock to study the coupled effects of salinity and soil drying on 

soil–plant hydraulics (Chapter five), where I treated half of the plant population with 100 mM 

NaCl before the drying cycle. The tomato variety M82 was used as a scion in the second and 
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third studies to have identical shoots growing onto different root systems. The tomato variety 

76R and its reduced mycorrhiza colonization (RMC) mutant were used for investigating the 

influences of AMF on plant water status and soil–plant hydraulic conductance during soil 

drying. The tomato variety sitiens and its parent line Reinlands ruhm were used for studying 

the interplay between ABA and soil–plant hydraulics. Grafting technique was used in the 

second and third studies to combine the desired root and shoot traits.  

Seeds were sown in polyvinyl chloride (PVC) columns with 30 cm in height and 10 cm in 

diameter. The columns had five holes with a diameter of 5 mm on the side to facilitate soil 

moisture content measurements. For plant pressurization experiments, the PVC columns were 

topped (using a silicon rubber glue; Teroson, Henkeln, Germany) with a 0.8-cm-thick 

aluminum plate that had a centered-hole of 1.4 cm in diameter (Supplementary Data Figure 

S1). The plants were grown in climate-controlled chamber under ample water conditions. 

Measurements took place during drying cycles, where irrigation was withheld and parameters 

were collected.  

1.3.2 Transpiration and leaf xylem water pressure measurements 

I used a root pressure chamber system (RPCS; Figure 1.1) to measure transpiration rate and 

leaf xylem water potential simultaneously within an intact plant (Passioura, 1980; Cai et al., 

2020a). The assembly and calibration of RPCS was recently described in Cai et al. (2020b), 

see also figure 1.1. Succinctly, RPCS is composed of a pressure chamber topped with a cuvette 

and a control unit. Four groups of light-emitting diodes (LED) were vertically attached to the 

cuvette to provide photosynthetic photon flux density (PPFD), which ranged from 0 to 1000 

µmol m-2 s-1. Transpiration rate was increased by amplifying PPFD, and the latter was 

measured via a fixed radiometric sensor (Gamma Scientific, San Diego, USA). A constant 

airflow passed through the cuvette (8.25 L min-1) and a fan was used to stir the air inside. 

Combined temperature-humidity sensors (Galltec-Mela, Bondorf, Germany) continuously 

measured the temperature and the relative humidity of the inward and the outward air. 

Transpiration rate was obtained by multiplying the airflow by the difference between the 

outward and the inward humidity. 
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Figure 1.1 Root pressure chamber system 

 a) Tomato plant prepared for pressurization. b) Root pressure chamber system components. c) 

Droplet emerging from leaf cut when applying balancing pressure. d) Leaf cut connected to meniscus 

system with a capillary tube. 

Additionally, transpiration and leaf water potential were measured without plant 

pressurization. Transpiration rate was measured gravimetrically using wireless balances that 

automatically record the changes in plant weight. Transpiration rate was obtained by 

calculating the difference in weight over time (Chapter five). Leaf water potential of 

unpressurized plant was measured using a leaf pressure chamber (Soil Moisture Equipment 

Corp., Santa Barbara, Ca., USA) as described in Scholander et al. (1965).  

1.3.3 Soil hydraulic properties 

The hydraulic properties of the soils used in these studies were measured via the evaporative 

method implemented in the Hyprop (Meter Group, Munich, Germany). Soil samples were 

packed into a Hyprop sample holder (area of 50 cm2 and height of 5 cm) at the same bulk 

density as the one achieved in the cylinders used for plant growth. The samples were let dry 

from the top via evaporation, and the changes in soil water content, matric potential at two 

depths (-1.25 and -3.75 cm) were recorded over time. Water retention curves and unsaturated 

hydraulic conductivity curves were parameterized according to the PDI (Peter-Durner-Iden) 

model (Peters et al., 2015). The parameters were estimated by fitting the obtained 

measurements and solving the Richards equation. 
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1.3.4 Soil–plant hydraulic model 

I used the soil–plant hydraulic model of Carminati and Javaux (2020) to reproduce and 

interpret the measurements. The model simulates water flow in the soil–plant continuum. The 

series of resistances across the bulk soil, across soil–root interface, and through the root to the 

leaf xylem were considered in the model. A detailed description of the model was presented in 

Carminati and Javaux (2020), as well as in chapters three and four. Briefly, the model 

calculates the gradient in water potential through the soil and along the plant till the leaf. Soil 

water flow is simulated assuming a radial geometry and a steady-state root water uptake into a 

fraction of the total root length. The water flow in the plant is calculated assuming a 

proportionality between the plant hydraulic conductance and the difference in water potential 

between the root-soil interface and the leaf. Xylem cavitation was considered by allowing plant 

hydraulic conductance to drop according to a power law at a given xylem water potential 

(which is the point at which the xylem starts to cavitate). Plant hydraulic conductance is given 

by the harmonic mean of the root hydraulic conductance and the xylem conductance.  

The onset of hydraulic limitation (stress onset limit; SOL) was defined as the point at which 

the slope of the relation reaches 70 % of its maximum value at a given soil water potential. 

Note that the value of 70 % is somehow arbitrary. I used it because it indicates a significant 

change of the conductance. According to Wankmüller and Carminati (2021), SOL gives a 

similar shape within a range of 50 %, (i.e., between 75 % and 25 %), although SOL was slightly 

shifted. To reproduce the measurements, I inversely modeled the data by varying plant 

hydraulic conductance and the root length that is active in water uptake. 

The assumption regarding steady-state water flow was examined in Chapter three by including 

root hydraulic capacitance into the model. Thus, this made it possible to investigate the 

influence of root hydraulic capacitance on the onset of hydraulic non-linearity (Chapter three). 

The soil–plant hydraulic model was modified to include solute transport processes. Hence, the 

model simulated the effects of salt accumulation at the root surface and the dynamics of soil 

water content within the rhizosphere. The model simulated NaCl transport and concentration 

in the soil solution to include the effects of the osmotic potential on leaf xylem water potential 

(Chapter four). 
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1.4 Summary of main outcomes 

1.4.1 What trigger stomatal closure during soil drying (chapter two)? 

The main objectives of chapter two were (1) to define the primary hydraulic limitation to 

transpiration and (2) to investigate whether stomata close at the onset of hydraulic non-

linearity. The relation between transpiration rate and leaf water potential was linear in wet soil 

and non-linear as soil progressively dried (Figure 1.2). The slope of the relation, depicting soil–

plant hydraulic conductance, was nearly constant in wet soil and decreased as soil dried. 

Maximum transpiration was measured in unpressurized plants, and interestingly matched the 

onset of hydraulic non-linearity (Figure 1.2).  

 

Figure 1.2 Relation between A) leaf xylem water potential (ψleaf-x) and transpiration (E) and B) 

predawn leaf xylem water potential (ψleaf-x PD) and E, for different soil water contents (θ; cm3 cm-3). The 

measurements (open symbols) were well reproduced by the model (solid lines). Stomatal closure of 

unpressurized plants (red squares) matched the onset of non-linearity (SOL; red line) from both leaf 

view (A) and soil view (B). 

Leaf xylem water potential in pressurized and unpressurized plants was similar under the same 

soil water content and transpiration rate, with values close to the 1:1 line (r2 = 0.7) (Figure 1.3). 

This indicates that the plant hydraulic conductance was not altered by plant pressurization. 

Thus, there was no significant decrease in the conductivities of shoot and xylem vessels during 

soil drying. Thus, the main hydraulic limitation was below-ground (chapter two).  
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Soil–plant hydraulic model reproduced the measurements and predicted stomatal closure based 

on disproportionality between transpiration rate and leaf water potential. These results confirm 

that, during soil drying, stomata respond to decrease in soil–plant hydraulic conductance and 

hence close at the onset of hydraulic non-linearity. In summary, stomata closure obviates non-

linear decline in leaf water potential caused by the decrease in soil-root hydraulic conductance. 

 

 

1.4.2 Below-ground hydraulics control stomatal closure 

The main objective of chapter three was to investigate whether differences in below-ground 

traits (i.e., contrasting root system) impact the E(ψleaf)-relation and the onset of hydraulic non-

linearity during soil drying. Tomato plants were grafted on two contrasting root systems to 

evaluate the impacts of different below-ground hydraulics on stomatal regulation during soil 

drying. For the short root system, maintaining similar transpiration rate would require a larger 

water flow per root surface, and thus larger gradients in soil matric potential compare to the 

long root. The length of the two root systems differed by a factor of 3 (p-value < 0.05), whereas 

root diameter and leaf area were similar (p-value > 0.05). 

Figure 1.3 Comparison of leaf xylem water potential (ψleaf-x) in pressurized (+P) and 

unpressurized (-P) plants at the same soil water content (θ; cm3 cm-3) and transpiration rate (E; 

cm2 s-1). r2 = 0.7. 



  

14 
 

The relationship between transpiration rates and leaf xylem water potential varied between the 

two root systems (Figure 1.4). The long root system sustained higher transpiration rate during 

soil drying, while a more marked non-linearity in the relation appeared in the short root system 

at relatively high leaf xylem water potential and soil water content. Longer roots ensured the 

linearity of the relation for a broader range of transpiration rate and soil water content.    

 

 

The onset of hydraulic non-linearity (SOL) 

matched the transpiration rate of 

unpressurized plants of both roots. This 

supports the earlier hypothesis that stomata 

close when the relation between 

transpiration rate and leaf water potential 

becomes non-linear. The measured relation 

Figure 1.4 Relation between transpiration 

rate and leaf xylem water potential for 

tomato grafted onto short (A) and long (B) 

root systems. The measurements (open 

symbols) were well reproduced by the 

model (black lines) at different soil water 

contents (different colors). The red squares 

are the measured transpiration rates 

during soil drying in unpressurized plants, 

which matched the onset of non-linearity 

(SOL; red line) for both roots (short root 

system, r2 = 0.74; long root system, r2 = 

0.82, respectively). C) The reduction in 

transpiration of long and short rooted 

plants is significantly different (p-value < 

0.001). 
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between transpiration rate and leaf xylem water potential as well as the SOL of the long and 

short root systems were discrete. Analysis of covariance shows that stomatal closure was 

significantly different between the two root systems without pressurization (p-value < 0.001). 

Plants with the short root system reached 50 % transpiration at ψleaf-x = -0.3 MPa compared to 

ψleaf-x = -0.5 MPa with the long root system. 

The measurements show that a decrease in root length induces an earlier non-linearity in the 

soil–plant hydraulic conductance and triggers an earlier stomatal closure. The relation between 

stomatal conductance and leaf water potential is affected by root length and below-ground 

hydraulics, particularly soil hydraulic conductance. This finding has important implications for 

understanding and predicting the response of transpiration to drought.  

1.4.3 The role of ABA in stomatal response to hydraulic non-linearity 

In chapter two and three, the results showed that tomato exhibit linear relation between 

transpiration rate and leaf water potential in wet soils and non-linear only under dry soils. 

Furthermore, we proved that stomata close at the onset of the hydraulic non-linearity. The 

mechanism that allows stomata to accomplish such function remains unknown. Thus, I 

investigated the role of ABA in the onset of hydraulic non-linearity using ABA-deficient 

mutant and its parental line. The relation between transpiration rate and leaf water potential in 

the wild type was linear (Figure 1.5). However, ABA-deficient mutant exhibited non-linearity 

in wet soil, where leaf water potential abruptly declined in response to a tiny increment in 

transpiration rate (Figure 1.5). This result supports the hypothesis that ABA facilitated earlier 

stomatal closure that reduced transpiration rates allowing a proportional decline in leaf water 

potential, as observed in wild type  (Figure 1.5). Furthermore, ABA-deficient mutant showed 

higher transpiration rates, which required higher water fluxes at the root surface, causing a 

steep drop of matric potential in the vicinity around the root and, consequently, more negative 

leaf water potential.  
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1.4.4 Coupled effects of soil drying and salinity on soil–plant hydraulics  

Here I used the non-invasive root pressure chamber system to evaluate the consequences of 

salt accumulation at root surface on the relation between transpiration rate and leaf xylem water 

potential during soil drying. I used the tomato genotypes described above. Soil–plant hydraulic 

model was modified to include the effect of salt accumulation at the root surface and dynamic 

soil water content within the rhizosphere.  

NaCl treatment (100 mM NaCl) influenced the relation between transpiration rate and leaf 

xylem water potential during soil drying. In wet conditions, leaf xylem water potential in 

controlled plants decreased linearly with increasing transpiration rate, while NaCl-treated 

Figure 1.5 Relation between transpiration rate (E) and leaf xylem water potential (ψleaf-x) in 

wet soil conditions (soil water potential:  ψsoil [MPa]). Wild type (WT; triangles) exhibited 

linear relation between E and ψleaf-x, while ABA-deficient mutant (MUT; open symbols) shows 

non-linear relation, even in wet soils. 
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plants showed non-linearity under relatively wet soil conditions. In dry soils, non-linearity 

emerged in both treatments and it was more marked under saline conditions (Figure 6, A – B). 

The soil–plant hydraulic model reproduced the relation between transpiration rate and leaf 

xylem water potential during soil drying with and without NaCl treatments (Figure 6, A – B).  

 

Figure 1.6 Comparison of transpiration rate (E) and leaf xylem water potential (ψleaf-x) between non-

saline and saline conditions. The relationship between E and ψleaf-x was reproduced by the soil-

plant hydraulic model for A) non-saline and B) saline-treated plants during soil drying. Water 

stress level was represented at three soil water contents (θ = 0.22, 0.10 and 0.09 cm3 cm-3) for 

both non-saline and saline-treated plants (meas: measured; sim: simulated). 
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The modeling results showed that salt treatment induced a rapid decline in leaf xylem water 

potential compared to control (Figure 1.7, A – B). The decline in leaf xylem water potential 

was accelerated during soil drying. The modeling results showed that, in dry and saline 

conditions, the salt concentration at root surface increased by a factor of three within one day 

of measurements (Figure 1.7, C and D), which was less evident in controlled conditions (Figure 

1.7, C). These results revealed that salts have accumulated at the root surface under dry and 

saline soil conditions. The decline in leaf xylem water potential temporally followed the 

accumulation of NaCl at the root surface, particularly with salt treatment (Figure 1.7, A – D).  

Osmotic potential (ψπ) around roots was lower (more negative) after NaCl treatment (Figure 

1.8). The decline in ψπ was more pronounced near the root surface after several hours of 

transpiration (Figure 1.8, A – D). In wet soils, although the decrease of ψπ was negligible in 

controlled plants, it declined to -0.24 MPa in salinity conditions (Figure 1.8, A and B). In dry 

soils, ψπ at the root surface was -0.2 MPa in controlled plants and dropped to -0.8 MPa after 

salt treatment (Figure 1.8, E – F). 

The decreases in water potentials across the soil-plant continuum were estimated from 

modeling the experimental results and are shown at the maximum transpiration rates for three 

exemplary soil water contents. In wet conditions (soil water content = 0.22), the decrease of 

the potential in non-saline treatment occurred mainly in the plant due to the resistance to water 

flow (-0.17 MPa). Under saline conditions, the decrease in the osmotic potential was important 

(-0.24 MPa). In dry soil conditions (soil water content = 0.10, 0.09), water potential dissipation 

in the bulk soil and the rhizosphere were greater than the loss inside the plant. The loss in 

osmotic potential at the root surface was the preeminent component of the total loss under 

saline-dry conditions (-0.83 MPa). 
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Figure 1.7 Changes in leaf xylem water potential (ψleaf-x) and NaCl over time. The dynamics of 

ψleaf-x over time (A and B) follow salt accumulation at root surface for the corresponding time 

periods (C and D). Open symbols and asterisks denote measurements of non-saline and 100 

mM NaCl treatment, respectively (A – B). Connected triangles stand for the simulated values 

(A – B; meas: measured; sim: simulated). Salt accumulation was simulated by the soil-plant 

model in non-saline (C), and saline conditions (D).  
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Figure 1.8 Spatiotemporal distribution of soil osmotic potential (ψπ; MPa) toward the root surface for 

different soil water contents (θ; cm3 cm-3). Salt treatments induced additional osmotic stress at the root 

surface. Color bars stand for ψπ gradients. 
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1.4.5 Arbuscular mycorrhiza symbiosis enhances soil–plant hydraulics under water 
stress 

I have also investigated the impact of AMF on plant water status and soil–plant hydraulic 

conductance in two tomato genotypes, reduced mycorrhiza colonization (RMC) and its wild 

type (WT) counterpart. Leaf water potential of the WT plants did not drop below -0.8 MPa six 

days after withholding irrigation, while leaf water potential of the RMC dropped below -1.0 

MPa already after four days (p-value < 0.01). Transpiration declined in both treatments as a 

consequence of water deficit. During soil drying, we observed, surprisingly, no differences in 

transpiration rate between the two genotypes (p-value = 0.5).  

During soil drying, the relation between transpiration and leaf water potential was affected by 

AMF colonization (Figure 1.9). In wet conditions, i.e., day one, both genotypes showed high 

transpiration and leaf water potential (Figure 1.9). As soil progressively dried, RMC showed 

relatively lower transpiration and more negative leaf water potential than the WT (Figure 1.9). 

This decoupling in the relation between transpiration and leaf water potential reveals that it is 

not unique but depends on below-ground hydraulics. 

I conclude that AMF extend the effective root radius hereby reducing the water fluxes at the 

root-soil interface and attenuating the drop in matric potential across the rhizosphere. This 

would result in an enhanced soil-plant hydraulic conductance and plant water status in drying 

soil. Further research is needed to directly measure the effects of AMF on water fluxes under 

contrasting soil textures and nutrient availabilities among different AMF species and plant 

genotypes. 
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Figure 1.9 Relation between transpiration rate (E) and leaf water potential (ψleaf) during soil drying. 

Subplots show the relation on daily basis after last irrigation. As soil progressively dried, the reduced 

mycorrhiza colonization (RMC) plants showed lower E and more negative ψleaf on the same day 

compare to wild type (WT).  
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1.5 Concluding remarks and future outlook 

This research has provided new fundamental knowledge concerning the links between soil 

hydraulics and stomatal regulation. The work focuses on measurements and simulations of 

stomatal response to soil drying, and partitioning above- and below-ground hydraulic 

conductivities. Significant results on understanding stomatal regulation during soil drying are 

obtained. Yet, several questions were raised opening new avenues for research.  

1.5.1 Hydraulic limitations governing stomatal regulation 

In chapter two and three, I found that stomata do close at the onset of hydraulic non-linearity. 

Although this concept was hypothesized by theoretical models (Sperry and Love, 2015, 

Carminati and Javaux, 2020), the findings here have finally validated these hypotheses, and 

provided the first experimental proof of stomatal closure at hydraulic non-linearity to avoid 

excessive decrease in leaf water potential. Even though current research trends focus on the 

coordination between stomatal closure and xylem vulnerability (Scoffoni et al., 2014; Brodribb 

et al., 2016; Wolf et al., 2016; Anderegg et al., 2017; Henry et al., 2019; Eller et al., 2020), 

this doctoral work suggests that, in tomato, there is no apparent reduction in xylem hydraulic 

conductance during soil drying. Interestingly, stomatal closure is rather coordinated to decline 

in soil-root hydraulic conductance. Furthermore, to properly predict stomatal closure and 

understand its relation to soil–plant hydraulics, the knowledge of below-ground conductivities 

are essential. The results show a tied link between soil hydraulic conductivity, active root 

length and stomatal conductance, and the coordination between these parameters is central in 

predicting the ability of plants to cope with water shortage.  

The follow-up question raised, in chapter four, was what allows stomata to respond to the onset 

of hydraulic non-linearity and reduced below-ground hydraulics (Wankmüller and Carminati, 

2021). Thus, I investigated the role of ABA in the onset of hydraulic non-linearity. This 

doctoral work has demonstrated that ABA synthesis could be a mechanism that allows plants 

to close stomata (even though PPFD increased) to avoid the incidence of hydraulic non-

linearity in the relation between transpiration rate and leaf water potential (Wankmüller and 

Carminati, 2021).  
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1.5.2 Impacts of salinity on soil–plant hydraulics 

Within the experimental campaigns, this work investigates the coupled effects of salinity and 

soil drying on plant water relations. Salinity induced a more negative leaf water potential at 

predawn and successively throughout the daytime. It has significantly reduced maximum 

transpiration rate. One of the conclusions is that osmotic stress at the root surface causes a 

large drop in leaf water potential of plants growing in dry and saline soils, which eventually 

suppress high transpiration rates.  

1.5.3 AMF impacting soil–plant hydraulic conductance 

This research additionally investigates the interplay between AMF and soil drying, using a 

reduced mycorrhiza colonization mutant and the corresponding wild-type. The results show 

that AMF enhance plant water status during soil drying by improving soil–plant hydraulic 

conductance. The results suggest that AMF could play an essential role in achieving 

sustainable agricultural production with greater importance in regions faced by water scarcity 

conditions worldwide. 

1.5.4 Outlooks  

The link between below-ground hydraulics and stomatal regulation during soil drying has been 

elucidated in this thesis. In the following, a number of final recommendations are made to work 

which could follow-on or complement the developments and the outcomes presented in this 

doctoral thesis: 

- This work demonstrates the significance of below-ground hydraulics in controlling 

stomatal regulation in dry soils. An addition to this work, to overcome the limitations 

of the novel root pressure chamber system, would be to experimentally partition below-

ground hydraulic conductivities, namely, soil, root, and their interface in intact plant 

during soil drying. The aim would be to measure water potential dissipation within each 

of below-ground components. This will make it possible to identify which of these 

components represents the primary hydraulic limitation to transpiration. Owing to the 

fact that tomato was used as a model plant in these studies, it will be beneficial to apply 
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this concept on diverse herbaceous and woody species growing in contrasting soil 

textures and climatic conditions (Chapters two and three). 

- The findings regarding the role of ABA in stomatal response to hydraulic non-linearity 

were observed in wet soil conditions. Therefore, additional experiments can be done in 

dry soil conditions using similar genotypes to explore the role of ABA on the onset of 

the non-linearity (Chapter four).  

- Concerning salinity stress quantification, experimental setup can be developed to 

directly measure solute concentrations at the root surface together with transpiration 

rate and water potential across soil–plant continuum with high temporal resolution, 

particularly under saline conditions, in different plant species (Chapter five).  

- Although limited transpiration rate was proposed as plant mechanism to save water 

under saline conditions, this study demonstrates that, in tomato, it is rather a 

consequence of altered below-ground biophysical processes. Therefore, one would 

anticipate that a successful mechanism may include means of rhizosphere modulation 

(Chapter five).  

- The impacts of NaCl solution on unsaturated soil hydraulic conductivity was not 

apparent in this study. However, it can be explored in undisturbed and aggregated soils 

that contains elevated clay content (Chapter five). 

- Another conclusion regarding the influence of AMF on the soil-root interface of tomato 

is that AMF impacted water fluxes across the rhizosphere. Further work is needed to 

directly measure the effects of AMF on water fluxes under contrasting soil textures 

using a combination of isotopes and neutron imaging using various species of plants 

and AMF (Chapter six). 

- Direct measurements of AMF root-soil contact, water potential at the root surface in 

presence/absence of AMF, together with transpiration rate during soil drying will shed 

light on the underlying mechanisms (Chapter six).  

