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Impact of global warming on forest mortality and crop yield 

Temperature and precipitaUon paVerns are shiWing globally due to 
ongoing global warming. As a result, we are witnessing an increase in the 
severity and frequency of drought periods, even in countries that have not 
previously suffered drought stress (Corso et al., 2020; Gleason et al., 2022). 
These droughts have caused large-scale mortality events in various types of 
forests and ecosystems (Allen et al., 2009, 2015; Hartmann et al., 2018; 
Hammond et al., 2022), such as temperate deciduous and evergreen forests 
(Crouchet et al., 2019; Schuldt et al., 2020), semi-arid woodlands and 
savannahs (Swemmer, 2020; Kannenberg et al., 2021), dry tropical forests 
(Powers et al., 2020), and tropical rainforests (Feldpausch et al., 2016; 
Esquivel-Muelbert et al., 2020) (Figure 1). Extensive and severe drought 
periods are also causing significant reducUons in crop yield globally, with 
about 75% of the global harvested area experiencing drought-related yield 
losses (IPCC, 2022). Climate change has significantly impacted yields of 
nearly all important crops in Europe, parUcularly in southern Europe, 
resulUng in recent yield stagnaUon and crop losses that have tripled over the 
past 50 years (Agnolucci and De Lipsis, 2020; Brás et al., 2021). In western 
Africa, the declining precipitaUon and rising temperatures decrease millet 
and sorghum yields by 10–20% and 5–15%, respecUvely (Sultan et al., 2019). 
Moreover, the combined effects of increased temperature and drought 
diminish the global yields of wheat, maize, and soybean by 9.2%, 11.6%, and 
12.4%, respecUvely (Matiu et al., 2017). Both crop yield decline and forest 
mortality are predicted to drasUcally accelerate at a global scale in the near 
future (Allen et al., 2009; Lesk et al., 2016; Klein and Hartmann, 2018; 
Goulart et al., 2021; McDowell et al., 2022). Moreover, drought stress 
frequently interacts with wildfires, windthrow (Brando et al., 2014), or 
insect aVacks (Temperli et al., 2013; Sangüesa-Barreda et al., 2015; Kolb et 
al., 2016; Canelles et al., 2021), which can exacerbate changes in the 
structure and funcUon of natural ecosystems and agriculture (Waring et al., 
2009; Adams et al., 2012; Clark et al., 2016). Given the significant ecological 
and economic impacts of climate change, understanding drought-related 
plant death and its underlying mechanisms is crucial for accurately 
esUmaUng the risk of forest and agricultural loss and implemenUng suitable 
management strategies (Anderegg et al., 2013; Hartmann et al., 2018).  
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 The mechanisms underlying drought-induced mortality are complex. 
They involve the interplay between water, carbon, and biotic 
interdependencies (Anderegg et al., 2015; McDowell et al., 2022). The water 
and carbon supply are crucial for the survival of plants since they provide 
the basis for osmoregulaUon and cell maintenance (Koster and Leopold, 
1988; Yu, 1999; Hoekstra et al., 2001; Ramel et al., 2009; Matros et al., 2015; 
Martinez-Vilalta et al., 2019; Mantova et al., 2021; Sapes et al., 2021), as 
well as the production of compounds used in a defense system against the 
attack of biotic agents (Goodsman et al., 2013; Netherer et al., 2015; Wiley 
et al., 2016; Rissanen et al., 2021). Furthermore, a decrease in carbon pool 
sizes and fluxes can impair resistance to embolism because carbohydrate is 
required to avoid, or tolerate cell dehydration, which is essential for 
maintaining the integrity of the hydraulic system (Tomasella et al., 2019). 
Among all the processes involved in drought-induced plant mortality, carbon 
starvaUon and hydraulic failure have been proposed as the main 
mechanisms. Hydraulic failure occurs when the root-to-shoot water 
transport system collapses due to the accumulaUon of drought-induced 
embolism inside xylem conduits that exceeds the point at which water 
transport is irrecoverable (Sperry and Tyree, 1988; Venturas et al., 2017; 
McDowell et al., 2022; Johnson et al., 2022). Carbon starvaUon occurs when 
the carbon-metabolic funcUons are impaired due to a limited supply of 
carbohydrates caused by a decrease in photosynthesis and available carbon 
storage (McDowell et al., 2008, 2011). Although these two mechanisms are 
not mutually exclusive processes, many studies have shown that hydraulic 
failure is the primary cause of intense, short-to-longer periods of drought 
(Urli et al., 2013; Salmon et al., 2015; Adams et al., 2017; Mantova et al., 
2022b), while carbon starvaUon is more likely to happen during prolonged 
moderate drought condiUons (McDowell et al., 2008; Creek et al., 2020). 
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cells divide and differentiate into wood (i.e., secondary xylem) towards the 
inside and secondary phloem towards the outside of the hollow cylindric 
meristem that connects the (intrafascicular) vascular cambium parts among 
adjacent vascular bundles via the formation of interfascicular cambium 
(Figure 2, ii-iv). Wood formation accumulates much faster than secondary 
phloem, which enlarges the vascular cambium and subsequently triggers the 
formation of cork cambium that produces the periderm with many cork cells 
(Figure 2, iii-iv). These cork cells act as a secondary protective barrier that 
helps to prevent water loss, protects the woody plant from physical damage, 
provides insulation (Esau, 1965; Pereira, 2007), and replaces the initial 
(primary) protective layer – epidermis in stems and rhizodermis in roots – 
that will rupture during the initial stages of the lateral growth. As the woody 
plant ages, the secondary xylem accumulates, forming a wood cylinder that 
provides essential structural stability and supports to the stem, and 
becomes responsible for a large part of the root-to-shoot water transport 
(Esau, 1965; Lucas et al., 2013). At the same time, the bark tissues outside 
the vascular cambium develop as well, including secondary phloem that 
remains active for a limited amount of time, cortex parenchyma that often 
has the ability to undergo cell divisions to avoid rupturing during dilation, 
and (one or multiple) periderm(s) that include a cork cambium generating 
radial rows of cork cells towards the outside and one cell layer of phelloderm 
towards the inside (Esau, 1965; Pereira, 2007). These primary and secondary 
growth processes continue throughout the plant's lifetime, resulting in the 
continuous addition of new (primary and secondary) xylem and phloem and 
cork tissue, and a corresponding increase in vertical and lateral growth 
(Esau, 1965; Evert, 2006; Lucas et al., 2013; Lopez and Barclay, 2017). 
 
 Unlike woody plants, herbaceous species rarely undergo secondary 
growth, and their lignified xylem tissue is mainly formed by the primary 
xylem inside the vascular bundles (Figure 2, i). Nevertheless, many non-
monocot herbaceous angiosperm species have some degree of wood 
formation, although this is typically limited to the base of their stems 
(Schweingruber, 2006, 2007; Schweingruber et al., 2011; Lens et al., 2012a). 
In some cases, the limited amount of wood formation is confined to the 
vascular bundle regions at the base of the stem, while in others, a complete 
vascular cambium may be formed, producing a small cylinder of wood 
(Altamura et al., 2001; Chaffey et al., 2002; Lens et al., 2012a; Ragni and 
Greb, 2018) (Figure 2, ii-iii). Due to the negligible presence of secondary 
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Exploring xylem anatomy 
 
 Xylem is a complex Ussue comprising various cell types, including 
water-conducUng tracheary elements, non-tracheary elements, and 
parenchyma cells (Evert, 2006; Pittermann, 2010; Słupianek et al., 2021). 
Tracheary elements, including water-conducting vessel elements and 
tracheids, are essential components of the xylem tissue. Vessel elements are 
dead, tubular cells with two large, perforated openings in their lower and 
upper walls that connect to each other and form an axial row of vessel 
elements, known as vessels. Vessels typically occur in angiosperms and are, 
on average, between 1-50 cm long and relatively wide (up to 0.8 mm). 
Tracheids are mainly present in gymnosperms and are relatively narrow and 
much shorter and narrower than vessels (ranging from 0.5-4 mm in length 
and 8-80 µm in diameter; Pittermann, 2010). During development, both 
types of tracheary elements undergo programmed cell death, resulting in 
hollow, tube-like cells with lignified secondary walls, which impart 
mechanical strength to the xylem and allow efficient water transport while 
preventing cell collapse when xylem sap is under negative pressure (Evert, 
2006; Pittermann, 2010; Słupianek et al., 2021). Importantly, both vessels 
and tracheids are connected laterally and longitudinally via interconduit 
pits, forming a 3D network of short hollow tubes enabling an efficient long-
distance water transport system from roots to leaves (Esau, 1965; Evert, 
2006). 
 
 Interconduit pits are crucial structures for effective water transport 
because water needs to pass through millions of these pits in tall trees in 
order to reach the leaves, simply because the length of tracheary elements 
is much shorter than the total plant height. Each interconduit pit comprises 
pit borders, sections of the secondary cell wall that arch over a small 
aperture and widen into a larger pit chamber. These tiny gaps in the 
secondary cell wall allow water flow between neighbouring conduits. The 
intervessel pit membrane, which lies at the center of the pit-pair, is formed 
by hydrolysis of the middle lamella and primary walls of the two adjacent 
conduits. In angiosperms, the thickness of the intervessel pit membrane 
ranges from 70-1200 nm (Meyra et al., 2007; Jansen et al., 2009), and 
consists of modified porous structures, including microlayers of tightly 
woven cellulose microfibrils and hemicelluloses, which form a tortuous path 
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of nanoscale pores. The highly interconnected pit membrane pores contain 
multiple constrictions, with the narrowest constriction in each pore 
regulating the flow of water, gas, and embolism spreading (Kaack et al., 
2019, 2021; Zhang et al., 2020). Pit membranes can account for more than 
50% of the total hydraulic resistance in the xylem and are important safety 
valves that can prevent the spread of embolisms between adjacent 
conduits, also known as air-seeding, highlighting their crucial role in 
maintaining the safety and efficiency of the hydraulic system in the xylem 
network (Sperry et al., 2005; Wheeler et al., 2005; Choat et al., 2006, 2008; 
Jansen et al., 2009). 
 
 Other cell types in angiosperm xylem are fibers, which often 
comprise the bulk of the xylem tissue, also undergo programmed cell death, 
and in many cases, surround the vessels. These non-tracheary elements 
have a short length and often thick lignified walls, which provide the 
required mechanical support (Jacobsen et al., 2005; Déjardin et al., 2010; 
Pittermann, 2010). In addition to the dead xylem fibers, angiosperm wood 
also shows two types of living parenchyma cells, axial parenchyma and ray 
cells forming radial rays, which remain metabolically active in mature 
sapwood and contribute to a range of functions, such as the transport of 
nonstructural carbohydrates and mineral inclusions (O’Brien et al., 2014; 
Plavcová and Jansen, 2015), water storage (capacitance), xylem hydraulic 
conductance (Pfautsch et al., 2015), and to a lesser extent, mechanical 
support (Reiterer et al., 2002; Martínez-Cabrera et al., 2009). Overall, the 
coordinated actions of these cell types are essential for the proper 
functioning of xylem tissue in plants. 
 
Ascent of sap 

 Plants require a continuous water supply between the soil and the 
leaves in order to sustain essential processes such as photosynthesis, 
growth, and reproduction (Sperry, 2003; Brodribb, 2009; Lucas et al., 2013; 
Choat et al., 2018; Brodribb et al., 2020). According to the cohesion-tension 
theory, water is transported throughout the plant by water-conducting cells 
(tracheids and/or vessels depending on the plant group), which ensure a 
chain of interconnected water molecules (Dixon and Joly, 1895; Tyree and 
Zimmermann, 2002). This theory implies that (1) the root-to-leaf water flow 
is driven by a gradient of negative pressure (aka tension) that is created in 
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the cell walls of the mesophyll cells in leaves during transpiration, and (2) 
cohesion forces among water molecules, which are maintained by hydrogen 
bonds, allow the xylem sap to remain intact under these negative pressures 
(Dixon and Joly, 1895; Pickard, 1981; Brown, 2013a). If the loss of water 
molecules is larger than the uptake of soil water via the roots, the tension in 
the xylem sap will increase (Konrad et al., 2019). This negative pressure puts 
water in a metastable state, which triggers its conversion from the liquid to 
the vapour phase (i.e., cavitation), which may or may not lead to large gas 
bubble events (i.e., embolisms) that block the water transport inside the 
water-conducting cell (Steudle, 2001; Wheeler and Stroock, 2008; Brown, 
2013a; Venturas et al., 2017) (Figure 3). 
 
 Mechanisms involved in embolism formation are complex and 
poorly known, and involve interactions at the nano-scale inside xylem sap 
that includes not only water but also other compounds such as tiny 
(undissolved) gas bubbles, ions, proteins, sugars, and lipids that act as 
surface active agents (surfactants) (Lens et al., 2022). Cavitation could 
happen via homogeneous nucleation when water molecules acquire 
sufficient energy to break intermolecular binding forces, resulting in the 
formation of an embryonic vapour bubble within the water column. 
However, this homogeneous nucleation is unlikely to occur since the tension 
in the xylem conduits is not high enough to allow the cohesion forces to 
break (Briggs, 1950; Pickard, 1981; Maris and Balibar, 2000; Chen et al., 
2016a; Kanduč et al., 2020). One alternative hypothesis is that embolism is 
caused by pre-existing, tiny gas bubbles inside the xylem sap that expand 
due to various changes in temperature, pressure, surface tension, or gas 
oversaturation. These changes could trigger a tiny gas nanobubble, 
surrounded by a stabilizing sheath of surfactants, to expand beyond a critical 
size that leads to an embolism (Tyree et al., 1994; Schenk et al., 2015, 2017; 
Ingram et al., 2021). Another alternative is that embolisms are induced by 
surface bubbles associated with hydrophobic vessel surfaces (Tyree et al., 
1994; Lohse and Zhang, 2015). 
 
 There is a consensus that the spread of air bubbles via the intervessel 
pit membranes among adjacent conduits (i.e., air-seeding) is more plausible 
than the formation of new embolisms in the xylem sap (Zimmermann, 1983; 
Kaack et al., 2019; Guan et al., 2021). In angiosperms, air-seeding occurs 
when the xylem sap pressure surpasses the threshold that intervessel pit 
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membranes can sustain, enabling air bubbles in an embolized vessel to be 
pulled into an adjacent, water-filled vessel through nanoscale pores in pit 
membranes (Pockman et al., 1995; Sperry and Hacke, 2004; Choat et al., 
2008; Jansen et al., 2009). Under drought conditions, low water availability 
in drying soil or high evaporative demand significantly increases the xylem 
tension, thereby increasing the risk of air-seeding between adjacent 
conduits and potentially leading to a cascade effect of more drought-
induced embolism as drought progresses (Brodribb and Hill, 2000). If water 
stress persists, the spread of embolisms in the 3D vessel network continues 
to decrease hydraulic conductivity and could eventually lead to decreased 
photosynthesis, desiccation, dieback of tissues and organs, and, ultimately, 
plant mortality (Brodribb and Cochard, 2009; Urli et al., 2013; Adams et al., 
2017; Mantova et al., 2022a,b). Bearing this in mind, increasing evidence 
suggests that natural selection has shaped the hydraulic systems of plants in 
such a way that the impact of drought-induced embolism is minimized, 
meaning that plants do not suffer from major drought-induced embolism 
events in the field under daily, natural growing conditions (Cochard and 
Delzon, 2013; Delzon and Cochard, 2014; Martin-StPaul et al., 2017; Creek 
et al., 2020). 
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Figure 3 The root-to-leaf water transport under well-watered (left) and water 
deficiency conditions (right). In the well-watered stage, water movement is driven 
by transpiration occurring through the open stomata during the day. As water 
evaporates from the leaves, it creates a negative pressure that draws water up 
from the roots, creating a continuous flow of water through the plant. During the 
onset of drought, the stomata close in an effort to prevent water loss and 
subsequently a continuously declining negative xylem sap pressure as this would 
otherwise promote embolism spread via air-seeding (visualized as a simplified 2D 
cartoon on the right-hand side). Air seeding thresholds in angiosperms are set by 
the thickness of the intervessel pit membrane, its associate pit membrane pore 
size, and the number of intervessel pits for a given conduit of average size. Adapted 
from Venturas et al. (2017). 
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Assessing plant vulnerability to embolism 

The vulnerability of plants to embolism can be measured by so-called 
vulnerability curves (VCs), in which the percentage loss of (measured or 
theoretical) hydraulic conductivity (PLC) is plotted against xylem sap 
pressure (measured in MPa) (Figure 4A) (Tyree and Sperry, 1989; Choat et 
al., 2012). The VCs allow us to determine coefficients that have physiological 
relevance when describing the suscepUbility of plants to xylem embolism, 
facilitaUng comparisons among plant organs and species (Tyree and Ewers, 
1991; Tyree and Zimmermann, 2002). The xylem water potential inducing 
50% loss of maximum conductivity (P50) is the main parameter derived from 
VCs. It is a proxy for a plant’s drought tolerance (Tyree and Ewers, 1991; 
Maherali et al., 2004; Choat et al., 2012; Venturas et al., 2017; Brodribb, 
2017) (Figure 4A). P50 is strongly correlated with water availability reflected 
by species’ distribution patterns and is considered relevant for drought-
induced forest mortality modelling (Blackman et al., 2012; Anderegg et al., 
2016; Larter et al., 2017; Trueba et al., 2017). Other parameters, such as P12 
(xylem pressure causing a 12% loss of maximum conductivity) and P88 (xylem 
water potential inducing 88% loss of maximum conductivity), are also used 
to quanUfy embolism thresholds (Figure 4A). P12 can be interpreted as the 
'air entry point', whereas P88 is thought to be the lethal threshold for 
irrecoverable embolism (Brodribb and Cochard, 2009; Meinzer et al., 2009; 
Urli et al., 2013; Li et al., 2015; Dayer et al., 2020). However, the P88 mortality 
thresholds may not be precise enough, as recent studies indicate that trees 
were able to recover from water stress beyond P80 in conifers or even higher 
levels of embolism in angiosperms (Hammond et al., 2019; Johnson et al., 
2021; Mantova et al., 2021, 2022b). Another cavitation index is sensiUvity 
(S), which is represented by the slope of VC. Species with shallow slopes 
gradually lose hydraulic conductivity over a wide range of xylem pressure. In 
contrast, the ones with steep slopes experience more rapid cavitation during 
a small range of P values (Sperry, 1995). 
 

Several mathemaUcal models, such as the Weibull, Gompertz, 
polynomial funcUons, and the exponenUal-sigmoid funcUon, have been 
used to fit vulnerability curves. Among these, the exponenUal-sigmoid 
funcUon is the most widely used model since its parameters represent both 
susceptibility (P50) and sensitivity (S) (Rawlings and Cure, 1985; Neufeld et 
al., 1992; Pammenter and Van der Willigen, 1998; Pockman and Sperry, 
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2000; Jacobsen et al., 2007c). The vulnerability curves can be described as 
having two general shapes: (1) a sigmoid (s-shaped) curve, and (2) an 
exponential (r-shaped) curve (Figure 4B). There is increasing evidence that 
r-shaped curves are due to artefacts (Cochard et al., 2010; Delzon and 
Cochard, 2014; Martin-StPaul et al., 2014; Torres-Ruiz et al., 2014). The so-
called 'open vessel' artefact is the most important one and occurs when 
vessels are longer than the sample segments, causing multiple vessels to be 
cut at both ends. This leads to overesUmaUng the vulnerability curve due to 
the air being sucked into these open vessels during the measurements, 
resulting in a rapid drop in the percentage loss of conductivity (PLC) at 
moderate xylem tension (Choat et al., 2010; Cochard et al., 2010; Wang et
al., 2014). However, some authors believe that exponential curves are 
legitimate and do not result from measurement artefacts (Jacobsen and 
Pratt, 2012; Sperry et al., 2012; Tobin et al., 2012; Hacke et al., 2014). 
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Figure 4 The xylem vulnerability curve (VC) represents the relationship between 
the loss of maximum conductivity and xylem pressure. A) The VCs of drought-
resistant (blue line) and sensitive species (brown-dotted line) show that a more 
tolerant plant has more negative P50 than a sensitive one, meaning it can withstand 
better drought-induced embolism inside the xylem. B) The VC is shown as a 
sigmoidal (green line) and exponential (red-dotted line) curve, demonstrating two 
different conductivity decline patterns. The r-shaped curve is often attributed to 
the ‘open vessel artefact’, which occurs when the stem segment is shorter than the 
maximum vessel length. These cut-open vessels can be embolized quickly, resulting 
in a rapid decrease in hydraulic conductivity.  



 

22 

Various techniques to build vulnerability curves 

 Various experimental methods have been developed to measure the 
hydraulic conductivity in different organs, ranging from basic approaches to 
more complex techniques that require special equipment. These techniques 
vary in the way embolism is induced and quanUfied (Cochard, 2006; Cochard 
et al., 2013; Venturas et al., 2017). The four invasive (i.e., requirement of 
cuwng) approaches used to construct vulnerability curves are (1) bench 
dehydration, (2) air injection, (3) the centrifuge-based method, and (4) the 
pneumatic method, which are described below.  

(1) Bench dehydration is a basic procedure that best resembles actual 
drought-stress dehydraUon in plants (Figure 5A). With this 
technique, embolism is evaluated aWer whole intact plants (in situ or 
poVed) or large excised segments (e.g., branches > 1 m long) are 
dehydrated freely in the air, expressing a range of different xylem 
pressures. During the drying process, leaf water potential is 
measured from a drying plant, and a stem segment close to the 
measured leaf is taken and plugged into water-filled tubes allowing 
to measure the amount of water flow through the stem segment at 
a given leaf water potential value. Bench dehydration is a time-
consuming process, as dehydration of the samples might take days 
to weeks. In addition, several plant segments are required to 
construct one VC (Sperry and Tyree, 1988; Tyree et al., 1992; Bréda 
et al., 1993; Cochard et al., 2013). This technique is preferred for 
long-vessel species (e.g., ring-porous trees and lianas) and was long 
considered as the golden standard to make VCs (Choat et al., 2010).  
 

(2)  The air injection method uses positive gas pressure to induce 
embolism in shorter sample segments (stems or roots) (Sperry and 
Tyree, 1988). Cavitation is induced by increasing the air pressure 
inside the chamber that holds the stem or root segment. The air can 
be injected into the segments when only one side is cut (single-end 
air injection) or through the segment surface in a double-ended 
pressure chamber with the two cut ends of the sample protruding 
out of the chamber (Cochard et al., 1992; Salleo et al., 1992; Sperry 
and Saliendra, 1994; Ennajeh et al., 2011). Embolism is subsequently 
measured by measuring the water flow through the stems-roots at 
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different levels of positive pressure until the water flow drops to 
nearly zero (Figure 5B). The main advantage of this technique is that 
water flow can be controlled with great accuracy and applied to the 
sample within minutes (Ennajeh et al., 2011; Cochard et al., 2013), 
but is also prone to open vessel artefact (Cochard et al., 2013).  
 

(3)  The centrifuge-based method uses centrifugal force to generate a 
specific negative pressure in the middle part of the stem or root 
segment, after which the water flow in the segments is repeatedly 
measured at each centrifugation-induced pressure step (Pockman et
al., 1995; Alder et al., 1997; Cochard, 2002; Cochard et al., 2005, 
2010) (Figure 5C). The centrifugation technique, as well as air 
injection, enables the construction of a whole VC on one sample, 
thus reducing sample variability (Cochard et al., 2013; Martin-StPaul 
et al., 2014; Venturas et al., 2017). An additional advantage of the 
centrifugation technique is that it can also be applied to stems of 
small herbaceous species, such as Arabidopsis, which cannot be 
done with an air injection method (Tixier et al., 2013).  
 

(4)  The pneumatic method esUmates xylem vulnerability for a single 
branch by extracUng gas from xylem Ussues through a parUal 
vacuum applied to a cut segment (stem, petiole, or root) under 
various water potentials (Figure 5D). The advantage of this approach 
is that the pneumatic device is an easy, low-cost, and powerful tool 
for field measurements (Pereira et al., 2016, 2020).  

 
 Despite numerous consistent results produced using these invasive 
methods, methodological debates have been raised over the years due to 
various potenUal artefacts that appear when investigating a system that is 
under negative pressure. Indeed, techniques that rely on cutting samples 
potentially allow air and other impurities to enter the segment, resulting in 
biased results (Wheeler et al., 2013; Cochard et al., 2013; Rockwell et al., 
2014; Martin-StPaul et al., 2014; Wang et al., 2014; Venturas et al., 2017). 
One of the most influential artefacts is the open vessel artefact that 
regularly occurs when measuring angiosperm species with the popular 
centrifugation or air injection technique (Choat et al., 2010; Cochard et al., 
2010; Martin-StPaul et al., 2014; Torres-Ruiz et al., 2014; Torres-Ruiz et al., 
2017). Therefore, in order to detect embolisms in a non-destructive manner, 
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non-invasive imaging approaches have been developed. High-resolution X-
ray computed tomography (HRCT) is an imaging method that uses a high-
intensity X-ray source with a micrometer-range resolution to detect 
whether a conduit is water-filled or air-filled (light grey or dark as viewed in 
virtual microCT images, respectively). The development of HRCT has made 
it possible to visualize the three-dimensional structure of the vessel network 
and simulate how embolisms propagate through the xylem network when 
the plant is subjected to drought (Brodersen et al., 2010, 2011) (Figure 5E). 
Another non-invasive technique that visualizes the spatial, temporal spread 
of embolisms in the leaf venation network during water stress is the optical 
vulnerability (OV) approach (Figure 5F). By recording and comparing 
changes in the transmission of light through the veins of leaf samples, the 
OV method detects and follows the spread of embolisms as drought 
progresses (Brodribb et al., 2016b). Moreover, this method also allows for 
measuring embolism resistance in stems, roots as well as flowers (and 
leaves) of the same individual (Zhang and Brodribb, 2017; Rodriguez-
Dominguez et al., 2018; Bourbia et al., 2020; Song et al., 2022), enabling to 
compare embolism resistance of different organs within the same 
individual. In addition to HRCT and OV, the acoustic emission method (AE) 
can be used as a non-invasive, real-time monitoring tool for assessing 
drought-induced embolism in plants. AE indirectly measures the loss of 
hydraulic conductivity by placing sensitive acoustic sensors, such as 
piezoelectric transducers, onto plant stems (with or without bark) or leaves 
(Figure 5G). These sensors can capture ultrasonic frequency ranges, 
including those emitted during cavitation events (100-200 kHz). Despite the 
practical advantages of this method, being automatic and less labour 
intensive compared to other techniques, AE requires precise setup and 
calibration of the sensors, which demands special expertise. Another 
challenge lies in effectively distinguishing the embolism-related AE signals 
from the signals caused by other processes, which is necessary to conduct 
precise data analyses and accurate interpretation (Vergeynst et al., 2015a,b, 
2016; De Roo et al., 2016; Oletić et al., 2023). 
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Figure 5 The diagram illustrating different techniques used for measuring 
vulnerability curves (VCs). A) Bench dehydration technique measuring water 
transport in a freshly excised stem from a larger branch that is drying out in the lab; 
for each excised stem, the leaf water potential is measured until the water flow 
reduces to nearly zero in the last stem segment from the branch; based on Sperry 
and Tyree (1988). B) Air injection method in double-end pressure chamber used for 
measuring the water flow through the stems-roots at different levels of positive 
pressure until the water flow drops to nearly zero; adapted from Cochard et al. 
(1992) and Ennajeh et al. (2011). C) Custom-built cavitron centrifugation measuring 
water flow through the excised stem segment while simultaneously creating more 
negative xylem pressures by spinning the stems with increasing rotation speed 
steps; adapted from Cochard et al. (2002, 2005). D) Pneumatic method is shown in 
the measurement position. The vacuum is created with a syringe directly 
connected to the tube, and the stopcocks are closed to the vacuum reservoir and 
open to the branch and vacuum meter. By pulling the syringe, the vacuum is 
created. Thereby the gas is sucked from the stem. The amount of gas/air discharged 
(AD) from the sample is measured over time while the plant tissue desiccates until 
AD reaches a plateau (stops increasing); adapted from Pereira et al. (2016). E) High-
resolution X-ray computed tomography (HRCT) makes virtual stem sections of living 
plants that are put under drought stress. These virtual sections can be used to 
visualize whether conduits are water-filled or gas-filled, and dynamics of embolism 
can be followed when plants are drying out more. Based on the proportion of the 
conduit area of all water-filled vessels compared to the total vessel area, and the 
leaf water potential at different time points, a VC can be made; adapted from 
Brodersen et al. (2010). F) Optical vulnerability technique with scanner and 
microscope measuring intact plants that are put under drought stress. Every 5 
minutes, images are taken from a leaf (with a scanner) and the stem (with a 
stereomicroscope equipped with a digital camera) from the same individual 
simultaneously. Subsequent images of the leaf and stem are analyzed, looking for 
differences in pixels that resemble the sudden change from water-filled to 
embolized conduits until nearly all conduits are embolized; adapted from Brodribb 
et al. (2016). G) The acoustic emission (AE) method employs a transducer attached 
to the plant stem, which consistently captures AE signals emitted by the plant 
under drought stress conditions. The integrated AE sensor system runs signal 
acquisition, signal feature extraction, and results are logged onto a SD card; 
adapted from Oletić et al. (2023). 
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Surviving and thriving: how plants respond to drought 

 Plant mortality is intimately linked to the balance between water 
supply and demand. However, carbohydrate availability also plays a role in 
the hydraulic function and associated failure, making both water and carbon 
supply crucial for plant survival (Allen et al., 2015; Martinez-Vilalta et al., 
2019; Kannenberg et al., 2021). To cope with water-deficit conditions, plants 
have evolved a range of strategies, including several functional traits in 
different organs that minimize the effects of drought stress and maximize 
their performance and fitness (Violle et al., 2007). Resistance to drought-
induced embolism can vary within and across species in response to various 
environmental factors such as water availability and shade (Stiller, 2009; 
Plavcová et al., 2011). This resistance can be achieved by, among others, 
building the xylem resistance (Larter et al., 2017), preventing sap pressure 
from reaching critical thresholds through early closure of the stomata 
(Martin-StPaul et al., 2017), or contributing to hydraulic recovery by 
developing new wood tissue (Gauthey et al., 2022). The coordination of 
drought-related features within and among organs is crucial in determining 
how long plants can maintain metabolic activities without risking hydraulic 
failure. For example, some plants may develop deep roots or other root-
related traits that improve water uptake, while others may have leaf 
characteristics that limit water loss through transpiration (Allen et al., 2009; 
Choat et al., 2012; Mitchell et al., 2013; Martínez-Vilalta and Garcia-Forner, 
2017; Buckley, 2019; Creek et al., 2020; Limousin et al., 2022). By combining 
these traits, plants can optimize their water use efficiency and improve their 
chances of surviving periods of water shortage. Ultimately, understanding 
the mechanisms underlying plant responses to drought stress by 
investigating the diversity of drought-associated plant traits is essential for 
developing strategies to improve plant resilience and productivity in water-
limited environments (Choat et al., 2012, 2018; Blackman et al., 2019; Rosas 
et al., 2019; Venturas et al., 2021; Lens et al., 2022). 
 
Stomatal regulation 

Stomata are microscopic structures found on the surface of leaves. 
They regulate the exchange of gases, mainly carbon dioxide (CO2) and 
oxygen (O2), between plants and the atmosphere and the loss of water 
vapour by transpiration (Lawson and Vialet-Chabrand, 2019). Stomata are 
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pores surrounded by a pair of guard cells whose size can be altered in 
response to environmental signals, thereby regulating the rate of gas and 
water exchange (Wall et al., 2022). This ability to adjust stomatal 
conductance (gs) is an essential adaptive feature that enables plants to 
maintain a balance of water use efficiency (WUE, defined as the ratio of 
photosynthesis and transpiration), especially under changing environmental 
conditions such as vapour pressure deficit (VPD), temperature, light levels, 
atmospheric CO2, and soil water availability (Assmann and Wang, 2001; 
Buckley, 2005; Messinger et al., 2006; Ainsworth and Rogers, 2007). The 
regulation of stomatal opening and closure in response to drought is a 
complex process involving physical and biochemical changes. When the soil 
water becomes scarce, the plant senses the change and triggers a series of 
responses to reduce water loss through transpiration and delay xylem sap 
pressures from reaching critical thresholds (Brodribb and Holbrook, 2003; 
Pittermann, 2010; Buckley, 2019). One of the primary responses to drought 
is the closure of stomata, which considerably reduces the transpiration rate 
(although there will always be a residual stomatal conductance when the 
stomata are closed; see Billon et al., 2020). Therefore, water is conserved 
for important processes, such as maintaining cellular turgor pressure. 
However, stomatal closure also results in a decline in carbon uptake as 
photosynthetic rates drop in response to decreased gas exchange 
(McDowell et al., 2008; Brodribb et al., 2017b; Martínez-Vilalta and Garcia-
Forner, 2017; Martin-StPaul et al., 2017; Knipfer et al., 2020). As drought 
progresses, xylem water potential starts to become slightly more negative, 
leading to a decline in stomatal conductance to near zero. This closure is 
usually performed before the onset of substantial embolism formation to 
avoid the possibility of hydraulic failure (Brodribb et al., 2003; Martin-StPaul 
et al., 2017; Scoffoni et al., 2017; Choat et al., 2018). However, some plants 
try to keep their stomata open during drought as long as possible to 
maximize carbon assimilation, especially in species that are extremely 
resistant to embolism formation (see next paragraph). In other words, 
plants have evolved a range of stomatal conductance regulation 
mechanisms to achieve optimal water use efficiency in response to drought. 
These responses can vary across plant species, depending on their control 
strategies and physiological traits (Klein, 2014; Buckley, 2019; Papastefanou 
et al., 2020; Joshi et al., 2022).  
 Two stomatal regulation behaviors in response to drought stress 
have been described: isohydric and anisohydric (Bonal and Guehl, 2001; 
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West et al., 2007; McDowell et al., 2008). Isohydric species or drought 
avoiders (P50 value close to zero) tend to maintain a constant level of leaf 
water potential, even under severe drought stress, by tightly regulating the 
stomatal openings. In reaction to periods of water shortage, these plants 
close their stomata very early, regardless of the potential carbon loss. This 
strategy permits greater control over the plant's water balance but can 
come at the cost of diminished photosynthetic rates and growth due to 
limited gas exchange. Anisohydric plants or drought-tolerant species (much 
more negative P50 value), however, exhibit a more relaxed control over the 
stomatal aperture. These plants tend to keep their stomata open longer for 
greater photosynthesis and growth rates under mild drought stress. 
However, as drought stress intensifies, anisohydric species also ultimately 
close their stomata to conserve water and to avoid hydraulic failure 
(McDowell et al., 2008; Klein, 2014; Joshi et al., 2022). Importantly, recent 
research has demonstrated that isohydric, and anisohydric strategies are 
not fixed to one extreme side but rather exhibit dynamic responses to 
changes in water availability (Papastefanou et al., 2020). 

Stomatal safety margin 

As mentioned above, stomatal regulation is crucial for plants to 
maintain the water balance and prevent hydraulic failure during drought 
stress (McDowell et al., 2008; Brodribb et al., 2017b; Martínez-Vilalta and 
Garcia-Forner, 2017; Martin-StPaul et al., 2017; Knipfer et al., 2020). 
Therefore, measuring P50 alone may not accurately reflect plant embolism 
resistance, as it does not account for the role of stomatal regulation. In 
addition, P50 values are typically considered constant over time by taking 
only a single point during the season (Lobo et al., 2018; Mauri et al., 2020; 
Martínez-Vilalta et al., 2021). However, this is not entirely accurate, as 
research has shown that P50 can vary across seasons. For instance, P50 values 
may become more negative at the end of the growing season when 
conditions are becoming drier and warmer (Kolb and Sperry, 1999; Jacobsen 
et al., 2007b; Charrier et al., 2018; Sorek et al., 2022). Consequently, 
combining stomatal closure with P50 results is a more physiologically 
relevant approach to estimating the ability of a plant species to withstand 
drought-induced embolism (Meinzer et al., 2009; Anderegg et al., 2016; 
Martin-StPaul et al., 2017; Creek et al., 2020; Dayer et al., 2020; Skelton et 
al., 2021). This is captured in the so-called stomatal safety margin (SSM), 
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defined as the difference between the water potential at stomatal closure 
(Ψgs90) and the pressure inducing 50% loss of hydraulic conductance (P50) 
(Figure 6). By measuring SSM, it is possible to evaluate the level of native 
embolism resistance in plants at a given drought period, which will be 
negligible in species with a wide SSM showing a large buffer between the 
point of stomatal closure and the point of hydraulic failure (often around or 
beyond P88). In contrast, plants with narrower (or even negative) safety 
margins operate closer to their hydraulic limit and will therefore develop 
high levels of native embolism - i.e. will more likely face hydraulic failure - 
even at relatively mild drought periods (Choat et al., 2012; Anderegg et al., 
2016; Martin-StPaul et al., 2017; Eller et al., 2018; Creek et al., 2020; Skelton 
et al., 2021; Oliveira et al., 2021). 

Figure 6 The graph displaying the stomatal safety margin (SSM), which is the 
difference between the water potential at near stomatal closure (Ψgs90) and the 
xylem pressure inducing 50% loss of hydraulic conductance (P50). Species with a 
higher SSM (left) operate further from their hydraulic threshold, either by being 
more resistant to embolism formation and/or by rapidly closing their stomata 
during the onset of drought, while species with a low or even negative SSM (right) 
develop relatively high levels of native embolism even under mild drought stress 
and will soon reach the critical point of hydraulic failure as the drought intensifies. 
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Ecological trends and trade-offs in xylem anatomy 
 
 In addition to their rapid physiological responses to changes in water 
availability, plants also have the ability to modify their hydraulic architecture 
over longer-term responses (Tng et al., 2018). Modifications to the anatomy 
of xylem tissue are essential for maintaining water transport efficiency and 
preventing cavitation or embolism under drought stress. The potential roles 
of different xylem cell types, sizes, and arrangements, as well as their 
environmental factors, were first explored in studies that compared the 
wood anatomy of different species growing in contrasting environments, a 
subdiscipline known as ecological wood anatomy (Carlquist, 1975, 1980; 
Baas, 1976; Baas et al., 1983; Alves and Angyalossy-Alfonso, 2000; Segala 
Alves and Angyalossy-Alfonso, 2002; Lens et al., 2004). As a result, numerous 
ecological trends associated with wood anatomical variation from diverse 
habitats, varying in water availability, temperature, and elevation, have 
been suggested. For instance, in drier environments, woody species tend to 
have narrower vessels with higher density, and thicker fiber walls compared 
to closely related species thriving in wetter conditions (Carlquist, 1966, 
1977; Baas et al., 1983; Carlquist and Hoekman, 1985; Bosio et al., 2010).  
 
 Xylem tissue of plants provides two fundamental functions, water 
transport and mechanical support, which create competing demands. These 
conflicts can lead to a trade-off between efficiency and safety, meaning that 
when plants prioritize one function, such as water transport efficiency, they 
may compromise their ability to provide mechanical support (Tyree and 
Sperry, 1989; Baas et al., 2004; Hacke et al., 2006; Sperry et al., 2006, 2008; 
Venturas et al., 2017) (Figure 7). A pervasive hypothesis concerning the 
trade-off between hydraulic safety and efficiency has been proposed for a 
very long time (Zimmerman and Brown, 1971). Larger and longer vessels are 
linked to more efficiency in water conduction than narrower and shorter 
vessels, allowing plants to photosynthesize more and grow faster under 
favorable conditions (Poorter et al., 2010; Gleason et al., 2012, 2016a; 
Bouda et al., 2019). However, enhancing embolism resistance, which 
requires investing more in increasing conduit wall and fiber wall thickness, 
might impair hydraulic efficiency (Tyree et al., 1994; Hacke et al., 2001, 
2006; Jacobsen et al., 2007b; Sperry et al., 2008; Meinzer et al., 2010). To 
achieve a balance between safety and efficiency, plants have developed 
different strategies depending on their ecological and environmental 
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water potentials due to their lower leaf/xylem turgor loss point (Fu and 
Meinzer, 2019; De Guzman et al., 2021). Consequently, tree species with 
greater wood density tend to have lower mortality rates but are known to 
grow more slowly (Chao et al., 2008; Nardini et al., 2013; Greenwood et al., 
2017). WD is associated with the investment in various anatomical features, 
including vessel wall thickness and the surrounding fiber matrix that is 
hypothesized to protect vessels from collapsing during progressive xylem 
tension (although conduit collapse has only been sporadically observed in 
leaves) (Hacke et al., 2001; Jacobsen et al., 2005, 2007; Pratt et al., 2007; 
Russo et al., 2010; Zheng and Martínez-Cabrera, 2013; Fortunel et al., 2014; 
Dória et al., 2018; Zhang et al., 2023). Plants with a greater degree of 
embolism resistance are also thought to develop thicker vessel walls relative 
to their lumen diameter (higher thickness-to-span ratio expressed by (t/b)) 
(Hacke et al., 2001; Sperry and Hacke, 2004; Jacobsen et al., 2005, 2007a; 
Pittermann et al., 2006). Likewise, the surrounding fiber cells might also 
contribute to embolism resistance by reinforcing the vessel wall, regardless 
of changes in vessel wall thickness or lumen diameter (Jacobsen et al., 2005). 
Thus, greater investment in the vessel and fiber walls results in higher wood 
density, which reflects the ability of a plant to resist embolism. In 
herbaceous species, which lack a woody structure, higher stem density 
results from increased lignification in the stem. In addition, the amount of 
lignin accumulated in the cell wall could influence the speed of embolism by 
affecting gas diffusion kinetics across vessel walls, suggesting that stems 
with higher lignification levels may have a slower rate of embolism 
propagation (Lens et al., 2016; Pereira et al., 2018; Dória et al., 2018; Lens 
et al., 2022). Lastly, modifications of lignin concentration and composition 
in different cell types, such as vessels or fibers, can influence the mechanical 
and hydraulic properties of the stem. These alterations can boost cell 
stiffness, flexibility, and hydrophobicity of the cell wall, which can impact 
the plant's ability to withstand and recover from drought stress (Pereira et 
al., 2018; Ménard et al., 2022).  