 

The fundamental findings presented in this doctoral work call for reconciling soil and root 

biophysical processes to fully understand plant water relation under water deficit. Further 

investigations are needed to reveal the interplay between ABA, leaf water potential, stomatal 

conductance, and carbon assimilation rate in different plant species and soil types to fully 
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understand plant responses to edaphic and atmospheric water stress. The results have been 

obtained on plant scale, thus, it is urgently needed to project these findings to larger scales. 

The high influence of soil hydraulic properties on ecosystem sensitivity to water stress is 

under-discussed in the literature concerning ecosystem drought stress responses.  
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1.6 Contribution to the included publications 

1.6.1  Manuscripts 

1- Stomatal closure of tomato under drought is driven by an increase in soil–root 

hydraulic resistance. 

Mohanned Abdalla, Andrea Carminati, Gaochao Cai, Mathieu Javaux, and Mutez Ali Ahmed 

(2021) Plant, Cell and Environment 44 (2), 425 – 431 

https://doi.org/10.1111/pce.13939   

Authors contributions: Al authors conceptualized the study. MA conducted the experiments 

and wrote the manuscript with the contribution of AC, GC, MJ, and MAA.  

2- Stomatal closure during soil water deficit is controlled by below-ground hydraulics. 

Mohanned Abdalla, Mutez Ali Ahmed, Gaochao Cai, Fabian Wankmüller, Nimrod Schwartz, 

Or Litig, Mathieu Javaux, and Andrea Carminati (2021) Annals of Botany, 129 (2), 161 – 170   

https://doi.org/10.1093/aob/mcab141   

Authors contributions: MA, MAA, GC and AC designed the experiments. MA performed 

the experiment and wrote the first draft. MA, FW and AC made the simulations. MAA, GC, 

MJ and AC contributed to the writing. NM and OL provided the seed and contributed to the 

study design. All authors discussed the results and approved the final version. 

3- Coupled effects of soil drying and salinity on soil–plant hydraulics.  

Mohanned Abdalla, Mutez Ali Ahmed, Gaochao Cai, Mohsen Zarebanadkauki, and Andrea 

Carminati (2022) Plant Physiology 190 (2) 1228 – 1241  

Authors contributions: All authors conceptualized the study. MA performed the experiment 

and analyzed the data. MA MZ, and AC made the simulations. MA wrote the manuscript with 

contributions of MAA, GC, MZ and AC. 
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4- Arbuscular mycorrhiza symbiosis enhances water status and soil–plant hydraulic 

conductance under drought 

Mohanned Abdalla and Mutez Ali Ahmed (2021) Frontiers in Plant Science, 12 (722954) 

https://doi.org/10.3389/fpls.2021.722954  

Authors contributions: MA and MAA designed the study. MA conducted the experiments 

and analyzed the data. MA and MAA wrote the manuscript. 

5- The role of ABA in stomatal response to hydraulic non-linearity 

Mohanned Abdalla and Mutez Ali Ahmed (2022) In Prep.  

Authors contributions: MA and MAA designed the study. MA conducted the experiments 

and analyzed the data. MA and MAA wrote the manuscript. 

 

1.6.2. Own contribution to main manuscripts 

Manuscript No Conceptualization Data acquisition  Analyses and 
figures 

Writing  

1 70% 100% 90% 75% 

2 75% 100% 100% 85% 

3 95% 100% 100% 90% 

4 95% 90% 100% 85% 

5 90% 100% 100% 90% 
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2.1 ABSTRACT 

The fundamental question as to what triggers stomatal closure during soil drying remains 

contentious. Thus, we urgently need to improve our understanding of stomatal response to 

water deficits in soil and atmosphere. Here, we investigated the role of soil–plant hydraulic 

conductance (Ksp) on transpiration (E) and stomatal regulation. We used a root pressure 

chamber to measure the relation between E, leaf xylem water potential (ψleaf-x) and soil water 

potential (ψsoil) in tomato. Additional measurements of ψleaf-x were performed with 

unpressurized plants. A soil–plant hydraulic model was used to simulate E(ψleaf-x) for 

decreasing ψsoil. In wet soils, E(ψleaf-x) had a constant slope while in dry soils the slope 

decreased, with ψleaf-x rapidly and non-linearly decreasing for moderate increases in E. The 

ψleaf-x measured in pressurized and unpressurized plants matched well, which indicates that the 

shoot hydraulic conductance did not decrease during soil drying and that the decrease in Ksp is 

caused by a decrease in soil-root conductance. The decrease of E matched well the onset of 

hydraulic non-linearity. Our findings demonstrate that stomatal closure prevents the drop in 

ψleaf-x caused by a decrease in Ksp and elucidate a strong correlation between stomatal 

regulation and below-ground hydraulic limitation. 

Keywords: Solanum lycopersicum, below-ground hydraulic, hydraulic conductivity, 

transpiration, leaf water potential, water stress, soil drying.  
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2.2 INTRODUCTION 

What triggers stomatal closure in plants during soil drying? Water flow across the soil-plant-

atmosphere continuum is controlled by leaf area, stomatal conductance (gs [mol m-2 s-1]), and 

atmospheric demand (vapor pressure deficit, VPD [kPa]). Transpiration (E [cm3 s-1]) causes a 

decrease in the leaf xylem water potential (ψleaf-x [MPa]) that propagates through the xylem 

vessels down to the roots and the soil. ψleaf-x depends on the soil water potential (ψsoil [MPa]), 

transpiration rate, and the hydraulic conductivities of the elements composing the soil–plant 

system. It is well accepted that plants continuously adapt to variable atmospheric and soil 

conditions by altering the hydraulic conductivity of key elements below and above ground, but 

our understanding of this hydraulic acclimatization is, as yet, incomplete.  

Although the underlying mechanisms controlling stomatal regulation at the mechanistic and 

molecular levels, especially in drying soil, are yet to be fully revealed (Buckley, 2005, 2019), 

recent studies have demonstrated that we still could anticipate stomatal response to soil drying 

from its emergent properties (Sperry et al., 2016). Sperry and Love (2015) proposed a “supply-

demand” hydraulic framework to understand the physical constraints on transpiration. The 

premise is that stomatal regulation avoids excessive drop in ψleaf-x by responding to non-

linearities in the relationship between ψleaf-x and E. The non-linearities and the trigger of 

stomatal closure have been assumed to be closely coordinated with xylem cavitation (Sperry 

and Love, 2015; Anderegg et al., 2017). However, other elements of the soil–plant continuum 

can limit the water transport before xylem cavitates. A recent study on wheat (Triticum 

aestivum) concluded that neither xylem cavitation nor a decrease in leaf conductance drives 

stomatal closure (Corso et al., 2020). Similarly, Rodriguez-Dominguez and Brodribb (2020) 

found that the drop of hydraulic conductance of the root-soil interface was the main limitation 

to water transport and hence represented the primary driver of stomatal closure in olive trees 

(Olea europea L).  

Carminati and Javaux (2020) re-proposed the hydraulic model of Sperry and Love (2015) 

highlighting the role of soil hydraulic conductance (Ks). Using a meta-analysis across species 

they showed that the loss of Ks, more than the xylem, coincides better with the stomatal closure. 

They visualized the relationship between E, ψleaf-x, and ψsoil as a surface E(ψleaf-x, ψsoil) and 

hypothesized that stomatal regulation prevents plants to cross the onset of hydraulic non-
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linearity. They supported their hypothesis with literature data, which shows a linear 

relationship between E and the difference between ψleaf-x and ψsoil. However, existing data 

failed to prove that stomata close at the onset of hydraulic non-linearity. In other words, most 

of the existing evidence indicates that stomata close before the occurrence of hydraulic non-

linearity. Reviews and meta-analysis approaches have addressed this question with emphasis 

on above-ground components (Bartlett et al., 2016; Martin-StPaul et al., 2017), however, there 

is still a need for systematic experiments to explore the role of below-ground hydraulic 

processes in stomatal regulation. The question is: do stomata close at the point when the 

hydraulic conductance starts to decrease?  

Answering this question requires a method to explore the non-linear part of the E(ψleaf-x) 

relation. This is achievable by the root pressure chamber apparatus (Passioura 1980; Cai et al., 

2020a). The method provides accurate and high temporal resolution measurements of ψleaf-x 

and E in intact plants with no (or very limited) stomatal regulation. By pressurizing the soil 

and thus maintaining the leaf turgid, we explored the non-linear part of the relationship 

between ψleaf-x and E. Furthermore, pressurization prevents cavitation during the increase in E 

(Passioura and Munns, 1984). Yet, below-ground conductances are not affected by 

pressurization, including the potential shrinkage of the root cortex and the loss of contact to 

the soil. Therefore, this method evaluates accurately the changes in below-ground hydraulic 

conductance occurring at a given E and ψsoil  (Passioura, 1980; Carminati et al., 2017). In 

parallel, we measured the decrease of E and ψleaf-x in non-pressurized plants. By comparing 

ψleaf-x in pressurized and unpressurized plants at the same ψsoil and E, we obtain information on 

the decrease in shoot hydraulic conductance and xylem cavitation (both prevented in 

pressurized plants). Additionally, by comparing pressurized and not-pressurized experiments, 

we tested the hypothesis that stomata close at the onset of hydraulic limitation. We applied this 

method to tomato plants in a sandy-loam soil. The data were interpreted using the conceptual 

and numerical soil–plant hydraulic model of Carminati and Javaux (2020).  
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2.3 MATERIALS AND METHODS 

2.3.1 Plant and soil 

Tomato (Solanum lycopersicum L.) seeds were soaked in H2O2 solution for 3 minutes and then 

germinated in Petri dishes for 5 days. Plants were grown in polyvinyl chloride (PVC) columns 

with 30 cm height, 10 cm outer diameter, and 9.4 cm inner diameter. Five holes, with a 

diameter of 5 mm, were made on the column’s side for soil moisture measurements. The PVC 

columns were topped with a 0.8-cm-thick aluminum plate with a centered-hole of 1.4 cm in 

diameter (Supplementary figure S1).  

Plants were grown in a climate-controlled room for three weeks, with a day/night temperature 

of 28/18 °C, relative humidity of 57/65%, and 14 hours as the photoperiod. The light intensity 

(LI) was 600 µmol m-2 s-1 (Luxmeter, Meschede, Germany). Plants were watered every 2-3 

days to maintain wet soil conditions (θ ≈ 0.2 cm3 cm-3). Preparatory to the experiments, plants 

were translocated to the laboratory and stems around the collar were glued (UHU, Bühl, 

Germany) to facilitate the forthcoming root pressurization (Supplementary figure S1).  

The substrate consisted of a mixture of quartz sand and loamy soil with a ratio of 3:5. The 

substrate was dried at 60 ºC for 48 hours and then sieved separately at 1 mm. The water 

retention and unsaturated hydraulic conductivity curves of the soil mixture are reported in Cai 

et al.  (2020a). The soil water content (θ [cm3 cm-3]) was monitored during the experiment 

using a time-domain refractometer (TDR) that consists of two rods (length: 6 cm, spacing: 0.5 

cm) connected to a data logger (E-Test, Lublin, Poland). Leaves were imaged and analyzed 

using ImageJ (1.50e http://imagej.nih.gov/ij) to estimate leaf area (Skelton et al., 2017). The 

roots were washed after the experiments and then scanned (with a scanner Epson STD 4800, 

at a resolution of 400 dpi) to determine the total root length using WinRhizo (Regent 

Instruments Inc., Canada).  

2.3.2 Leaf xylem water potential measurements via the root pressure chamber system  

We used a root pressure chamber to continuously monitor ψleaf-x for varying LI which yielded 

a varying E (after Passioura (1980)). The detailed construction and calibration were recently 

introduced in Cai et al.  (2020a). Briefly, it comprises a root pressure chamber (a metallic 
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cylinder with the dimension of 31.5 cm in height and 17.5 cm in diameter) with a cuvette on 

top and the main controller unit. The cuvette was equipped with four groups of light-emitting 

diode (LED) lamps that were attached vertically to the cuvette. LI was measured using a 

radiometric sensor (Gamma Scientific, San Diego, USA). The airflow passed constantly 

through the cuvette at a velocity of 8 L min-1 and was stirred by a small fan. The temperature 

and the relative humidity of the inward and outward air were measured with combined 

temperature-humidity sensors (Galltec-Mela, Bondorf, Germany).  

ψleaf-x was determined by applying sufficient pneumatic pressure to the root pressure chamber 

to bring the water in a cut leaf to atmospheric pressure. This applied pressure, called the 

balancing pressure (P [MPa]), is numerically equal to minus the suction in leaf xylem before 

pressurization at the same transpiration rate E (Passioura, 1980; Carminati et al., 2017; Cai et 

al., 2020a). A meniscus system that encompasses a capillary tube and an infrared detector was 

attached to the leaf cut (petiolule) to maintain the hydraulic connection to observe P. ψleaf-x was 

determined when the meniscus was stable for at least 10 minutes (Cai et al., 2020a). E was 

calculated by multiplying the airflow by the difference between the outward and inward 

humidity. 

Experiments were started with positioning the columns inside the pressure chamber and the 

shoots in the cuvette. E was altered by changing LI from 0 µmol m-2 s-1 to 200, 400, 600, 800, 

and 1000 µmol m-2 s-1. The corresponding ψleaf-x was determined at each E. The full cycle of 

LI was achieved only in wet soils because in dry soils ψleaf-x could not be sustained at high E.  

Additionally, we measured ψleaf-x and E in unpressurized plants. E was measured using the 

same cuvette as explained above. ψleaf-x was measured using a Scholander bomb (Soil Moisture 

Equipment corp. Santa Barbara, CA., USA). 

2.3.3 Soil–plant hydraulic model 

We used a simplified model of water flow in the soil–plant continuum. The series of resistances 

between the bulk soil, soil-root interface, and through the root to the leaf xylem were 

considered in the soil–plant hydraulic model, assuming that one single root represents all active 

roots that took up water. A detailed description of the model can be found in Carminati and 
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Javaux (2020), Cai et al. (2020a), Hayat et al. (2020) and supplementary note S1 and 

supplementary table S1. 

Briefly, the model calculates the gradient in water potential through the soil and along the plant 

till the leaf. Soil water flow is simulated assuming a radial geometry and an uniform root water 

uptake into a fraction of the total root length. The water flow in the plant is calculated assuming 

a proportionality between the plant hydraulic conductance (Kplant [cm3 s-1 MPa-1]) and the 

difference in water potential between the root-soil interface and the leaf, with Kplant dropping 

according to a power law at a given xylem water potential (which is the point at which the 

xylem starts to cavitate – Eqn. S5). Kplant is given by the harmonic mean of the root conductance 

Kroot and the xylem conductance Kx. Solving the flow equation (S2) we obtain the surface 

E(ψleaf-x, ψsoil). The soil–plant conductance Ksp is given by the ratio between E and the 

difference between ψleaf-x and ψsoil: 

௦௣ܭ                                           = ா

టೞ೚೔೗ିట೗೐ೌ೑షೣ
                             (Eqn. 1) 

We defined the onset of hydraulic limitation (SOL) as E at which 
డா

డట೗೐ೌ೑షೣ
ฬ

టೞ೚೔೗

reaches 70 % 

of its maximum value at a given ψsoil (i.e. at E = 0). Note that the value of 70 % is somehow 

arbitrary. We used it because it indicates a significant change of the conductance. A value 

between 60 and 80 % would give a similar shape for SOL, although slightly shifted.  

To match the measured E(ψleaf-x, ψsoil), we inversely modelled the E(ψleaf-x, ψsoil) relation by 

varying Kplant and the active root length.  

2.4 RESULTS 

In wet soils (θ > 0.114), the relation between leaf xylem water potential (ψleaf-x) and 

transpiration (E) had a constant slope (Figure 2.1). As the soil progressively dried, E(ψleaf-x) 

became non-linear, with ψleaf-x rapidly and non-linearly decreasing for small increases in E. 

The slope of the E(ψleaf-x) relation was nearly constant in wet soils, with the slope being equal 

to Kplant (6.25×10-7 cm3 s-1 MPa-1), and decreased as the soil dried, indicating a decrease in Ksp.  
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Figure 2.1 Relation between leaf xylem water potential (ψleaf-x) and transpiration (E) for different soil 

water contents (θ: cm3 cm-3). The relation shifts from linear to non-linear during soil drying. Pt: plant 

number, n=3. 

 

Figure 2.2 Predawn leaf water potential (ψleaf-x PD), obtained from the intercept of E(ψleaf-x) with E = 0, 

against the soil matric potential (ψsoil) obtained from the measured soil water contents (θ) and the water 

retention curve. The dashed line is the best linear fit. The solid line is 1:1 line. In each sample, θ was 

measured five times and ψsoil was calculated from each of them. 
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The intercept of the E(ψleaf-x) relation with the axis E = 0, here defined as the predawn leaf 

xylem water potential (ψleaf-x PD), deviated from the soil matric potential (ψsoil) estimated from 

the measured θ and the retention curve (Figure 2.2).  Note that ψleaf-x PD is not simply expected 

to be equal to the averaged ψsoil but to a ψsoil that is weighted according to root length 

distribution (Couvreur et al. 2012). Here, we also neglected the gravitational potential, which 

for our sample size is justified for pressure differences above 0.01 MPa. We come back to the 

difference between ψleaf-x PD and ψsoil in the discussion. 

E decreased as the soil dried in both pressurized and non-pressurized plants, but in non-

pressurized plants, the decrease was much more marked (Figure 2.3). E slightly decreased also 

in pressurized plants despite water in the leaf xylem was kept at atmospheric pressure. 

However, the difference is not significant. 

 

Figure 2.3 Normalized transpiration rate (E/Emax) during soil drying (θ: soil water content) under 

different light intensities (LI: µmol m-2 s-1) for pressurized plants (P) and non-pressurized plants (N). 

Each point is the mean of three plants. 

The ψleaf-x in pressurized and unpressurized plants was similar under the same E and θ, with 

values close to the 1:1 line (r2 = 0.7) (Figure 2.4). This means that the plant conductance (Kplant) 
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did not change under plant pressurization. This implies that there was no significant decrease 

in the conductivities of shoot and xylem vessels during soil drying. We will come back to this 

important point in the discussion. 

The soil–plant hydraulic model was able to reproduce the observed E(ψleaf-x) relation. To match 

the measurements, the active root length was reduced to 20 m, while the measured one was 

75.4 ±1.3 m (n = 3). The water retention curve and soil hydraulic conductivity used in the 

model are shown in Figure 2.5. The Brooks-Corey parameterization, used in the soil–plant 

model (blue line), fits well the measured hydraulic properties (red line) in the range of soil 

water contents and soil water potential relevant for the experiments (blue solid line) (Brooks 

and Corey, 1966). 

 

Figure 2.4 Comparison of leaf water potential (ψleaf-x) in pressurized (+P) and unpressurized (-P) 

plants at the same soil water content (θ [cm3 cm-3]) and transpiration (E [cm2 s-1]). r2 = 0.7. ψleaf-x of 

pressurized plant was measured by the root pressure chamber system, while ψleaf-x of unpressurized 

plants was measured by the Scholander leaf pressure chamber.   
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The same set of parameters was used to fit the three plants at all water contents. The onset of 

hydraulic limitation was defined when 
డா

డట೗೐ೌ೑షೣ
ฬ

టೞ೚೔೗

reached 70 % of its maximum value and 

it is plotted as a red line in Figure 1.6, A and B.  

The model allows to reconstruct the surface E(ψleaf-x, ψsoil) and to plot E as a function of ψsoil 

(Figure 2.6). In Figure 2.6B, we used ψleaf-x PD instead of ψsoil estimated from the TDR and the 

water retention curve. The reasons are discussed later in the discussion section. In Figure 2.6, 

we included E and ψleaf-x measured in unpressurized plants at the maximum LI of 800 µmol m-

2 s-1 (red squares obtained from three plants at three water contents – same data as those shown 

in Figure 2.4). The decrease in E for decreasing leaf and soil water potentials matches well 

with the onset of hydraulic limitation (red line), showing a strong correlation (r2 = 0.6) between 

stomatal closure and hydraulic limitation. Note, that we do not claim that stomatal closure is 

always at the onset of hydraulic limitations, but rather that stomatal conductance does not cross 

the hydraulic limitation represented by the SOL line.  

 

Figure 2.5 (A) Soil water 

retention curve as fitted 

with the van Genuchten 

parameterization (red) and 

Brooks and Corey model 

(blue). The solid part of the 

lines shows the range of 

water content (θ) relevant 

for the experiment. (B) 

Unsaturated hydraulic conductivities (K) fitted with the Peters-Durner-Iden parameterization (red) 

and with a power-law relation (Eqn. S5, blue).  
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Figure 2.6 Measured (open circles) and fitted (black lines) relationship between transpiration rate (E), 

leaf xylem water potential (ψleaf-x), and soil water potential (here replaced by the pre-dawn leaf water 

potential; ψleaf-x PD). The relation is plotted as (A) the plant view E(ψleaf-x) and as (B) the soil view E(ψleaf-

x PD). The point at which the slope of E(ψleaf-x) reaches 70% of its maximum value is marked by the red 

line (onset of hydraulic limitation) in both (A) and (B). The transpiration rates and leaf water potentials 

of unpressurized plants during soil drying are shown as red squares (3 plants at 3 soil water contents).   

Figure 2.7 shows an additional way to compare the decrease of E to the soil–plant hydraulic 

limitation. Ksp was normalized by the highest Ksp (Ksp_max) at the highest θ. E was normalized 

by the highest E at the same light intensity. E was measured in unpressurized plants while Ksp 

was obtained from pressurized plants. The results are plotted for different soil water contents. 

The decline in normalized Ksp matched very well the reduction in normalized E (r2 = 0.9). This 

shows that stomatal closure corresponds to a decrease in Ksp.  

2.5 DISCUSSION  

In tomato, E(ψleaf-x) was linear in wet soils, which is in line with the studies on wheat (Passioura 

1980; Deery et al. 2013) barley (Carminati et al., 2017), maize (Hayat et al., 2020), pearl millet 

(Cai et al., 2020a) and lupin (Hayat et al. 2019). The linearity is explained by the fact that in 

wet soils the plant hydraulic conductance is constant and lower than that of the soil, thereby 

controlling the water flow. As the soil dried, its conductivity decreased by several orders of 

magnitude and the E(ψleaf-x) relation became non-linear which is in line with previous studies 

on wheat, barley, and maize (Passioura, 1980; Carminati et al., 2017; Hayat et al., 2020).  



  

49 
 

The non-linearity of E(ψleaf-x) and the associated decline in Ksp were concomitant with stomatal 

closure. This is shown by the good match between the onset of hydraulic limitation and 

independent measurements of transpiration response to soil drying (Figure 2.6), as well as by 

parallel responses of E and Ksp to decreasing soil water content. These results support the 

hypothesis by Sperry and Love (2015) and Carminati and Javaux (2020) that stomatal closure 

is triggered by a drop in Ksp.   

 

Figure 2.7 The drop in soil–plant hydraulic conductance (Ksp) matches the reduction in transpiration 

(E) during soil drying (θ: soil water content, cm3 cm-3). Ksp was determined at the maximum measured 

E of the pressurized plants. E was obtained at the light intensity of 800 µmol m-2 s-1 without 

pressurization. 