 
Vessel connectivity is another trait that has been linked to drought-

induced embolism (Levionnois et al., 2021; Mrad et al., 2021; Ewers et al., 
2023). The average vessel connectivity (C) represents the number of 
neighboring vessels averaged over all vessels in the xylem segment (Loepfe 
et al., 2007; Martinez-Vilalta et al., 2012). Unfortunately, due to 
methodological constraints, vessel connectivity has rarely been 



 

34 

investigated. Instead, the vessel grouping index (VG) has been widely 
quantified and used as a 2D proxy of C (Mrad et al., 2021). Some studies 
have found that high vessel grouping is associated with increased embolism 
resistance (Lens et al., 2011; Levionnois et al., 2021; Lemaire et al., 2021b). 
This is because it provides a hydraulic redundancy pathway, which reduces 
the potential loss of water transport capacity associated with the embolism 
(Carlquist, 1984; Tyree et al., 1994). In other words, connections with 
adjacent vessels offer alternative routes for water transport when some 
vessels are embolized (Carlquist, 1984; Tyree et al., 1994; Levionnois et al., 
2021). However, some studies suggested that high VG increases the 
likelihood of embolism spreading, resulting in a lower hydraulic safety 
(Loepfe et al., 2007; Martinez-Vilalta et al., 2012; Scholz et al., 2013b). 
Therefore, there is controversy about the impact of the degree of vessel 
grouping on embolism resistance. Interestingly, Mrad et al. (2021), based on 
wood anatomy in Acer, simulated xylem segments and linked vessel 
connectivity to VC and hydraulic conductivity, suggesting that increasing 
vessel connectivity and grouping improves the resistance to embolism 
without compromising hydraulic efficiency. Additionally, the simulation 
showed that vessel connectivity significantly affects the slope of the VC. 
Thus, vessel grouping is necessary for the resistance to embolism spread, 
yet it also needs to be accompanied by variations in pits and other vessel 
traits (Lemaire et al., 2021b; Mrad et al., 2021). 

 
 One of the most frequently measured and debated anatomical traits 
associated with resistance to drought-induced embolism is vessel diameter 
(D). Comparative and ecological wood anatomy studies have suggested a 
positive correlation between conduit diameter and embolism resistance. 
Several arguments have been raised (see Olson et al., 2023 for an overview). 
Experimental research on xylem vulnerability to drought-induced embolism, 
however, shows no solid evidence for a direct link between vessel diameter 
and embolism resistance. For instance, several studies have found that 
narrow vessels in leaves are more vulnerable to embolism than wider 
vessels in shoots (Pivovaroff et al., 2014; Charrier et al., 2016; Johnson et al., 
2016; Creek et al., 2018; Skelton et al., 2019), which may also suggest a 
vulnerability segmentation hypothesis (Tyree and Ewers, 1991). This 
hypothesis assumes that xylem in different plant organs has varying levels 
of embolism resistance, with more distal tissues, such as leaves and twigs, 
being more vulnerable than more proximal tissues (Tyree and Ewers, 1991). 
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However, recent studies have found that the xylem tissue in leaves, stems, 
and roots has (more or less) the same embolism resistance although the 
vessel diameter considerable changes among organs (Skelton et al., 2017; 
Creek et al., 2018; Wason et al., 2018; Losso et al., 2019; Levionnois et al., 
2020; Smith-Martin et al., 2020; Lübbe et al., 2022). Other traits that might 
involve in the mechanisms underlying drought-induced embolism, such as 
intervessel pit traits, may be better predictors of embolism vulnerability 
than vessel diameter (Lens et al., 2022). 
 

During the last two decades, it has become increasingly clear that 
intervessel pit membranes are key structures in the root-to-shoot water 
transport, which considerably impact the resistance to flow, and function as 
a safety valve by minimizing the spread of embolism from non-functional 
vessels to neighbouring functional conduits (Sperry and Tyree, 1988; Tyree 
and Zimmermann, 2002; Meyra et al., 2007; Choat et al., 2008). This 
protective function in intervessel pit membranes is enabled by the pit 
membrane's tiny pore constrictions and high permeability, which enable the 
flow of gas between adjacent vessels (Wheeler et al., 2005; Jansen et al., 
2009). The thickness of the intervessel pit membrane (TPM) is strongly 
associated with the plant's ability to resist the spread of embolism, making 
it one of the main determinants of embolism resistance in angiosperms (Li 
et al., 2016). Species with thicker pit membranes are more resistant to 
drought-induced embolism than those with thinner membranes (Jansen et 
al., 2009; Lens et al., 2011, 2013; Scholz et al., 2013b; Schuldt et al., 2016; Li 
et al., 2016; Bai et al., 2020; Kaack et al., 2021; Isasa et al., 2023) (Figure 8). 
The relationship between TPM and P50 can be functionally explained by the 
effect that membrane thickness has on the number, size, and distribution of 
pore constrictions located in these membranes that are considered as 
nonwoven porous media (Bai et al., 2020). According to the 3D-nanoscale 
pit membrane structure, the pores between the microfibril layers of pit 
membranes are extensively interconnected and contain multiple tiny pore 
constrictions that operate as the bottlenecks for the fluid transport across 
the pit membrane pathway (Kaack et al., 2019, 2021; Yang et al., 2020; 
Zhang et al., 2020). Since the thickness of the pit membranes increases with 
the length of the multiconstriction path, it may be expected that thicker 
membranes will have a narrower maximum pore constriction size than 
thinner membranes. In addition, gas bubble snap-offs, which are assumed 
to occur spontaneously at the air-water interface in pore constrictions, 
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thereby possibly creating surfactant-coated nanobubbles, tend to increase 
with an increasing number of pore constrictions (Berg et al., 2013; Schenk 
et al., 2015; Park et al., 2019; Lens et al., 2022) 

 

 
 

Figure 8 The xylem vulnerability curve (VC) represents the relationship between 
the loss of maximum conductivity and xylem pressure. The VCs show that drought-
resistant species (more negative P50: blue curve) have a woodier or more lignified 
stem with thicker intervessel pit membranes than the sensitive species (less 
negative P50: brown-dotted curve).  

Gene networks underlying plant responses to drought stress 

 In addition to a multitude of physiological and anatomical traits, 
plants also respond and adapt to water shortage through molecular 
mechanisms, which include modifications to the activity of phytohormones, 
metabolites and signalling pathways, as well as transcriptional regulation 
cascades (Singh et al., 2022). One of the phytohormones that is well-known 
for its role in plant acclimatization under stress conditions is abscisic acid 
(ABA). Under water deficit, ABA is produced, controlling root development, 
stomata closure, and activating stress-related genes (Nakashima et al., 
2014; Förster et al., 2019). After ABA has been accumulated (mainly in 
leaves), it regulates the expression of downstream drought-inducible genes 
via cis-elements called ABRE (ABA-responsive element) and uses AREB 
(ABRE binding) genes as major transcriptional activators during ABA-
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mediated signaling (Choi et al., 2000; Uno et al., 2000; Bauerle et al., 2004; 
Cutler et al., 2010; Maruyama et al., 2012; Mehrotra et al., 2014; Yoshida et 
al., 2015; Chen et al., 2020) (Figure 9). For instance, in many plant species, 
AREB1 overexpression is associated with the improvement of drought 
resilience (Barbosa et al., 2013; Yoshida et al., 2015; Wang et al., 2016a), 
whereas the triple knockout  mutants of AREB1, AREB2 and ABF3 showed 
drought stress-sensitive phenotypes and had lower expression of drought-
responsive genes (Yoshida et al., 2010). Arabidopsis AREB2 and ABF3 also 
play a significant role in flowering time regulation by transcriptionally 
controlling the floral integrator SUPPRESSOR OF OVEREXPRESSION OF 
CONSTANS1 (SOC1) (Hwang et al., 2019). Under drought stress, elevated 
ABA levels enhance the activity of SOC1 through AREB2 and ABF3, thereby 
accelerating the floral transition and enhancing reproductive success. This 
adaptive response enables plants to complete their life cycle before the 
onset of severe drought conditions, thereby mitigating the detrimental 
effects of water scarcity (Hwang et al., 2019). SOC1 also emerges as a crucial 
regulator of various developmental and stress responses (Kimura et al., 
2015; Aoki et al., 2019). Moreover, SOC1, in conjunction with FUL 
(FRUITFULL) and AHL15 (AT-HOOK MOTIF CONTAINING NUCLEAR 
LOCALIZED 15) (Melzer et al., 2008; Karami et al., 2020; Rahimi et al., 2022) 
plays a significant role in controlling meristem determinacy and cambial 
activity. A double loss-of-function mutant of SOC1 and FUL has been shown 
to suppress axillary meristem maturation, resulting in later-flowering, 
polycarpic-like woody growth that is characterized by a much longer life 
span (Melzer et al., 2008). AHL15 has been found to act downstream of SOC1 
and FUL, and enhances vascular cambium activity and hence secondary 
xylem formation in Arabidopsis inflorescence stems (Rahimi et al., 2022). 
These woody Arabidopsis genotypes allow us to investigate the role of 
increased woodiness in the inflorescence stem on the plant’s drought 
response. 
 
 In addition to the ABA-dependent system, a number of stress-related 
genes can be regulated by an ABA-independent regulatory pathway, which 
is an important process in drought stress response during the initial stages 
before the build-up of endogenous ABA (Soma et al., 2021)(Figure 9). The 
important TFs in the ABA-independent system include NAC transcription 
factors and DRE-binding proteins (DREB), particularly DREB2A (Sakuma et 
al., 2006a,b; Lata and Prasad, 2011; Soma et al., 2021). DREB2A, expressed 
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under dehydration and osmotic stress, binds to the Dehydration Responsive 
Elements (DRE) motif to regulate drought-responsive genes (Maruyama et 
al., 2012) (Figure 9). Interestingly, the interaction between ABA-dependent 
and ABA-independent pathways has been observed since several types of 
TFs control the cellular responses to drought stress. For example, 
AREB/ABFs can partially regulate the expression of DREB2A, showing the 
interaction between the early processes of drought prior to the 
accumulation of ABA and the later-occurring ABA-dependent signalling 
processes (Kim et al., 2011). Furthermore, plant-specific NAC TFs that bind 
to NAC recognition sites (NACR) mediate environmental stress responses 
(Tran et al., 2004; Takasaki et al., 2010; Puranik et al., 2012) (Figure 9). For 
instance, ANAC096 is a positive regulator activated in response to 
dehydration stress. It increases the expression of drought-responsive genes, 
specifically Responsive to Dehydration 29A (RD29A), which is one of the 
important marker genes in ABA dependent drought stress signalling 
pathway (Xu et al., 2013). In conclusion, both ABA-independent and ABA-
dependent gene regulatory networks are essential molecular mechanisms 
that govern differential gene expression during early and later drought 
responses (Shinozaki et al., 2003; Yamaguchi-Shinozaki and Shinozaki, 2005; 
Shinozaki and Yamaguchi-Shinozaki, 2006).  
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Thesis outline 
 
 The aim of this thesis is to enhance our understanding of the complex 
mechanisms underlying drought responses in herbaceous species, providing 
insights into the various strategies that plants use to cope with drought 
stress. To achieve this, we investigate the relationship and coordination 
between xylem anatomical and hydraulic traits in stems and leaves and 
provide a preliminary analysis of the expression of drought-responsive 
genes. To address these objectives, we study various genotypes that 
exhibited contrasting levels of embolism resistance and lignification in the 
stems of Arabidopsis thaliana, a model herbaceous plant, and Solanum 
lycopersicum (tomato), an important crop species. This thesis comprises five 
chapters, with the first chapter serving as a general introduction and 
overview of the thesis, followed by the research chapters 2-4 that focus on 
the research specific objectives, and complemented with the last chapter 
that provides an overall discussion and conclusion of the PhD results.  
 
Chapter 2  

 This chapter delves into identifying the key anatomical and 
ecophysiological traits that best explain the variation in embolism in the 
inflorescence stems of four Arabidopsis thaliana genotypes with contrasting 
growth forms. Detailed stem anatomical observations serve as the basis for 
these explorations. 
 
Chapter 3 

 Building upon the previous chapter, this one focuses on studying the 
drought response strategies of the four Arabidopsis genotypes examined in 
chapter 2 in more detail, with the addition of two additional genotypes. This 
investigation combines stem anatomical observations, hydraulic 
measurements in stems and leaves (during well-watered and drought 
conditions), and gene expression studies in leaves (during well-watered and 
drought conditions) to gain comprehensive insights into the plants' adaptive 
responses to drought. 
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Chapter 4 

 This chapter focuses on investigating the mechanisms underlying the 
increased drought tolerance observed in JUNGBRUNNEN1 (JUB1) 
overexpression transgenic lines of both Arabidopsis and Solanum 
lycopersicum L. (tomato). This chapter employs detailed stem anatomy 
observations in combination with hydraulic traits in stems and leaves of 
Arabidopsis and tomato plants that differed in expression of JUB1, within 
the context of a drought experiment.  
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Abstract 

The ability to avoid drought-induced embolisms in the xylem is one 
of the essential traits for plants to survive periods of water shortage. Over 
the past three decades, hydraulic studies have been focusing on trees, which 
limits our ability to understand how herbs tolerate drought. Here, we 
investigate the embolism resistance in inflorescence stems of four 
Arabidopsis thaliana accessions that differ in growth form and drought 
response. We assess functional traits underlying the variation in embolism 
resistance amongst the accessions studied using detailed anatomical 
observations. The vulnerability to xylem embolism was obtained via 
vulnerability curves using the centrifuge technique and linked with detailed 
anatomical observations in stems using light microscopy and transmission 
electron microscopy. The data show significant differences in stem P50, 
varying twofold from -1.58 MPa in the Cape Verde Island accession to -3.07 
MPa in the woody soc1ful double mutant. Out of all the anatomical traits 
measured, intervessel pit membrane thickness (TPM) best explains the 
differences in P50, as well as P12 and P88. The association between embolism 
resistance and TPM can be functionally explained by the air-seeding 
hypothesis. There is no evidence that the correlation between increased 
woodiness and increased embolism resistance is directly related to 
functional aspects. However, we found that increased woodiness is strongly 
linked to other lignification characters, explaining why mechanical stem 
reinforcement is indirectly related to increased embolism resistance. In 
conclusion, the woodier or more lignified accessions are more resistant to 
embolism than the herbaceous accessions, confirming the link between 
increased stem lignification and increased embolism resistance as also 
observed in other lineages. Intervessel pit membrane thickness, and to a 
lesser extent theoretical vessel implosion resistance and vessel wall 
thickness, are the missing functional links between stem lignification and 
embolism resistance. 

Keywords: Arabidopsis thaliana, embolism resistance, herbaceous species, 
intervessel pit membrane, lignification, stem anatomy, xylem hydraulics. 



46 

Introduction 

Long-distance water transport in the xylem connecting roots to 
leaves is essential for plant survival and distribution (Sperry, 2003; Brodribb, 
2009; Lucas et al., 2013; Lens et al., 2016; Trueba et al., 2017; Choat et al., 
2018; Brodribb et al., 2020). Plants have developed an ingenious system to 
transport water upwards against gravity by a largely passive mechanism that 
is driven by a difference in negative xylem pressure created in the leaf 
mesophyll cell walls, known as the cohesion-tension theory (Dixon and Joly, 
1895; Pickard, 1981; Brown, 2013). However, this negative or 
subatmospheric pressure inside the water-conducting xylem conduits puts 
water in a metastable liquid state, making it vulnerable to heterogeneous 
cavitation: the transition from liquid water to vapour by spontaneous 
destabilization of the hydrogen bonds between water molecules at 
nucleating sites (Steudle, 2001; Wheeler and Stroock, 2008; Brown, 2013; 
Venturas et al., 2017). Under drought stress conditions, the xylem pressure 
becomes more negative, thereby increasing the risk of tiny vapour bubbles 
enlarging into a large embolism that blocks the water transport inside a 
conduit (Sperry and Tyree, 1988; Tyree and Zimmermann, 2002; Cochard, 
2006). This embolized conduit can then cause gas bubbles to spread towards 
adjacent water-filled conduits via tiny pores in the interconduit pit 
membranes, a process called air-seeding. Air-seeding may lead to a rapid 
spread of drought-induced embolism throughout the plant, giving rise to 
hydraulic failure, i.e. a catastrophic loss of xylem hydraulic conductance, 
ultimately causing plant death (Brodribb and Cochard, 2009; Allen et al., 
2010; Urli et al., 2013; Brodribb et al., 2016, 2020; Anderegg et al., 2016; 
Adams et al., 2017; Kaack et al., 2019; Zhang et al., 2020). Acquiring a 
sufficient level of embolism resistance, therefore, represents one of the 
most essential adaptations for plant survival under drought conditions, 
along with other strategies such as reduced water-loss, increased water 
storage or root depth (Lens et al., 2013; Gleason et al., 2014; Martin-StPaul 
et al., 2017; Billon et al., 2020). 

The relationship between the decline in hydraulic conductivity due 
to embolism and xylem pressure is plotted in a so-called vulnerability curve 
(VC), from which the pressure inducing 50% loss of hydraulic conductivity 
(P50) – the often-cited proxy for drought tolerance – is derived (Maherali et 
al., 2004; Choat et al., 2012; Venturas et al., 2017). Hydraulic studies show 
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a wide range of P50 across species (from -0.5 MPa to -20 MPa), and species 
occupying dry habitats are generally more resistant to embolism formation 
(more negative P50) than species from wet habitats (Brodribb and Hill, 1999; 
Choat et al., 2012; Larter et al., 2015; Lens et al., 2016; Trueba et al., 2017). 
Xylem physiologists have measured P50 values in stems of over 2000 tree 
and shrub species. However, hydraulic measurements in herbaceous species 
are limited to only a few dozen species, despite the fact that a majority of 
our important food crops are herbs (Stiller, 2002; Holloway-Phillips and 
Brodribb, 2011; Lens et al., 2013, 2016; Nolf et al., 2016; Skelton et al., 2017; 
Ahmad et al., 2018; Dória et al., 2018; Volaire et al., 2018; Lamarque et al., 
2020; Bourbia et al., 2020; Corso et al., 2020) Therefore, it is essential to 
focus more on herb hydraulics and integrate these hydraulic traits in models 
that predict annual crop yields to consider the effects of drought and 
heatwave events (Asseng et al., 2015). 

In this paper, we focus on the model species Arabidopsis thaliana (L.) 
Heynh. This small herbaceous species is able to produce a limited amount of 
wood in the hypocotyl and at the base of the inflorescence stem (Chaffey et 
al., 2002; Ko et al., 2004; Nieminen et al., 2004; Melzer et al., 2008; Lens et 
al., 2012). Wood formation can be moderately induced in wild-type 
accessions by either delaying flowering time under short days (Tixier et al., 
2013) or by clipping developing flowers (Chaffey et al., 2002), by applying 
weights on the inflorescence stem (Ko et al., 2004), or by increasing auxin 
levels (Agusti et al., 2011; Brackmann et al., 2018). A more extensive wood 
cylinder can be induced by modifying gene regulation that turns the 
herbaceous phenotype into a shrubby phenotype (Melzer et al., 2008; 
Karami et al., 2020), although this woodiness does not extend towards the 
upper parts of the inflorescence stems (Lens et al., 2012). Since increased 
woodiness or lignification levels in stems have been linked to higher levels 
of embolism resistance in various plant groups (Tixier et al., 2013; Lens et 
al., 2013, 2016; Dória et al., 2018, 2019), we selected three herbaceous wild-
type accessions of A. thaliana with a different growth type and drought 
response (Columbia (Col-0), Cape Verde Islands (Cvi) and Shahdara (Sha); 
Bac-Molenaar et al., 2016; Thoen et al., 2017) and one woody mutant 
established in the Col-0 background (soc1ful knockout; Melzer et al., 2008) 
to evaluate this potential correlation more closely. To this end, we applied 
the cavitron centrifuge method (Cochard et al., 2013) to compare the xylem 
embolism resistance of inflorescence stems amongst the four accessions, 
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and assessed which xylem anatomical traits underlie the differences 
observed in P50 using detailed anatomical observations with light microscopy 
(LM) and transmission electron microscopy (TEM). Various hydraulically 
relevant stem traits were observed, such as the proportion of stem 
woodiness/lignification, intervessel pit membrane thickness, fiber wall 
thickness, theoretical vessel implosion index, and vessel grouping index 
(Table 1). We hypothesize that woodier or more lignified Arabidopsis stems 
are more resistant to embolism formation than less lignified stems   and that 
this difference in embolism resistance is functionally driven by intervessel 
pit membrane thickness. 

Materials and methods 

Plant material 

Three accessions and one woody mutant of Arabidopsis thaliana 
were chosen based on their contrasting growth form, the difference in 
drought tolerance and the minimum length of their inflorescence stems: (1) 
Columbia (Col-0, a direct descendant of Col-1 from Poland and Eastern 
Germany; Koornneef and Meinke, 2010; Passardi et al., 2007; Somssich, 
2019); (2) Shahdara (Sha, native to a low precipitation area of Shakhdarah 
valley, Tajikistan; Khurmatov, 1982; Trontin et al., 2011); (3) Cape Verde 
Islands (Cvi, native to the high altitude region above 1,200 m on Cape Verde 
Islands; (Lobin, 1983; Monda et al., 2011); and (4) Col-0 accession in which 
two flowering time control genes SUPPRESSOR OF OVEREXPRESSION OF CO 
1 (SOC1) and FRUITFULL (FUL) are knocked out (soc1ful in Col-0 background; 
(Melzer et al., 2008). The three wild-type accessions were selected based on 
the length of their inflorescence stems (at least 30 cm required for the 
cavitron measurements, which exceeds by far the maximum vessel length of 
Col-0 reaching only 4 cm according to Tixier et al. (2013), to avoid potential 
open-vessel artefacts (Cochard et al., 2013)), their differences in drought 
response (Bac-Molenaar et al., 2016; Thoen et al., 2017) and growth form. 
The soc1ful knockout was selected as the woody counterpart because of its 
extended levels of wood formation at the base of the inflorescence stems 
(Lens et al., 2012). One hundred individuals from three accessions and one 
double knockout were grown from seeds sown directly in a mixture of soil 
and sand (4.5:1). After seed germination (10-12 days after sowing), the 
healthy seedlings were transferred and grown individually in 8 cm-diameter 
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pots in a growth chamber under controlled conditions of 20°C temperature 
and 16-h photoperiod, with 100 μmol m-2 s-1 light intensity. Relative 
humidity (RH) was maintained at 70%. We synchronized the harvesting time 
for the four accessions, meaning that each accession was harvested at 
different ages (55-65 days for WT accessions, 80-90 days for soc1ful), 
depending on the time required for flowering and inflorescence stem 
development. 
 