Ksp decreased at relatively high leaf xylem water potential (the maximum value of the red line 

is -0.39 MPa in Figure 2.6) compared to the value of -1.0 MPa that was recently reported to 

cause an embolism in tomato (Skelton et al., 2017). In our model, the water potential at which 

the xylem cavitates was set to -1.5 MPa (ψ0x in Eqn. S9), which is in the most negative range 

of leaf xylem water potentials that we simulated, which means that we could have chosen a 

more negative value without affecting the results. As the water in the leaf xylem was 

maintained at atmospheric pressure during the measurements of E(ψleaf-x), the risk of cavitation 

was reduced (Passioura and Munns, 1984). Moreover, Ksp was not substantially affected by 

pressurization, which is shown by the high correlation (r2 = 0.7) between the measurements of 
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leaf xylem water potential of pressurized and unpressurized plants (Figure 2.4). The fact that 

Ksp was identical in pressurized and unpressurized plants suggests that its decline in drying 

soils took place below-ground, as neither the xylem nor the shoot were affected by a decline 

in water pressure. 

The decline in Ksp at a relatively high ψleaf-x indicates a marked vulnerability to soil drying 

(Figure 2.6). The root length density was relatively small (2.5 cm cm-3) compared to the value 

of 13.5 cm cm-3 measured in pearl millet (Cai et al., 2020a). This might explain the drop in Ksp 

at a relatively high ψleaf-x. This result could be reproduced by the model imposing a root length 

of 20 m, which corresponds to ca. 25 % of the measured root length (75.4 m ±1.3). The 

simulations support the hypothesis that the hydraulic decline was caused by water potential 

dissipation in the soil (Eqn. S7). An additional cause of the hydraulic decline is root shrinkage 

and the formation of air-filled gaps at the root-soil interface (Carminati et al., 2013; Rodriguez‐

Dominguez and Brodribb, 2020). Plants developed strategies, e.g. root hairs and mucilage 

exudation, to bridge gaps and hence softening the drop of the matric potential at the root-soil 

interface (Carminati et al. 2016; Ahmed, Passioura and Carminati 2018). However, tomato has 

been reported to have short root hairs (ca. 120 µm; Guo et al. 2009), which might hinder their 

ability to bridge the hydraulic break between soil and roots and prevent the drop in the matric 

potential across the rhizosphere. Our data do not allow to conclude on what is the main 

limitation on water flow to the root. So, it is not clear whether the main limitation to water 

uptake is in the soil or across the root-soil interface. Additional research is needed to investigate 

the effects of root shrinkage on water fluxes.  

Pressurization increased E at low soil water content (θ < 0.12), as it maintained leaf turgidity. 

This finding is in line with previous studies in wheat, sunflower (Gollan et al. 1986), maize 

(Hayat et al., 2020), and pearl millet (Cai et al., 2020a). Still, a trend in stomatal closure under 

severe drying (see the reduced E at θ < 0.07; Figures 2.1, 2.3 and 2.6) is visible even in 

pressurized plants, as previously shown in Gollan et al. (1986), Holbrook et al. (2002) and Cai 

et al. (2020a). At such negative soil water potentials, a root signal might be responsible for the 

moderate stomatal closure despite the leaves being turgid (Dodd, 2005). However, it might 

also be that during the measurements the increase in suction could not be instantaneously 

balanced by the applied pressure inducing a temporary loss of turgidity in the leaves. 
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Additionally, as plants were not pressurized throughout the whole period of soil drying (which 

took some days), it might be that ABA produced before plant pressurization was still present 

in the plant tissues. 

In terms of soil water potential, transpiration decreased to ca. its 50 % value at ψleaf-x PD of -0.2 

MPa, which was less negative than the expected ψsoil (Figure 2.2). The deviations could be 

caused by a more negative osmotic potential in the xylem than in the soil (Carminati et al., 

2017; Cai et al., 2020a) which would cause the suction in the xylem to be lower than that 

expected based on the soil matric potential. Note that we measured only the pressure 

component of the ψleaf-x (neglecting the osmotic ones). Another reason is the inaccuracy of 

estimating ψsoil based on measurements of soil water content and water retention curve. First, 

the water retention curve was measured in unplanted pots, and root growth might have 

impacted the water retention curve. Second, averaging the soil water content through the 

column and assigning it to a water potential is not an obvious operation and it is likely to differ 

from the average soil water potential felt by the plant. The fact that ψleaf-x PD was less negative 

that ψsoil might indicate that roots were radially more conductive in the wettest soil layers. 

Accurate measurements of water content (or/and water potential) distribution in the root zone 

will be needed to better resolve the question on the deviation of ψleaf-x PD from ψsoil. 

In summary, we have shown that, as the soil dried, the relation between leaf xylem water 

potential and transpiration rate became markedly non-linear, indicating a drop in Ksp. The loss 

of Ksp was primarily explained by a decrease in the soil-root conductance. The decrease in soil-

root conductance was concomitant with the reduction in transpiration. This confirms the 

hypothesis that stomata respond to a decrease in soil–plant hydraulic conductance during soil 

drying. This stomatal regulation is needed to allow plants to cope with the inherent non-

linearity of the soil–plant hydraulics. 
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2.7 Supplementary materials of the first manuscript: 

Supplementary figure S1: Tomato plant is prepared for pressurization.  
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Supplementary figure S2: Direct measurements of transpiration (E), balancing pressure (P), Meniscus 

height (M), and the applied plant active radiation (PAR) at a deficit soil water content (θ = 0.075 cm3 

cm-3). 
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Supplementary note 1: Soil plant hydraulic model 

We used a simplified model to reproduce the measurements of the water flow in the soil–plant 

continuum. The series of resistances between the bulk soil, soil-root interface, and through the 

root to the leaf xylem were considered in the soil–plant hydraulic model, assuming that one 

single root represents all active roots that took up water. Water flow in the soil follows Darcy’s 

low:  

ݍ                                   = −݇௦(߰௦௢௜௟) డట

డ௥
                                        (Eqn. S1)  

Where q is the water flux (cm s-1), Ks is the soil conductivity (cm2 s-1 hPa-1), which is the 

function of the matric potential ߰ (hPa, 1 hPa ≈ 1 cm), r is the radial distance (cm), and 
డట

డ௥
 is 

the gradient in the matric potential. Note that Ks has units of (cm s-1) when the soil matric 

potential is expressed in unit heads and we used this unit throughout the text.  

The boundary conditions were expressed as follows: 

(଴ݎ)ݍ                                     = ா

ଶగ௥బ௅
                                                 (Eqn. S2) 

(௕ݎ)ݍ                                     = 0                                                       (Eqn. S3) 

  Where r0 and rb are the root radius and the exterior radius of soil around the root (cm), E is 

the transpiration rate (cm3 s-1), L is the active root length in water uptake (cm). rb is determined 

by L and V, the volume of the column (cm3), according to:  

௕ݎ                                          =  ට ௏

గ௅
                                                   (Eqn. S4) 

The soil hydraulic conductivity was determined according to the Brooks and Corey model, 

which expressed as follows:  

(ߖ)௦ܭ                                 = ௦௔௧ (టೞ೚೔೗ܭ 

టబ
)ఛ                                      (Eqn. S5) 

Where Ksat is the saturated hydraulic conductivity of the soil (cm s-1), ߰଴ is the soil air entry 

value (hPa), and ߬ is a fitting parameter (-). From matching the PDI model and Brooks and 
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Corey model for the experimentally-measured series of potentials we obtained the parameters 

for Eqn. S5. According to de Jong van Lier et al. (2008), and assuming a steady-rate behavior 

for the water flow in the soil, Eqn. S1 was reformulated using the matric flux potential (Ф, cm2 

s-1): 

(߰) ߔ                                      = ׬  ݔ݀(ݔ)ܭ
ట

ିஶ                                      (Eqn. S6) 

Combining Eqn. 5, Eqn. 6, and the radial Richards equation we obtain the flux boundary 

condition at the soil-root interface, ψroot-soil, according to Schröder et. al., (2009):  

= ௥௢௢௧_௦௢௜௟ߔ                                − ா

ଶగ௅
൬ଵ

ଶ
− ௕ݎ 

ଶ  ୪୬(௥್ ௥బ⁄ )

௥್మି ௥బ
మ ൰ +  ௦௢௜௟      (Eqn. S7)ߔ 

Where ߔ௥௢௢௧_௦௢௜௟ is the matric flux potential at the root-soil interface (cm2 s-1), and ߔ௦௢௜௟ is the 

matric flux potential in the bulk soil (cm2 s-1). ߔ௥௢௢௧_௦௢௜௟ is obtained calculating Eqn. S5 and 

S6.  

The water flow in the root system is given by  

ܧ = ௥௢௢௧൫߰௥௢௢௧_௫௬௟௘௠ܭ− − ߰௥௢௢௧_௦௢௜௟൯      (Eqn. S8) 

where  ߰௥௢௢௧_௫௬௟௘௠ and ߰௥௢௢௧_௦௢௜௟ are the water potential at the root-soil interface and at the 

xylem collar and ܭ௥௢௢௧ (cm3 s-1 MPa-1) is the root conductance (assumed to be constant).  

The xylem conductance is given by: 

௫ܭ = ௥௢௢௧ܭ ቀ ట

టబೣ
ቁ

ିఛ௫
                                (Eqn. S9) 

which includes the effect of cavitation. 

The plant conductance Kplant is given by the harmonic mean of Kroot and Kx: 

ଵ

௄೛೗ೌ೙೟
= ଵ

௄ೝ೚೚೟
+ ଵ

௄ೣ
                    (Eqn. S10) 

The leaf matric flux potential is calculated as 

Φ௟௘௔௙ = ܧ−  +  Φ௥௢௢௧_௫௬௟௘௠               (Eqn. S11) 
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and the leaf water potential ψleaf (which here is defined as the water potential in the leaf xylem) 

is calculated inserting Kx into Eqn. S6. 

The onset of hydraulic limitation is defined as the point at which the slope of E(ψleaf) reaches 

70 % of its maximum. 

 

Supplementary table 1. The parameters used in the model  

Parameter Symbol value Unit 

Soil saturated conductivity Ksat 2.1×10-5 cm s-1 

Fitting parameter for the unsaturated 
conductivity 

߬ 2 - 

Root conductance  Kroot 6.25×10-11 cm3 s-1 MPa-1 

Soil air entry value ߰଴ -8.33×10-4 MPa 

Xylem air entry value ߰଴௫ -1.5 MPa 

Fitting parameter for xylem conductivity ߬x 5 - 

Active root length in water uptake L 2000 cm 

Root radius r0 0.05 cm 

Soil radius around the root rb 1 cm 

The volume of the column V 2047 cm3 
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3.1 ABSTRACT 

Background and Aims: Stomatal closure allows plants to promptly respond to water shortage. 

Although the coordination between stomatal regulation, leaf and xylem hydraulics has been 

extensively investigated, the impact of below-ground hydraulics on stomatal regulation 

remains unknown.  

Methods: We used a novel root pressure chamber to measure, during soil drying, the relation 

between transpiration rate (E) and leaf xylem water pressure (ψleaf-x) in tomato shoots grafted 

onto two contrasting rootstocks, a long and a short one. In parallel, we also measured the 

E(ψleaf-x) relation without pressurization. A soil–plant hydraulic model was used to reproduce 

the measurements. We hypothesize that (1) stomata close when the E(ψleaf-x) relation becomes 

non-linear and (2) non-linearity occurs at higher soil water contents and lower transpiration 

rates in short-rooted plants.  

Key Results: The E(ψleaf-x) relation was linear in wet conditions and became non-linear as the 

soil dried. Changing below-ground traits (i.e. root system) significantly affected the E(ψleaf-x) 

relation during soil drying. Plants with shorter root systems required larger gradients in soil 

water pressure to sustain the same transpiration rate and exhibited an earlier non-linearity and 

stomatal closure.  

Conclusions: We conclude that, during soil drying, stomatal regulation is controlled by below-

ground hydraulics in a predictable way. The model suggests that the loss of hydraulic 

conductivity occurred in soil. These results prove that stomatal regulation is intimately tied to 

root and soil hydraulic conductances.  

Keywords: Solanum lycopersicum, water stress, hydraulic signal, modelling, root system, 

hydraulic limitations.    
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3.2 INTRODUCTION 

Stomata regulate the exchange of carbon and water between the atmosphere and vegetation 

(Hetherington and Woodward, 2003; Wolz et al., 2017; Buckley, 2019; Deans et al., 2020). 

Stomatal regulation provides a key survival feature to terrestrial vegetation under unfavorable 

conditions, preventing an excessive drop in water pressure and minimizing the risk of xylem 

cavitation upon drought (Martin-StPaul et al., 2017; Choat et al., 2018; Grossiord et al., 2020). 

Despite the importance of this regulation, the mechanisms by which edaphic stress impacts 

transpiration and stomatal regulation remain elusive.  

Stomatal regulation has been extensively studied in relation to xylem vulnerability (Scoffoni 

et al., 2014; Sperry and Love, 2015; Bartlett et al., 2016; Wolf et al., 2016; Anderegg et al., 

2017; Henry et al., 2019; Eller et al., 2020). However, other hydraulic limitations occur along 

the soil–plant continuum before xylem cavitation (Scoffoni et al., 2017; Huber et al., 2019; 

Corso et al., 2020; Albuquerque et al., 2020), especially below-ground (Rodriguez‐Dominguez 

and Brodribb, 2020; Carminati and Javaux, 2020; Abdalla et al., 2021). For instance, 

Rodriguez-Dominguez and Brodribb (2020) have recently shown that, in olive trees, the root–

soil interface represented the largest hydraulic resistance to water flow. In a follow-up study, 

Bourbia et al. (2021) showed that stomata close concomitantly with the decline in root 

hydraulic conductivity in both herbaceous and woody species. Abdalla et al. (2021) 

demonstrated that an increase in soil–root hydraulic resistance was the main driver of stomatal 

closure in tomato. Carminati and Javaux (2020), by means of a soil–plant hydraulic model and 

a meta-analysis, showed that the loss of soil conductivity, rather than xylem, constrains 

transpiration. They proposed that stomata close at the onset of hydraulic limitation – i.e. when 

the relation between transpiration and leaf water potential becomes non-linear (Sperry and 

Love, 2015; Carminati and Javaux, 2020; see Figure 3.1 for details of the main hypothesis). In 

other words, the loss in soil hydraulic conductance entails severe gradients in soil matric 

potential around roots, which cause an excessive drop in leaf water pressure to sustain a tiny 

increment in transpiration. Hence, the relation between stomatal conductance and leaf water 

potential should be soil- and root-specific (Carminati and Javaux, 2020).  

Despite the advances in conceptual and modelling work linking stomatal regulation to soil–

plant hydraulics (Sperry and Love, 2015; Wang et al., 2020), there is no conclusive 
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experimental proof that stomatal closure is driven by the loss in below-ground hydraulic 

conductances (i.e. contrasting root system or soil textures). Previous modelling studies 

explained midday stomatal closure by the reduction in below-ground hydraulic conductance 

(Williams et al., 2001; Fisher et al., 2006; Lier et al., 2013). However, these modelling 

exercises still require experimental validations. Gollan et al. (1985, 1986) compared stomatal 

behavior of pressurized and unpressurized plants, and showed that stomata close in dry soil 

conditions even though the shoots were kept turgid. However, Gollan and co-authors did not 

attempt to link stomatal closure to the onset of the hydraulic non-linearity. We have recently 

provided the first systematic experimentation to test stomatal sensitivity to the hydraulic non-

linearity (Abdalla et al., 2021). We showed that stomatal closure was concomitant with the 

onset of the non-linearity in E(ψleaf-x)-relation (Abdalla et al., 2021). In this study, we ask the 

following question: do differences in below-ground traits (i.e. contrasting root system) impact 

the E(ψleaf-x)-relation during soil drying?  

We experimentally tested the hypothesis that below-ground hydraulics, i.e. soil, root and/or 

their interface, determine the relation between stomatal conductance and leaf water potential. 

We measured leaf xylem water pressure (ψleaf-x) and transpiration rate (E) in tomato shoots 

grafted onto two contrasting rootstocks, a short and a long one. To sustain the same 

transpiration rate, the short root system would require a larger water flow per root surface, and 

thus larger gradients in soil matric potential (Figure 3.1). Therefore, plants with shorter root 

system should exhibit a more marked non-linearity in the E(ψleaf-x) relation and should close 

stomata at less negative leaf water pressures (Figure 3.1). Alternatively, the larger root system 

might attenuate the drop in leaf water pressure because of its larger hydraulic capacitance; i.e. 

not only the ability to conduct water but also the capacity to store water might affect stomatal 

regulation.  

We employed a root pressure chamber designed by Passioura (1980) and implemented by 

Gollan et al. (1986) and recently by Cai et al. (2020a) to measure the soil–plant hydraulic 

conductance during soil drying. This method makes it possible to explore the non-linear part 

of the E(ψleaf-x) relation. Additionally, we measured transpiration, leaf water pressure (refers to 

the hydrostatic component of leaf water potential) and root water content during soil drying. 
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The soil–plant hydraulic model of Carminati and Javaux (2020) was used to reproduce and 

interpret the data.  

 

Figure 3.1 Hypothesis: Reduction in root length causes an earlier drop in soil hydraulic 

conductance and an earlier stomatal closure. Relation between transpiration (E) and leaf 

xylem pressure (ψleaf-x) as simulated by a model of water flow across the soil, the root system 

and along the xylem, including the non-linearity of their hydraulic conductances (Carminati 

and Javaux 2020). The model hypothesizes that stomata close at the onset of hydraulic 

limitation (SOL), which is defined as the point at which the slope of E(ψleaf-x) reaches 50% of 

its maximum (see Methods and Table S2). E(ψleaf-x)-relations were simulated at soil matric 

potentials of -0.01, -0.15 -0.2, and -0.4 MPa. Plants with short root system (solid black lines, 

and orange SOL) require larger gradients in soil matric potential around their roots, which 

results in a marked non-linearity in E(ψleaf-x), compared to plants with a long root system 

(dashed lines, and blue SOL). Consequently, stomatal closure occurs at less negative ψleaf-x for 

plants with short root systems (orange line for the short and blue line for the long root system). 
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3.3 MATERIALS AND METHODS 

3.3.1 Plant preparation 

Two tomato varieties with contrasting root lengths were used as rootstocks; Lycopersicon 

hirsutum and a hybrid of L. hirsutum and the wild tomato L. pimpinellifolium were used as 

long- and short-rooted plants, respectively. Scions from Solanum lycopersicum L. (M82 

variety) were grafted onto these two rootstocks. Seeds were provided by Rootility (Israel). 

Seeds were sown in polyvinyl chloride (PVC) columns 30 cm in height and 10 cm in diameter. 

The columns had five holes with a diameter of 5 mm on the side to facilitate soil moisture 

content measurements. The PVC columns were topped (using a silicon rubber glue; Teroson, 

Henkeln, Germany) with a 0.8-cm-thick aluminum plate that had a centered-hole of 1.4 cm in 

diameter.  

Plants were grafted ~1 week after germination when their stem diameters were matching 

(Notaguchi et al., 2020). Immediately after grafting, plants were placed inside a chamber at 

~95% relative humidity and 200 µmol m-2 s-1 Photosynthetic photon flux density (PPFD) for 

4 d to avoid scion desiccation (Rosskopf et al., 2017). Thereafter, plants were placed in a 

climate-controlled room with a day/night temperature of 28/18 °C, a day/night relative 

humidity of 57/65 %, 14 h photoperiod and PPFD of 600 µmol m-2 s-1 during the daytime 

(Luxmeter PCE-174, Meschede, Germany).  

After 12 d, plants were moved to the laboratory and sealed at the collar using glue (UHU plus 

Endfest 300, Bühl, Germany). During the experiments, leaves were imaged to determine leaf 

area (LA; cm2) using ImageJ 1.50e (http://imagej.nih.gov/ij). After the experiments, roots were 

washed and root length was measured using WinRihzo (Regent Instruments, Canada). Figure 

S1 shows root length and leaf area. 

3.3.2 Soil preparation 

A sandy loam soil was used in the experiments. Quartz sand and loamy soil were sieved 

through a 1-mm sieve. The sieved substrates were mixed in the ratio of 62.5 % loamy soil and 

37.5 % quartz sand. The soil water content (θ [cm3 cm-3]) was measured using a time-domain 

refractometer (TDR) (E-Test, Lublin, Poland). The hydraulic properties of the soil mixture 
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were determined via a Hyprop system (UMS, Munich, Germany), which implemented the 

evaporation method. The water retention curve and the unsaturated hydraulic conductivity 

were fitted using the Peters–Durner–Iden (PDI) model (Peters et al., 2015). The corresponding 

parameters were estimated by fitting the measured soil matric potential and solving the 

Richards equation.  

3.3.3 Transpiration and leaf xylem water pressure measurements 

We used a novel root pressure chamber system (RPCS) to simultaneously measure 

transpiration (E) and leaf xylem water pressure (ψleaf-x) within an intact plant (Cai et al. 2020a). 

The construction and calibration of RPCS was recently described in Cai et al.(2020b). Briefly, 

RPCS is composed of a pressure chamber topped with a cuvette and a control unit. Four groups 

of light-emitting diode (LED) lamps were vertically attached to the cuvette. The lamps 

provided PPFD that ranged adjustably from 0 to 1000 µmol m-2 s-1. We altered E by changing 

PPFD, and the latter was measured via a fixed radiometric sensor (Gamma Scientific, San 

Diego, USA). A constant airflow passed through the cuvette (8.25 L min-1) and a fan was used 

to stir the air inside. Combined temperature–humidity sensors (Galltec-Mela, Bondorf, 

Germany) continuously measured the temperature and the relative humidity of the inward and 

the outward air. We determined E by multiplying the airflow by the difference between the 

outward and the inward humidity. Canopy conductance was calculated as gc = 

(E/LA)/(VPD/Patm) according to Jarvis and McNaughton (1986), where VPD is vapour pressure 

deficit and Patm is atmospheric pressure. 

The basic principle of the method was to balance the negative water pressure inside the plant 

by applying a pneumatic pressure to the soil and root system, thereby bringing water inside the 

leaf xylem to atmospheric pressure (Passioura, 1980; Carminati et al., 2017; Cai et al., 2020a) 

(Supplementary Data Figure S2). The applied pressure (balancing pressure; P) is numerically 

equal to leaf xylem tension before pressurization (Passioura, 1980). A meniscus system was 

connected to a leaf cut to evaluate the stability of the droplet. We determined ψleaf-x when the 

meniscus was stable for ~10 minutes (Cai et al. 2020a).  

To measure E(ψleaf-x) relation, plants were positioned inside the RPCS, with the column inside 

the pressure chamber and the shoot inside the cuvette. We modified E by gradually increasing 



  

70 
 

PPFD from 0 to 200, 400, 600, 800, and 1000 µmol m-2 s-1. Simultaneously, the corresponding 

ψleaf-x was determined at each PPFD. Additionally, E was also measured without pressurization 

at 1000 µmol m-2 s-1. Canopy conductance (gc [mol m2 s-1]) was calculated from E without 

pressurization. Each plant was measured for several days during soil drying (Supplementary 

Data Figure S3 and Table S1).  