Xylem vulnerability to embolism 
 
Sample preparation of inflorescence stems 
 
 The plants were harvested – with roots, leaves and flowers still 
attached – in the growth chamber facilities at the Institute of Biology Leiden 
(Leiden University, The Netherlands). The basal part of the inflorescence 
stems of each accession was cut underwater with a sharp razor blade into a 
length at least of 30 cm, and then immediately wrapped in wet tissues, 
enclosed in plastic bags, and shipped to the PHENOBOIS platform (INRAE, 
University of Bordeaux, France) for the hydraulic experiments that were 
carried out within a week of harvest. Before running the cavitron centrifuge 
measurements, the samples were recut underwater to a standard length of 
27 cm, after which both ends were trimmed to fit the cavitron rotor. All 
siliques, leaves and flowers were removed from the stems just before the 
measurement. 
 
Cavitron centrifuge method 
 
 Centrifugal force has been used to induce cavitation in stem 
segments by lowering the xylem pressure in the middle part of stems during 
spinning (Cochard, 2002; Cochard et al., 2005). Vulnerability to embolism in 
the inflorescence stems was measured using ten individuals per 
vulnerability curve (VC) to generate sufficient hydraulic conductivity during 
the spinning experiment; about 10 VCs per accession were generated. A 
solution of deionized ultrapure water containing 1 mM CaCl2 and 10mM KCl 
was used as a reference for the hydraulic conductivity measurements. The 
theoretically maximum hydraulic conductivity (Kmax, m2 MPa-1 s-1) of the ten 
inflorescence stems was firstly calculated at near-zero MPa (low speed). The 
xylem pressure was then gradually decreased by -0.2 to -0.4 MPa for each 
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spinning step. The hydraulic conductivities at every rotation speed (K) were 
measured using Cavisoft software (Cavisoft v1.5, University of Bordeaux, 
France). The percentage loss of hydraulic conductivity (PLC) was computed 
as: 

        PLC = 100 · (1 – (K/KMAX))        (1) 

The vulnerability curves were constructed and fitted with a sigmoid function 
(Pammenter and Van der Willigen, 1998) using NLIN procedure in SAS 9.4 
(SAS 9.4; SAS Institute, Cary, NC, USA) following the equation:  

PLC = 100 / [1 + exp ((S/25) · (P – P50))]  (2) 

where P50 represents the xylem pressure inducing 50% loss of hydraulic 
conductivity and S (% MPa-1) is the slope of the VC at the inflexion point (P50). 

Stem anatomy 

Sample preparation 

Since the stem anatomy at the basal, more lignified part differs 
rather considerably compared to the middle part where the negative 
pressures were applied during the cavitron measurements, we made 
sections from both parts and performed the anatomical observations on the 
middle stem parts to match anatomy with P50. From the 10 VCs we 
generated per accession, we selected three stems for three representative 
VCs (9 individuals per accession) for light microscopy (LM), and one stem for 
three representative VCs (3 individuals per accession) for transmission 
electron microscopy (TEM). The anatomical measurements (Table 1) were 
carried out using ImageJ (National Institutes of Health, Bethesda, USA) 
following the recommendations of (Scholz et al., 2013). 
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Light microscopy (LM) 

 The inflorescence stems were cut into small pieces, ca 1 cm long and 
stored in 70% ethanol. Fixed samples were then infiltrated and embedded 
in LR-White resin (Hamann et al., 2011). The embedded samples were 
sectioned using a Leica RM 2265 microtome with disposable Tungsten 
carbon blades (Leica, Eisenmark, Wetzlar, Germany) at a thickness of 4 μm. 
Subsequently, the sections were heat-fixed onto the slides with 40% 
acetone, stained with Toluidine blue (1% (w/v) toluidine blue (VWR chemical 
BDH®, Radnor, Pennsylvania, USA) in 1% (w/v) borax), rinsed with distilled 
water, air-dried, and mounted with DPX new-100579 mounting medium 
(Merck Chemicals B.V., Amsterdam, Northern Holland, The Netherlands). 
The anatomical features were observed under a Leica DM2500 light 
microscope and photographed with a Leica DFC-425 digital camera (Leica 
microscopes, Wetzlar, Germany). The diameter of vessels (D) was calculated 
as: 
 

  D = (√4A) / 𝜋                                                        (3) 
 
where D represents the diameter of vessels, and A is the conduit surface 
area. The hydraulically weighted vessel diameter (DH) was calculated based 
on the diameter of vessels (D) following the equation (Tyree and 
Zimmermann, 2002): 
 

  DH = (åD4/N)1/4                                                      (4) 
 
where D is the diameter of vessels measured using equation 3 and N is the 
number of conduits measured. All the measurements are explained in  
Table 1. 
 
Transmission Electron Microscopy (TEM) 

 After the cavitron experiment, 1 cm-long pieces from the middle part 
of the inflorescence stems were immediately collected and fixed in 
Karnovsky’s fixative for 48 hr (Karnovsky, 1965). The samples were cleaned 
three times in 0.1M cacodylate buffer, then post-fixed with 1% buffered 
osmium tetroxide, rinsed again with buffer solution, stained with 1% uranyl 
acetate, and dehydrated in a series of ethanol: 1 % uranyl acetate 
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replacement, with increasing concentration of ethanol (30%, 50%, 70%, 
96%, and twice in ³ 99%). The samples were then infiltrated with Epon 812 
n (Electron Microscopy Sciences, Hatfield, England) and placed at 60°C for 
48 hr in the oven. The Epon blocks were trimmed into 2 μm-thick using a 
rotary microtome with a glass knife. Subsequently, the cross-sections with 
many vessel-vessel contact areas were cut into ultrathin sections of 90-95 
nm using a Leica EM UC7 ultramicrotome with a diamond knife. The sections 
were dried and mounted on film-coated copper slot grids with Formvar 
coating (Agar Scientific, Stansted, UK), and post-stained with uranyl acetate 
and lead citrate. Ultrastructural observations of intervessel pits were 
performed and photographed using a JEM-1400 Plus TEM (JEOL, Tokyo, 
Japan), equipped with an 11 MPixel camera (Quemesa, Olympus). At least 
25 relaxed, non-shrunken intervessel pit membranes were selected from 3 
individuals per accession to observe intervessel pit membranes thickness 
and pit chamber depth (Table 1).  

Statistical analysis 

To assess the differences between embolism resistance among the 
four accessions studied, we performed General Linear Models (GLM). A 
Newman-Keuls post-hoc test was applied to test whether or not embolism 
resistance (P50) and anatomical characters differ amongst accessions. We 
carried out multiple linear regression models based on non-standardized 
and standardized data from the middle part of the stem segments to 
evaluate which stem anatomical traits (predictive variables) best explain 
embolism resistance, with P50, P12 (air entry point) and P88 as response 
variables. Predictors were firstly selected based on biological knowledge, 
followed by a collinearity analysis through pairwise scatterplots and 
variance inflation factor (VIF). To deduce the most parsimonious multiple 
linear regression model, we applied “step” function from “stats” package (R 
Core Team 2016; available in CRAN) to remove the least predictive variables 
each time according to Akaike Information Criterion (AIC). Robust fitting of 
linear models through iteratively reweighted least squares (IWLS) and MM 
estimation (M-estimation with Tukey’s bi-weight initialized by a specific S-
estimator) was used to deal with the outliers and leverages. In addition, to 
assess the relative importance of the remaining explanatory variables of P50, 
we calculated the relative importance of regressors in linear models. 
Pearson’s correlation analysis was applied to assess the correlation between 
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the predictive variables and P50. We used R version 3.6.3 in R Studio version 
1.2.5033 for all analyses. All the differences were considered significant 
when p-value was <0.05.  
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Table 1 List with the anatomical characters measured with reference to their 
acronyms, definitions, calculations, microscope techniques, and units. 

Acronyms Definition Calculation Number of 
measurements 

Unit Technique 

AF Fiber cell 
area 

Area of 
single xylem 
fiber in 
cross-section 

Min. 30 fibers μm2 LM 

AFL Fiber lumen 
area 

Area of 
single xylem 
fiber lumen 
in cross-
section 

Min. 30 fibers μm2 LM 

AFW Fiber wall 
area 

AF - AFL for 
the same 
fiber 

Min. 30 fibers μm2 LM 

ALIG Lignified 
stem area  

Total xylem 
area + fiber 
caps area + 
lignified pith 
cell area in 
cross-section 

9 stems per 
accession 

mm2 LM 

APITH Pith area Total pith 
area in cross-
section 

9 stems per 
accession 

mm2 LM 

AS Total stem 
area 

Total stem 
area in cross-
section 

9 stems per 
accession 

mm2 LM 

D Diameter of 
vessels 

Equation 3 Min. 50 vessels μm LM 

DH Hydraulically 
weighted 
vessel 
diameter 

Equation 4 Min. 50 vessels μm LM 

DMAX Maximum 
vessel lumen 
diameter 

Diameter of 
single vessel 

Min. 30 vessels μm LM 

DPC Pit chamber 
depth  

Distance 
from the 
relaxed pit 
membrane 
to the inner 
pit aperture  

Min. 25 pits μm TEM 

PFWFA Proportion 
of fiber wall 
area per 
fiber cell 
area  

AFW/AF for 
the same 
fiber; a 
measure of 
xylem fiber 
wall 
thickness 

Min. 30 fibers - LM
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Acronyms Definition Calculation Number of 
measurements 

Unit Technique 

PLIG Proportion 
of lignified 
area per 
total stem 
area  

ALIG /AS 9 stems per 
accession 

- 

TPM Intervessel 
pit 
membrane 
thickness  

Thickness of 
intervessel 
pit 
membrane 
measured at 
its thickest 
point 

Min. 25 
measurements

μm TEM 

TV Vessel wall 
thickness 

Thickness of 
a single 
vessel wall 

Min. 30 
Vessels 

μm 

LM 

TVW/DMAX Thickness-to-
span ratio of 
vessels  

Double 
intervessel 
wall 
thickness 
divided by 
the 
maximum 
diameter of 
the largest 
vessel 

Min. 30 
measurements

μm LM 

(TVW/DMAX)2 Theoretical 
vessel 
implosion 
resistance 

(TVW/DMAX)2 Min. 30 
measurements

-  

VD Vessel 
density 

Number of 
vessels per 
mm2  

Min. 5 
measurements

No. of 
vessels/mm2  

LM VG Vessel 
grouping 
index 

Ratio of total 
number of 
vessels to 
total number 
of vessel 
groupings 
(incl. solitary 
and grouped 
vessels)  

Min. 50 
vessel 
groups 

- 

LM LM 

LM 

LM 
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Results 

Xylem vulnerability to embolism amongst the Arabidopsis accessions 

P50 of each accession is significantly different from each other and 
varied twofold across the accessions studied (F = 57.70; p-value < 0.001) 
from -1.58 MPa to -3.07 MPa (Figure 1). Amongst the four accessions, stems 
of the soc1ful double mutant are the most resistant to embolism (P50 = -3.07 
± 0.30 (SD) MPa; Supplementary Table S1) with a slope of 62% MPa-1 (Figure 
1a), followed by Sha (P50 = -2.49 ± 0.11 MPa; slope = 59% MPa-s1), Col-0 (P50 
= -2.14 ± 0.18 MPa; slope = 38% MPa-1), and Cvi (P50 = -1.58 ± 0.05 MPa; 
slope = 142% MPa-1) (Supplementary Table S1; Figure 1a). The P50 variation 
within accessions is remarkably low except for soc1ful ranging from -2.59 
MPa to -3.42 MPa (Figure 1b). Similar significant variation in P12 (F = 26.79; 
p-value < 0.001) is observed; for P88, Col-0 and Sha are not significantly
different from each other (F = 34.8; p-value = 0.517).

Stem anatomical traits amongst the accessions studied 

The features that are significantly different from each other among 
the accessions studied are intervessel pit membrane (TPM) (F = 118.8; p-value 
< 2e-16; Supplementary Figure S1a; Figures 2c-d; Figures 3c-d), theoretical 
vessel implosion resistance (TVW/DMAX)2 (F = 37.35; p-value = 1.44e-10; 
Supplementary Figure S1b) and proportion of fiber wall area per fiber cell 
area (PFWFA) (F = 65.33 ; p-value = 9.75e-14; Supplementary Figure S1c). 
Meanwhile, proportion of lignified area per total stem area (PLIG) of Col-0 is 
different from soc1ful and Cvi (F = 18.68; p-value = 3.48e-07; Supplementary 
Figure S1d), which is similar to Sha. Furthermore, vessel grouping index (VG) 
of Col-0 and Cvi is similar, which is also the case for Sha and soc1ful; VG of 
both groups, however, are significantly different from each other (F = 43.45; 
p-value = 2.17e-11; Supplementary Figure S1e). Vessel wall thickness (TV) of
Col-0 and Cvi are different from each other, and different from Sha and
soc1ful which have a similar TV (F = 33.46; p-value = 5.52e-10; Supplementary
Figure S1f).
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Figure 1 Stem P50 is significantly different across A. thaliana accessions. (a) mean 
vulnerability curves (VCs) for each accession presents the percentage loss of 
conductivity (PLC) as a function of xylem pressure (MPa). The dotted line shows 
50% loss of conductivity (P50). Shaded bands represent standard errors based on 
ca. 10 VCs per accession.; (b) boxplot showing P50 distribution and variation within 
and between accessions (p-value = 0.05).  

(b)

(a)
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Relationship between embolism resistance and anatomical features 

Both TPM and (TVW/DMAX)2 strongly correlated positively with 
embolism resistance based on a Pearson correlation test (r = -0.93, p-value 
= 3.1e-16; r = -0.88, p-value = 2.1e-12, respectively; Figures 4b-c). 
Furthermore, there are correlations between embolism resistance and 
vessel wall thickness (TV) (r = -0.86, p-value = 2.5e-11; Supplementary Figure 
S2a), between embolism resistance and vessel grouping index (VG) (r = -0.77, 
p-value = 3.6e-08; Supplementary Figure S2b), between embolism resistance
and proportion of lignified area per total stem area (PLIG) (r =-0.67, p-value =
7.2e-06; Supplementary Figure S2c), and between embolism resistance and
proportion of fiber wall per fiber cell area (PFWFA) (r = -0.73, p-value = 3.4e-

07; Supplementary Figure S2d). Multiple regression analysis with robust
fitting shows that the best predictors explaining P50 variation are the
thickness of intervessel pit membrane (TPM; Figures 2c-d, 3c-d) and
theoretical vessel implosion resistance ((TVW/DMAX)2), followed by vessel wall
thickness (TV), and vessel grouping index (VG) (R2 = 0.9468, p-value <2.2e-16)
(Table 2). However, only TPM and (TVW/DMAX)2

 are highly significant in this
model (p-value <0.01) (Table 2). According to the regressor analysis, the
relative importance of TPM and (TVW/DMAX)2 in explaining P50 variation is 31%
and 25%, respectively (Table 2, Figure 4a). The proportion of lignified area
per total stem area (PLIG) does not explain embolism resistance based on the
most parsimonious multiple regression model (AIC score = -134.39; Table 2,
Supplementary Table S2), but is included in the second most parsimonious
model (AIC = -132.44; Supplementary Table S3).

Correspondingly, TPM also best explains P12 and P88 variations based 
on multiple regression models, followed by pit chamber depth (DPC) (R2 = 
0.9507, p-value <2.2e-16, R2 = 0.8646, p-value <3.88e-13, respectively) 
(Supplementary Tables S4, S5). In addition, theoretical vessel implosion 
resistance ((TVW/DMAX)2) is included in P88 multiple regression model (p-value 
<0.05) (Supplementary Tables S5), while TV is included in the P12 multiple 
regression model as a significant predictor (p-value < 0.001) (Supplementary 
Tables S4). Correlations between the anatomical variables are the following: 
thickness of intervessel pit membrane is strongly correlated to theoretical 
vessel implosion resistance, vessel wall thickness, vessel grouping, and 
proportion of fiber wall per fiber cell area (r = 0.77, 0.76, 0.72, and 0.68, 
respectively; p-value <0.001) (Supplementary Figure S3). Apart from that, 
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(TVW/DMAX)2 correlates with TV, VG, and PFWFA (r = 0.77, 0.62, and 0.59, p-value 
<0.001), VG is correlated with TV (r = 0.63; p-value <0.001) (Supplementary 
Figure S3), and PLIG shows correlations with TPM, VG, (TVW/DMAX)2 and TV (r = 
0.67, 0.66, 0.58 and 0.58, respectively; p-value <0.001; Supplementary 
Figure S3).  

Table 2 The best multiple regression model, based on AIC scores, of 
anatomical features explaining P50 variation in stems of the four 
Arabidopsis thaliana accessions studied. 

Predictors Estimate Std. Error z value Pr (>|z|) 

(Intercept) 0.901 0.315 2.858 0.004262 

TPM -10.896 2.035 -5.356 8.522e-08*** 

(TVW/DMAX)2 -35.174 10.927 -3.219 0.001287** 

TV -0.516 0.239 -2.163 0.031* 

VG -0.280 0.183 -1.529 0.126 

TPM = intervessel pit membrane thickness; (TVW/DMAX)2 = theoretical vessel 
implosion resistance; TV = vessel wall thickness; VG = vessel grouping index; 
*** p-value < 0.001; ** p-value < 0.01; * p-value < 0.05 
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Figure 2 Illustration of growth form and cross-sections of inflorescence stems of 
Col-0 (left, 57 days after sowing) and Cvi (right, 57 days after sowing). (a, b) growth 
form; (c, d) transmission electron microscope images of intervessel pit membranes 
(arrows); (e, f) light microscope images of the cross-section at the middle part of 
inflorescence stems; (g, h) light microscope images of the cross-section at the basal 
part of inflorescence stems. Scale bars represent 1 μm (c-d), or 500 μm (e-h). 
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Figure 3 Illustration of growth form and cross-sections of inflorescence stems of 
Sha (left, 57 days after sowing) and soc1ful (right, 80 days after sowing). (a, b) 
growth form; (c, d) transmission electron microscope images of intervessel pit 
membranes (arrows); (e, f) light microscope images of the cross-section at the 
middle part of inflorescence stems, the double-pointed arrow shows the wood 
cylinder; (g, h) light microscope images of the cross-section at the basal part of 
inflorescence stems, the double-pointed arrow shows the wood cylinder. Scale bars 
represent 1 μm (c-d), 500 μm (e-h). 
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Discussion 

We found a twofold variation in stem P50 amongst the Arabidopsis 
thaliana accessions studied (ranging from -1.5 to -3.0MPa; Figure 1), which 
is significantly associated with an increase in the thickness of the intervessel 
pit membrane (TPM; Figure 4) and is in line with the air-seeding hypothesis. 
Our findings confirm earlier reports that Arabidopsis inflorescence stems 
with increased levels of lignification are better able to avoid drought-
induced embolism than stems that are less lignified (Figures 2-3), which is 
based on (1) a more elaborate set of wild-type accessions (three vs one), (2) 
multiple vulnerability curves (VCs) per accession compared to only one VC 
per accession, and (3) more detailed anatomical observations compared to 
previous structure-function papers in Arabidopsis (Lens et al., 2013; Tixier et 
al., 2013). We investigated correlations amongst a range of anatomical traits 
related to stem lignification and uncovered statistical associations between 
increased lignification vs TPM and between vessel wall thickness vs TPM. Our 
comparative approach suggests an indirect link between traits related to 
mechanical strength in stems and P50, with TPM serving as the missing 
functional link between stem reinforcement and vulnerability to embolism.  

Variation in stem P50 amongst Arabidopsis accessions agrees with other 
herbs and is best explained by intervessel pit membrane thickness (TPM) 

Our embolism resistance measurements with the cavitron technique 
support earlier papers reporting values for the same species based on the 
more traditional centrifuge technique in combination with a portable water 
flow device (XYL’EM) (from -2.25 to -3.5 MPa; Lens et al., 2013; Tixier et al., 
2013). Our data also fall within the range of the published P50 values for 
herbaceous eudicot species (Tyree et al., 1986; Stiller, 2002; Saha et al., 
2009; Li et al., 2009; Rosenthal et al., 2010; Nolf et al., 2014; Skelton et al., 
2017; Dória et al., 2018, 2019; Bourbia et al., 2020), although more negative 
P50 values (up to -7.5 MPa) of herbaceous stems, especially in grasses, have 
been reported in some papers (Lens et al., 2016; Volaire et al., 2018). 
Amongst the anatomical traits we observed, TPM strongly correlates with P50 
and explains best the variation in P50 observed based on a statistical test 
showing the relative importance of regressors in our most parsimonious 
multiple linear regression model (Table 2; Figures 4a-b). Our observations in 
Arabidopsis fit well with other published data of woody and herbaceous 
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species where properly fixated intervessel pit membranes have been 
measured in stems that were subjected to P50 measurements (Li et al., 2016; 
Dória et al., 2018, 2019; Supplementary Figure S4).  