In parallel, we measured ψleaf-x at the highest E for unpressurized plants using a leaf pressure 

chamber (Soil Moisture Equipment Corp., Santa Barbara, CA, USA) as described in 

Scholander et al. (1965). These measurements were utilized to assess ψleaf-x values obtained 

from pressurized plants at the same values of E and θ (Abdalla et al., 2021).  

3.3.4 Osmotic potential  

Leaf osmotic potential was measured using a vapour pressure osmometer (VAPRO, Wescore). 

Xylem sap was collected from a leaf cut using a 10 μL pipette after applying 0.1 MPa more 

than the balancing pressure. Leaf osmotic potential was measured at different soil matric 

potentials during soil drying. Soil osmotic potential was measured when the soil was saturated.    

3.3.5 Root hydraulic capacitance 

Root hydraulic capacitance was obtained by measuring the root water content at decreasing 

soil matric potentials. Plants from both rootstock genotypes were grown in the sandy loam. 

When individuals reached targeted soil matric potential, plants were left overnight inside a 

humid chamber (relative humidity ≈100 %) to allow soil and roots to equilibrate to the same 

water pressure. Roots were carefully removed from the soil and were gently shaken to remove 

any attached soil, and initial fresh weight was measured. Root dry weight was obtained after 

drying the roots for 24 h at 105°C. The difference between fresh and dry weights of the roots 

was divided by their dry weight at different soil matric potentials to calculate root hydraulic 

capacitance (see eqn 15). 

3.3.6 Soil–plant hydraulic model 

We used a soil–plant hydraulic model to simulate the water flow in the soil–plant continuum 

and fit the measured E(ψleaf-x) relation. Water flow was modelled through a series of resistances 
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across the soil, across the soil–root interface, across the root to the root xylem, and along the 

xylem. We briefly describe the model here. 

The Buckingham-Darcy law, ignoring gravity, was used to describe the radial water flow in 

soil towards the root surface:  

ݍ                                   = ௦(߰௠)ܭ− డట೘

డ௥
                                        (1)  

Where q is the water flux (cm s-1), Ks is the soil hydraulic conductivity, which is a function of 

the soil matric potential ߰ ௠ (hPa), r is the radial distance (cm) and 
డట೘

డ௥
 is the gradient in matric 

potential. Note that when the soil matric potential is expressed in unit heads (cm, 1 hPa ≈1 cm), 

Ks has units of cm s-1. We use this unit throughout the text when describing soil water flow.  

The boundary conditions were expressed as follows: 

(଴ݎ)ݍ                                     =
ா

ଶగ௥బ௅
                                                 (2) 

(௕ݎ)ݍ                                     = 0                                                       (3) 

Where r0 and rb are the root radius and the exterior radius of soil around the root (cm), E is the 

transpiration rate (cm3 s-1) and L is the root length active in water uptake (cm); rb is determined 

by L and the volume of the column V (cm3), according to:  

௕ݎ                                          =  ට ௏

గ௅
                                                   (4) 

We parameterized Ks according to the Brooks and Corey model:  

௦(߰௠)ܭ                                 = ௦௔௧ (ట೘ܭ 

టబ
)ఛ                                      (En 5) 

Where Ksat is the saturated hydraulic conductivity of the soil (cm s-1), ߰଴ is the soil air entry 

value (cm), and ߬  is a fitting parameter (–). We obtained the parameters for Eqn (5) by matching 

the PDI and Brooks and Corey models (Abdalla et al., 2021). According to de Jong van Lier 

et al. (2008), and assuming a steady-rate behaviour for the water flow in the soil, the radial 

geometry of water flow could be reformulated using the matric flux potential (Ф, cm2 s-1): 

(߰) ߔ                                      = ׬  ݔ݀(ݔ)ܭ
ట೘

ିஶ                                      (6) 
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The solution of Eqn (6) describes the matric flux potential at the outer boundary r=rb: 

    Φ௦௢௜௟ =  
௞ೞೌ೟ .  ట೘

భష ഓ.   టబ
షഓ 

ଵି ఛ
             (7) 

Where ߔ௦௢௜௟ is the matric flux potential in the bulk soil (cm2 s-1) corresponding to the measured 

bulk soil matric potential (߰௠). Meanwhile, the radial flow could be described by combing 

Eqns (1, 5 and 6) as:             

ݍ         = − డ∅ (ట೘)

డ௥
                                    (8) 

We obtain the flux boundary condition at the soil–root interface, ߔ௥௢௢௧_௦௢௜௟ (cm2 s-1), by 

combining Eqns (5 and 6) and the radial Richards equation (Schröder et al., 2009):  

= ௥௢௢௧_௦௢௜௟ߔ                  − ா

ଶగ
൬ଵ

ଶ
௕ݎ −

ଶ  ୪୬(௥್ ௥బ⁄ )

௥್మି ௥బ
మ ൰ + ௞ೞೌ೟ .  ట೘

భష ഓ.  టబ
షഓ 

ଵି ఛ
         (9) 

The water flow in the root is given by  

ܧ = ௥௢௢௧൫߰௥௢௢௧_௫௬௟௘௠ܭ− − ߰௥௢௢௧_௦௢௜௟൯        (10) 

Where E is the water flow in the root equal to the transpiration rate (cm3 s-1), ߰௥௢௢௧_௦௢௜௟ is the 

water potential at the root–soil interface (here converted to MPa, 1 MPa ≈104 cm), ߰௥௢௢௧_௫௬௟௘௠ 

is the water potential at the xylem collar (MPa) and ܭ௥௢௢௧ (cm3 s-1 MPa-1) is the root hydraulic 

conductance. Note that differences in osmotic potential between soil and root xylem can occur 

and affect the driving force of water flow across the root–soil interface. Therefore, ߰௥௢௢௧_௦௢௜௟ 

and ߰௥௢௢௧_௫௬௟௘௠ are the sum of their respective matric/hydrostatic potentials and osmotic 

potentials. Doing so, we assume that the reflection coefficient of the root is 1. The difference 

between leaf and soil osmotic potential is equal to the measured difference between soil matric 

potential and leaf xylem pressure when water flow is negligible (Cai et al. 2020a).  

We assume no further change in osmotic potential along the xylem. The xylem conductance, 

Kx (cm3 s-1 MPa-1), which includes the effect of cavitation, is given by: 

௫ܭ = ௥௢௢௧ܭ ቀ
ట೗೐ೌ೑షೣ

టబೣ
ቁ

ିఛೣ
                                (11) 
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where, ψleaf-x is the leaf xylem pressure (MPa), ψ0x is the xylem pressure (MPa) at which Kx 

drops and ߬௫ is a fitting parameter (–) that determines the rate of this drop. 

The plant conductance, Kplant (cm3 s-1 MPa-1), is given by the harmonic mean of Kroot and Kx: 

ଵ

௄೛೗ೌ೙೟
= ଵ

௄ೝ೚೚೟
+ ଵ

௄ೣ
                    (12) 

The leaf matric flux potential is calculated as:  

Φ௟௘௔௙ = ܧ−  + Φ௥௢௢௧_௫௬௟௘௠               (13) 

Leaf xylem pressure ψleaf-x is calculated by inserting Kx into Eqn (6) and combining Eqns (11 

and 13):  

߰௟௘௔௙_௫  =  (߰௥௢௢௧_௫௬௟௘௠
ଵ – ఛೣ − 

ா (ఛೣ – ଵ)

టబೣ
ഓೣ   ௄ೝ೚೚೟

)
భ

భ – ഓೣ  (14) 

Note that the unit of the matric flux potentials in Eqn (13) differs from those of Eqn (9) because 

soil and xylem hydraulic conductivities have different units.  

Data were firstly fitted for each day of measurements (i.e. at each measured soil water content) 

individually to estimate Kroot, L and the offset between soil matric potential and leaf xylem 

pressure. Inverse simulations revealed that L increased as soil dries (reported and discussed 

later). Therefore, we conducted direct simulations for each group of plants allowing the 

parameter L to vary during soil drying. We obtained Kroot from individual simulations by fitting 

the linear part of the E(ψleaf-x)-relation, which was constant during soil drying (Abdalla et al., 

2021).  

The onset of hydraulic limitation is defined as the point at which the slope of E(ψleaf-x) reaches 

50 % of its maximum (the soil matric potential being kept constant: soil isolines) (Carminati 

and Javaux, 2020). Note that the 50 % is rather arbitrary and indeed a value between 40 and 

60 % would give the same shape of the stress onset line (SOL). The maximum slope of E(ψleaf-

x) at any given soil matric potential is at null transpiration – i.e. the slope of  E(ψleaf-x) decreases 

with increasing E (Carminati and Javaux, 2020).  
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The model was used (1) to predict the onset of hydraulic limitation and compare it with 

measurements of transpiration reduction, and (2) to test whether the decline of E(ψleaf-x) is 

explained by the loss of soil hydraulic conductivity for the two root systems.  

3.3.7 Soil–plant hydraulic model including root capacitance 

The model above assumed that all water transpired was taken up from the soil (no changes in 

root water content) and that the change in soil water content during one measurement cycle 

was negligible. The calculated E(ψleaf-x) lines were referred to as soil isolines. The consequence 

of these assumptions was tested by including measurements of root capacitance and soil drying 

in the model. We examined to what extent root capacitance attenuates the decline in soil and 

leaf water potential during one measurement cycle consisting of increasing transpiration rates 

over a period of ~6 h. The rationale is that root capacitance diminishes the water uptake from 

the soil. This leads to more water remaining in the soil and a less negative leaf water potential 

to sustain transpiration.  

Root capacitance and soil drying were modelled during one exemplary measurement cycle. 

The relation between root water content and water potential was obtained by fitting the 

measured gravimetric root water content θg, defined as weight of water in the root divided by 

root dry weight. The volumetric root water content θroot was calculated based on densities of 

water and roots ρH2O and ρwet: 

௥௢௢௧ߠ = ௚ߠ ∗ ఘೢ೐೟

ఘಹమೀ
   (Eqn) 

where ρwet is the dry root weight divided by the volume of the wet root. The water flow resulting 

from root shrinkage is the time derivative of the root water volume. This flow was subtracted 

from the transpiration rate to obtain the root water uptake. To do so, soil matric potential and 

root water content were estimated for each time step. We simulated two scenarios: (1) soil 

drying but no root capacitance; and (2) soil drying and root capacitance. The two scenarios 

were compared with two isolines calculated using the steady-state soil–plant hydraulic model 

described in the paragraph above (no root capacitance and no changes in soil water content). 

We calculated one isoline corresponding to the soil matric potential at the beginning of the 

measurement cycle (fitted to the first two points) and one soil isoline corresponding to the soil 

matric potential at the end of the measurement cycle (fitted with the last measurement). 
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3.3.8 Statistical analysis 

We used a mixed model to analyse the influence of root system, soil water content, PPFD and 

their interactions on E using analysis of variance. Replicates were taken as random factor and 

the remaining parameters were taken as fixed factors. Furthermore, we tested the values of 

stomatal closure in E(ψleaf-x) of the two rootstocks using analysis of covariance. MATLAB 

2019a (9.6.0., Mathworks®) was used to perform the statistical analysis. 

3.4 RESULTS AND DISCUSSION  

Tomato plants were grafted on two contrasting root systems to evaluate the impact of root 

length on soil–plant hydraulic conductance and stomatal regulation during soil drying. The 

length of the two root systems differed by a factor of 3 (P < 0.05), whereas root diameter and 

leaf area were similar (P > 0.05; Supplementary Data Figure S1).  

The relationship between transpiration rates (E) and leaf xylem water pressure (ψleaf-x) varied 

between the two root systems (Figure 3.2). E(ψleaf-x) was linear in wet soils (θ ≥ 0.15), with the 

slope being equal to the plant hydraulic conductance. The relation became non-linear as the 

soil dried (Figure 3.2). The long root system sustained higher E during soil drying, while a 

more marked non-linearity in E(ψleaf-x) appeared in the short root system at relatively high ψleaf-

x and soil water content (θ). Longer roots ensured the linearity of E(ψleaf-x) for a broader range 

of E and θ. 

The ψleaf-x of pressurized and unpressurized plants, for the same values of E and θ, matched 

well (Figure 3.3, r2 = 0.81). This result demonstrates that the total hydraulic conductances of 

pressurized and unpressurized plants were similar, which is consistent with Abdalla et al. 

(2021). Note that pressurization maintained the water pressure in the xylem equal to the 

atmospheric pressure and hence cavitation did not occur during the measurements. 

Additionally, pressurized plants had a turgid shoot, whose conductivity is likely to have 

remained constant during the measurements. The latter is in line with the finding of Skelton et 

al. (2017), who showed a decline in leaf hydraulic conductance when leaf water potential 

dropped beyond -1.28 MPa in tomato. Further, we used roots of L. hirsutum and its hybrid with 

the wild tomato L. pimpinellifolium, which might potentially have more resistant xylem. 
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Therefore, the non-linearity of E(ψleaf-x) must have been caused by a decline in the below-

ground hydraulic conductivity, either in the soil, in the root system or at their interface. 

 

Figure 3.2 Measured relation between transpiration (E) and leaf xylem pressure (ψleaf-x) in tomato 

plants grafted onto (a) short root system and (b) long root system during soil drying (θ: soil water 

content [cm3 cm-3], N = 6). 

The E(ψleaf-x) and E(ψsoil) relations were well reproduced by the soil–plant hydraulic model of 

Carminati and Javaux (2020) (black lines in Figure 3.4, a – d). The model calculates the water 

potential gradients across the soil–plant continuum based on the measured transpiration rates, 

soil water content and soil hydraulic properties (Materials and methods and Supplemental Data 

Table S2 for details of the model description and parameters). The fitting parameters were the 

root length active in root water uptake L, which was allowed to vary with soil drying, root 

conductance Kroot, and xylem water pressure at which xylem conductivity drops. The latter was 

set to -1.5 MPa, which is the most negative value measured in the experiments, and thus does 

not affect the simulations. This choice was based on the observation that pressurized and non-

pressurized plants had the same hydraulic conductance, which means that cavitation did not 

affect the plant hydraulic conductance. The model reproduced well the experimental 

observation that a more marked non-linearity in the E(ψleaf-x) relation occurred in the short root 

system (Figure 3.4e).  
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Figure 3.3 Leaf xylem pressure (ψleaf-x) in pressurized (+P) and unpressurized (-P) tomato plants at the 

same soil water content (θ [cm3 cm-3]) and transpiration rate (E [cm3 s-1]). ψleaf-x of pressurized plants 

was measured by the Root Pressure Chamber System, while ψleaf-x of unpressurized plants was 

measured by Scholander leaf pressure chamber (N = 6). ψleaf-x of pressurized and unpressurized plants, 

for the same values of E and θ, matched well (r2 = 0.81). 

The measurements of soil and leaf xylem osmotic potential are consistent with the offset 

between soil matric potential and predawn leaf xylem pressure. Soil osmotic potential was 

around -0.02 MPa at soil saturation. This supports the interpretation that the offset was caused 

by the difference in osmotic potentials. No visible differences were observed between the 

osmotic potentials of the two root systems, possibly also due to the variability in the 

measurements (Figure 3.5a). 
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Figure 3.4 Relation between transpiration rate (E) and leaf xylem pressure (ψleaf-x) (a and c) as well as 

soil matric potential (ψsoil) (b and d), for the short (a and b) and long (c and d) root systems. The 

measurements (open symbols) were well reproduced by the model (black lines) at different soil water 

contents (different colors). The relation shifted from linear to non-linear during soil drying. The red 

line marks the onset of the non-linearity (SOL). The red squares are the measured transpiration rates 

during soil drying in unpressurized plants (short root system, r2 = 0.74, 0.72; long root system, r2 = 

0.82, 0.78; from leaf and soil views, respectively (a - d). (e) The onset of hydraulic limitation (SOL) for 

long rooted (blue line) and short rooted plants (orange line) match well the reduction in transpiration 

(blue and orange open symbols, respectively). The reduction in transpiration of long and short rooted 
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plants is significantly different (p-value < 0.001; Figure S4), with the shorter root system reducing 

transpiration at less negative ψleaf-x. (f) Canopy conductance (gc) as a function of ψleaf-x for the short-

rooted (orange open symbol) and long-rooted plants (blue open symbol). The slope and the intercept 

of the linear fit were utilized for the analysis of covariance, which showed a significant difference of 

stomatal closure between the two root systems (p-value < 0.01). 

 

 

Figure 3.5 a) Model predictions of the leaf xylem osmotic potential (closed symbols) matched the direct 

measurements of leaf osmotic potential (open symbols) in both root systems (blue and orange for long 

and short root systems, respectively) during soil drying. b) Active root length (L) as a function of soil 

matric potential (ψsoil) for short-rooted (orange open symbol) and long-rooted plants (blue open 

symbol). Longer rooted plants (blue line) have more active roots, especially in the dry range of ψsoil. c) 

The difference between root fresh and dry weight was divided by the dry weight to obtain root 

shrinkage. Root water content decreases exponentially as soil matric potential declines.  

The simulations predict the active root length L as a function of the ψsoil (Figure 3.5b). The 

simulated active root length L was greater in the plants with the long root system. The 

explanation is that a longer root length requires a lower flow rate of water at the root–soil 

interface and smaller gradients in soil matric potential to sustain the same transpiration rate. 

The simulations support the hypothesis that the non-linearity in the E(ψleaf-x) relation is mainly 

caused by soil hydraulics. Interestingly, active root length increased as the soil dried, which 

might be a mechanism to compensate limited fluxes per root segment. The increase in L during 
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soil drying was also observed in maize (Cai et al., 2021) and might reflect root hydraulic 

adjustment to soil drying. However, L has to be interpreted with caution. L is a fitting parameter 

and might reflect oversimplification of the plant–soil hydraulic model, such as the 

representation of the root system with a single root and the assumption that the rhizosphere has 

the same hydraulic conductivity as the bulk soil. 

An alternative explanation of the better ability of the long root system to sustain transpiration 

during soil drying could be the effect of root capacitance. We investigated the effect of root 

capacitance by including in the simulations the measured decrease in root water content at 

decreasing soil matric potential (Figure 3.5c). The simulated trajectories of plants with and 

without root capacitance (green and pink) were very close, indicating that root capacitance had 

a minor contribution to E(ψleaf-x) (Figure 3.6). By contrast, the decrease in soil water content 

during a measurement cycle had significant effects. To understand the effect of decreasing soil 

water content during a measurement cycle, we plotted the soil isolines at the initial and final 

stage (orange and blue) of the measurement cycle using the steady-state model. The two 

isolines perfectly envelop the measurements using a root length of 4000 cm, which is 2.5 times 

longer than the value estimated using a single line to simulate all points of the measurement 

cycle (L = 1496 cm). The difference in L shows the problems in using the isolines to fit the 

data and interpret L as the active root length. The isoline would predict a shorter root length 

than the actual value, and this mismatch is caused by neglecting the decrease in soil water 

content. In contrast, the potential role of root capacitance in buffering the decline of soil and 

leaf water potentials was negligible. However, the choice against specific model 

simplifications (root shrinkage, rapid soil drying) must match with the research questions 

addressed. For example, to predict the onset of non-linearity, the classical model approach with 

soil isolines (solid black line in Figure 3.6) is acceptable. However, to reproduce the leaf water 

potential measurements and properly estimate the active root length, simulations should 

include the role of soil drying. In summary, the model simulations reinforce the explanation 

that the drop in soil conductivity is the main cause of non-linearity in the soil–plant system. 
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Figure 3.6 Relation between transpiration rate (E) and leaf xylem pressure (ψleaf-x) for one exemplary 

measurement cycle (θ = 0.1045). Different model simulations were compared regarding their 

explanatory values. The measurements (open black circles) were well captured by a single soil isoline 

fitted to all data points (solid black line) using the steady-state soil–plant hydraulic model. To 

understand the effect of decreasing soil water content during the measurement cycle, we plotted the 

soil isolines at the initial (θi = 0.1045) and final (θj = 0.0874) soil water content of the measurement 

cycle (solid orange and blue lines) using the steady-state model but with different fitting parameters (L 

and ܭ௥௢௢௧) compared to the single soil isoline. The simulated trajectories with and without root 

capacitance (green and pink) were very close, indicating that root capacitance had a minor 

contribution to the E(ψleaf-x)-relation. Both trajectories reproduced the measurements very well. 

The onset of hydraulic non-linearity (SOL) was defined as the point when the slope of E(ψleaf-

x) decreased down to 50 % of its maximum (Carminati and Javaux, 2020). The SOL matches 

well with the transpiration rate of unpressurized plants (Figure 3.4a-e). This supports the idea 

that stomata close when the relation between transpiration rate and leaf water potential 

becomes non-linear, as hypothesized by Sperry and Love (2015) and Carminati and Javaux 

(2020). 
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The measured E(ψleaf-x) relation as well as the SOL of the long and short root systems differed 

(Figure 3.4e), which supports our hypothesis (Figure 3.1). Analysis of covariance shows that 

stomatal closure was significantly different between the two root systems without 

pressurization (P < 0.001, Figure 3.4f, Supplementary Data S4 and Tables S3 and S4). Plants 

with the short root system reached 50 % transpiration at ψleaf-x = -0.3 MPa compared to ψleaf-x 

= -0.5 MPa with the long root system (Figure 3.4e).   

Taken together, the measured relations between transpiration rate and leaf water pressure 

proved that stomata close at the onset of hydraulic non-linearity, as hypothesized in previous 

models (Sperry and Love, 2015; Carminati and Javaux, 2020). Additionally, the measurements 

show that a decrease in root length induces an earlier non-linearity in the soil–plant hydraulic 

conductance and triggers an earlier stomatal closure, which supports our hypothesis (Figure 

3.1).  

We conclude that the relation between stomatal conductance and leaf water potential is affected 

by root length and below-ground hydraulics, particularly soil hydraulic conductance. This 

finding has important implications for understanding and predicting the response of 

transpiration to drought. So far, the current trend puts the focus on the coordination between 

stomatal closure and xylem vulnerability (Wolf et al., 2016; Anderegg et al., 2017; Henry et 

al., 2019; Eller et al., 2020). However, to properly predict stomatal closure and understand its 

relation to soil–plant hydraulics, root length, root and soil hydraulic conductivities are 

essential. Our results show a tied link between soil hydraulic conductivity, active root length 

and stomatal conductance, and the coordination between these variables is central in predicting 

the ability of plants to cope with water shortage. Further research would be needed to explore 

variations between plant species growing in contrasting soil textures and climatic conditions. 
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3.6 Supplementary Data  

 

 

Supplementary figure S1: (a) Root length and (b) leaf area of tomato plants grafted onto two 

root systems. Root length was significantly different (p-value < 0.05), while the leaf area was 

similar (p-value > 0.05) (n = 3). 
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Supplementary figure S2: The root pressure chamber system (RPCS) used to measure the 

relation between transpiration (E) and leaf xylem water pressure (ψleaf-x). Plants were placed 

inside the RPCS, with the column in the root pressure chamber and the shoot in the cuvette. 