Figure 4 The relative importance and correlations of intervessel pit membrane 
thickness and theoretical vessel implosion resistance to P50 (a) Relative importance 
of P50 variation is mainly explained by intervessel pit membrane thickness (TPM) and 
theoretical vessel implosion resistance (TVW/DMAX)2 based on R2 contribution 
averaged over orderings among regressors; (b) negative correlation between 
thickness of intervessel pit membrane (TPM) and P50; (c) negative correlation 
between theoretical vessel implosion resistance (TVW/DMAX)2 and P50. Colours and 
styles refer to the accession studied: Col-0 (blue-filled square), Cvi (red-filled circle), 
Sha (green-filled triangle) and soc1ful (brown-filled diamond). 

Furthermore, intervessel pit membrane thickness is the only trait 
that is also significant in the P12 and P88 multiple regression models, which 
emphasizes the functional relevance of TPM in our dataset (Supplementary 
Tables S4, S5). As highlighted before, this TPM–P50 correlation is undoubtedly 
functionally relevant because it nicely fits with the air-seeding mechanism. 
Although we do not fully understand exactly how this mechanism works at 
the ultrastructural level, the oversimplified 2D view suggesting that air-
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seeding occurs via the single largest pit membrane pore should be 
abandoned (Wheeler et al., 2005). Instead, a more realistic 3D structure of 
intervessel pit membranes shows that a single pit membrane pore – being 
highly interconnected with other pores – has multiple constrictions that are 
often narrower than 50 or 20 nm when pit membranes are thinner or thicker 
than 300 nm, respectively (Zhang et al., 2020). In other words, the chance 
of having a smaller pore constriction becomes higher with thicker pit 
membranes as this elongates the multiconstriction pit membrane pore. 
Consequently, air-seeding is not determined by the single largest pore in a 
pit membrane, but by the minimum constriction across all the 
interconnected pores in a given pit membrane (Kaack et al., 2019; Zhang et 
al., 2020). This explains why species with thicker intervessel pit membranes 
are better able to withstand air bubble spread between adjacent conduits 
under drought conditions than species with thinner intervessel pit 
membranes (Jansen et al., 2009; Li et al., 2016; Dória et al., 2018). However, 
more ultrastructural observations of intact pit membranes and the role of 
surface-active substances such as phospholipids in the xylem sap and pit 
membranes should be carried out to improve our understanding of air 
bubble formation and spread at the ultrastructural level (Schenk et al., 2017, 
2018; Zhang et al., 2020). 

Disentangling the correlation between traits impacting mechanical 
strength and embolism resistance 

Based on Pearson’s correlation test, the proportion of lignified area 
per total stem area (PLIG) is significantly correlated to P50 (Supplementary 
Data Figures S2c, S3). This is in line with our previous results in Arabidopsis 
(Lens et al., 2013), in other lineages of Brassicaceae and Asteraceae (Dória 
et al., 2018, 2019), and in grasses (Lens et al., 2016) showing that more 
woody/lignified stems are more resistant to embolism formation compared 
to close relatives with less woody/lignified stems. However, PLIG is not 
included in the most parsimonious multiple regression P50 model (Table 2); 
it is retained in the second most parsimonious model (Supplementary Table 
S3), though, explaining only 10% of the P50 variation (results not shown). 
Consequently, in our dataset, PLIG is not a key functional trait contributing to 
vulnerability to embolism in stems of the Arabidopsis accessions studied. 
Still, it does have predictive value due to its correlation with other traits that 
are considered to be more relevant. Interestingly, PLIG is significantly 
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correlated to several other lignification traits, of which intervessel pit 
membrane thickness (TPM), theoretical vessel implosion resistance 
(TVW/DMAX)2 and vessel wall thickness (TV) are prime examples 
(Supplementary Figure S3). These three traits explain altogether, 79% of the 
P50 variation in the most parsimonious multiple regression model (Figure 
4a). When comparing the three P12-P50-P88 multiple regression models, it is 
interesting to note that the depth of pit chamber (DPC) is absent in the P50 
model (Table 2) but pops up as highly significant in both P12-P88 models 
(Supplementary Tables S4, S5). It is hypothesized that shallower pit 
chambers minimize interconduit pit membrane stretching during aspiration 
and thereby reducing the mechanical stresses on the membranes in both 
angiosperms as gymnosperms (Hacke and Jansen, 2009; Lens et al., 2011). 
However, DPC does not seem to be generally correlated with embolism 
resistance across all lineages observed (Dória et al., 2018). 

The (indirect) correlation between P50 and traits impacting 
mechanical strength has also been highlighted in other studies that have 
found links between embolism resistance vs thickness-to-span ratio of 
conduits (Hacke et al., 2001; Bouche et al., 2014), vs vessel wall thickness 
(Jansen et al. 2009; Li et al. 2016; see also next paragraph), vs wood density 
(Jacobsen et al., 2005; Hoffmann et al., 2011; Anderegg et al., 2016; Gleason 
et al., 2016), vs fiber wall thickness (Jacobsen et al., 2005, 2007), vs lignin 
content (Pereira et al., 2018), and vs lignin composition (Awad et al., 2012; 
Lima et al., 2018). Out of all these lignification characters, vessel wall 
reinforcement for a given lumen area – expressed either as thickness-to-
span ratio of vessels or theoretical vessel implosion resistance – explains 
25% of the P50 variation (Figure 4a), but only 3% of the P88 variation (results 
not shown), and could potentially present a secondary functional link due to 
its direct association with the long-distance water flow in plants that is prone 
to negative pressures. Also, in conifers, the pressure causing conduit 
implosion is correlated with embolism resistance, but it is more negative 
than P50 for most species. Since vessel collapse due to negative pressures 
has never been observed in woody nor herbaceous stems, it suggests that 
embolism occurs before the critical vessel implosion threshold is reached 
(Choat et al., 2012; Bouche et al., 2014), which is likely also the case for 
herbaceous species. Only a few reports of (reversible) vessel collapse in the 
smallest leaf veins are reported, which could be a mechanism to prevent 
embolism upstream in the major veins (Zhang et al., 2016).  
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Variation in theoretical vessel implosion resistance ((TVW/DMAX)2) 
among Arabidopsis thaliana stems studied is mainly determined by the 
changes of vessel wall thickness (TV), explaining 64% of the variation, 
whereas the maximum vessel lumen diameter (DMAX) only accounts for 31% 
(Supplementary Figure S5). This result is in line with Bouche et al. (2014), 
who found that TV drives the variation in TVW/DMAX, suggesting that species 
tend to mechanically reinforce their conduits by increasing wall thickness 
instead of reducing conduit size in order to maintain a minimum level of 
hydraulic conductance. But, at the same time, TV also positively correlates 
with TPM (Supplementary Figure S3), with thicker vessel walls leading to 
thicker intervessel pit membranes (Jansen et al., 2009) and thus higher 
embolism resistance (TV explaining 23% of the P50 variation (Figure 4a) and 
18% of the P12 variation (results not shown)). On the other hand, other 
studies investigating the driver for TVW/DMAX variation found that DMAX is 
more important (Pittermann et al., 2006; Sperry et al., 2006), thereby 
reducing the relevance of conduit wall thickening. Vessel grouping (VG), the 
final anatomical variable in the multiple regression P50 model, is the only 
character independent from lignification, and only accounts for 17% of the 
variation (Figure 4a) and 5% of the P88 variation. Pearson’s correlation 
analysis shows a significant positive correlation between VG and embolism 
resistance. Increased vessel connectivity safeguards all pathways in the 3D 
vessel network when only one vessel in a vessel multiple is embolized 
(Carlquist, 1984; Lens et al., 2011). This can only work when the intervessel 
pit membranes are sufficiently thick to isolate the embolisms in a given 
vessel multiple at a normal drought stress level, which seems to be the case 
in Arabidopsis. If TPM is too thin, greater vessel connectivity increases the 
probability of embolism spreading via air-seeding, potentially leading to 
lethal levels of hydraulic failure (Tyree and Zimmermann 2002; Loepfe et al., 
2007; Johnson et al., 2020).  
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In conclusion, we found a twofold difference in stem P50 across the 
Arabidopsis accessions studied, with the woody mutant (soc1ful) being most 
resistant to embolism compared to the wild-type accessions. This confirms 
earlier studies that found a link between increased stem lignification and 
increased embolism resistance in Arabidopsis and other lineages. However, 
a higher degree of stem lignification cannot functionally explain the pattern 
observed, and therefore has to co-evolve with traits that functionally impact 
P50. Intervessel pit membrane thickness (TPM), and to a lesser extent 
theoretical vessel implosion resistance ((TVW/DMAX)2), vessel wall thickness 
(TV) and pit chamber depth (DPC), are strongly correlated with vulnerability 
to embolism and contribute most to the P12-P50-P88 variation observed, 
making TPM the main functional missing link between stem lignification and 
embolism resistance. Adding more accessions and performing 
complementary measurements related to drought tolerance in stems, 
leaves and roots will undoubtedly shed more light into the complex 
mechanism that this short-lived, herbaceous model species has developed 
in order to cope with periods of water shortage.  
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Supplementary data 

Table S1 P50 and anatomical traits measured (mean±SD) of the four 
Arabidopsis thaliana accessions. 

Traits/ 
accessions Col-0 Cvi Sha soc1ful 

P50 -2.14 ± 0.18 -1.58 ± 0.05 -2.49 ± 0.11 -3.07 ± 0.30

PLIG 
(middle part 
of stem) 

0.175±0.001 0.193±0.016 0.210±0.009 0.252±0.013 

TPM (μm) 0.157±0.005 0.134±0.011 0.175±0.012 0.202±0.007 

DPC (μm) 0.438±0.015 0.357±0.017 0.400±0.010 0.353±0.022 

D (μm) 20.954±0.154 22.577±1.202 20.714±1.211 20.036±2.155 

DH (μm) 21.995±0.189 23.456±1.384 21.403±.127 20.625±1.967 

DMAX (μm) 25.992±0.828 23.854±0.744 25.837±2.834 21.562±0.870 

TV 0.996±0.048 0.723±0.082 1.179±0.133 1.284±0.045 

(TVW/DMAX)2 0.007±0.001 0.004±0.001 0.010±0.003 0.016±0.002 

PFWFA 0.528±0.063 0.397±0.049 0.786±0.047 0.671±.045 

VD 116.444±5.251 102.706±9.753 120.756±14.931 127.756±10.735 

VG 1.782±0.057 1.829±0.115 2.329±0.108 2.342±0.050 

PLIG = proportion of lignified area per total stem area; TPM = intervessel pit membrane 
thickness; DPC = pit chamber depth; D = vessel diameter; DH = hydraulically weighted vessel 
diameter; DMAX = maximum vessel diameter; TV = vessel wall thickness; (TVW/DMAX)2 = 
theoretical vessel implosion resistance; PFWFA = proportion of fiber wall area per fiber cell 
area; VD = vessel density; VG = vessel grouping index 
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Table S2 The most parsimonious multiple regression model with 
standardized data of anatomical features explaining P50 variation in stems of 
the four Arabidopsis thaliana accessions studied. 

Predictors Estimate Std. Error z value Pr (>|z|) 

(Intercept) -1.237988 0.079647 -15.5435 < 2.2e-16

TPM -0.931430 0.173915 -5.3557 8.524e-08*** 

(TVW/DMAX)2 -0.683314 0.212280 -3.2189 0.001287** 

TV -0.533092 0.246432 -2.1632 0.030522* 

VG -0.274562 0.179581 -1.5289 0.126288 

TPM = intervessel pit membrane thickness; (TVW/DMAX)2 = theoretical vessel 
implosion resistance; TV = vessel wall thickness; VG = vessel grouping index; 
*** p-value < 0.001; ** p-value < 0.01; * p-value < 0.05 
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Table S3 Second most parsimonious multiple regression model of 
anatomical features explaining P50 variation in stems of the four Arabidopsis 
thaliana accessions studied, including proportion of lignified area per total 
stem area (PLIG). 

Predictors Estimate Std. Error z value Pr (>|z|) 

(Intercept) 0.902453 0.321147 2.81010 0.004953 
TPM -10.94886 2.29588 -4.76890 1.852e-06*** 
(TVW/DMAX)2 -35.08942 11.41948 -3.07280 0.002121** 
TV -0.51645 0.25839 -1.99870 0.045636* 
VG -0.28617 0.19144 -1.49480 0.134960 
PLIG 0.09505 1.28027 0.07420 0.940816 

TPM = intervessel pit membrane thickness; (TVW/DMAX)2 = theoretical vessel 
implosion resistance; TV = vessel wall thickness; VG = vessel grouping index; 
PLIG = proportion of lignified area per total stem area; *** p-value < 0.001; 
** p-value < 0.01; * p-value < 0.05 
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Table S4 The best multiple regression model, based on AIC scores, of 
anatomical features, explaining P12 variation in stems of the four 
Arabidopsis thaliana accessions studied. 

Predictors Estimate Std. Error z value Pr (>|z|) 

(Intercept) -1.84631 0.52630 -3.50810 0.0004513 

TPM -25.44504 2.57654 -9.87560 < 2.2e-16*** 

PFWFA 0.73844 0.52827 1.39790 0.1621552 

TV -0.80998 0.22178 -3.65220 0.0002600***

DPC 12.34489 1.17463 10.5096 < 2. 2e-16*** 

TPM = intervessel pit membrane thickness; PFWFA = proportion of fiber wall 
area per fiber cell area; TV = vessel wall thickness; DPC = pit chamber depth; 
*** p-value < 0.001; ** p-value < 0.01; * p-value < 0.05 
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Table S5 The best multiple regression model, based on AIC scores, of 
anatomical features, explaining P88 variation in stems of the four Arabidopsis 
thaliana accessions studied. 

Predictors Estimate Std. Error z value Pr (>|z|) 

(Intercept) 4.16481 0.67485 6.17150 6.764e-10*** 

TPM 11.37418 3.08554 3.68630 0.0002276*** 

(TVW/DMAX)2 -42.08524 16.36473 -2.57170 0.0101199*

PFWFA -1.24828 0.62798 -1.98780 0.0468351*

VG -0.77311 0.46031 -1.67950 0.0930509

DPC -15.82159 1.66181 -9.52070 < 2.2e-16***

TPM = intervessel pit membrane thickness; (TVW/DMAX)2 = theoretical vessel 
implosion resistance; PFWFA = proportion of fiber wall area per fiber cell area; 
VG = vessel grouping index; DPC = pit chamber depth; *** p-value < 0.001; ** 
p-value < 0.01; * p-value < 0.05
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Figure S1 Boxplots showing anatomical variation within and between accessions. 
(a) boxplot of intervessel pit membrane thickness (TPM); (b) boxplot of theoretical
vessel implosion resistance (TVW/DMAX)2); (c) boxplot of proportion of fiber wall area
per fiber cell area (PFWFA); (d) boxplot of proportion of lignified area per total stem
area (PLIG); (e) boxplot of vessel grouping index (VG); ns = p-value > 0.05; *** p-value
< 0.01
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Figure S2 Scatter plots with regression lines showing the relationships between 
anatomical characters and P50. (a) the negative correlation between vessel 
grouping index (VG) and P50; (b) negative correlation between proportion of fiber 
wall area per fiber cell area (PFWFA) and P50; (c) negative correlation between 
proportion of lignified area per total stem area (PLIG) and P50. Colours and styles 
refer to the accession studied: Col-0 (blue-filled square), Cvi (red-filled circle), Sha 
(green-filled triangle) and soc1ful (brown-filled diamond). 
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Figure S3 The pairwise scatter plots based on Pearson’s correlation analysis 
showing the correlations of P50 (response variable) and each stem anatomical trait 
studied (predictive variables) and between all the predictive variables comprising 
proportion of lignified area per total stem area (PLIG), intervessel pit membrane 
thickness (TPM), pit chamber depth (DPC), hydraulically weighted vessel diameter (DH 

or DHTYREE), theoretical vessel implosion resistance ((TVW/DMAX)2 or Resist), 
proportion of fiber wall area per fiber cell area (PFWFA), vessel density (VD), vessel 
grouping index (VG), maximum vessel lumen diameter (DMAX), and vessel wall 
thickness (TV) *** p-value < 0.01; ** p-value <0.01; * p-value < 0.05. 
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Figure S4 Scatter plot with regression line showing the relationship between P50 
and intervessel pit membrane thickness (TPM) of published woody and herbaceous 
angiosperms from Li et al. (2016; woody species marked as black-filled squares), 
Dória et al. (2018, 2019; mostly herbaceous species marked as green-filled 
triangles), and this study (red-filled circles).  
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Figure S5 Scatter plots with regression lines showing the relationship between (a) 
theoretical vessel implosion resistance ((TVW/DMAX)2) and vessel wall thickness (TV), 
and (b) theoretical vessel implosion resistance ((TVW/DMAX)2) and maximum vessel 
lumen diameter (DMAX); (c) the relative importance of theoretical vessel implosion 
resistance variation is mainly explained by vessel wall thickness (TV) based on R2 
contribution averaged over orderings among regressors.
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Abstract 
 
 The synergy between drought-responsive traits across different 
organs is crucial in the whole-plant mechanism influencing drought 
resilience. These organ interactions, however, are poorly understood, 
limiting our understanding of drought response strategies at the whole-
plant level. Therefore, we need more integrative studies, especially on 
herbaceous species that represent many important food crops but remain 
underexplored in their drought response. We investigated inflorescence 
stems and rosette leaves of six Arabidopsis thaliana genotypes with 
contrasting drought tolerance and combined anatomical observations with 
hydraulic measurements and gene expression studies to assess differences 
in drought response. The soc1ful double mutant was the most drought-
tolerant genotype based on its synergistic combination of low stomatal 
conductance, largest stomatal safety margin, more stable leaf water 
potential during non-watering, reduced transcript levels of drought stress 
marker genes, and reduced loss of chlorophyll content in leaves, in 
combination with stems showing the highest embolism resistance, most 
pronounced lignification, and thickest intervessel pit membranes. In 
contrast, the most sensitive Cvi ecotype shows the opposite extreme of the 
same set of traits. The remaining four genotypes show variations in this 
drought syndrome. Our results reveal that anatomical, ecophysiological, and 
molecular adaptations across organs are intertwined, and multiple 
(differentially combined) strategies can be applied to acquire a certain level 
of drought tolerance. 
 
Keywords: Arabidopsis thaliana, chlorophyll content, drought response, 
embolism resistance, gene expression, intervessel pit membrane thickness, 
stem anatomy, stomatal control.  
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Introduction 
 
 The increasing intensity and frequency of drought episodes are 
becoming major threats to current and future agricultural productivity 
around the globe. Even the countries that had not experienced drought 
stress during the last decades are now impacted by drought (Corso et al., 
2020; Gleason et al., 2022). One of the major problems that plants 
experience when they are facing severe drought is that detrimental levels of 
drought-induced gas bubbles (embolisms) in the xylem sap generate 
massive obstruction of the root to shoot water transport (Sperry and Tyree, 
1988; Tyree and Zimmermann, 2002; Cochard, 2006; Choat et al., 2012; 
Venturas et al., 2017; Johnson et al., 2022), which happens after stomata 
are closed (Martin-StPaul et al., 2017). Stomatal closure may result in 
reduced photosynthetic productivity, growth rate, and reproduction, and 
under conditions of intense and prolonged drought may eventually cause 
desiccation and dieback of tissues (Mantova et al., 2022), organs, and entire 
plants (Davis et al., 2002; Venturas et al., 2016; Pratt et al., 2020; Brodribb 
et al., 2021). Lethal levels of embolism, from which plants are unable to 
recover, are thought to be reached when the hydraulic conductivity is 
reduced to ~88% of its maximum conductance (P88) (Urli et al., 2013; Li et 
al., 2015; but see Hammond et al., 2019; Johnson et al., 2021), although 
there are probably more accurate thresholds to drought-induced mortality 
than P88 (Mantova et al., 2021, 2022). Due to the implications of dramatic 
levels of drought-induced embolism on productivity, tissue death, and long-
term survival, there is increasing evidence that natural selection has shaped 
the hydraulic systems of plants to minimize embolism occurrence and water 
potential loss during periods of water shortage (Lens et al., 2022). This can 
be made possible when many drought-related traits from different organs 
act in concert (Dayer et al., 2022). 
 