The E was altered by increasing the photosynthetic photon flux density (PPFD) stepwise. 

Pneumatic pressure was applied to balance the water pressure inside the leaf xylem at 

atmospheric pressure. The balancing pressure is numerically equal to the leaf xylem water 

pressure (ψleaf-x). Both E and ψleaf-x were simultaneously determined at each PPFD. 
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Supplementary figure S3: Transpiration rate (E) of plants with short and long root systems 

during soil drying. At a specific soil water content (θ), E was measured under different 

photosynthetic photon flux densities (PPFD [µmol m-2 s-1]), as shown in closed symbols. E 

was measured during plant pressurization to obtain the corresponding leaf water pressure (ψleaf-

x) that was shown in figures 3.2 and 3.4. Additionally, E was measured without plant 

pressurization (NP) under the highest PPFD (=1000 µmol m-2 s-1) as shown as open red 

squares.  
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Supplementary figure S4: Linear fit of the E(ψleaf-x)-relation measured in unpressurized 

plants with the two root systems (as shown in Figure 3.4e). Slope and intercept of the linear fit 

were utilized for analysis of covariance, which showed significant difference of stomatal 

closure between the two root systems. Measurements were obtained at different soil water 

contents during soil drying. 
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Supplementary Table S1. Analysis of variance for the influence of different factors on the 

transpiration rate (E) under plant pressurization, (p-value <0.001***, p-value<0.01**, p-

value<0.05*) 

Source of variation Sum Sq. 
¶  

d.f. Mean Sq. F Prob>F 

Root system 3.40e-7 1 3.40e-7 8.86 0.0039** 

Soil water content¶¶ 1.02e-6 2 5.14e-7 13.31 <<0.001*** 

Replicate (root-system, soil water content, 
and Photosynthetic photon flux density 
(PPFD) )  

2.45e-6 65 3.77e-8 0.78 0.8009 

PPFD 1.54e-5 5 3.08e-6 80.14 <<0.001*** 

Root-system * soil water content 6.01e-7 2 3.00e-7 7.81 0.0008*** 

Root-system * PPFD  2.91e-8 5 5.82e-9 0.15 0.979 

Soil water content * PPFD 6.93e-8 10 6.93e-9 0.18 0.9972 

Error  1.40e-6 29 4.85e-8   

Total  2.60e-5 119    

¶ Sum. Sq: Sum of squares, d.f: Degree of freedom, Mean Sq: Mean Sum of Squares, F: F-

statistic value. 

¶¶ Soil water content was clustered into three groups, namely, 1: ≥ 0.13, 2: 0.12 - 0.10, and 3: 

< 0.10.  
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Supplementary Table S2. Parameters used in the model  

Parameter Symbol value Unit 

Soil conductivity Ks 2.1×10-5 cm s-1 

Fitting parameter for the unsaturated conductivity ߬ 2 - 

Root conductance  Kroot short 3.2×10-6 

long 1.01×10-6 

cm3 s-1 hPa-1 

Soil air entry value ߰଴ -8.33×10-4 MPa 

Xylem air entry value ߰଴௫ -1.5 MPa 

Fitting parameter for xylem conductivity ߬x 5 - 

Active root length in water uptake L short 760-1700 

long 930-3700  

cm 

Root radius r0 0.02 cm 

Soil radius around the root rb 1 cm 

 

  



  

95 
 

 

Supplementary Table S3. Coefficient estimates for stomatal closure E(ψleaf-x) in the two 

rootstocks in terms of the slope and the intercept. 

Term Estimate Std. Err. T Prob > | T | 

Intercept 

Short Root 

Long Root 

Slope 

Short Root 

Long Root 

0.0023 

0.0004 

-0.0004 

-0.0032 

-0.0016 

0.0016 

0.00022 

0.00022 

0.0002 

0.00059 

0.00059 

0.00059 

10.53 

1.84 

-1.84 

-5.42 

-2.75 

2.75 

0*** 

0.0829 

0.0829 

0*** 

0.0138 

0.0138 

 

 

Supplementary Table S4. Analysis of variance to identify the significant difference between 

the slope and the intercept of E(ψleaf-x) as shown in Supplementary table 2. 

Source d.f. Sum Sq.  Mean Sq. F Prob>F 

Root system 

Leaf xylem water pressure 

Root system * Leaf xylem 

water pressure 

1 

1 

1 

4.93e-7 

2.07e-6 

5.07e-7 

4.93e-7 

2.07e-6 

5.07e-7 

7.34 

30.77 

7.54 

0.0149 

<<0.001 

0.0138 

Error  17 1.14e-6 6.72e-8   
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4.1 ABSTRACT 

Although recent empirical and modelling studies have demonstrated that stomata close at the 

onset of hydraulic non-linearity between transpiration rate and leaf water potential, the 

mechanism that allows plants to respond to non-linearity remains unknown. It is well accepted 

that ABA is a key hormone regulating stomatal closure during water deficit. However, the role 

of ABA in stomatal response to non-linearity has not been explored. To fill this knowledge 

gap, we used a novel root pressure chamber to measure the relationship between transpiration 

rate and leaf water potential of two tomato genotypes: ABA-deficient mutant and the 

corresponding wild type (WT). We hypothesize that ABA would allow the WT to maintain a 

linear relationship between transpiration rate and leaf water potential, whereas the ABA-

deficient mutant would quickly enter the non-linear zone, even under wet soil conditions. 

Hence, to test this hypothesis, the experiments were conducted under wet soil conditions. The 

results demonstrated that WT exhibited a linear relation between transpiration rate and leaf 

water potential. On the other hand, ABA-deficient mutant exhibited a non-linear relation 

already in wet soil conditions. These novel results provide the first experimental evidence that 

ABA could be a potential mechanism that allows plant to respond to non-linearity in 

relationship between transpiration rate and leaf water potential. Future studies would 

investigate the role of ABA in plant response to non-linearly among diverse plant species and 

soil types. 

 

Keywords:  

Abscisic acid; Chemical signal, Drought; Hydraulic signal; Leaf water potential; Mutant; 

Transpiration. 
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4.2 INTRODUCTION 

 Stomata regulate carbon and water exchange between the atmosphere and terrestrial 

vegetation, hence driving global productivity and water yield (Hetherington and Woodward, 

2003; Wolz et al., 2017; Buckley, 2019; Deans et al., 2020). Despite the great importance of 

stomata for vegetation functioning (Hetherington and Woodward, 2003), fundamental question 

remains regarding the mechanisms by which stomata behave under environmental factors that 

influence water availability. Various hypotheses have been established to understand stomatal 

behavior. Carbon optimization theory, a pioneering concept predicting stomatal responses to 

water availability, posits that stomata maximize carbon gain for a penalty of water loss (Cowan 

and Farquhar, 1977; Wang et al., 2020). Stomatal regulation has been proposed to ‘passively’ 

respond to declining leaf water potential or ‘actively’ controlled by abscisic acid (ABA) 

(Brodribb and McAdam, 2011; Merilo et al., 2018; Buckley, 2019). Other studies suggested 

that a combination of chemical and hydraulic signal controls stomata closure (Tardieu and 

Davies, 1993). Thus, it is not fully revealed how stomata detect and react to their intrinsic and 

extrinsic environment, especially under drought conditions (Brodribb and McAdam, 2011; 

Buckley, 2019).  

Although the underlying mechanisms governing stomatal regulation at the mechanistic and 

molecular levels are yet to be fully revealed (Buckley, 2005, 2019), recent studies have 

demonstrated that we still could anticipate stomatal response to soil and atmospheric drought 

from its emergent hydraulic properties (Sperry et al., 2016). A hydraulic framework is 

proposed to predict stomatal closure following a supply-demand function (Sperry and Love, 

2015). The premise is that stomata close by responding to the incidence of non-linearities in 

the relation between transpiration rate and leaf water potential, which allows plants to obviate 

excessive decline in leaf water potential (Sperry and Love, 2015). Furthermore, stomata 

optimization models were shown to exhibit improved predictions skills when based on 

hydraulics (Wolf et al., 2016; Eller et al., 2020; Wang et al., 2020). The primary hydraulic 

limitation among soil–plant continuum is a matter of debate. For instance, Sperry et al. (2002) 

argued that either xylem or rhizosphere are primary hydraulic limitations to transpiration. 

Afterward, Sperry and Love (2015) suggested xylem as the main hydraulic constraint to 



  

100 
 

transpiration. Carminati and Javaux (2020) proposed that declining soil hydraulic conductance 

is the driver of stomatal closure. The authors, utilizing meta-analysis, validated their concept 

among different plant species and soil types (Carminati and Javaux, 2020). Although there is 

no consensus regarding the primary hydraulic limitation, either above- or below-ground, both 

models argue that stomata respond to the hydraulic non-linearity (Sperry and Love, 2015; 

Carminati and Javaux, 2020).  

Indeed, recent studies experimentally demonstrated that stomata close at the onset of hydraulic 

non-linearity (Abdalla et al., In Press) (Figure 4.1). Further, the onset of non-linearity was 

proved to respond to changes in below-ground traits. For instance, Carminati et al. (2017) 

demonstrated that, in barley, root-hairless mutant exhibited non-linear relation between 

transpiration rate and leaf water potential, while the wild type counterpart showed linear 

relation. Cai et al. (2021) illustrated diverse onset of hydraulic non-linearity based soil texture 

for identical maize genotypes. Abdalla et al. (In Press) showed that changing root length 

altered the onset of hydraulic non-linearity, and that below-ground hydraulics control stomatal 

closure of tomato during soil drying. Furthermore, recent studies demonstrated that stomata 

closure was driven by declining root hydraulic conductance (Rodriguez‐Dominguez and 

Brodribb, 2020; Bourbia et al., 2021). These conclusions together support that a decline in 

below-ground hydraulics, i.e. root, soil and/or interface, constitutes non-linearity between 

transpiration rate and leaf water potential. Nonetheless, the mechanism that allows stomata to 

respond to such non-linearity remains obscure (Javaux and Carminati, 2021).  

Abscisic acid is a potential candidate allowing stomata to function optimally in response to 

diverse environmental stressors. A potential mechanism might be through a chemical signal 

that mediates stomatal closure. Mounting evidence established the inverse relation between 

ABA and stomatal conductance (Davies and Zhang, 1991; Schurr et al., 1992; Dodd, 2005; 

Brodribb and McAdam, 2011; McAdam and Brodribb, 2018). Earlier studies suggested a 

cross-talk between root and shoot under stress conditions. Roots were suggested to produce 

ABA that is transferred to the shoot and induces stomatal closure (Davies and Zhang, 1991; 

Dodd, 2005). However, root-sourced ABA has been shown to play no role in stomatal closure 

of tomato (Holbrook et al., 2002). Furthermore, recent studies demonstrated that ABA was de 

novo synthesized in leaf mesophyll and drove stomatal closure (McAdam and Brodribb, 2018). 
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Together these studies suggest that there is little consensus regarding the location of ABA 

production, but emphasizing its essentiality to guard cells movement. The fact that ABA 

initiates stomatal closure suggests a potential correlation between ABA abundance/synthesis 

and the onset of hydraulic non-linearity (Wankmüller and Carminati, 2021). Here we ask: what 

is the role of ABA in stomatal response to the hydraulic non-linearity.  

We hypothesize that ABA would allow plants to avoid non-linearity by the earlier stomatal 

closure sustain higher leaf water potential. The rationale is that, in the non-linear zone, a tiny 

increment in transpiration would require a large drop in leaf water potential, which is 

inconvenient for plant. On the other hand, the ABA-deficient mutant might not respond to non-

linearity and show limited stomatal regulation, which would require higher water fluxes at the 

root surface, causing a steep drop in matric potential in the vicinity around the root. This in 

turn would entail a more negative water potential in leaves of ABA-deficient plants, and 

consequently, incidence of the non-linearity, which might possibly occur in a combination of 

wet soil conditions and high transpiration rates. 

This study investigated the interplay between ABA and the onset of hydraulic non-linearity, 

using an ABA-deficient mutant and the corresponding wild type (Holbrook et al., 2002; 

Brodribb et al., 2021). We tested this hypothesis by concomitantly measuring transpiration rate 

and leaf water potential of the ABA-deficient mutant and its near-isogenic parent line. We used 

a root pressure chamber that facilitates measurements with high temporal resolution in intact 

plants and allows exploring the zone beyond stomatal closure by keeping shoots turgid.  

4.3 MATERIALS AND METHODS 

4.3.1 Plant and soil 

Two tomato varieties were used in this study, ABA-deficient mutant, sitiens, and its near-

isogenic parent line, Rheinlands Rhum (Holbrook et al., 2002). Seeds of both genotypes were 

surface-sterilized using 30 % H2O2 for 30 seconds, then germinated on saturated filter paper in 

a petri dish for five days. Germinated seeds were transplanted in polyvinyl chloride columns 

(22 cm height and 7 cm diameter). The columns were filled with sandy soil that was sieved 

through 1-mm sieve, as described by Vetterlein et al. (2021). Aluminum disk was used to top 

up the column with a center hole for seedlings. Three holes (diameter of 0.5 cm) were made 
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every 6 cm on columns sides to allow measurements of soil water content, for which we used 

a time-domain refractometer (TDR, E-Test, Lublin, Poland). The soil water retention curve 

and soil unsaturated hydraulic conductivity curve were reported in Vetterlein et al. (2021). 

Seedlings were grown under the ambient conditions (temperature: 25 °C; relative humidity: 55 

%; photosynthetic photon flux density: 185 µmol m-2 s-1) for five weeks. The soil was kept wet 

by irrigating every other day. Before starting the measurements, plants were glued at the collar 

to the surrounding aluminum plate to facilitate the anticipated pressurization.  

4.3.2 Transpiration and leaf water potential 

Root pressure chamber system (RPCS) was used to conduct simultaneous measurements of 

transpiration and leaf water potential in intact plants. A detailed description of the RPCS was 

presented in both chapter two and three. Briefly, RPCS incorporates a root pressure chamber, 

a cuvette and a central control unit. Light-emitting diodes were attached to the cuvette and 

provided adjustable levels of photosynthetic photon flux density (PPFD). Temperature and 

relative humidity were measured in the ingoing and outgoing air. A controlled airflow passed 

continuously through the cuvette in a rate of 8.2 L min-1. Transpiration rate was calculated by 

multiplying the airflow rate by the difference between the ingoing and outgoing humidity, 

while leaf water potential was obtained by pressurization. The premise of the RPCS is 

balancing the suction inside leaf xylem to the atmospheric pressure by applying pneumatic 

pressure to the soil and intact root system. The balancing pressure is numerically equal to the 

suction inside leaf xylem before pressurization (Passioura, 1980; Abdalla et al., 2021). During 

the measurements, a meniscus system was connected to a leaf cut evaluating droplet stability.  

Photosynthetic photon flux density (PPFD) was increased from 0 to 1000 µmol m-2 s-1, 

stepwise, to increase transpiration rate. Simultaneously, corresponding leaf water potential was 

measured at each PPFD. Plants of both genotypes were measured under wet soil conditions.  

As demonstrated in chapter two, the slope of the relation between transpiration rate and leaf 

water potential in wet soil depicts root hydraulic conductance. Root hydraulic conductance of 

both genotypes was measured by applying Darcy’s low (considering plant as a porous medium) 
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and knowing the transpiration fluxes as well as the pressure gradients and assuming steady-

state conditions.  

Figure 4.1 Relation between transpiration 

rate and leaf water potential for a) 

Lycopersicon hirsutum, b) a hybrid of 

Lycopersicon hirsutum and Solanum 

pimpinellifolium and c) Solanum 

lycopersicon. The relation was linear in wet 

soils (blue-green) and non-linear in dry soils 

(brown-pink). Stomata close at the onset of 

the non-linearity (red squares). See chapter 

two and three for more details.  

 

4.4 RESULTS AND 

DISCUSSION 

In chapter two and three, we 

demonstrated that tomato exhibited 

linear relation between transpiration rate 

and leaf water potential in wet soils and 

non-linear only under dry soils. Figure 

4.1 shows that stomata close at the onset 

of the hydraulic non-linearity. In other words, stomata closed to avoid excessive and non-linear 

decline in leaf water potential. The drier the soil, the lower the transpiration rate at which non-

linearity occurred and stomata closed (Figure 4.1; see also chapter two and three). For a 

specific shoot, the onset of the non-linearity was shifted by changing the root length, and hence, 

stomatal closure was shifted (see the red squares in Figure 4.1, a – b). These findings 

demonstrated that stomata responded to the incidence of hydraulic non-linearity, and 

maintained plant within the linear zone by regulating proportionality between transpiration rate 

and leaf water potential.  
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The relation between transpiration rate and leaf water potential in the wild type was linear 

(Figure 4.2). However, ABA-deficient mutant exhibited non-linearity in wet soil, where leaf 

water potential abruptly declined in response to a tiny increment in transpiration rate (Figure 

4.2). This result supports our hypothesis that ABA facilitated earlier stomatal closure that 

reduced transpiration rates allowing a proportional decline in leaf water potential, as observed 

in wild type in Figure 4.2. Furthermore, ABA-deficient mutant showed higher transpiration 

rates, which required higher water fluxes at the root surface, causing a steep drop of matric 

potential in the vicinity around the root and, consequently, more negative leaf water potential.  

 

Figure 4.2 Relation between transpiration rate (E) and leaf xylem water potential (ψleaf-x) in wet soil 

conditions (soil water potential: ψsoil [MPa]). Wild type (WT; triangles) exhibited linear relation 

between E and ψleaf-x, while ABA-deficient mutant (MUT; open symbols) shows non-linear relation, 

even in wet soils.  

Maximum transpiration rate of both genotypes revealed limited stomatal regulation in ABA-

deficient mutant, unlike the wild type. The transpiration rate in WT reached a maximum of 1.1 

×10-3 cm3 s-1 after the plant exposure to a PPFD of 1000 μmol m2 s-1. Meanwhile, ABA-

deficient mutant increased transpiration rate more than 1.7 ×10-3 cm3 s-1 as PPFD reached 1000 
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μmol m2 s-1 (Figure 4.3). These results support that ABA facilitates earlier stomatal closure 

and diminishes maximum water loss. Greater stomatal conductance was observed in ABA-

deficient tomato in previous studies (Holbrook et al., 2002). Moreover, over-accumulation of 

ABA was shown to cause a reduction of stomatal conductance in tomato plants (Lamarque et 

al., 2020) and attenuate the increment in transpiration in pearl millet despite increased vapor 

pressure deficit (VPD) (Kholová et al., 2010). Minimizing water loss under higher 

transpiration demand was suggested as a mechanism to overcome water stress in crops 

(Kholová et al., 2010; López et al., 2021; Sadok et al., 2021).  

 

 

The slope of the relation between transpiration rate and leaf water potential depicts soil-root 

hydraulic conductance (Abdalla et al., 2021). Interestingly, the WT displayed higher soil-root 

hydraulic conductance, which was equal to 9.6×10-3 cm3 s-1 MPa-1. Meanwhile, the Mut 

showed ca. 70 % less soil–plant hydraulic conductance, equal to 5.5×10-3 cm3 s-1 MPa-1. This 

Figure 4.3 Light response curve of wild type (WT) and ABA-deficient mutant (Mut).  ABA 

facilitates lower transpiration rates (E) despite increasing photosynthetic photon flux density 

(PPFD). 
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result is in line with the findings of Thompson et al. (2007), who demonstrated an improved 

root hydraulic conductance that associated with ABA over-accumulation in tomato.  

Predawn leaf water potential, being the intercept of E(ψleaf-x)-relation, was more negative in 

Mut compared to WT (Figure 4.2), which is in line with the findings of Lamarque et al. (2020), 

who showed less negative predawn leaf water potential of tomato that over-accumulated ABA 

(Lamarque et al., 2020). Shifts in predawn water potential were related to the differences in 

osmotic potential between soil and plant (Abdalla et al., In Press; Donovan et al., 2001; Cai et 

al., 2020b; Zhang et al., 2021). Naturally, plants exclude numerous ions during water uptake 

(Munns and Gilliham, 2015). ABA was documented to facilitate ion exclusion during root 

water uptake (Chen et al., 2001). Hence, ABA-deficient mutant might not exclude ions as 

efficiently as WT and consequently had more negative osmotic potential that must have 

contributed to the deviation in predawn leaf water potential. Additionally, transpiration rate 

was higher in Mut (as shown in Figure 4.3), which means more solutes must have been 

accumulated inside Mut than WT. Anticipated differences in osmotic potential, due to ABA-

assisted ion exclusion, might explain the offset in predawn leaf water potential between Mut 

and WT.  

In conclusion, we have demonstrated that ABA could be a mechanism that allows plants to 

close stomata to avoid the incidence of hydraulic non-linearity in the relation between 

transpiration and leaf water potential. Further investigations are needed to reveal the interplay 

between ABA, leaf water potential, stomatal conductance, and carbon assimilation rate during 

soil drying in different species and soil types.  
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5 Chapter five: Coupled effects of soil drying and salinity on soil–

plant hydraulics 

   

Adapted from the article published as Mohanned Abdalla, Mutez Ali Ahmed, Gaochao Cai, 

Mohsen Zarebanadkauki, and Andrea Carminati (2022). Coupled effects of soil drying and 

salinity on soil–plant hydraulics. Plant Physiology, 190 (2) 1228 – 1241.  
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Short title: Soil–plant hydraulics shift under abiotic stress 

One-sentence summary: A physical model interprets transpiration reduction under drought 

and salinity  as a consequence of osmotic gradients at the root surface that cause a severe drop 

in leaf water potential.   
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5.1 ABSTRACT 

Salinity and soil drying are expected to induce salt accumulation at the root-soil interface of 

transpiring plants. However, the consequences of this on the relationship between transpiration 

rate (E) and leaf xylem water potential (ψleaf-x) are yet to be quantified. Here we used a non-

invasive root pressure chamber to measure the E(ψleaf-x) relationship of tomato (Solanum 

lycopersicum L.) treated with (saline) or without 100 mM NaCl (non-saline conditions). The 

results were reproduced and interpreted with a soil-plant hydraulic model. Under non-saline 

conditions, the E(ψleaf-x) relationship became progressively more non-linear as the soil dried (θ 

≤ 0.13 cm3 cm-3, ψsoil ≤ -0.08 MPa). Under saline conditions, plants exhibited an earlier non-

linearity in the E(ψleaf-x) relationship (θ ≤ 0.15 cm3 cm-3, ψsoil ≤ -0.05 MPa). During soil drying, 

salinity induced a more negative ψleaf-x at predawn, reduced transpiration rate, and caused a 

reduction in root hydraulic conductance (from 1.48×10-6 to 1.30×10-6 cm3 s-1 hPa-1). The model 

suggested that the marked non-linearity was caused by salt accumulation at the root surface 

and the consequential osmotic gradients. In dry soils, most of water potential dissipation 

occurred in the bulk soil and rhizosphere rather than inside the plant. Under saline-dry 

conditions, the loss in osmotic potential at the root surface was the preeminent component of 

the total dissipation. The physical model of water flow and solute transport supports the 

hypothesis that a build-up of osmotic potential at the root-soil interface causes a large drop in 

ψleaf-x and limits transpiration rate under drought and salinity.  

 

Keywords:  

Grafting; Leaf water potential; Modeling; NaCl; Osmotic stress; Radial resistance; 

Rhizosphere; Root surface; Wild tomato.  
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5.2 INTRODUCTION  

Plants are increasingly subjected to episodes of edaphic and atmospheric water deficit during 

their life spans (Choat et al., 2018; Brodribb et al., 2020). Simultaneously, plants suffer from 

salinity in many areas worldwide (Kumar and Sharma, 2020; Harper et al., 2021; Hopmans et 

al., 2021). Hence, understanding how plants react to co-occurring stressors can play a 

substantial role not only in stabilizing crop performance under combined stress, but also in the 

conservation of natural vegetation (Chaves et al., 2009).  

Using soil-plant hydraulic frameworks, recent studies have endeavored to understand plant 

responses to water deficit in both soil and atmosphere (Sperry and Love, 2015; Carminati and 

Javaux, 2020; Liu et al., 2020). Soil water deficit generates hydraulic limitations to water 

uptake and transpiration (Draye et al., 2010; Rodriguez‐Dominguez and Brodribb, 2020; 

Abdalla et al., 2021; Bourbia et al., 2021). In dry soils, below-ground hydraulic limitations 

shape the relationship between transpiration rate and leaf water potential and subsequently the 

onset of stress (Carminati and Javaux, 2020; Abdalla et al., 2021; Bourbia et al., 2021; Cai et 

al., 2021; Javaux and Carminati, 2021; Abdalla et al., 2022). Revealing the mechanism 

involved in shaping the relationship between transpiration rate and leaf water potential, as well 

as triggering stomatal closure under drought, is a prerequisite to understanding transpiration 

reduction under other coexisting biotic and/or abiotic stresses.   

Soil salinity can limit crop growth and productivity, with great impacts in arid and semi-arid 

regions (Munns, 2002; Fricke et al., 2004; Munns and Tester, 2008; Chaves et al., 2009). High 

salt concentration in soil limits the ability of roots to take up water (Munns and Tester, 2008), 

similar to the impact of soil drying (Munns, 2002). Salinity triggers stomatal closure, 

subsequently impacting photosynthesis and plant growth and development (Munns, 2002; 

Fricke et al., 2004; Munns and Tester, 2008; Chaves et al., 2009). Besides reducing water 

availability, salt accumulation in soil induces toxic effects of sodium and chlorine ions in crops 

and trees (Munns and Tester, 2008; van Zelm et al., 2020; Zhang et al., 2021).  

Recently, Munns et al. (2020b) postulated that plant must exclude 98% of Na+ and Cl- from 

saline soil while taking up water to avoid ion accumulation inside plant tissues (Munns and 

Gilliham, 2015; Munns et al., 2020b). Consequently, salts might build up around roots and 
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possibly induce osmotic stress (Stirzaker and Passioura, 1996). Nonetheless, determining salt 

concentrations at the root-soil interface of intact plants during soil drying is difficult and our 

understanding of salt accumulation is incomplete.  

Various experimental approaches have been utilized to explore salt accumulation around the 

root. Hamza and Aylmore (1992a; 1992b) integrated invasive and non-invasive methods to 

determine water extraction, Na+ concentration near roots, transpiration rate, and the 

corresponding leaf water potential (Hamza and Aylmore, 1992b). The authors showed salt 

accumulated at the root-soil interface in wet soils (Hamza and Aylmore, 1992a; Hamza and 

Aylmore, 1992b). However, their method was prone to experimental artifacts in dry soil 

conditions (Hamza et al., 2001). Magnetic resonance imaging (MRI) has also been utilized for 

non-invasive imaging of solute transport to roots (Haber-Pohlmeier et al., 2017). However, its 

application to quantify NaCl concentrations at the root-soil interface has been limited to 

specific soil types and relatively small sample sizes (Perelman et al., 2020b). Furthermore, the 

leaf water potential was not measured in the latter study. Stirzaker and Passioura (1996) 

investigated the resistances in water pathways from soil to leaf and the consequences of the 

osmotic stress. The authors used non-saline nutrient solution, which mimicked the range of 

osmotic potential in field conditions, i.e., ≥ -0.07 MPa (Stirzaker and Passioura, 1996). The 

authors concluded that osmotic stress had occurred due to salt build-up at the root-soil interface 

(Stirzaker and Passioura, 1996). However, the combined effects of salinity and water stress 

were not investigated.  

Salts are transported towards the root surface due to convective and diffusive processes during 

root water uptake. Convection processes are driven by transpiration and the water fluxes 

toward the root surface and tend to increase salt content at the root-soil interface. Diffusive 

transport of solutes tends to equalize the concentration of salts (within the liquid phase). Solute 

accumulation at the root surface depends on the relative importance of convection and 

diffusion. As soil moisture affects both the water fluxes and the diffusion coefficient (Moldrup 

et al., 2001), it is a prerequisite to knowing the gradients in soil moisture around the roots, 

which depend on both soil hydraulic properties and transpiration rates. Therefore, to fully 

predict salt accumulation at the root-soil interface, one needs to couple models of water flow 

to the root with a model of solute transport in soils (de Jong van Lier et al., 2009; Schröder et 
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al., 2014; Jorda et al., 2018). However, experimental validations and measured parameters for 

these simulations remain lacking. 

We hypothesize that salt accumulation at the root surface will hinder transpiration by 

increasing the osmotic gradients at the root surface. Hence, a further decline in leaf water 

potential will be required to sustain transpiration under salinity conditions. Additionally, salt 

might reduce root hydraulic conductance possibly as a consequence of salt accumulation inside 

the root or due to sodium toxicity affecting internal root tissues (Azaizeh and Steudle, 1991; 

Azaizeh et al., 1992; Fricke et al., 2004; Boursiac et al., 2005). Furthermore, NaCl has been 

documented to impact the swelling and dispersion of clay particles within soil aggregates 

(Gupta and Verma, 1985), which potentially changes soil structure and pore geometry and 

hence impacts soil hydraulic properties (Tuller et al., 1999; Klopp and Daigh, 2020).  

In this study, we combined a root pressure chamber (Cai et al., 2020b) and a model of soil 

water flow and salt transport to investigate the coupled effects of soil drying and salinity on 

soil-plant hydraulics. We measured the relationship between transpiration rate and leaf xylem 

water potential of tomato (Solanum lycopersicum L.) with and without NaCl treatment. This 

method accurately measures the drop in water potential at the root surface in intact plants with 

high temporal resolution (Carminati et al., 2017; Cai et al., 2020b; Cai et al., 2021), which can 

be potentially induced by salt accumulation. In parallel, we also evaluated the effect of salinity 

(100 mM NaCl) on the hydraulic properties of the soil. We used a soil-plant hydraulic model 

of Carminati and Javaux (2020) to reproduce and interpret the measurements. The model 

accounts for the series of resistances across the soil-plant continuum to predict transpiration 

rate and leaf water potential at a given soil water potential. The model was implemented to 

include the effect of salt accumulation at the root surface. 

5.3 RESULTS  

Plants were grown in similar conditions and NaCl treatment was applied just before the drying 

cycle. We found no significant differences in total root length (31.9 m ± 7.9 and 37.5 m ± 3.1 

standard deviation; p-value = 0.323) and root radius (0.0215 cm ± 0.0002 and 0.0219 cm ± 

0.0008; p-value = 0.44) between the non-saline and saline conditions, respectively 

(Supplemental Figure S1; n = 3).  
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The NaCl treatment influenced the relationship between transpiration rate and leaf xylem water 

potential during soil drying (Figure 5.1). In wet conditions, leaf xylem water potential in non-

saline plants decreased linearly with increasing transpiration rate, whereas NaCl-treated ones 

showed non-linearity under relatively wet soil conditions (θ ≤ 0.15 cm3 cm-3; Figure 5.1; Table 

1). In dry soils, non-linearity emerged in both treatments, and it was more marked under saline 

conditions (Figure 5.1). Non-linear relationship (significant quadratic term of regression, p-

value < 0.05) occurred at θ ≤ 0.15 cm3 cm-3 under saline conditions, whereas, in non-saline 

conditions, the non-linearity (significant quadratic term of regression, p-value < 0.05) was 

observed at θ ≤ 0.13 cm3 cm-3. We have additionally fitted two linear lines to the measurements 

as shown in Supplemental Figure S2 and Supplemental Figure S3. 

Salinity significantly reduced the maximum transpiration rate during soil drying, with and 

without plant pressurization (Figure 5.2; p-value < 0.01; Supplemental Tables S1 and S2; n = 

3). Pressurization sustained higher transpiration rates in dry soils as well as in wet soils under 

salinity conditions (Figure 5.2). The increment in photosynthetic photon flux density 

significantly increased transpiration rate during soil drying (Figure 5.2; Supplemental Tables 

S2; p-value < 0.001; n = 6).  

Predawn leaf xylem water potential deviated from soil matric potential as soil started to dry in 

both treatments. Non-saline plants showed higher (less negative) predawn leaf water potential 

in comparison to the soil matric potential in dry soil (Figure 5.3). By contrast, plants with 100 

mM NaCl treatment showed lower (more negative) predawn leaf water potential in wet 

conditions with a progressive decline as the soil dried (e.g., from -0.05 to -0.3 MPa in wet soil 

and from -0.2 to -0.9 MPa in dry soil; Figure 5.3). The analysis of covariance showed a 

significant shift to lower (more negative) predawn leaf water after 100 mM NaCl treatment (p-

value < 0.01; n = 3; Supplemental Figure S4, Supplemental Tables S3 and S4). In wet soils, 

osmotic potential in soil was -0.02 MPa and declined to -0.29 MPa with salinity treatment. 

NaCl treatment showed no significant influence (confidence intervals at 95%) on either water 

retention curve or unsaturated hydraulic conductivity curve of the sandy loam used in this 

study, especially within the range of measurements (Figure 5.4).  
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Figure 5.1 Relationship between transpiration (E) and leaf xylem potential (ψleaf-x) in non-saline (-

NaCl; open symbols) and saline-treated plants (+NaCl; asterisks) during soil drying. Without NaCl 

treatment, the relationship is linear in wet conditions (A), starts to bend as the soil dries (B), eventually 

shows clear non-linearity in dry soils (C). Under saline conditions (i.e., 100 mM NaCl), E(ψleaf-x)-

relation shows a more marked non-linearity, especially with high E during soil drying. The relationship 

was fitted, at each soil water content, with linear and quadratic functions (see values of R2 in Table 

5.1). In sum, soil drying accentuates the impacts of NaCl. Similar colors within each subplot stand for 

similar soil water contents (θ; cm3 cm-3).  
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Table 5.1. Estimations of R2 for linear and non-linear (quadratic) models fitting the 
relationship between transpiration rate and leaf water potential under saline and non-saline 
conditions in Figure 5.1. 

Saline 
SWC* 0.2217 0.2016 0.1801 0.1551 0.1343 0.1256 0.1174 0.1083 0.0929 0.0841 

R2 Linear 0.92 0.90 0.97 0.91 0.87 0.86 0.81 0.77 0.88 0.75 

R2 quadratic 0.99 0.98 0.99 0.98 0.97 0.98 0.95 0.89 0.99 0.96 

Non-Saline 

SWC*  0.2231 0.2133 0.1392 0.1254 0.1159 0.1128 0.1054 0.0976 0.0852 

R2 linear 0.99 0.95 0.98 0.85 0.84 0.84 0.73 0.85 0.91 

R2 quadratic 0.99 0.95 0.99 0.98 0.99 0.96 0.94 0.92 0.99 

*SWC: soil water content (cm3 cm-3). 

 

Figure 5.2 Transpiration (E) at different soil water contents (θ) and photosynthetic photon flux 

densities (PPFD; µmol m-2 s-1). (A) under non-saline conditions and (B) under saline conditions. E was 

obtained with (closed symbol) and without plant pressurization (red stars; NP). Salinity significantly 

reduced maximum E during soil drying as denoted by lowercase letters for unpressurized (p-value < 

0.01, n = 3, Tukey-Kramer test) and asterisks for pressurized measurements (p-value < 0.001, n = 3, 

Tukey-Kramer test). 
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Figure 5.3 Impacts of salinity on predawn leaf water potential (ψleaf-x-PD) at different soil matric 

potentials (ψsoil). Values of ψleaf-x-PD are corresponding to the intercept of E(ψleaf-x)-relations in Figure 

5.1. Salinity shifted ψleaf-x-PD to be more negative compared to the non-saline treatment at similar soil 

matric potential (p-value < 0.01; n = 3; analysis of covariance followed by Tukey-Kramer test; see 

Supplemental Figure S4 and Supplemental Tables S3 and S4). 

The soil-plant hydraulic model reproduced the relationship between transpiration rate and leaf 

xylem water potential during soil drying with and without NaCl treatments (Figure 5.5, A and 

B). The modeling results showed that salt treatment induced a rapid decline in leaf xylem water 

potential compared to non-saline treatment (Figure 5.6, A and B). The decline in leaf xylem 

water potential during soil drying was accelerated by salinity (Figure 5.6, A and B). In the 

model, we inversely varied root length (as a fitting parameter) to reproduce the measured 

relationship between leaf xylem water potential and transpiration rate. Root length active in 

water uptake was estimated to be 1536 and 5244 cm for non-saline and saline treatment, 

respectively. The estimated root length must be interpreted with caution (see Discussion). With 

NaCl treatment, root hydraulic conductance (1.30×10-6 cm3 s-1 hPa-1) was slightly lower than 

the non-saline treatment in wet soil conditions (1.48×10-6 cm3 s-1 hPa-1; p-value = 0.692, n = 

3).  
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Figure 5.4 Soil hydraulic properties of the non-saline (0 mM NaCl) and saline (100 mM NaCl) sandy 

loam soil. (A) Soil water retention curves, i.e. the relationship between soil water potential (ψsoil) and 

soil water content (θ). (B) Soil hydraulic conductivity (K) curves. The curves were parameterized with 

Peters-Durner-Iden model (Peters et al., 2015). NaCl treatment did not show significant influence on 

soil hydraulic properties (dotted lines depict confidence intervals at 95%, n = 3), especially within the 

range of measurements (θ: 0.22 - 0.07 cm3 cm-3; K: 10-5 - 10-11
 cm s-1). 

The modeling results suggested that, in dry and saline conditions, the salt concentration at the 

root surface increased by a factor of three within one day of measurements (Figure 5.6, C and 

D), which was less evident in non-saline conditions (Figure 5.6 C). These results revealed that 

salts have accumulated at the root surface under dry and saline soil conditions. Note that also 

in non-saline soil a minimal build-up of solutes occurred under high transpiration rate and dry 

soil conditions. The decline in leaf xylem water potential temporally followed the 

accumulation of NaCl at the root surface, particularly with salt treatment (Figure 5.6). We 

simulated the depletion in soil water content within the vicinity around the root (0.05 – 0.2 cm) 

during the measurements (Figure 5.7). In wet conditions, during measurements time (five and 

three hours for non-saline and saline-treated measurements, respectively), soil water content 

decreased from 0.23 to 0.22 cm3 cm-3 and from 0.22 to 0.19 cm3 cm-3 with and without NaCl 

treatment, respectively (Figure 5.7, A and B). The maximum transpiration rate under wet non-

saline conditions was 1.5×10-3 cm3 s-1 (Figure 5.2 A). The limited decrease of soil water 

content in wet saline conditions was a reflection of the limited transpiration rate under these 

conditions (see transpiration without pressurization in Figure 5.2 B). In dry conditions, the 
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depletion rate was lower (~ 0.01 cm3 cm-3; Figure 5.7, C – F). The corresponding maximum 

transpiration rate obtained without plant pressurization (~ 0.5×10-3 cm3 s-1) was only one third 

of that in wet conditions (Figure 5.2 A). Note that small changes in soil water content generate 

large gradients in soil water potential in dry conditions compared to wet conditions (see Figure 

5.4).  

   

Figure 5.5 Comparison of transpiration rate (E) and leaf xylem water potential (ψleaf-x) between non-

saline and saline conditions. The relationship between E and ψleaf-x was reproduced by the soil-plant 

hydraulic model for A) non-saline and B) saline-treated plants during soil drying. Water stress level 

was represented at three soil water contents (θ = 0.22, 0.10 and 0.09 cm3 cm-3) for both non-saline and 

saline-treated plants (meas: measured; sim: simulated). 
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Figure 5.6 Changes in leaf xylem water potential (ψleaf-x) and NaCl over time. The dynamics of ψleaf-

x over time (A and B) follow salt accumulation at root surface for the corresponding time 

periods (C and D). Open symbols and asterisks denote measurements of non-saline and 100 

mM NaCl treatment, respectively (A – B). Connected triangles stand for the simulated values 

(A – B; meas: measured; sim: simulated). Salt accumulation was simulated by the soil-plant 

model in non-saline (C), and saline conditions (D). 

Osmotic potentials (ψπ) around roots were lower after NaCl treatment (Figure 5.8). The decline 

in ψπ was more pronounced near the root surface after several hours of transpiration (Figure 

5.8, A – D). In wet soils, the decrease of ψπ was negligible in non-saline plants; however, it 

declined to -0.24 MPa in saline conditions (Figure 5.8, A and B). In dry soils, ψπ at the root 

surface was -0.2 MPa in non-saline plants and dropped to -0.8 MPa after salt treatment (Figure 

5.8, E – F).  
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Figure 5.7 Spatiotemporal distribution of soil water content (θ; cm3 cm-3) toward the root surface. The 

panels show three levels of water stress, namely, θ ≈ 0.22 cm3 cm-3 for A – B, 0.10 cm3 cm-3 for C – D, 

and 0.09 cm3 cm-3 for E – F. The gradients in θ are more pronounced in wet soil (when the transpiration 

was greater) without NaCl treatment (which had a smaller root length active in water uptake). In dry 

soils and salt-treated ones, the gradients are less marked, reflecting (1) an impeded water uptake (2) 

the shape of the water retention curve. In these figures, color bars depict θ.  
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Figure 5.8 Spatiotemporal distribution of soil osmotic potential (ψπ; MPa) toward the root surface. 

Initial soil water content for A and B θ = 0.22, C and D θ = 0.10, E and F θ = 0.09 cm3 cm-3. The 

gradients of ψπ were originated from salt accumulation at the root surface (Figure 5.6, C and D), and 

the corresponding profile of soil water content in Figure 5.7. Salt treatments induced additional 

osmotic gradients at the root surface. Here, color bars stand for ψπ gradients and have three scales 

based on soil water content. Please note the different time scales on the x-axes. 
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The decreases in water potentials across the soil-plant continuum were estimated from 

modeling the experimental results and are shown at the maximum transpiration rates for three 

exemplary soil water contents. In wet conditions (soil water content = 0.22), the decrease of 

the potential in non-saline treatment occurred mainly in the plant due to the resistance to water 

flow (-0.17 MPa). Under saline conditions, the decrease in the osmotic potential was important 

(-0.24 MPa; Figure 5.9). In dry soil conditions (soil water content = 0.10, 0.09), water potential 

dissipation in the bulk soil and the rhizosphere were greater than the loss inside the plant 

(Figure 5.9). The loss in osmotic potential at the root surface was the preeminent component 

of the total loss under saline-dry conditions (-0.83 MPa; Figure 5.9). The total loss represented 

leaf water potential at maximum transpiration rate. Note that these values are based on the 

model results. Although the model well fitted the data, the underlying assumptions did impact 

the results. For instance, processes such as root shrinkage and the consequent loss of 

conductivity in the rhizosphere are not explicitly simulated. Shrinkage is likely to have 

occurred in wetter soils under saline conditions due to the buildup of solutes. The model would 

compensate for neglecting such a process but underestimating the model parameters, such as 

the active root length L. 

5.4 DISCUSSION 

We demonstrated that the combined effects of salinity and soil drying altered the relationship 

between transpiration and leaf xylem water potential in tomato. Without salt treatment, the 

relationship between transpiration rate and leaf xylem water potential was mostly linear in wet 

soil conditions; thereafter, as soil progressively dried, the relationship became non-linear 

(Figure 5.1). These results are in line with previous findings in tomato (Abdalla et al., 2021), 

as well as other crops (Passioura, 1980; Deery et al., 2013; Carminati et al., 2017; Hayat et al., 

2019; Cai et al., 2020a; Hayat et al., 2020; Cai et al., 2021). On the other hand, saline and dry 

soil entailed a more severe decline in leaf xylem water potential for increasing transpiration 

(Figure 5.1 and Figure 5.5). The reduction in the slope of the E(ψleaf-x) relationship can be 

explained by the accumulation of salts at the root-soil interface and the decrease in osmotic 

potential at low soil water contents or at high transpiration rates. Indeed, the model of solute-

diffusion coupled with water flow confirmed this explanation. However, we cannot exclude 

the possibility that NaCl also impacts root hydraulic conductance, which might be due to salt 
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accumulation inside the root or at the root surface (Stirzaker and Passioura, 1996). The premise 

is that NaCl accumulates inside the root and reduces its hydraulic conductance at the cellular 

level (Tyerman et al., 1989; Azaizeh and Steudle, 1991; Azaizeh et al., 1992; Wan, 2010), as 

well as the entire root system (Boursiac et al., 2005; Fricke et al., 2014). Under saline 

conditions, the decline in root conductance might potentially explain transpiration reduction 

even in wet soils, owing to the fact that root resistance is a considerable hydraulic limitation to 

transpiration (Vadez, 2014; Ahmed et al., 2018; Carminati et al., 2020; Rodriguez‐Dominguez 

and Brodribb, 2020; Abdalla et al., 2021; Cai et al., 2022). 

 

Figure 5.9 Dissipation of water potentials across the soil-plant continuum, divided in its components. 

(A) non-saline and (B) saline conditions. Under low soil water content (SWC = 0.10, 0.09), greater 

decreases in matric potentials occurred in the bulk soil and the rhizosphere compared to wet soil 

conditions (SWC = 0.22). Under saline conditions (100 mM NaCl), the decreases in soil osmotic 

potential were the greater contributor to the total decease, especially in dry soils. 

Predawn leaf water potential deviated from soil matric potential in both treatments. In non-

saline treatment, predawn leaf water potential was higher than that of the soil. However, the 

soil matric potential, as obtained from time-domain refractometer (TDR) and soil retention 
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curve, is an approximation of what the plant senses. Furthermore, the water retention curve 

was measured in unplanted soil, and plants might change this relationship (Helliwell et al. 

2017). Additionally, the leaf xylem might have had a greater solute concentration than the soil 

in the non-saline treatment, which would explain the difference. Salinity induced a more 

negative predawn water potential in saline compared to non-saline conditions (Figure 5.3), 

which is well explained by the low osmotic potential of the soil (Donovan et al., 2001; Cai et 

al., 2020a; Zhang et al., 2021). 

Na+ and Cl- exclusion during water uptake is proposed as a successful mechanism of salt 

tolerance in crops (Munns, 1985; Munns and Tester, 2008; van Zelm et al., 2020). 