 As an example, angiosperms can build more resistant xylem by 
modifying a whole array of xylem anatomical adaptations to prevent the 
spread of embolisms, such as fine-scale modifications of pits in vessel walls 
allowing lateral transport of water and gas between adjacent vessels (Lens 
et al., 2011; Li et al., 2016; Kaack et al., 2019, 2021; Levionnois et al., 2021), 
or increased levels of lignification (Lens et al., 2013, 2016; Thonglim et al., 
2021). In addition, plants can also delay xylem sap pressures from reaching 
critical embolism thresholds throughout the whole-plant body by producing 
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the stress hormone abscisic acid (ABA) that induces stomatal closure in the 
leaves very rapidly at the onset of drought, well before embolism events 
start to exponentially increase (Brodribb et al., 2017; Martin-StPaul et al., 
2017; Buckley, 2019; Creek et al., 2020). Consequently, stomatal closure is 
one of the primary responses that helps restrict water loss, which safeguards 
the water potential in the leaves and buffers the negative pressure in xylem 
sap (Brodribb et al., 2017; Martínez-Vilalta and Garcia-Forner, 2017; Martin-
StPaul et al., 2017; Knipfer et al., 2020). The regulation of water potential in 
leaves during drought is crucial because it influences plant metabolic 
processes. However, declining transpiration rates reduce not only water loss 
but also carbon uptake, leading to decreased photosynthetic activity, which 
ultimately may lead to carbon starvation when stomata remain closed for a 
long time (McDowell et al., 2008). In other words, the interplay between 
embolism resistance inside the plant’s xylem and the onset and duration of 
stomatal closure at the level of leaves will determine how long leaves can 
remain metabolically active without risk of detrimental levels of drought-
induced embolism (Allen et al., 2010; Choat et al., 2012; Mitchell et al., 2013; 
Brodribb et al., 2017; Martínez-Vilalta and Garcia-Forner, 2017; Buckley, 
2019; Creek et al., 2020; Limousin et al., 2022). Accordingly, the stomatal 
safety margin (SSM), which can be defined as the difference between the 
water potential at stomatal closure (Ψgs90) and the pressure inducing 50% 
loss of hydraulic conductance (P50) is physiologically more important to 
estimate a plant’s ability to cope with massive levels of drought-induced 
embolism than only P50 (Sperry and Tyree, 1988; Meinzer et al., 2009; 
Anderegg et al., 2016; Martin-StPaul et al., 2017; Creek et al., 2020; Dayer 
et al., 2020; Skelton et al., 2021). It is widely accepted that species with a 
narrower safety margin are operating more closely to their hydraulic 
threshold, while species that have a wider safety margin have a lower risk of 
facing a detrimental level of drought-induced embolism (Choat et al., 2012; 
Anderegg et al., 2016; Martin-StPaul et al., 2017; Eller et al., 2018; Creek et 
al., 2020; Oliveira et al., 2021; Skelton et al., 2021). 
 
 It is clear that anatomical and physiological traits need to be 
intertwined within and among organs, but the molecular mechanisms cross-
linking different pathways remain elusive. For instance, there is increasing 
evidence from gene expression studies confirming the positive correlation 
between lignification and drought resilience in a whole range of species (Tu 
et al., 2020; Xu et al., 2020; Wen et al., 2021; Yan et al., 2021; Hou et al., 
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2022; Li et al., 2022). Regarding drought responses in plants, the ABA-
mediated signalling pathway is probably the best-known pathway at the 
molecular level. ABA regulates the expression of stress-responsive genes via 
transcription factors (Bauerle et al., 2004; Cutler et al., 2010; Bauer et al., 
2013; Dodd, 2013; Mehrotra et al., 2014; Chen et al., 2020). Once ABA is 
accumulated, it regulates ABA-responsive genes via the cis-element called 
ABRE (ABA-responsive element) in their promoter regions using AREB (ABRE 
binding) transcription factors (Choi et al., 2000; Uno et al., 2000; Yoshida et 
al., 2015; Chen et al., 2020). In Arabidopsis, AREB1 is mainly expressed in 
vegetative tissues and up-regulated during drought (Yoshida et al., 2010; 
Fujita et al., 2011, 2013; Singh and Laxmi, 2015; Chen et al., 2020). Other 
drought-responsive genes are regulated by dehydration-responsive 
element-binding (DREB) proteins through an ABA-independent pathway 
(Bartels and Sunkar, 2005; Sakuma et al., 2006; Song et al., 2018). For 
example, DREB2 transcription factors are induced by dehydration and are 
involved in gene transcription under water shortage (Agarwal et al., 2006; 
Song et al., 2018). Interestingly, many stress-inducible genes contain both 
ABREs and DREs in their promoter regions, such as Responsive to Desiccation 
29 (RD29) (Shinozaki and Yamaguchi-Shinozaki, 2007). Hence, gene 
expression of drought-responsive genes occurs via ABA-dependent and/or 
ABA-independent signal transduction pathways (Umezawa et al., 2010; 
Rushton et al., 2012; Song et al., 2016), and allows us to evaluate the 
expression of drought-responsive genes during a drought experiment with 
a simultaneous assessment of physiological and anatomical traits involved 
in drought tolerance. 
 
 Most studies investigating drought-induced embolism in plants have 
been focusing on trees, while herbaceous plants have been largely ignored 
despite their importance as crops and food sources for humans and animals 
(Brodribb and Hill, 1999; Stiller and Sperry, 2002; Holloway-Phillips and 
Brodribb, 2011; Choat et al., 2012; Ahmad, 2016; Lens et al., 2016; Volaire 
et al., 2018). In our previous study on the herbaceous model species, 
Arabidopsis thaliana, including genotypes with contrasting levels of 
embolism resistance and lignification in the inflorescence stems (Thonglim 
et al., 2021), we found that the more lignified genotypes are more resistant 
to embolism and have thicker intervessel pit membranes. Surprisingly, in 
most structure–function studies published so far, the drought response is 
only partly observed due to methodological and time constraints. For 
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instance, resistance to embolism in branches/twigs is often recorded in 
xylem physiological studies (e.g. Choat et al., 2012; Anderegg et al., 2016), 
and less frequently integrated with leaf P50 data (e.g. Cochard et al., 2004; 
Klepsch et al., 2018; Skelton et al., 2019; Levionnois et al., 2021) and/or root 
P50 data (e.g. Rodriguez-Dominguez et al., 2018), and sometimes linked with 
other leaf physiological traits such as stomatal conductance (gs) and water 
potential (e.g. Brodribb et al., 2003; Li et al., 2015; Cardoso et al., 2018; 
Charrier et al., 2018; Creek et al., 2020; Chen et al., 2021). Only occasionally 
are detailed hydraulic measurements in stems, leaves, and/or roots 
complemented with detailed anatomical traits on intervessel pits (Guan et 
al., 2022). Other papers only focus on the molecular pathway and gene 
regulation during drought (e.g. Bhargava and Sawant, 2013; Pandey et al., 
2013; Janiak et al., 2016; Ebrahimian-Motlagh et al., 2017; Thirumalaikumar 
et al., 2018; Roca-Paixão et al., 2019; Zhang et al., 2019), while publications 
that integrate gene function with xylem physiology are scarce (e.g. Kitin et 
al., 2010; Lamarque et al., 2020). Integration of drought-related traits across 
organs in structure–function studies and intensive collaboration among 
plant anatomists, xylem physiologists, and molecular biologists will help us 
to make considerable progress in a holistic understanding of drought 
response at the whole-plant level. To contribute to that whole-plant 
approach, we measured hydraulic traits in stems and leaves during a 
drought experiment, combined with detailed stem anatomical 
measurements and an assessment of transcript levels of drought stress 
marker genes across Arabidopsis genotypes (two transgenic lines and four 
natural accessions). 
 
 In this study, we investigate the following two questions. (i) Is there 
a coupling between drought-related stem (anatomy, P50) and leaf traits 
(stomatal regulation, leaf water potential, expression of drought marker 
genes) among Arabidopsis genotypes? (ii) Can these genotypes use different 
combinations of drought-response traits to reach a certain level of drought 
tolerance? To answer these questions, we investigated six genotypes with 
marked differences in embolism resistance and lignification of the 
inflorescence stems. We examined the detailed stem anatomical traits and 
hydraulic traits (stem P50) of each genotype and quantified the drought 
response for all six genotypes using a drought experiment, during which we 
measured gs and leaf water potential (Ψl), allowing us to calculate the SSM 
(as defined by Ψgs90 minus P50). In addition, we compared the expression of 
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four drought-responsive genes from the ABA-(in)dependent (ABI2, AREB1, 
RD29A, and DREB2A) pathways from the rosette leaves at the end of the 
drought experiment to validate the level of drought stress among the six 
genotypes. By integrating all traits mentioned above, we want to assess how 
anatomical and ecophysiological traits across organs are intertwined to 
acquire a certain level of drought tolerance, and how these traits relate to 
the drought stress level at the end of the drought experiment based on a 
limited number of drought stress marker genes. 
 
Materials and methods 
 
Plant material 
 
 In addition to the four A. thaliana genotypes with contrasting levels 
of stem P50 and stem lignification, we studied before the ecotypes Columbia-
0 (Col-0; wild type with intermediate stem lignification), Shadarah (Sha; wild 
type with a higher level of stem lignification), Cape Verde Islands (Cvi; least 
lignified wild type), and the double loss-of-function mutant SUPPRESSOR OF 
OVEREXPRESSION OF CONSTANS 1 and FRUITFULL (soc1ful; most lignified 
genotype) (see Thonglim et al., 2021); we added one more wild type 
[Kelsterbach-4 Kel-4)] and a p35S:AHL15 line (AHL15 overexpression) in the 
Col-0 background (Rahimi et al., 2022). The two additional genotypes were 
selected based on their inflorescence length (at least 27 cm required for the 
centrifuge method used to estimate embolism resistance measurements) 
and their increased lignification in the basal parts of the inflorescence stem, 
respectively (Supplementary Figures S1A, B, G, H). Indeed, Kel-4, an early 
flowering ecotype from Germany, shows a relatively high proportion of 
lignification at the base of the inflorescence stem (Ak, 2020), and has been 
reported to be more drought tolerant compared with many other wild-type 
accessions (Bac-Molenaar et al., 2016; Kooke et al., 2016). The AT-HOOK 
MOTIF CONTAINING NUCLEAR LOCALIZED 15 (AHL15) gene has been found 
to suppress axillary meristem maturation, and its overexpression extends 
plant longevity (Karami et al., 2021), and promotes secondary growth in the 
inflorescence stem to a similar extent as the soc1ful mutant (Rahimi et al., 
2022).  
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Growing conditions 
 
 The plants were grown at the Institute of Biology Leiden (Leiden 
University, The Netherlands) under the same controlled conditions as in 
Thonglim et al. (2020) to ensure comparable datasets. Briefly, we 
germinated the two additional genotypes from seeds directly into a mixture 
of soil and sand (4.5:1). After 10 d of germination, the healthy seedlings 
were transferred into pots. Plants were grown in a controlled growth 
chamber with the following parameters: 20 °C temperature during the day 
and 17 °C temperature at night, 70% relative humidity, and 16 h photoperiod 
condition with 100 µmol m−2 s−1 light intensity. Sampling was synchronized 
based on differences in flowering time and subsequent inflorescence 
development. To synchronize flowering, p35S:AHL15 plants were planted 
earlier (harvesting inflorescence stems 85 d after sowing). The Kel-4 
individuals were planted slightly later (harvesting inflorescence stems 65 d 
after sowing) (Supplementary Figure S1A, B). 
 
Drought experiment 
 
 A drought experiment was performed to assess the link between the 
anatomical and hydraulic traits and investigate the differences in drought 
tolerance across the six A. thaliana genotypes studied. The six genotypes 
were selected based on a previous screening of drought tolerance and the 
differences in stem lignification (Melzer et al., 2008; Bac-Molenaar et al., 
2016; Thoen et al., 2017; Thonglim et al., 2021). The seeds of each genotype 
were directly sown in 6 cm pots (27 g) with the same amount of soil and 
sand mixture (4.5:1) at different times to synchronize flowering. The weight 
of the pot with dry and saturated soil was controlled (807 g and 1097 g, 
respectively). The pots were kept in a growth-controlled chamber under the 
same conditions as the individuals grown for stem P50 measurements. After 
germination, when seedings were 10 d old, they were thinned to one 
healthy seeding per pot and remained well watered. We equally divided 30 
individuals of each genotype into a control and a drought batch during the 
experiment. The control plants were well irrigated every day to keep the soil 
constantly hydrated (Ψl was around –0.5 MPa to –0.6 MPa). The drought 
batch was subjected to water deficit by completely withholding watering for 
3 weeks (Ψl values ranged between –1.85 MPa to –3.4 MPa among 
genotypes), starting 1 week before all the genotypes began to flower. When 
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most genotypes started developing an inflorescence stem (7 d after 
watering was stopped), drought measurements were initiated. Rosette 
leaves were harvested on the last day of the drought experiment (depending 
on the water potential and phenotype), immediately frozen io liquid 
nitrogen, and stored in a –80 °C freezer for further gene expression and 
chlorophyll analyses. We initially intended to have three biological replicates 
per genotype. However, during sample preparation, some tubes containing 
ground leaf material popped open in the freezer. We assume that some 
liquid nitrogen used for grinding the samples was still left in the tubes, 
causing several closed tubes to burst open and potentially contaminate the 
other open tubes containing different genotypes. We opted to discard all 
the open tubes due to potential contamination and use only the closed 
tubes. We were able to still use three biological replicates for Cvi, Sha, and 
soc1ful, but only two for Col-0, Kel-4, and p35S:AHL15. For the latter 
genotypes, we included two biological and two technical replicates. 

Chlorophyll content 

Chlorophyll content was determined based on three biological 
replications for Cvi, Sha, and soc1ful, and four replicates (two biological and 
two technical) for Col-0, Kel-4, and p35S:AHL15, using the 80% acetone 
method (Porra et al., 1989). Ground leaf samples of ~0.5 mg was transferred 
into 1.5 ml tubes containing 1 ml of 80% acetone. The mixtures were gently 
vibrated using a vortex to extract chlorophyll and centrifuged at 1000 g for 
5 min to remove debris. The supernatants (800 µl) were then transferred to 
UV-transparent microplates. The absorbance was measured at 647 nm 
(A647), 664 nm (A664), and 750 nm (A750) using the DMF-chl conc._YU 
program. Chl a and b contents (µg Chl ml–1) in the extract were calculated 
with the following formulas: 

 

Chl  (1= 2.25 (a A´ - )A 2.8- 5 (́A - ))A / 0.29  

( ) ( )( )647 750 664 750Chl 20.31 4.91 / 0.29b A A A A= ´ - - ´ -

647 750 664 750Total Chl (a b)+ = (17.76 (́A -A )+7.34 (́A -A )) / 0.2

664 750 647 750
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RNA isolation and qRT–PCR 

Total RNA was extracted using the RNeasy Plant Mini kit (Qiagen, 
Hilden, Germany). Synthesis of cDNA, quantitative reverse transcription–
PCR (qRT–PCR) using SYBR Green, and data analysis were performed as 
previously described (Balazadeh et al., 2008). Gene expression was 
normalized with two reference genes (ACTIN2 and GADPH). qRT–PCR 
primers were designed using QuantPrime (www.quantprime.de) (Arvidsson 
et al., 2008). Primer sequences are given in Supplementary Table S1. 
Experiments were conducted in three biological replications for Cvi, Sha, and 
soc1ful, and two biological replicates with two technical replicates for Col-0, 
Kel-4, and p35S:AHL15. 

Leaf water potential (Ψl) and stomatal conductance (gs) 

After 7 d of water deficit (i.e., the time required to dehydrate the 
moisturized soil in the pots of the drought batch), Ψl was measured in both 
control and drought batches every day during the drought period until 
harvesting (15–17 d). The daily measurements were carried out using three 
mature leaves (one from control and two from drought treatment) for each 
method. Before the measurements, the leaves were covered with 
aluminium foil for 30 min. Subsequently, leaf discs were cut from the bagged 
leaves and placed in the PSYPRO leaf water potential system (Wescor, Inc., 
Logan, UT, USA) to measure the leaf water potential. At the same time, gs 
(mmol H2O m−2 s−1) was measured on single mature rosette leaves that were 
close to the leaves used for water potential measurements, using an SC-1 
leaf porometer (METER Group, Pullman, WA, USA) that was calibrated every 
other day. The gs was measured using Auto Mode configuration with 
desiccant. gs, depending on leaf water potential, was fit according to the 
following sigmoid function for each genotype using the NLIN procedure in 
SAS: 

𝑔! = 𝑔!" ÷ (1 + exp.𝑆 × (𝛹 − 𝛹gs#$)78 

gsm is the maximal stomatal conductance for Ψl=0, S is the slope of the 
curve, and Ψgs90 the water potential inducing 50% stomatal closure. 
We then estimated the water potential inducing 90% of the stomatal 
closure (Ψgs90). 



90 

Stomatal safety margin (SSM) 

The SSM was defined as the difference between the leaf water 
potential at 90% stomatal closure (Martin-StPaul et al., 2017) calculated 
from the fitted curve (Ψgs90) and the water potential at 50% loss of stem 
conductivity (P50): 

SSM = 𝛹%!&$ − 𝑃#$

Generating vulnerability curves (VCs) in stems 

Sample preparation of inflorescence stems 

All individuals (80 individuals per genotype) were harvested at the 
Institute of Biology Leiden with roots, leaves, and flowers still attached and 
immediately wrapped in wet tissue papers. They were then enclosed in 
plastic bags to avoid dehydration during the shipment to the PHENOBOIS 
platform (INRAE, University of Bordeaux, France), where the Cavitron 
centrifuge measurements were performed. Before the Cavitron 
measurements, the roots were cut off at the basal part of inflorescence 
stems and trimmed on both sides, obtaining a stem segment of 27 cm in 
length that matches a standard Cavitron rotor. The length of the stem 
segments exceeds by far the maximum vessel length of Col-0, reaching only 
4 cm according to Tixier et al. (2013) to avoid potential open-vessel artefacts 
(Cochard et al., 2013). Next, all siliques, leaves, and flowers were removed 
underwater immediately before placing the inflorescence stems in the 
Cavitron rotor (7–9 stem segments per VC). 

Xylem vulnerability to embolism was evaluated using the Cavitron 
method, a custom-built centrifuge that allows measuring the water flow 
through the inflorescence stems while spinning them to create a negative 
pressure in the middle part of the stem segments (Cochard, 2002; Cochard 
et al., 2005, 2013). The negative pressure was gradually increased in each 
spinning step, as described in Thonglim et al. (2020). The degree of 
embolism in the xylem segment was quantified as the percentage loss of 
conductivity (PLC), calculated as follows: 

PLC = 100 × .1 − (𝐾/𝐾'())7 
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where KMAX (m2 MPa−1 s−1) is the maximum hydraulic conductivity which was 
calculated when stem segments were fully functioning (no embolism) at low 
spinning speed (near 0 MPa), and K is the decreased hydraulic conductivity 
due to embolisms. The extent of embolism formation at every rotation 
speed was measured using the Cavisoft software (Cavisoft v1.5, University 
of Bordeaux, France). We fitted the data points to reconstruct the VCs using 
a sigmoid function based on the NLIN procedure in SAS 9.4 (SAS Institute, 
Cary, NC, USA) (Pammenter and Van der Willigen, 1998): 

PLC = 100 ÷ B1 + expC
𝑆
25 ×

(𝑃 − 𝑃#$)FG 

where P is the xylem pressure used at each rotation step, P50 is xylem 
pressure inducing 50% loss of hydraulic conductivity, and S (MPa−1) is the 
slope of the VC at P50. Due to the low hydraulic conductivity of Arabidopsis, 
we measured vulnerability to embolism of 7–9 inflorescence stems to 
generate one vulnerability curve. Eight VCs were constructed for each 
genotype. 

Stem anatomy 

Three stems from three representative VCs per genotype (nine stems 
per genotype) were randomly selected for light microscopy (LM) 
observations and one stem per VC from three VCs (three individuals per 
genotype) for TEM observations (Supplementary Figure S1C, D). Both basal 
and central parts of the 27 cm inflorescence stem segments were sectioned 
because they differ in the amount of lignification (Supplementary Figure 
S1E–H). We, however, invested more time in measuring trait data from the 
middle part than in the basal segment because that is the region where the 
negative pressures were applied during the Cavitron experiments, allowing 
us to accurately link the anatomical traits with embolism resistance (P50). 
The anatomical traits are represented in Supplementary Table S2. ImageJ 
(National Institutes of Health, Bethesda, MD, USA) was used, and the 
guidance of Scholz et al. (2013a) was followed to measure the anatomical 
features in digital images from both LM and TEM observations. 
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Light microscopy (LM) 

Inflorescence stems were cut into 1 cm long pieces and submerged 
in 70% ethanol. The samples were then gradually infiltrated in LR-white resin 
(Hamann et al., 2011). After embedding in LR-white, specimens were 
sectioned with a rotary microtome (Leica RM 2265, Leica, Eisenmark, 
Wetzlar, Germany) with disposable tungsten carbon blades at 4 µm 
thickness. Next, the sections were heat-fixed onto the slides, stained with 
1% (w/v) toluidine blue (VWR Chemicals BDH®, Radnor, PA, USA), and 
mounted with DPX new-100579 mounting medium (Merck Chemicals, 
Amsterdam, the Netherlands). Finally, various anatomical traits 
(Supplementary Table S2) were observed using a Leica DM2500 light 
microscope equipped with a Leica DFC-425 digital camera (Leica 
microscopes, Wetzlar, Germany). 