Subsequently, salt concentration near roots will increase compared to bulk soils (Munns et al., 

2020a; Munns et al., 2020b; Perelman et al., 2020a). This accumulation induces additional 

osmotic gradients at the root surface in dry soils, as predicted by the model (Figure 5.6, C and 

D; Figure 5.8). Generally, ions that are not excluded from the transpiration stream might 

accumulate inside plant tissues causing irreversible damage (Passioura, 2020), especially under 

prolonged exposure to saline conditions. Plant responses to salinity occur over a wide time 

range, starting from the first minutes of exposure up to several months in perennial species 

(Munns, 2002). Short-term exposure (1–3 days) was criticized as a non-sufficient time course 

allowing plant adaptation to salinity (Passioura, 2020). In the current study, the plants 

experienced salinity for 2–3 days before starting the measurements, which lasted circa 7–9 

days, implying that either Na+ and Cl- exclusion was efficient and ions’ concentrations 

remained below toxic levels or plants started to adapt and compartmentalized the ions within 

vacuoles. Prolonged exposure (> 8 days) to high concentrations of NaCl was reported to induce 

lethal consequences on leaves of barley (Hordeum vulgare cv. Clipper; Munns and Passioura, 

1984). In our study, out of the previously mentioned ~7 days, each plant was pressurized for 3 

or 4 days and only during daytime hours. Thus, salt-related responses (i.e. accumulation and 

root adaptation, especially within the context of soil-plant hydraulics) found sufficient time to 

occur, similarly to anticipated processes in field conditions in a comparable time frame (cf. 

Munns et al., 2000; Munns, 2002).    

Applying pressurized gas to root and soil had kept the shoot turgid, which allowed plants to 

sustain higher transpiration rates, especially in dry soil conditions (Figure 5.2). Interestingly, 
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in wet and saline conditions, maximum transpiration was lower without plant pressurization, 

suggesting that an increase in salinity-initiated stress reduced maximum transpiration by 

decreasing root hydraulic conductance (from 1.48×10-6 to 1.30×10-6 cm3 s-1 hPa-1), which 

supports our hypothesis. These results are in line with previous findings of Boursiac et al. 

(2005) and Fricke et al. (2014). Another possible explanation is that sodium ion toxicity might 

have occurred in leaves (due to increased transpiration/root water uptake) and induced osmotic 

damage on leaf tissues (Li et al., 2021; Zhang et al., 2021). Limited water depletion under 

saline wet conditions was also captured by the model (Figure 5.7 B), which additionally 

supports the finding regarding reduced transpiration.  

The model estimated an increase in the root length active in water uptake (L) under saline 

conditions compared to non-saline. It should be noted that L is a fitting parameter that controls 

the decreases in soil water potential around the root. Thus, this apparent increase in L under 

salt should be considered with caution (Abdalla et al., 2021; Cai et al., 2021). It is noteworthy 

that we used a simplified single root model, and the use of an architecture model has shown a 

decrease in effective root length in dry soils (Landsberg and Fowkes, 1978). In a previous 

study, Hayat et al. (2019) used both simplified and root architecture models to reproduce the 

relationship between transpiration rate and leaf water potential under heterogeneous soil 

moisture conditions. The authors found that the simplified model of root water uptake was 

capable of reproducing the relationship in wet and dry soils (Hayat et al., 2019). The drawback 

of using root architecture models is that they require additional parameters that are challenging 

to measure, especially in intact plants. 

Sodium ions were found to impact the swelling and dispersion processes of clay particles 

within soil aggregates (Gupta and Verma, 1985; Klopp and Daigh, 2020), resulting in a 

different pore geometry. However, our data suggest that this was not the case for the sandy 

loam used in this study and hence salinity in soil solution did not impact the hydraulic 

properties of bulk soil (Figure 5.4). It is worth noting that substrates used in this study were 

not aggregated soil due to sieving through a 1-mm sieve. The absence of soil aggregates might 

explain the neutral effect of salinity on hydraulic properties. However, our data cannot exclude 

the possibility that NaCl can impact the hydraulic properties of soils with diverse textures and 

structures.     
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In conclusion, salinity impacted the relationship between transpiration and leaf water potential 

in a predictable way. According to our modelling exercise, limited transpiration rates are 

explained by the accumulation of salts at the root-soil interface. Complementary measurements 

of salt concentration at the root-soil interface would be needed to support this interpretation. 

5.5 MATERIALS AND METHODS 

5.5.1 Soil and Plant preparation 

Grafted tomato (Solanum lycopersicum L.) plants were used in this study. Grafting facilitates 

the coupling of independent genotypes based on desirable traits of roots and shoots 

(Abdelhafeez et al., 1975; Albacete et al., 2015; Rouphael et al., 2018). Scions from the M82 

variety were grafted onto wild tomato (Lycopersicon hirsutum) that provided rootstock, which 

was suggested to potentially tolerate salinity stress (Bolarín et al., 1991). Seeds of scion and 

rootstock were sown simultaneously in different pots. Rootstock seeds were grown in 

polyvinyl chloride (PVC) cylinders 30 cm in height and 10 cm in diameter. Five holes with a 

diameter of 5 mm were made on the cylinders' side every 5 cm for soil water content 

measurement. The cylinders were filled with sandy-loam soil with a bulk density of 1.4 g cm-

3. The soil was a mixture of 62.5% loamy soil and 37.5% quartz sand passing through a 1-mm 

sieve to facilitate homogeneity among replicates. After soil filling, the cylinders were capped 

with an aluminum plate with a central hole 1.4 cm in diameter using silicon rubber glue 

(Teroson, Henkeln, Germany). 

Seeds were grown at a depth of 1.5 cm in the central hole of the aluminum plate. Seedlings of 

scions and rootstocks were grafted when the diameters of their stems matched, which occurred 

approximately one week after germination. Immediately after grafting, plants were placed 

inside a chamber at ca. 95% relative humidity and 200 µmol m-2 s-1 photosynthetic photon flux 

density (PPFD) for ca. five days. Thereafter, the established plants were placed in a climate-

controlled room with a photoperiod of 14 hours, a day/night temperature of 28/18 °C, and a 

day/night relative humidity of 57/65%. The PPFD was ca. 600 µmol m-2 s-1 (Luxmeter PCE-

174, Meschede, Germany). Soil water content was maintained above 0.15 cm3 cm-3 during the 

growth. 
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Two weeks after grafting, plants were transferred to the laboratory (PPFD: 200 µmol m-2 s-1; 

temperature 25/18°C) and sealed at the collar with a glue (Supplemental Figure S5; UHU plus 

Endfest 300, Bühl, Germany). To introduce saline conditions, three plants (out of six) were 

treated with 100 mM NaCl solution. Each plant received 200 ml within two to three days before 

the start of measurements. During plant growth, soil water content (θ) was measured using 

time-domain refractometer (TDR; E-Test, Lublin, Poland). Soil osmotic potential was 

measured in wet unplanted soil using an osmometer (VAPRO Pressure Osmometer 5600, 

ELITechGroup, USA).   

At the end of the experiments, plant biomass was evaluated in terms of leaf area and root length 

measurements. Leaf area was determined using ImageJ software (1.50e 

http://imagej.nih.gov/ij). After the experiments, roots were collected and the total root length 

and diameter were obtained using WinRihzo software (Regent Instruments Inc., Canada). 

5.5.2 Transpiration and leaf xylem water potential measurements 

A root pressure chamber system (RPCS) was used to simultaneously measure transpiration (E) 

and leaf xylem water potential (ψleaf-x) in intact plants during soil drying (Passioura, 1980). The 

RPCS was recently described in Cai et al. (2020a) and Abdalla et al. (2021). Briefly, the pot 

was placed inside a root pressure chamber, with the shoots enclosed in a cuvette to obtain E. 

Light-emitting diodes (LEDs) were attached to the cuvette vertically to provide a PPFD for E 

regulation. A continuous airflow with a velocity of 8.25 L min-1 passed through the cuvette. 

Combined temperature-humidity sensors (Galltec-Mela, Bondorf, Germany) measured the 

temperature and the relative humidity of the inward and the outward air continuously. E was 

determined by multiplying the airflow rate by the difference between the outward and the 

inward humidity.    

The basic concept of root pressure chambers was to balance the suction inside the plant by 

applying pneumatic pressure to the soil and roots. The applied pressure (balancing pressure; 

P) is numerically equal to leaf xylem tension before pressurization (Passioura, 1980; Abdalla 

et al., 2021). A meniscus system was connected to a leaflet cut (at the petiolule) to evaluate the 

stability of the droplet. The ψleaf-x was determined when the meniscus was kept stable for ca. 

10 minutes (Cai et al., 2020a).  
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E was changed by increasing the PPFD stepwise from 0 µmol m-2 s-1 to 200, 400, 600, 800, 

and 1000 µmol m-2 s-1. Concomitantly, the corresponding ψleaf-x was determined at each PPFD. 

Furthermore, E was measured at the highest PPFD (1000 µmol m-2 s-1) without plant 

pressurization. Each plant was measured at different soil water contents from wet (first day) to 

dry (third/fourth day). Soil drying happened naturally during the days of measurements. In 

total, plants experienced salinity conditions for ca. 7 – 9 days. 

5.5.3 Modeling water and solute flow in the soil–plant continuum 

We used a model coupling water flow and solute transport to reproduce the measured 

relationship between transpiration rate and leaf xylem water potential. The mass conservation 

principle combined with the Richards equation for one-dimensional axisymmetric flow toward 

a single root, according to de Jong van Lier et al. (2006), can be written as:  

   
డఏ

డ୲
=

஼(ట೘)డట೘

డ୲
= −

డ(୰୯)

డ௥
    (1) 

   q = ௦ (߰௠)ܭ− డట೘

డ௥
     (2) 

where ߠ is the volumetric soil water content (cm3 cm-3), C is the specific soil water capacity 

௠߲߰/ߠ߲) , ܿ݉ିଵ ), q is the water flux (cm s-1), Ks is the soil hydraulic conductivity (cm s-1), 

߰௠ is the function of the soil matric potential (hPa, 1 hPa ≈ 1 cm), r is the radial distance (cm), 

డట೘

డ௥
 is the gradient in matric potential and ݐ is time (s). This equation (Eq. 2) was solved 

numerically using a fully implicit finite difference method in MATLAB software (Math 

Works, Inc., Natick, MA, USA). Hereafter, this equation was subjected to the following initial 

and boundary conditions: 

    ߰௠(ݐ) = ߰௠,଴             ݐ = 0    (3) 

(ݎ)ݍ       = ா

ଶగ௥బ௅
ݎ               =  ଴   (4)ݎ

(ݎ)ݍ       = ݎ                     0 =  ௕   (5)ݎ

where ψm,0 is the soil matric potential at time zero and corresponding to the average soil water 

content in the sample (cm), r0 and rb are the root radius and the exterior radius of soil around 

the root (cm), E is the transpiration rate (cm3 s-1), L is the root length active in water uptake 
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(cm), which was used as fitting parameters. In this model, L is a single root that represents the 

root system. The rb is determined by L and the volume of the pot V (cm3), according to:  

௕ݎ     =  ට ௏

గ௅
     (6) 

The solution of equation (1) gives the profile of soil matric potential as a function of radius 

from the root surface. We simulated NaCl transport and its concentration in the soil solution 

to include the effect of osmotic potential on the leaf xylem water potential. According to de 

Jong van Lier et al. (2009), the combined mass conservation principle and solute transport 

processes under one-dimensional axisymmetric flow conditions give:  

   
డ(ఏା௕)஼ೢ

డ௧
= డ

௥డ௥
ቀ(ߠ)ܦݎߠ డ஼ೢ

డ௥
ቁ − డ

௥డ௥
 (7)  (௪ܥݍݎ)

where Cw is the concentration of NaCl in the soil solution (mol ml-1), b is the coefficient 

describing the adsorption of Na by the solid phase (-), and D(θ) is the diffusion coefficient of 

Na in the soil solution (cm2 s-1) described as:  

(ߠ)ܦ     = ଴ܦ
ఏభబ/య

∅మ     (8) 

 where D0 is self-diffusion coefficient of Na in free water (cm2 s-1), and ϕ is soil porosity (-). 

Equation (7) was solved numerically using a fully implicit finite difference method in 

MATLAB. Therefore, this equation was subjected to the following initial and boundary 

conditions: 

(ݐ)௪ܥ    = ݐ                     ௪,଴ܥ = 0   (9) 

ܦݎߠ    డ஼ೢ

డ௥
− ௪ܥݍݎ = ݎ       0 =  ଴   (10)ݎ

ܦݎߠ    డ஼ೢ

డ௥
− ݍݎ ௪ = ݎ       0 = ௕ݎ     (11) 

where Cw,0 is the concentration of Na in the soil solution (mol ml-1) at time zero. Eq (10) and 

(11) impose a zero solute flux boundary condition at both ends of the soil domain (ݎ଴ and ݎ௕).  

The solution of equation (7) gives the profile of solute concentration in the soil solution as a 

function of both distance from root surface and time. We used the following relationship to 
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estimate the osmotic potential (ψπ [bar]) in the soil solution based on the profile of 

concentrations: 

    ߰గ =  ௪ܶ     (12)ܥܴ݊߱−

where ω is a unit-less osmotic coefficient depending on the type of solute (ω = 0.9 for the case 

of NaCl), Cw is the molar concentration of Na in the soil solution (mol ml-1), n is the number 

of ions produced when the solute undergoes dissociation (n = 2 for NaCl), R is the universal 

gas constant (0.0831 L bar mol-1 K-1), and T is the temperature (Kelvin). The units were 

converted consistently in the model. 

Combination of equations (1) to (12) gives the profile of water potential in the soil as a function 

of distance from the root surface. In the pressure chamber experiment, we measured leaf xylem 

water potential at varying transpiration rates for varying soil water contents. The slope of the 

linear part of E(ψleaf-x) depicts plant hydraulic conductance (Kplant), which is the harmonic mean 

of the stem xylem hydraulic conductance (Kx) and root hydraulic conductance (Kroot). 

According to Abdalla et al. (2021), Kplant is approximately equal to Kroot. Knowing transpiration 

rate and Kroot, we estimated the dissipation of water potential between the soil-root interface 

and the plant leaf xylem. Based on this principle, the water potential in the leaf xylem is given 

by:  

   ߰௟௘௔௙ି௫ = −
ா

௄ೝ೚೚೟
+ ߰௠(ݎ଴) + ߰గ(ݎ଴)                        (13) 

where Kroot is the hydraulic conductance of root (cm3 s-1 hPa-1) and ߰௠(ݎ଴) and ߰గ(ݎ଴) are the 

matric potential and osmotic potential in the soil at the root surface.  

The difference between soil and plant osmotic potential leads to a deviation between predawn 

leaf and soil water potential (Donovan et al., 2001; Cai et al., 2020a; Abdalla et al., 2022), 

which was added to the simulations as an offset. 

5.5.4 Model parameterization  

The hydraulic properties of the soil mixture used in this study were measured via the 

evaporative method implemented in the Hyprop (Meter Group, Munich, Germany). This 

device encompasses two tensiometers and a balance, it measures gravimetric soil water content 
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and the corresponding matric potential in soil samples as described hereafter. Soil samples 

were packed into a Hyprop sample holder (area of 50 cm2 and height of 5 cm) at the same bulk 

density as the one achieved in the cylinders used for plant growth. Three samples were 

saturated with water, and the other three samples were with 100 mM NaCl solution from the 

bottom. The samples were let dry from the top via evaporation, and the changes in soil water 

content, matric potential at two depths (-1.25 and -3.75 cm) were recorded over time. Water 

retention curves and unsaturated hydraulic conductivity curves were parameterized according 

to the PDI (Peter-Durner-Iden) model (Peters et al., 2015). The parameters were estimated by 

fitting the obtained measurements and solving the Richards equation. 

The Kroot was obtained as the slope of the linear part of E(ψleaf-x) at each soil water content. 

Thus, dynamic Kroot was used during the simulation. The root length active in water uptake (L) 

was a fitting parameter in the model. L value was obtained from inverse modeling of measured 

E(ψleaf-x)-relation in different soil water contents, for both treatments. The inverse modeling 

approach minimized the difference between measured and simulated ψleaf-x at each E value 

systematically. The following objective function (ObjFunc) was used:    

ܿ݊ݑܨ݆ܾܱ    = ∑
൫ట೗೐ೌ೑ష (௜)ିట೗೐ೌ೑ష ,ೞ೔೘(௜)൯

మ

ట೗೐ೌ೑షೣ(௜)మ
௜ୀ௡
௜ୀଵ    (14) 

5.5.5 Statistical analysis 

The influences of salinity and drought on transpiration, with and without plant pressurization, 

were statistically evaluated using N-way analysis of variance followed by multiple comparison 

(Tukey-Kramer test). MATLAB (Math Works Inc., USA) was used to perform the analyses 

(N-way analysis of variance: anovan; multiple comparison: multcompare). The differences in 

measured root length and diameter between treatments were evaluated using t-test. Statistical 

significance was considered when p-value was < 0.05. Furthermore, we tested the values of 

predawn leaf water potential as a function of soil water potential for both treatments using 

analysis of covariance (ANCOVA). We estimated the confidence intervals at 95% to identify 

the influences of NaCl solution on soil retention curves and soil unsaturated hydraulic 

conductivity curves. The relationship between transpiration rate and leaf xylem water potential 

at a given soil moisture was fitted with both linear and quadratic functions to test the onset of 

hydraulic non-linearity statistically. 
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Supplemental Data 

Supplemental Figure S1. Root parameters were similar in controlled and salt treated plants. 

Supplemental Figure S2 Relationship between transpiration rate and leaf xylem water 

potential in different soil water contents under non-saline conditions. 

Supplemental Figure S3 Relationship between transpiration rate and leaf xylem water 

potential in different soil water contents under saline conditions. 

Supplemental Figure S4 Linear fit of the relationship between predawn leaf water potential 

and soil water potential. 

Supplemental Figure S5: Tomato plant (Solanum lycopersicum L.) glued at the collar. 

Supplemental Table S1 Analysis of variance (ANOVA) considering the influences of salinity, 

soil drying and their interactions on transpiration rate measured without plant pressurization. 

Supplemental Table S2 Analysis of variance (ANOVA) considering the influences of soil 

drying, salinity, photosynthetic photon flux density and their interactions on transpiration rate 

measured with plant pressurization. 

Supplemental Table S3 Coefficient estimates for the relationship between predawn leaf water 

potential and soil water potential in control and salt treatments in terms of slope and the 

intercept. Supplemental Table S4. Analysis of variance to identify the significant difference 

between the slope and the intercept of the relationship between predawn leaf water potential 

and soil water potential in control and salt treatments as shown in Supplemental Table S3. 
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5.7 Supplemental data 

 

Supplemental Figure S1 Root parameters were similar in controlled and salt treated plants. 

A, Root length (p-value = 0.323) and B, root diameter (p-value = 0.44). The t-test was used for 

testing the statistical significance, n = 3. White symbol represents median. The thick vertical 

black line depicts the interquartile range by connecting first (below) and third (above) quartiles, 

while the thin vertical lines are the whiskers. The horizontal lines depict the upper and the 

lower adjacent values. 
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Supplemental Figure S2 Relationship between transpiration rate and leaf xylem water 

potential in different soil water contents under non-saline conditions. The relation was fitted 

with one linear line in wet conditions. However, in dry conditions (starting from SWC = 0.12 

cm3 cm-3), two linear lines, with two different slopes, were needed to fit the relation, meaning 

that the relation verged from linear to non-linear. 
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Supplemental Figure S3 Relationship between transpiration rate and leaf xylem water 

potential in different soil water contents under saline conditions. As in Supplementary Figure 

S2, the relation was fitted with one linear line in wet conditions. However, two lines with two 

different slopes were needed to fit the relation in wetter soils (SWC = 0.15 cm3 cm-3). This 

means the non-linearity occurred in wetter conditions under saline compared to non-saline 

conditions. 
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Supplemental Figure S4 Linear fit of the relationship between predawn leaf water potential 

(LWP PD [MPa]) and soil water potential (SWP [MPa]) as shown in Figure 3. Slope and 

intercept were utilized for the analysis of covariance (ANCOVA followed by Tukey-Kramer 

test; see Supplementary Tables S2 and S3), which showed significant shift of predawn leaf 

water potential to a more negative range after 100 mM NaCl treatment (p-value < 0.01, n = 3). 
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Supplemental Figure S5: Tomato plant (Solanum lycopersicum L.) glued at the collar. 
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Supplemental Table S1 ANOVA considering the influences of salinity, soil drying and their 

interactions on transpiration rate measured without plant pressurization. 

Source Sum Sq.¶ d. f. Mean Sq. F Prob. > F 

NaCl¶¶  8.22×10-7 1 8.22×10-7 14.75 0.0027** 
SWC¶¶¶ 1.23×10-7 3 4.09×10-7 7.35 0.0056** 
NaCl × 
SWC 

6.33×10-7 3 2.11×10-8 0.38 0.7701 

Error 6.13×10-7 11 5.57×10-8   

Total 2.73×10-6 18    
¶    Sum Sq.: sum of squares, d. f.: degree of freedom, Mean Sq.: Mean sum of squares, F: F-
statistic value. p < 0.001***, p < 0.01**, p < 0.05*. 

¶¶NaCl treatment. 

¶¶¶ SWC: soil water content, was clustered into four groups (>0.15; 0.13 – 0.11; 0.10; 0.09 – 
0.07). 
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Supplemental Table S2 ANOVA considering the influences of soil drying, salinity, 

photosynthetic photon flux density and their interactions on transpiration rate measured with 

plant pressurization. 

Source Sum Sq.¶ d. f. Mean Sq. F Prob. > F 

NaCl¶¶  3.95×10-7 1 3.95×10-7 13.68 0.0004*** 
SWC¶¶¶ 7.81×10-7 3 2.61×10-7 9.01 0*** 
PPFD¶¶¶¶ 1.29×10-5 5 2.58×10-6 89.44 0*** 
NaCl × SWC 8.24×10-7 3 2.74×10-7 9.52 0*** 
NaCl × PPFD 7.93×10-8 5 1.58×10-8 0.55 0.7382 
SWC × PPFD 1.84×10-7 15 1.22×10-8 0.43 0.9669 
Error 2.16×10-6 75 2.88×10-8   

Total 2.23×10-5 107    
¶    Sum Sq.: sum of squares, d. f.: degree of freedom, Mean Sq.: Mean sum of squares, F: F-

statistic value. p < 0.001***, p < 0.01**, p < 0.05*. 

¶¶NaCl treatment. 

¶¶¶ SWC: soil water content, was clustered into four groups (>0.15; 0.13 – 0.11; 0.10; 0.09 – 

0.07). 

¶¶¶¶ PPFD: Photosynthetic photon flux density. 
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Supplemental Table S3 Coefficient estimates for the relation between predawn leaf water 

potential and soil water potential in control and salt treatments in terms of slope and the 

intercept.  

Term Estimate Std. Err. T Prob > | T | 

Intercept 
- Non-saline 
- Saline 

Slope 
- Non-saline  

       -      Saline  

0.171 
-0.0961 
0.0961 
0.6919 
-0.3029 
0.3029 

0.03002 
0. 03002 
0. 03002 
0.10069 
0. 10069 
0. 10069 

5.7 
-3.2 
3.2 
6.87 
-3.01 
3.01 

0*** 
0.0052 
0.0052 
0*** 
0.0079 
0.0079 

¶ p < 0.001***, p < 0.01**, p < 0.05*. 