Transmission electron microscopy (TEM) 

The middle parts of inflorescence stem segments were collected 
immediately after Cavitron measurements and fixed in Karnovsky’s fixative 
(Karnovsky, 1965). Subsequently, the samples were washed in 0.1 M 
cacodylate buffer and post-fixed with 1% buffered osmium tetroxide. The 
samples were then prepared for semi-thin and ultra-thin sectioning 
according to the protocol described in Thonglim et al. (2020) and were 
observed with a JEM-1400 Plus TEM (JEOL, Tokyo, Japan) with an 11 
megapixel digital camera (Quemesa, Olympus). TEM observations were 
conducted to measure the intervessel pit membrane thickness and the pit 
chamber depth (Supplementary Table S2). 
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Statistical analysis 
 
 R version 3.6.3 in R Studio version 1.2.5033 was used for the 
statistical analyses of all traits studied, of which all the differences were 
considered significant when the P-value was <0.05. First, general linear 
models with a Newman–Keuls post-hoc test were used to check the 
differences in embolism resistance (P50, P12, and P88), anatomical features, 
leaf physiological traits, chlorophyll content, and gene expression among 
Arabidopsis genotypes studied. Then, multiple linear regression was applied 
to assess the anatomical traits (predictive variables) that explain the 
differences in embolism resistance (responsive variables, including P50, P12, 
and P88). The collinearity between variables was firstly checked to select the 
predictors. Then, the ‘step’ function (stats package; R Core Team, 2016) was 
applied to achieve the most parsimonious linear regression model based on 
the least Akaike information criterion (AIC). Subsequently, the model’s 
residuals, heteroscedasticity, skewness and kurtosis, and variance inflation 
factor (VIF) were checked. Once we obtained the best model, the relative 
importance of each explanatory variable was analysed to assess the variable 
that explains the best P50. Pearson’s correlation was applied to plot the 
relationship between P50 and predictive variables and leaf physiological 
traits, and among the variables. Lastly, we investigated whether the 
different Arabidopsis genotypes presented different gs in well-watered 
control conditions using a generalized linear mixed model with the accession 
as a fixed effect, with the GLIMMIX procedure in SAS software (SAS 9.4; SAS 
Institute). 
 
Gene codes 
 
 Arabidopsis gene codes are: ACTIN2, AT3G18780; GAPDH, 
AT1G13440; RD29A, AT5G52310; ABI2, AT5G57050; AREB1, AT1G45249; 
and DREB2A, AT5G05410. 
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Results 
 
Drought-response phenotyping, chlorophyll content, and expression of 
drought-responsive genes in the basal rosette leaves 
 
 After 3 weeks of non-watering, we found differences in phenotypes 
of the drought-treated batch compared with the well-watered controls. The 
soc1ful mutant and the p35S:AHL15 overexpression line were least affected 
by drought based on the rosette phenotype (less wilting of leaves, less 
reduction of rosette size) and the small reduction of chlorophyll content 
when compared with the control individuals. The droughted individuals of 
Sha showed intermediate phenotypic drought stress-related signs 
compared with the control batch, such as a minor reduction in leaf rosette 
size, more wilting of leaves, and a slightly higher decrease of chlorophyll 
content (Figure 1A, B). In contrast, the rosette leaves were more reduced in 
size in the droughted individuals of Col-0, Kel-4, and Cvi compared with the 
well-watered control plants (Figure 1A); likewise, leaves and inflorescence 
stems in the droughted batch of these three genotypes were considerably 
more wilted compared with the control plants (Figure 1A), along with the 
stronger chlorophyll reduction in the rosette leaves (Figure 1B). With 
regards to Chl b reduction during the drought experiment, two significantly 
different genotype groups could be defined: one group comprising Col-0, 
Cvi, and Kel-4 (62%, 67% and 46% reduction, respectively) and the other 
comprising Sha, soc1ful, and p35S:AHL15 (31, 13, and 27% reduction, 
respectively) (F=15.83, P=0.00212). For Chl a reduction, significant 
differences were detected among the genotypes (F=181.6, P=1.84e−06), 
except for soc1ful and p35S:AHL15 that presented a similar reduced value 
(10% and 12% reduction). This is also the case for total chlorophyll (Chl a+b) 
reduction (F=168.1, P=2.32e−06) (Figure 1B). 
 
 In order to estimate how each Arabidopsis genotype senses drought 
stress at the molecular level, we measured the expression of four selected 
drought marker genes at the end of the 15–17 d drought treatment. In the 
ecotypes with an intermediate level of stem lignification (Col-0 and Kel-4) 
and the one with the least lignified stems (Cvi), all four drought-responsive 
genes were up-regulated under drought compared with well-watered 
conditions (Figure 1C). In contrast, of the four drought-response genes in 
the more lignified genotypes Sha, overexpression p35S:AHL15, and soc1ful 
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were significantly less induced under drought treatment. Interestingly, 
p35S:AHL15 showed no difference in ABI2 and AREB1 expression level 
between drought and control conditions (–0.45 and –1.37 log2 fold 
change, respectively). Regarding the changes in the expression of 
each gene between drought and control conditions among genotypes 
studied, we found that the change of RD29A expression was similar 
between Col-0 and Cvi (~6.9 log2 old change). Still, these two 
genotypes were significantly different from the rest (2.8–4.7 log2 fold 
change) (F=10.2, P=0.00021). For DREB2A, two significantly different 
groups were defined: one comprising Col-0, Cvi, and Kel-4 (4.55, 5.6, 
and 5.57, respectively) and the other comprising Sha, soc1ful, and 
p35S:AHL15 (3.37, 2.75, and 2.87, respectively) (F=21.05, P=2.71e−06). The 
changes of AREB1 were significantly different among genotypes 
(F=13.28, P=4.63e−05), except for Col-0, Cvi, and Kel-4 (3.48, 3.22 and 
3.19 log2 fold change, respectively). Likewise, for ABI2, there was a 
significant difference among genotypes (F =40.95, P=3.2e−08), except for 
Col-0 and Kel-4 (6.22 and 5.93), and Sha and soc1ful (4.57 and 3.58 log2 
fold change) (Figure 1C). 

Leaf water potential (Ψl) and stomatal conductance (g s) dynamics during 
drought 

Ψl under well-watered conditions was similar in every genotype, 
ranging between –0.5 MPa and –0.6 MPa (Figure 2A). However, gs of 
control plants was significantly different among the genotypes studied 
(F=236.12, P<0.0001, Figure 2B). Cvi (least lignified wild type) had the 
highest gs (384 mmol m−2 s−1), followed by Col-0, Sha, and Kel-4, while 
the more lignified soc1ful and p35S:AHL15 genotypes presented the 
lowest gs value (up to 216 mmol m−2 s−1); only gs values of Sha and Kel-4 
were not statistically different from each other (Figure 2B). In addition, 
we noticed that Col-0 closed its stomata at a less negative leaf water 
potential compared with the other genotypes. It reached 90% of stomatal 
closure (gs90) at –0.9 MPa, followed by Kel-4 (–1.13 MPa), and the more 
lignified Sha (–1.27 MPa), soc1ful (–1.43 MPa), and p35S:AHL15 (–1.6 
MPa). The least lignified Cvi reached more negative Ψl, even before 
closing its stomata (–1.75 MPa; Figure 2A). When following stomatal 
conductance and leaf water potential decline during the drought 
experiment, we found that the lignified soc1ful and Sha genotypes never 
reached critical water potential values (i.e., the P50) even after 17 d of 
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drought, while other genotypes reached their respective P50 between 10 d 
and 14 d (Supplementary Figure S2A, B). 

Figure 1 (A) Phenotypic variation in response to drought. The phenotype of six 
Arabidopsis genotypes subjected to drought, by water withholding, after 3 weeks 
and their untreated counterparts. Nine plants per genotype and condition were 
analyzed, and representative images are shown. (B) The variation in chlorophyll 
contents (chlorophyll a, chlorophyll b, and chlorophyll a+b) among genotypes 
studied. The Y-axis represents the percent reduction of chlorophyll content in 
drought compared to the control batch. A student t-test was performed, showing 
the differences between each accession compared to Col-0. * p-value < 0.05. 
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(C) qRT-PCR analysis of the expression of selected drought-responsive genes 
(RD29A, DREB2A, ABI2 and AREB1) in six Arabidopsis genotypes. The Y-axis 
represents the log2 fold change of the gene expression between drought and 
control conditions. A student t-test was performed, showing the differences 
between each accession compared to Col-0. * p-value < 0.05. Note: the 
genes are significantly less upregulated by drought in Sha, p35S:AHL15, and 
soc1ful plants.  

Stem vulnerability to embolism 

When comparing all six genotypes, the most lignified soc1ful was 
the most embolism resistant, with P50 of –3.07 MPa (Figure 3; Table 1), 
whereas the least lignified Cvi remained the most vulnerable (P50= –1.58 
MPa). For the two added genotypes, Kel-4 (wild type with intermediate 
lignified stems) was among the most vulnerable genotypes with P50= –
1.69 MPa, whereas p35S:AHL15 (overexpression line) was intermediate, 
almost identical to the common wild-type Col-0 with P50= –2.13 MPa. The 
P12 (stem water potential at onset of embolism) values of most of the 
genotypes studied were different from each other (F=420.6; P<2e−16), 
but Cvi and Kel-4 presented similar P12 (P=0.5424). For P88, p35S:AHL15 
and Kel-4 were different from other genotypes (F=75.09; P<2e−16) 
(Supplementary Figure S3). The slope of the vulnerability curve was similar 
across the genotypes, except Col-0, which had a lower slope (see Figure 3). 

Water potential and SSM during drought 

Assuming that leaf water potential values are similar to stem water 
potential values in the tiny Arabidopsis herbs, we calculated the SSM as the 
difference between Ψgs90 and P50. The SSMs of all genotypes studied were 
positive (from +0.53 MPa to +1.64 MPa), except for the least lignified Cvi 
with a narrow and negative SSM (–0.17 MPa) (Figure 4). Accordingly, Cvi 
also closed its stomata and reached a leaf water potential equivalent to P50 
the soonest (10 d; Table 1). SSM was the widest in the most lignified 
soc1ful (+1.64 MPa), followed by Col-0 and Sha (+1.24 MPa and 
+1.22 MPa, respectively; Table 1; Figure 4). Kel-4 and p35S:AHL15 had 
intermediate SSMs (+0.56 MPa and +0.53 MPa, respectively). 
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Figure 2 Drought response traits for the six A. thaliana genotypes studied. (A) The 
relationship between leaf water potential (Ψl) and stomatal conductance (gs). (B) 
Stomatal conductance (gs, mmols-1 m-2) in control well-watered plants for the 
different Arabidopsis accession (Ψl > -0.7 MPa). Larger symbols within boxes 
correspond to means and smaller symbols outside boxes to outlier values. Colours 
refer to the genotype studied: Col-0, red; Cvi, turquoise; Sha, purple; soc1ful, green; 
p35S:AHL15, blue; Kel-4 brown. 
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The differences in anatomical features among genotypes studied 

When comparing the anatomical dataset across the six genotypes, 
we found that the lignified soc1ful and Sha genotypes had the thickest 
intervessel pit membranes (TPM), followed by an intermediate pit membrane 
thickness of p35S:AHL15 and Col-0 (F=3.857; P=0.0672), and thinner pit 
membranes in Kel-4 and the least lignified Cvi (F=4.467; P=0.0506) 
(Supplementary Figure S4A). Results of vessel wall thickness (TV) showed the 
same pattern as that described for intervessel pit membrane thickness 
(F=2.546; P=0.13 and F=0.554; P=0.468, respectively) (Supplementary Figure 
S4B). Vessel grouping index (VG) was markedly higher in the p35S:AHL15 
overexpression line than in all the other genotypes (F=27.38; P=5.46e−13) 
(Supplementary Figure S4C), which was also the case for the proportion of 
lignified area per total stem area (PLIG; F=28.8; P=2.25e−13) (Supplementary 
Figure S4D). The lignified p35S:AHL15 overexpression line also had a higher 
proportion of fiber wall area per fiber cell area (PFWFA) than Kel-4, Col-0, and 
Cvi, but the fibers were less thick walled compared with the lignified 
genotypes soc1ful and Sha (F=49.05; P<2e−16) (Supplementary Figure S4E). 
Surprisingly, p35S:AHL15 showed no wood formation at the stem segment 
investigated (Supplementary Figure S1E) and was less lignified than soc1ful, 
although AHL15–SOC1–FUL belong to the same pathway. The vessel 
diameter (D) of Kel-4 was significantly narrower than that of the other 
genotypes. Among the remaining genotypes, Cvi (least lignified wild type) 
had the widest mean D, which was significantly different from the 
p35S:AHL15 overexpression line, but there was no statistical difference in D 
with Col-0, Cvi, Sha, and soc1ful (F= 9.46; P=2.52e−06) (Supplementary Figure 
S4F). For theoretical vessel implosion resistance (TVW/DMAX)2, the lignified 
soc1ful and Sha showed the highest values as well, while there was no 
difference among p35S:AHL15, Kel-4, Col-0, and Cvi (F=3.955; P=0.0166). 
Finally, vessel density (VD) of p35S:AHL15, Col-0, Cvi, Sha, and soc1ful was 
similar (F=1.899; P=0.13) and significantly higher than that of Kel-4. 
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                          Water potential (MPa)

Figure 3 Mean vulnerability curves present the percentage loss of conductivity 
(PLC) as a function of xylem pressure (MPa) of each genotype studied. Shaded 
bands represent standard errors based on five to ten vulnerability curves per 
genotype. Colours refer to the genotype studied: Col-0, red; Cvi, turquoise; Sha, 
purple; soc1ful, green; p35S:AHL15, blue; Kel-4 brown. 

Stem anatomical traits explaining variation in embolism resistance 

According to the most parsimonious model derived from multiple 
linear regression (AIC= –194.59), the stem anatomical predictors that 
explain the embolism resistance variation were TPM, TV, VG, and maximum 
vessel lumen diameter (DMAX) (R2=0.924; P<2.2e−16) (Supplementary Table 
S3). TPM was the anatomical feature explaining P50 variation best, with 
relative importance of 44%, followed by TV (38%), VG (9%), and DMAX (2%) 
(Figure 5A). Likewise, TPM and TV together also explained most of the 
variation in P12, with 41% relative importance (R2=0.795; P=1.135e−14) 
(Supplementary Table S4; Supplementary Figure S5A). P88 variation, on the 
other hand, was mostly explained by PFWFA (25% relative importance) 
(R2=0.516; P=1.07e−07) (Supplementary Table S5; Supplementary Figure 
S5B). 
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The relationship among embolism resistance, anatomical traits, and 
hydraulic traits 

Based on a Pearson’s correlation test, TPM was strongly positively 
correlated with other anatomical traits, such as TV, (TVW/DMAX)2, PFWFA, and 
VD (r=0.77 and P=1.108e−11; r=0.74 and P=1.956e−10; r=0.61 and P=8.96e−07, 
r=0.58, P=4.472e−06, respectively) (Supplementary Figure S6). Lastly, TV and 
PFWFA were correlated as well (r=0.71, P=2.3e−09) (Supplementary Figure S6). 
When also taking P50 into account, we saw that P50 was strongly correlated 
with TPM, (TVW/DMAX)2, TV, and PFWFA (r= –0.91, –0.87, –0.86, and –0.70; 
P<2.2e−16, respectively) (Figure 5B–E; Supplementary Figure S6). Similarly, 
P12 had strong relationships to TPM, (TVW/DMAX)2, and TV (r= –0.77 and 
P=6.41e−12; r= 0.84 and P=3.93e−15; r= 0.68 and P=1.38e−08, respectively) 
(Supplementary Figure S6). P88 only showed a correlation with PFWFA (r= –
0.54; P=2.762e−05) and TV (r= –0.44; P=0.0008146) (Supplementary Figure 
S6). We also found a strong correlation between P50 and the leaf water 
potential at the harvesting day (Ψlh), the number of days until reaching 90% 
stomatal closure (Day90), and the SSM (r= –0.9, –0.85, and –0.84; P<2.2e−16, 
respectively), but not between P50 and Ψgs90. Subsequently, the anatomical 
traits that were strongly correlated to P50, such as TPM, TV, and VG, were also 
significantly correlated to Ψlh, Day90, and SSM (Supplementary Figure S6). 

Discussion 

We performed a drought experiment including six Arabidopsis 
genotypes, during which we compiled a detailed xylem anatomical–
hydraulic dataset of inflorescence stems (among others intervessel pit 
membrane thickness, proportion of lignification, and P50) and leaves (rate of 
stomatal conductance, leaf water potential, and chlorophyll content), and 
validated the drought response of the genotypes with the transcript 
abundance of four known drought marker genes at the end of a 15–17 d 
treatment without watering. Based on anatomical, hydraulic, and gene 
expression results, it is clear that the most lignified mutant soc1ful (Melzer 
et al., 2008; Lens et al., 2012, 2013) is the most drought-tolerant genotype, 
closely followed by the lignified ecotype Sha and the p35S:AHL15 
overexpression line, while the lesser lignified Col-0, Kel-4, and especially Cvi 
ecotypes are much more sensitive. Interestingly, each genotype applies a 
unique combination of anatomical stem traits and hydraulic traits in stems 
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and leaves to acquire a certain level of drought tolerance, as will be 
discussed in the following sections. 

Table 1 The hydraulic data of Arabidopsis genotypes studied measured 
during the drought experiment.  

Genotypes P50

(MPa) 
Ψgs90 
(MPa) 

SSM 
(MPa) 

Ψlh

(MPa) 

Days 
until 
90% 
stomatal 
closure 

Days 
until 
P50 

PLC 
after 3 
weeks 
of non-
watering 

Cvi -1.58 -1.75 -0.17 -3.4 10 10 100% 

Kel-4 -1.69 -1.13 0.56 -3.4 11 11 100% 

Col-0 -2.14 -0.9 1.24 -2.97 10-11 12 75% 

p35S:AHL15 -2.13 -1.6 0.53 -3.03 13 14 88% 

Sha -2.49 -1.27 1.22 -1.85 12

does 
not 
reach 
P50 

14% 

soc1ful -3.07 -1.43 1.64 -1.87 14

does 
not 
reach 
P12

10% 

P50 = stem water potential at 50% loss of hydraulic conductivity, Ψgs90 = leaf 
water potential at 90% stomatal closure, SSM= stomatal safety margin, Ψlh 
= leaf water potential at the harvesting day, PLC = percentage loss of 
hydraulic conductivity 
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Comparing extremes in drought response: most lignified soc1ful versus 
least lignified Cvi 
 
 Both the most drought-tolerant soc1ful and the most drought-
sensitive Cvi use a similar set of traits with contrasting trait values to reach 
the two extremes of the drought tolerance spectrum among the genotypes 
studied. The drought-tolerant strategy of soc1ful (Figure 1A) is determined 
by a unique combination of traits, as exemplified by the most negative stem 
P50 (Figure 3; cf. Choat et al., 2012; Lens et al., 2016; Thonglim et al., 2021), 
coupled with a low initial gs that gradually slowed down during drought, 
allowing a more stable leaf water potential (Supplementary Figure S2A) (Li 
et al., 2017; Dayer et al., 2020; Lemaire et al., 2021). In addition to its low 
gs, soc1ful started closing its stomata rapidly at the onset of drought (at high 
water potential) to further reduce water loss, but at the same time it 
reached full stomatal closure later than in the other genotypes (Ψgs90 was 
reached after 14 d of non-watering, Table 1). Although we had not 
quantified carbon uptake during drought, we observed that stomatal 
closure in soc1ful occurred gradually over a longer period during drought, 
probably extending photosynthetic activities without risking a detrimental 
level of drought-induced embolism (Figure 2A; Supplementary Figure S2). 
This is further supported by a low reduction of chlorophyll content in rosette 
leaves of droughted soc1ful individuals compared with the well-watered 
control batch (Figure 1B), Moreover, this mutant line had the widest positive 
SSM (Figure 4), which is essential in estimating a plant’s drought response 
(Choat et al., 2012; Delzon and Cochard, 2014; Anderegg et al., 2016; Eller 
et al., 2018; Oliveira et al., 2021; Skelton et al., 2021). Finally, as reported in 
Thonglim et al. (2020), this mutant also produced the thickest intervessel pit 
membranes and the largest wood cylinder at the base of the inflorescence 
stem. Both traits are thought to play an important role in preventing 
embolism spread (Lens et al., 2022). In contrast, the least lignified Cvi was 
the most vulnerable genotype as it showed the least negative stem P50 
combined with a rapid drop in leaf water potential during drought, leading 
to rapid wilting (Figure 1A) and a strong decrease of chlorophyll content 
(Figure 1B). In addition, Cvi had the highest initial gs, and it closed its stomata 
at low water potential, which led to more water loss due to transpiration 
(Figure 2A; Supplementary Figure S2). Although it reached Ψgs90 earlier than 
the more tolerant genotypes (Table 1), it seemed like Cvi could not close its 
stomata in time because all the water was already consumed, giving rise to 
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a rapid water potential drop during drought (Supplementary Figure S2A). 
Due to its less negative stem P50, the Ψgs90 exceeded stem P50, leading to the 
only negative SSM among the six genotypes studied (Figure 4). This implies 
that Cvi experiences a considerable decrease in stem hydraulic conductivity 
right after or even before stomatal closure. In addition to all these 
physiological parameters pointing to the most sensitive drought response 
among the genotypes studied, Cvi also had the least lignified inflorescence 
stems with the thinnest intervessel pit membranes (Thonglim et al., 2021). 
 