 

 

Supplemental Table S4. Analysis of variance to identify the significant difference between 

the slope and the intercept of the relation between predawn leaf water potential and soil water 

potential in control and salt treatments as shown in Supplemental table S3. 

Source d.f. ¶ Sum Sq.  Mean Sq. F Prob>F 

Salinity treatment  
Soil water potential 
Salinity treatment × Soil water 
potential 

1 
1 
1 

0.46603 
0.41207 
0.09025 

0.46603 
0.41207 
0.09025 

46.74 
41.33 
9.05 

0*** 
0*** 
0.0079** 

Error  17 0.16951 0.00997   
¶    Sum Sq.: sum of squares, d. f.: degree of freedom, Mean Sq.: Mean sum of squares, F: F-

statistic value. p < 0.001***, p < 0.01**, p < 0.05*. 
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6.1 ABSTRACT 

Recent studies have identified soil drying as a dominant driver of transpiration reduction at the 

global scale. Although Arbuscular Mycorrhiza Fungi (AMF) are assumed to play a pivotal role 

in plant response to soil drying, studies investigating the impact of AMF on plant water status 

and soil–plant hydraulic conductance are lacking. Thus, the main objective of this study was 

to investigate the influence of AMF on soil–plant conductance and plant water status of tomato 

under drought. We hypothesized that AMF limit the drop in matric potential across the 

rhizosphere, especially in drying soil. The underlying mechanism is that AMF extend the 

effective root radius and hence reduce the water fluxes at the root-soil interface. The follow-

up hypothesis is that AMF enhance soil–plant hydraulic conductance and plant water status 

during soil drying. To test these hypotheses, we measured the relation between transpiration, 

soil and leaf water potential of tomato with reduced mycorrhiza colonization (RMC) and the 

corresponding wild-type (WT). We inoculated the soil of the WT with Rhizophagus irregularis 

spores to potentially upsurge symbiosis initiation. During soil drying, leaf water potential of 

the WT did not drop below -0.8 MPa during the first six days after withholding irrigation, 

while leaf water potential of RMC dropped below -1 MPa already after four days. Furthermore, 

AMF enhanced the soil–plant hydraulic conductance of the WT during soil drying. In contrast, 

soil–plant hydraulic conductance of the RMC declined more abruptly as soil dried. We 

conclude that AMF maintained the hydraulic continuity between root and soil in drying soils, 

hereby reducing the drop in matric potential at the root-soil interface and enhancing soil–plant 

hydraulic conductance of tomato under edaphic stress. Future studies will investigate the role 

of AMF on soil–plant hydraulic conductance and plant water status among diverse plant 

species growing in contrasting soil textures. 

 

Keywords: Soil drying, AMF, Abiotic stress, rhizosphere, root water uptake, biostimulants, 

microbiome. 
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6.2 INTRODUCTION 

Water scarcity in soil and atmosphere escalates stress on vegetation and threatens future 

agricultural production and forest survival, especially in the face of climate change (Madadgar 

et al., 2017; Brodribb et al., 2020). Recent studies have identified soil drying as a primary 

cause of transpiration reduction globally, which is a greater stress factor than vapor pressure 

deficit (VPD) (Liu et al., 2020). Thus, detailed knowledge of water flow processes, particularly 

below-ground, is required to fully understand and predict plant behavior under drought 

episodes and future climate conditions.  

Water flow across the soil–plant-atmosphere continuum is driven by gradients in water 

potential between the atmosphere and soil. Water evaporation at the leaf surface (i.e. due to 

the increase in the vapor pressure deficit) creates a tension that propagates down to the roots 

and the soil. The leaf water potential (ψleaf) depends on both water potential in the soil (ψsoil) 

and the hydraulic conductivities of the different elements (soil, root-soil interface, root, xylem 

and leaf) composing the soil–plant continuum. Sperry and Love (2015) used a hydraulic model 

of water flow to propose that stomata regulation allows plants not to exceed the water supply 

function determined by soil–plant hydraulics. In other words, downregulation of stomata in 

dry conditions avoids an excessive decline in leaf water potential before approaching a critical 

transpiration rate. This hypothesis implies that the leaf water potentials at which stomata close 

depend also on below-ground hydraulic properties (root, soil and their interface). Despite their 

importance, studies investigating the impact of below-ground traits on plant water status and 

soil–plant hydraulic conductance remain limited.  

In wet soils, the hydraulic conductivity of soil is much higher than that of roots and hence 

water flow is mainly controlled by root hydraulic conductivity (Draye et al., 2010). However, 

as soil dries, its conductivity drops by a few orders of magnitude, limiting the water flow 

towards the root surface (Passioura, 1980; Draye et al., 2010). Indeed, Carminati and Javaux 

(2020) combined a soil–plant hydraulic model with meta-analysis to elucidate that the loss in 

soil conductivity, especially at the root-soil interface, controls stomatal response during water 

deficit. Similarly, we have recently showed that, in tomato, the decline in soil-root hydraulic 

conductance was the main driver of stomatal closure (Abdalla et al., 2021). Rodriguez-

Dominguez and Brodribb (2020) used a novel rehydration technique to demonstrate that the 
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loss in hydraulic conductivity at the root-soil interface occurred in parallel with stomatal 

closure. In a follow-up study, Bourbia et al. (2021) showed that a decline in root hydraulic 

conductivity was concomitant with a stomatal closure in both herbaceous and woody species. 

Plants developed various strategies to deal with the drop of conductivity at the root-soil 

interface (Carminati et al., 2016; Ahmed et al., 2018a). For instance, in barley, root hairs were 

not only documented to soften the gradients in matric potential at the root-soil interface 

(Carminati et al., 2017), but also enhance plant water status and yield during water deficit 

(Marin et al., 2020). Another example is mucilage, a gel exuded at the root tip, which was 

shown to facilitate water uptake in drying soils (Ahmed et al., 2014). Furthermore, root-

microbiome interactions (e.g. Arbuscular mycorrhiza fungi) provide fitness advantages to the 

host plant to mitigate water stress conditions (reviewed in Trivedi et al. (2020)).  

Arbuscular mycorrhiza fungi (AMF) symbiosis, which occurs naturally between fungal and 

most plant species, is documented to play a positive role in plant water relations, especially 

under water deficit (Augé, 2001; Augé et al., 2015; Ouledali et al., 2018). For instance, 

Bitterlich et al. (2018b) showed that, in tomato, AMF facilitated higher transpiration rates in 

dry soils. Similarly, Chitarra et al. (2016) demonstrated that AMF enhanced tomato 

performance under water stress. The authors showed that AMF improved plant biomass and 

water use efficiency (Chitarra et al., 2016). In maize, Quiroga et al. (2019) reported that AMF 

symbiosis enabled higher stomatal conductance under soil water deficit. Furthermore, it was 

also suggested that AMF increase root hydraulic conductivity (Aroca et al., 2007; Quiroga et 

al., 2019) and alter soil hydraulic properties (Bitterlich et al., 2018a; Pauwels et al., 2020). 

However, the impact of AMF on soil–plant hydraulic conductance, especially in drying soil, 

remain unknown. Note that this would be crucial to improve our current understanding of plant 

response to drought (Carminati et al., 2020; Hayat et al., 2020; Rodriguez‐Dominguez and 

Brodribb, 2020; Abdalla et al., 2021). Thus, there is an urgent need to investigate the influence 

of AMF on soil–plant hydraulic conductance during soil drying.  

We hypothesize that AMF increase the root-soil contact and hence the effective root radius, 

especially in dry soil. This would reduce the flow velocity at the root surface and soften the 

drop in matric potential at the root-soil interface (Figure 6.1). This, in turn, would facilitate 
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higher (less negative) leaf water potential and enhance soil–plant hydraulic conductance during 

soil drying. 

We tested this hypothesis in tomato plants inoculated with Rhizophagus irregularis spores. We 

utilized mutant variety with highly reduced AMF symbiosis and the corresponding wild-type. 

We measured transpiration rate, soil water content, water potentials in soil and leaf during soil 

drying. We used the relation between transpiration rate and leaf water potential to infer the 

hydraulic conductance of the soil–plant system for both genotypes during soil drying. 

 

Figure 6.1 Hypothetical role of Arbuscular Mycorrhiza Fungi (AMF) in enhancing plant water status 

and soil–plant hydraulic conductance. During soil drying, AMF increase the root-soil contact and 

extend the effective root radius hereby reducing the water fluxes at the root-soil interface and softening 

the drop in matric potential across the rhizosphere. The follow-up hypothesis is that AMF enhance 

soil–plant hydraulic conductance and plant water status during soil drying. Plants without AMF 

symbiosis (-AMF) require larger gradients in matric potential around their roots to sustain similar 

transpiration rates.  
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6.3 MATERIALS AND METHODS 

6.3.1 Plant preparation 

We used two tomato genotypes (Solanum lycopersicum L.): a mutant with highly reduced 

AMF symbiosis (RMC) and its wild-type counterpart (WT) (Barker et al., 1998). Growth was 

shown to be very similar in both genotypes, suggesting no pleiotropic effects of the mutation 

(Cavagnaro et al., 2004). Seeds were sterilized in 30 % H2O2 for 90 seconds and thereafter 

washed and germinated on Petri dishes. The seeds were then planted in PVC columns of 30 

cm in height and 9 cm in diameter. The columns had small five holes on the side, which were 

used for soil water content measurements during the experiment.  The columns were filled with 

sandy soil through a 1-mm sieve. The hydraulic properties and fertilization of the soil are 

reported in Vetterlein et al. (2021) and in supplementary information (Figure S1). To 

potentially upsurge AMF colonization of the WT, the soil was inoculated with commercial 

Rhizophagus irregularis spores (BIOFA AG, Münstingen, Germany) in a ratio of 50 spore kg-

1.  

6.3.2 Growth conditions 

Twenty plants (10 per genotype) were placed in a climate-controlled chamber with a day/night 

temperature of 29/19 °C, a day/night relative humidity of 51/79 %, 14 hours of photoperiod, 

and light intensity of 1000 µmol m-2 s-1. Plants were randomized inside the chamber. The soil 

surface was covered with polyolefin to prevent evaporation. We measured shoot fresh weight 

at the end of the experiment.  

6.3.3 Transpiration rate 

Plants were placed onto wireless balances that automatically recorded the changes in weight 

every 10 minutes. Transpiration rate was obtained gravimetrically by calculating the difference 

in weight over time. We extracted the transpiration rate for predawn (no light and low VPD) 

and midday. Plants were irrigated daily until the start of measurements.  
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6.3.4 Leaf water potential measurements 

After withholding irrigation, leaf water potential was measured on daily basis at midday. A 

leaflet was covered with a plastic bag and lined with aluminum foil for at least 20 minutes 

before measurement. Covered leaves were cut and placed inside a Scholander-type pressure 

chamber (MODEL 3115, Soil Moisture Equipment Corp, Santa Barbara, CA, USA) to obtain 

stem water potential, which was used as a proxy for leaf water potential (One leaflet was 

measured per plant).   

6.3.5 Soil dryness assessment 

Soil water content (θ) was measured daily using time-domain refractometer (TDR) that 

encompasses two rods (spacing: 0.5 cm, length: 6 cm) connected to a data logger (E-Test, 

Lublin, Poland). Soil water potential was computed from the soil water content using the soil 

water retention curve (Supplementary Figure S1).  

6.3.6 Soil–plant hydraulic conductance 

During soil drying, soil–plant hydraulic conductances of RMC and WT were obtained using 

eq. 1 as follow:  

݌ݏܭ = ܧ
∆߰ൗ                      (1) 

where Ksp is soil–plant hydraulic conductance (cm3 s-1 MPa-1), E is transpiration rate (cm3 s-1), 

and Δψ is the difference between absolute values of leaf and soil water potentials (MPa). 

6.3.7 AMF abundance assessment  

Roots were collected at the end of the experiments and stored in 60 % ethanol. Root samples 

of both genotypes were washed with distilled water, cleared with 5 % KOH and stained in 5 

% ink-vinegar solution to visualize AMF colonization in roots (after Vierheilig et al.  (1998)). 

The percentage of colonized root length was determined by recording 150 root-intersects per 

sample using the light microscopy (Olympus BX40) and the attached digital camera (Olympus 

SC50).  
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6.3.8 Statistical analysis 

Analysis of variance (ANOVA) was used to identify significant differences in transpiration 

rates, leaf water potential and soil plant hydraulic conductance of WT and RMC. T-test was 

applied to evaluate the differences in root colonization between the WT and RMC mutant. 

MATLAB (R2019) was used to perform the statistical analysis.  

6.4 RESULTS AND DISCUSSION 

We investigated the impact of AMF on plant water status and soil–plant hydraulic conductance 

in two tomato genotypes, reduced mycorrhiza colonization (RMC) and its wild type (WT) 

counterpart. Plant biomass of both genotypes were similar (Figure S2). Shoot fresh weight was 

30.2 ±8.2 g and 28.4 ±7.9 g for the WT and RMC, respectively (Figure S2). The root 

colonization of the WT was four times higher than RMC (p-value < 0.05; Figure 6.2). This 

finding is consistent with results of Zhou et al. (2020), who assessed AMF root colonization 

in same tomato genotypes and observed significantly higher AMF abundance in roots of WT 

compared to RMC.   

 

Figure 6.2 AMF abundance assessment in roots of reduced mycorrhiza colonization (RMC) and wild 

type counterpart (WT). AMF root colonization was four times higher in WT compare to RMC (p-value 

< 0.05). 



  

160 
 

Leaf water potential of the WT plants did not drop below -0.8 MPa six days after withholding 

irrigation, while leaf water potential of the RMC dropped below -1.0 MPa already after four 

days (p-value < 0.01; Figure 6.3; Supplementary Table S1). These results are in line with 

previous findings in maize, soybean and barley (Subramanian et al., 1997; Porcel, 2004; 

Khalvati et al., 2005). The authors showed that, under water deficit, plants with AMF 

colonization exhibited higher (less negative) leaf water potential compared to plants without 

AMF.  

 

Figure 6.3 Leaf water potential (ψleaf) and transpiration rate (E) of reduced mycorrhiza colonization 

(RMC) and wild type (WT) tomato during soil drying. ψleaf declined markedly in the absence of AMF, 

which nicely support our initial hypothesis. Asterisks denote s significance decline of ψleaf (p-value < 

0.01), on top for WT and bottom for RMC. DAI: day after last irrigation. n = 10. 

Transpiration declined in both treatments as a consequence of water deficit (Figure 6.3). 

During soil drying, we observed, surprisingly, no differences in transpiration rate between the 

two genotypes (p-value = 0.5, Supplementary Table S2). These results are in line with the 

findings of Chitarra et al. (2016), who reported similar stomatal conductance of tomato 
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inoculated with different AMF species and the control (see Figure 1b in Chitarra et al. (2016)). 

Despite the absence of difference in transpiration rate, the authors compared the water use 

efficiency and demonstrated that AMF improved tomato performance under water deficit 

(Chitarra et al., 2016). Similar transpiration rate was also observed in inoculated and not 

inoculated common bean (Aroca et al., 2007). On the other hand, Bitterlich et al. (2018b) 

showed that, in tomato, AMF facilitate higher transpiration in dry soil. Similarly, Hallett et al. 

(2009) used the same genotypes and reported a significant increase in transpiration of the wild-

type compared to RMC mutant. These apparently contradicting findings on the impact of AMF 

on transpiration rate clearly suggest that the role of AMF on transpiration (and stomatal 

conductance) is soil, species, and environment specific. Hence, the impact of AMF on 

transpiration on some of these studies might have been masked out as a result of species x 

environment interactions, which is well known to impact transpiration (Vadez et al., 2013, 

2021). Indeed, an improved performance of AMF treatment was shown in field experiments 

compare to greenhouse and climate-controlled experiments (where normally plants are grown 

in pots) (Poorter et al., 2012; Augé et al., 2015). The fact that the two genotypes exhibited no 

significant difference in transpiration in the present study could be explained by the limited 

soil volume. Hence, plants and AMF had to share a limited amount of water (and nutrients) 

within the pot (Chitarra et al., 2016). Moreover, this explanation can potentially justify the 

drop in leaf water potential in both genotypes on the seventh day after withholding irrigation 

(Figure 6.3).  

In previous studies, simultaneous measurements of transpiration rate and leaf water potential 

with high temporal resolution revealed that leaf water potential drops rapidly when a critical 

transpiration rate is reached at a given soil water potential (Carminati et al., 2017; Abdalla et 

al., 2021; Cai et al., 2021). In other words, at a specific transpiration rate, leaf water potential 

can vary based on below-ground hydraulic conductance (see Cai et al. (2021)). In this study, 

we observed a decoupling in the relation between transpiration and leaf water potential (Figure 

6.3). We explain this by the fact that RMC plants require larger gradients in soil water potential 

at the root-soil interface to sustaining a similar transpiration rate to the WT. The underlying 

mechanisms is that AMF extends the root surface active in water uptake, which reduces the 

flow velocity and attenuate the drop in matric potential at the root surface (see Figure 6.1). 

Hence, RMC plants exhibited more negative leaf water potential to sustain a similar 
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transpiration rate as in WT. This would explain why RMC plants displayed more negative leaf 

water potential while maintaining similar transpiration rate as WT plants. These results 

demonstrate that the relation between transpiration rate and leaf water potential is not unique 

and depends on below-ground hydraulics. Moreover, our data show that AMF clearly affect 

this relation. More work would be needed to test the impact of AMF on this relation among 

diverse plant species, contrasting soil types and climatic conditions. 

Another possible explanation for similar transpiration rate is that AMF colonization might 

influence the stomatal density. Chitarra et al. (2016) demonstrated that inoculation with 

Rizuphagus interaradices induced two times stomatal density compared to un-inoculated 

tomato plants or inoculated with Funneliformis mosseae. However, a different AMF species 

was used in this study, namely Rhizophagus irregularis, and its influences on stomatal density 

in tomato is yet to be explored. Nevertheless, our data on leaf water potential suggest that AMF 

could contribute positively, allowing tomato plants to mitigate water stress conditions.  

During soil drying, the relation between transpiration and leaf water potential was affected by 

AMF colonization (Figure 6.4). In wet conditions, i.e., day one, both genotypes showed high 

transpiration and leaf water potential (Figure 6.4). As soil progressively dried, RMC showed 

relatively lower transpiration and more negative leaf water potential than the WT (Figure 6.4). 

Soil–plant hydraulic conductance (Ksp) was obtained from the relation between transpiration 

rate and leaf water potential at a given soil water potential (Figure 6.5). Figure 6.5 shows that, 

during soil drying, WT plants exhibited a higher Ksp compared to RMC (Figure 6.5; p-value 

= 0.06; supplementary table S3). Note that Ksp is highly dependent on both transpiration rate 

and leaf water potential (see equation 1). The marginal difference in Ksp is a reflection of the 

similar transpiration rate and the significantly different leaf water potential between the two 

genotypes. This finding supports our hypothesis that AMF maintain soil-root hydraulic 

conductance. Further, Ksp of RMC plants declined at less negative soil water potential compare 

to WT (Figure 6.5). The absence of AMF in the reduced mycorrhiza colonization (RMC) plants 

entailed a severe reduction in leaf water potential as soil water potential declined, possibly due 

to loss of contact between root and soil (Carminati et al., 2009, 2013). On the other hand, AMF 

presence in the wild type (WT) facilitated higher leaf water potential despite declining soil 

water potential (Figure 6.3). AMF could play a central role in sustaining the hydraulic 
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continuity between root and soil, as it not only improves the unsaturated hydraulic conductivity 

(Bitterlich et al., 2018a; Pauwels et al., 2020), but also avoids excessive drop of soil water 

potential around roots. 

 

Figure 6.4 Relation between transpiration rate (E) and leaf water potential (ψleaf) during soil drying. 

Subplots show the relation on daily basis after last irrigation. As soil progressively dried, the reduced 

mycorrhiza colonization (RMC) plants showed lower E and more negative ψleaf on the same day 

compare to wild type (WT). n = 10. 
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Figure 6.5 Soil–plant hydraulic conductance (Ksp) decreases as soil water potential (ψsoil) declines. 

Plants with mycorrhiza symbiosis (WT) show higher Ksp during soil drying (similar symbols, diverse 

colors) compare to reduced mycorrhiza colonization mutants (RMC). D: day after last irrigation. n= 

10. 

Taken together, we have demonstrated the direct influence of AMF on soil–plant hydraulic 

conductance and plant water status during soil drying. WT plants exhibited higher soil–plant 

hydraulic conductance and leaf water potential compared to RMC plants during soil drying. 

We conclude that AMF extended the effective root radius hereby reducing the water fluxes at 

the root-soil interface and softening the drop in matric potential across the rhizosphere. This 

would result in an enhanced soil–plant hydraulic conductance and plant water status in drying 

soil. Further research is needed to directly measure the effects of AMF on water fluxes under 

contrasting soil textures and nutrient availabilities. The latter could be achieved using the 

combination of isotopes and neutron imaging (Ahmed et al., 2016, 2018b). Our data suggest 

that AMF could play an essential role in achieving sustainable agricultural production with 

greater importance in regions faced by water scarcity conditions worldwide.       
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6.6 Supplementary information 

Table S1. Analysis of variance to identify the significant difference in leaf water potential 

between different treatments. 

Source d.f. 

¶ 

Sum Sq.  Mean Sq. F Prob>F 

AMF 

DAI 

AMF * DAI  

1 

6 

6 

0.38514 

3.18522 

0.26388 

0.38413 

0.53087 

0.04398 

9.46 

13.07 

1.08 

0.0033 

<<0.0001 

0.3848 

Error  52 5.93955 0.04061   

¶ d.f.: degree of freedom. Sum. Sq: Sum of squares, Mean Sq: Mean Sum of Squares, F: F-

statistic value. DAI: day after irrigation. 
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Table S2. Analysis of variance to identify the significant difference in transpiration rate 

between different treatments. 

Source d.f. 

¶ 

Sum Sq.  Mean Sq. F Prob>F 

AMF 

DAI 

AMF * DAI  

1 

6 

6 

3.23e-8 

1.58e-5 

4.45e-7 

3.23e-8 

2.65e-6 

7.42e-8 

0.39 

32.1 

0.9 

0.5 

<<0.0001 

0.5016 

Error  56 4.62e-6 8.24e-8   

¶ d.f.: degree of freedom. Sum. Sq: Sum of squares, Mean Sq: Mean Sum of Squares, F: F-

statistic value. DAI: day after irrigation. 
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Figure S1: (a) Soil water retention curve, and (b) soil hydraulic conductivity curve of sandy 

soil used in this experiment. 

 

Figure S2: Relation between stomatal conductance (gs) and leaf water potential (ψleaf) during 

soil dying, of reduced mycorrhiza colonization (RMC; red asterisk) and wild type (WT; blue 

open symbol) tomato plants (n = 10).   
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Figure S3: Transpiration rate (E) as function of soil water content (θ) and soil water potential 

(ψsoil) in reduced mycorrhiza colonization (RMC; red) and wild type (WT; blue) plants. E 

declined gradually as θ decreased, while it cannot be sustained as soon as ψsoil starts to 

decrease. n = 10. Different symbols for individuals. 
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