The role of embolism resistance and stomatal regulation in drought 
tolerance and its impact on the stomatal safety margin 
 
 The previous section highlights the importance of embolism 
resistance as well as SSMs in determining drought tolerance, as has been 
demonstrated across many other lineages of plants (Meinzer et al., 2009; 
McDowell, 2011; Choat et al., 2012; Johnson et al., 2012; Cochard et al., 
2013; Lens et al., 2013; Skelton et al., 2015, 2021; Martin-StPaul et al., 2017; 
Creek et al., 2020; Dayer et al., 2020). However, our dataset suggests that 
stem P50—which is probably a good proxy for whole-plant P50 based on our 
few leaf P50 measurements in the p35S:AHL15 overexpression line and based 
on other herbaceous species showing no difference in P50 across organs 
(e.g., Skelton et al., 2017)—outperforms SSM in explaining the responses to 
drought among the genotypes studied. This is because stomatal regulation 
in Arabidopsis genotypes that were equally drought tolerant could be 
substantially different, while P50 showed a more consistent pattern with 
whole-plant drought tolerance. However, it seems that the rate of gs in 
Arabidopsis under well-watered conditions is more critical than the speed 
of stomatal closure, as shown by Cvi, Col-0, and Kel-4 (Table 1; 
Supplementary Figure S2B). Indeed, Ψgs90 is not the driving force behind 
drought tolerance since the more drought-tolerant genotypes closed their 
stomata slightly later than the sensitive ones. In other words, Cvi, Col-0, and 
Kel-4 lost more water because of a higher transpiration rate, but they closed 
their stomata sooner than the more drought-tolerant genotypes (Table 1). 
These results align with previous studies stating that stomatal behavior only 
shows how each species respond to drought stress, but not how much they 
tolerate drought (Roman et al., 2015; Combe et al., 2016; Martínez-Vilalta 
and Garcia-Forner, 2017). Bearing this in mind, our observation shows that 
the two mutant genotypes studied in the Col-0 background (soc1ful and 
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p35S:AHL15)—both belonging to the same regulatory SOC1–FUL–AHL15–
cytokinin pathway that induces wood formation in stems (Rahimi et al., 
2022)—also have by far the lowest initial gs values across all six genotypes 
studied, including the Col-0 ecotype (Figure 2B). This makes it a promising 
gene regulatory pathway to discover how drought-responsive traits in stems 
(increased lignification or woodiness) and leaves (reduced gs) are linked to 
each other at the genetic level. Our dataset aligns with earlier studies 
showing that safety margins across (mainly woody) angiosperms are overall 
positive, and considerable levels of embolisms only happen under 
remarkable, intense drought events (Choat et al., 2012; Delzon and Cochard, 
2014; Martin-StPaul et al., 2017; Creek et al., 2020; Dayer et al., 2020; 
Skelton et al., 2021; Guan et al., 2022; Lens et al., 2022). The positive SSMs 
in five out of six genotypes indicate that stomatal closure typically occurs 
before embolism in order to prevent water loss and delay hydraulic 
dysfunction (Martin-StPaul et al., 2017; Creek et al., 2020). In contrast, Cvi—
the only genotype with a negative SSM—closed its stomata at 70% loss of 
maximum conductance, highlighting its high sensibility to drought. 
 
Multiple strategies to acquire drought tolerance 
 
 In addition to the drought-responsive traits discussed in soc1ful and 
Cvi, different combinations among these traits were observed in the 
remaining genotypes. This shows that even in a species with a short life 
cycle, multiple strategies can be applied to acquire a certain level of drought 
tolerance. For instance, Sha and p35S:AHL15 had a similarly high level of 
drought tolerance based on their phenotype after 3 weeks of water shortage 
(Figure 1A), but their drought-responsive traits were different. Sha had high 
embolism resistance in stems combined with a relatively high initial 
transpiration rate in leaves that rapidly declines during drought, allowing a 
relatively stable leaf water potential (also confirmed by Bouchabke et al., 
2008) and a large SSM. On the other hand, p35S:AHL15 had the lowest gs of 
all the genotypes studied (Figure 2A), which means it can keep its leaf water 
potential relatively high during drought, whereas its stem P50 was 
intermediate and led to a smaller SSM compared with Sha (Figures 2–4). 
Another example is given by p35S:AHL15 (overexpression line) and Col-0 
common wild type, which both had a similar stem P50 (–2.1 MPa; Figure 3). 
However, Col-0 was more drought sensitive than p35S:AHL15, even though 
the former closed its stomata earlier during drought, resulting in a wider 
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SSM (Figure 4). The reason for Col-0 being more drought sensitive is that 
stomatal conductance is much higher, leading to more water loss and 
consequently a more rapid decline in leaf water potential during the drought 
experiment, while the leaf water potential during drought in p35S:AHL15 
drops more slowly (Supplementary Figure S2). Thus, a wider SSM does not 
always lead to prolonged survival during drought since the rate of gs is not 
accounted for in the SSM. In other words, the width of the safety margin 
does not necessarily match all aspects of stomatal regulation and the 
resulting leaf water potential dynamics during drought (Martin-StPaul et al., 
2017; Martínez-Vilalta and Garcia-Forner, 2017; Knipfer et al., 2020). 
 
Expression levels of drought-responsive genes agree with drought-
response traits 
 
 To assess the level of drought stress and compare it among the 
genotypes, we assessed the expression of selected drought-responsive 
genes on the final day of the drought treatment (15–17 d). As expected, the 
four drought-responsive genes RD29A, DREB2A, ABI2, and AREB1 were most 
up-regulated in the more sensitive genotypes Col-0, Kel-4, and Cvi, and less 
up-regulated in the more tolerant genotypes Sha, p35S:AHL15, and soc1ful 
(Figure 1C). To study the casual relationship between physiological 
responses (e.g., stomatal closure) and gene activity (e.g., ABA biosynthesis 
genes), future work should focus on conducting a high-resolution time-
course gene expression analysis, which is beyond the scope of this study. 
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Figure 5 (A) Relative importance of stem anatomical traits on P50 variation. The P50 
variation is mainly explained by intervessel pit membrane thickness (TPM) and vessel 
wall thickness (TV) based on R2 contribution averaged over orderings among 
regressors (based on LMG method). (B) Negative correlation between TPM and P50 
(C) Negative correlation between (TVW/DMAX)2 and P50 (D) Negative correlation
between TV and P50 (E) Negative correlation between PFWFA and P50. Colours and
styles refer to the genotype studied: Col-0, red circles; Cvi, turquoise triangles point
up; Sha, purple triangles point down; soc1ful, green stars; p35S:AHL15, blue
squares; Kel-4, brown diamonds.
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Intervessel pit membrane thickness as an important anatomical driver of 
embolism resistance, and the potential effect of stem lignification on P50 

 
 Our extended database confirms our previous results that 
intervessel pit membrane thickness is the anatomical trait that explains best 
the variation in P50 across all six genotypes studied (Figure 5A). These results 
are in line with several other angiosperm studies showing a strong positive 
correlation between embolism resistance and TPM, both at the interspecies 
level (Jansen et al., 2009; Lens et al., 2011, 2022; Plavcová and Hacke, 2012; 
Plavcová et al., 2013; Scholz et al., 2013b; Li et al., 2016; Dória et al., 2018; 
Trueba et al., 2019; Guan et al., 2022) and within species (Schuldt et al., 
2016). The functional explanation for this relationship was intensively 
discussed in our previous paper (Thonglim et al., 2021). In brief, there is 
convincing evidence based on microCT and/or optical technique 
observations in stems (Brodersen et al., 2013; Knipfer et al., 2015; Choat et 
al., 2016; Skelton et al., 2017; Torres-Ruiz et al., 2017) and leaves (Brodribb 
et al., 2016a; Skelton et al., 2017, 2018; Klepsch et al., 2018; Lamarque et 
al., 2018) that embolism spread between adjacent vessels predominantly 
happens via porous pit membranes located inside the bordered pits 
between adjacent vessels. Although this explains why the thickness of 
intervessel pit membrane plays an important role in embolism propagation 
and, by extension, also whole-plant drought tolerance, the detailed 
mechanisms behind this embolism spread remain poorly known due to the 
complex 3D structure/composition of pit membranes and the enigmatic 
behavior of gas–liquid–solid–surfactant interfaces at the nano-scale (Kaack 
et al., 2019, 2021; Yang et al., 2020; Zhang et al., 2020; Lens et al., 2022). 
 
 It has also been shown in previous studies that intervessel pit 
membrane thickness is strongly linked not only with P50, but also with other 
anatomical traits assumed to be involved in drought-induced embolism 
resistance, such as vessel wall thickness (Jansen et al., 2009; Li et al., 2016), 
and the amount of stem lignification or woodiness (Li et al., 2016; Dória et 
al., 2018; Thonglim et al., 2021). How exactly lignification would impact 
embolism spread in stems is the subject of ongoing research. One 
hypothesis is that the amount of lignification in secondary cell walls may 
determine gas diffusion kinetics across xylem cell walls and, therefore, could 
reduce the speed of embolism propagation in species with increased levels 
of lignification or woodiness (Li et al., 2016; Dória et al., 2018; Pereira et al., 
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2018; Thonglim et al., 2021; Lens et al., 2022). This may imply that older 
stems from herbaceous species could lead to increased embolism 
resistance, resulting from a possible increase in stem lignification and/or the 
amount of wood. In our study, this may especially apply to the p35S:AHL15 
overexpression line, which has the ability to develop as much wood as the 
soc1ful double knockout genotype (Rahimi et al., 2022). However, this study 
shows that wood development is delayed in p35S:AHL15 (Supplementary 
Figure S1E, G) compared with soc1ful in 80-day-old plants, despite the fact 
that SOC1, FUL, and AHL15 belong to the same wood pathway (Rahimi et al., 
2022). Older individuals of p35S:AHL15 will therefore develop more wood 
and probably also thicker intervessel pit membranes in their inflorescence 
stems, most probably resulting in both higher embolism resistance and 
higher SSM, which synergistically may increase total plant tolerance of the 
overexpression line to the level of soc1ful. 
 
 In conclusion, there is a considerable difference in drought response 
among the six Arabidopsis genotypes studied. The genotypes soc1ful, Sha, 
and p35S:AHL15 synergistically increase their drought tolerance by building 
lignified inflorescence stems with thick intervessel pit membranes, 
developing the largest SSMs, keeping the water potential in their leaves 
pretty stable during periods of water shortage as a result of low stomatal 
conductance, maintaining relatively high chlorophyll content in rosette 
leaves, and by showing the lowest expression levels of drought-response 
genes compared with the control batch. In contrast, the most sensitive 
genotypes to drought (Cvi, Kel-4, and Col-0) are more susceptible to drought 
due to the opposite extreme of the same set of drought-responsive traits. 
This shows that stem anatomical traits and hydraulic stem and leaf traits are 
intertwined to acquire a certain level of drought tolerance. To further 
disentangle gene regulatory networks underlying drought-responsive traits 
across organs and to find out how they are linked with each other and 
synergistically strengthen the whole-plant drought response, future studies 
should combine a time series of gene expression data in roots, stems, and 
leaves during a drought experiment followed by rewatering. During such an 
experiment, a range of drought-responsive (anatomical and physiological) 
traits in all organs should be investigated. Only with this integrative 
approach, will we be able to make considerable progress in securing our 
food production by developing breeding tools that can make crops more 
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drought tolerant and propose solutions on how to protect our herbs and 
forests under the current global change scenario. 
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Supplementary data 
 
Supplementary Table S1 Oligonucleotide sequences. 

 

Primers for qRT-PCR 

Gene name Gene ID Primer Fwd sequence  
(5´-3´) 

Primer Rev sequence  
(5´-3´) 

ACTIN2 AT3G18780 TCCCTCAGCACATTCCAGCAGAT AACGATTCCTGGACCTGCCTCATC 

GAPDH At1G13440 TTGGTGACAACAGGTCAAGCA AAACTTGTCGCTCAATGCAATC 

RD29A AT5G52310 TGGACAAAGCAATGAGCATGAGC AGGTTTACCTGTTACGCCTGGTG 

ABI2 ATG557050 CTCGCAATGTCAAGATCCATTGGC TTACTCGCCGCACTGAAGTCAC 

AREB1 AT1G45249 AGTTACAACGAAAGCAGGCAAGG CCTCCTTGCAGAAGATTCCTCATC 

DREB2A AT5G05410 CAGTGTTGCCAACGGTTCAT AAACGGAGGTATTCCGTAGTTGAG 
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Supplementary Table S2 The anatomical characters and hydraulic values 
measured with acronyms, definitions, calculations, units, and techniques. 
 

Acronyms Definition Calculation Number of 
measurements 

Unit Technique 

AF Fiber cell 
area 

Area of single xylem 
fiber in cross-section 

Min. 30 fibers μm2 LM 

AFL Fiber lumen 
area 

Area of single xylem 
fiber lumen in cross-
section 

Min. 30 fibers μm2 LM 

AFW Fiber wall 
area 

AF - AFL for the same 
fiber 

Min. 30 fibers μm2 LM 

ALIG Lignified 
stem area  

Total xylem area + 
fiber caps area + 
lignified pith cell area 
in cross-section 

9 stems per 
accession 

mm2 LM 

APITH Pith area Total pith area in 
cross-section 

9 stems per 
accession 

mm2 LM 

AS Total stem 
area 

Total stem area in 
cross-section 

9 stems per 
accession 

mm2 LM 

Day90 Days until 
reaching 
90% of 
stomatal 
closure 

- - days - 

DMAX Maximum 
vessel lumen 
diameter 

Diameter of single 
vessel 

Min. 30 vessels μm LM 

DPC Pit chamber 
depth  

Distance from the 
relaxed pit 
membrane to the 
inner pit aperture  

Min. 25 pits μm TEM 

gs Stomatal 
conductance 

- 1 control 
sample and 2 
drought 
samples each 
measurement 

mmol 
m-2s-1 

Porometer 

SSM Stomatal 
safety 
margin 

Ψgs90 – P50 1 SSM per 
accession 

MPa - 

P12 Stem water 
potential at 
12% loss of 
hydraulic 
conductivity 

- 8 values per 
each accession 

MPa Cavitron 
centrifuge  

P50 Stem water 
potential at 
50% loss of 
hydraulic 
conductivity 

- 8 values per 
each accession 

MPa Cavitron 
centrifuge 

      

P88 Stem water 
potential at 

- 8 values per 
each accession 

MPa Cavitron 
centrifuge 
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88% loss of 
hydraulic 
conductivity 

PFWFA Proportion 
of fiber wall 
area per 
fiber cell 
area  

AFW/AF for the same 
fiber; a measure of 
xylem fiber wall 
thickness  
 

Min. 30 fibers - LM 

Ψgs90 Leaf water 
potential at 
90% loss of 
stomatal 
conductance 

- 1 control 
sample and 2 
drought 
samples each 
measurement 

MPa PSYPRO 
meter 

Ψlh Leaf water 
potential at 
the 
harvesting 
day 

- 1 control 
sample and 2 
drought 
samples each 
measurement 

MPa PSYPRO 
meter 

PLIG Proportion 
of lignified 
area per 
total stem 
area  

ALIG /AS 9 stems per 
accession 

- LM 

TPM Intervessel 
pit 
membrane 
thickness  

Thickness of 
intervessel pit 
membrane 
measured at its 
thickest point 

Min. 25 pit 
membranes 

μm TEM 

TV Vessel wall 
thickness 

Thickness of a single 
vessel wall 

Min. 30 vessels μm LM 

TVW/DMAX Thickness-to-
span ratio of 
vessels  
 

Double intervessel 
wall thickness 
divided by the 
maximum diameter 
of the largest vessel 

Min. 30 
measurements 

μm LM 

(TVW/DMAX)
2 

Theoretical 
vessel 
implosion 
resistance 

(TVW/DMAX)2 Min. 30 
measurements 

- LM 

VD Vessel 
density 

Number of vessels 
per mm2  
 

Min. 5 
measurements 

No. of vessel 
per 
mm2  
 

LM 

VG Vessel 
grouping 
index 

Ratio of total 
number of vessels to 
total number of 
vessel groupings 
(incl. solitary and 
grouped vessels)  

Min. 50 vessel 
groups 

- 
 

LM 
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Supplementary Table S3 The most parsimonious multiple linear regression 
model (based on AIC scores) of anatomical traits, explaining stem P50 
variation of the six Arabidopsis thaliana accessions studied. 
 

Predictors Estimate Std. 
Error t value Pr (>|t|) 

(Intercept) 0.435 0.239 1.825 0.074  

TPM -11.096 1.329 -8.347 5.67e-11*** 

DMAX 0.028 0.007 4.149 0.000132*** 

VG -0.242 0.073 -3.331 0.001651** 

TV -1.074 0.146 -7.360 1.84e-09** 

 
TPM = intervessel pit membrane thickness; DMAX = maximum vessel lumen 
diameter; VG = vessel grouping index; TV = vessel wall thickness. *** p-value 
< 0.001; ** p-value < 0.01 
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Supplementary Table S4 The most parsimonious multiple linear regression 
model (based on AIC scores) of anatomical traits explaining stem P12 
variation of the six Arabidopsis thaliana accessions studied. 
 

Predictors Estimate Std. Error t value Pr (>|t|) 

(Intercept) -0.599 0.687 -0.872 0.388 

PLIG -3.365 1.793 -1.877 0.067 

TPM -12.657 3.660 -3.458 0.001** 

DPC 1.926 0.756 2.546 0.014* 

DMAX
 0.086 0.016 5.492 1.76e-06*** 

PFWFA 1.093 0.660 1.656 0.105 

VD 0.006 0.003 2.443 0.019* 

VG -0.511 0.261 -1.959 0.056  

TV -1.416 0.404 -3.502 0.001** 

 
PLIG = proportion of lignified area per total stem area; TPM = intervessel pit 
membrane thickness; DPC = pit chamber depth; DMAX = maximum vessel 
lumen diameter; PFWFA = proportion of fiber wall area per fiber cell area; VD 
= vessel density VG = vessel grouping index; TV = vessel wall thickness. *** p-
value < 0.001; ** p-value < 0.01; * p-value < 0.05  
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Supplementary Table S5 The most parsimonious multiple linear regression 
model (based on AIC scores) of anatomical traits explaining stem P88 
variation of the six Arabidopsis thaliana accessions studied. 

Predictors Estimate Std. Error t value Pr (>|t|) 

(Intercept) 1.414 0.701 2.018 0.049* 

PLIG 3.967 1.556 2.550 0.014* 

DPC -1.932 0.726 -2.662 0.011* 

PFWFA -2.208 0.469 -4.710 2.148e-05*** 

VD -0.010 0.003 -3.575 0.000810*** 

DMAX -0.072 0.018 -4.054 0.000184*** 

PLIG = proportion of lignified area per total stem area; DPC = pit chamber 
depth; PFWFA = Proportion of fiber wall area per fiber cell area; VD = vessel 
density; DMAX = maximum vessel lumen diameter. *** p-value < 0.001; 
** p-value < 0.01; * p-value < 0.05 
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Supplementary Figure S1 Growth form and cross-sections of inflorescence stems 
of p35S:AHL15 (left, 85d after sowing) and Kel-4 (right, 65d after sowing). (A, B) 
Growth form. (C, D) TEM images of intervessel pit membranes (arrows). Scale bars 
= 2 µm. (E, F) LM images of cross-sections at the middle part of inflorescence stems. 
Scale bars = 500 µm. (G, H) LM images of cross-sections at the basal part of 
inflorescence stems show more pronounced lignification. Scale bars = 500 µm. 

ip35S:AHL15 Kel-Cv4

A(a) (b)B

C D
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Supplementary Figure S2 Leaf water potential and stomatal conductance during 
drought experiment. (A) Leaf water potential (Ψl) over time. Dotted lines represent 
P50 value of each genotype. (B) Stomatal conductance (gs) over time. Colours refer 
to the genotype studied: Col-0, red; Cvi, turquoise; Sha, purple; soc1ful, green; 
p35S:AHL15, blue; Kel-4, brown.  
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Supplementary Figure S3 Boxplots showing P
88 

and P
12 variation within and 

between genotypes. (A) Boxplot showing P88 of every genotype studied. (B) Boxplot 
showing P12 of every genotype studied; ns = p-value > 0.05; ** p-value < 0.05; *** 
p-value < 0.01.
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Supplementary Figure S4 Boxplots showing anatomical variation within and 
between all genotypes. (A) Boxplot of intervessel pit membrane thickness (TPM). (B) 
Boxplot of vessel wall thickness (TV). (C) Boxplot of vessel grouping index (VG). (D) 
Boxplot of the proportion of lignified area per total stem area (PLIG). (E) Boxplot of 
the proportion of fiber wall area per fiber cell area (PFWFA). (F) Boxplot of vessel 
diameter (D); ns = p-value > 0.05; ** p-value < 0.05; *** p-value < 0.01. 
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Supplementary Figure S5 The relative importance of P12 and P88 evaluated. (A) The 
relative importance of P12 variation is mainly explained by intervessel pit 
membrane thickness (TPM) and vessel wall thickness (TV). (B) The relative 
importance of P88 variation is mainly explained by proportion of fiber wall area per 
fiber cell area (PFWFA). 
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Supplementary Figure S6 The pairwise scatter plots based on Pearson’s correlation 
analysis show the correlations of P50, P12 and P88 (response variables) and each stem 
anatomical and hydraulic traits studied (predictive variables) and between all the 
predictive variables. *** p-value < 0.01; ** p-value < 0.01; * p-value < 0.05.
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Abstract 
 
 Increased drought events caused by climate change are leading to 
yield stagnation and crop losses worldwide, emphasizing the importance of 
understanding drought tolerance mechanisms for resilient crop 
development. JUNGBRUNNEN1 (JUB1), a multifunctional transcription 
factor, has been identified as a positive regulator of drought tolerance in 
various species. However, the mechanisms underlying JUB1's enhancement 
of drought tolerance remain unexplored. To address this knowledge gap, 
our study comprehensively analyzed anatomical and hydraulic traits in well-
watered and water deficit conditions, including intervessel pit membrane 
thickness (TPM), stem lignification, embolism resistance in stems (P50), 
stomatal safety margin (SSM), stomatal conductance (gs), and leaf water 
potential (Ψl), in wild-types and JUB1 overexpression (OX) lines of 
Arabidopsis thaliana and Solanum lycopersicum (tomato). Our results 
highlight the pivotal role of maintaining high Ψl in conferring drought 
tolerance in the more resilient JUB1OX genotypes, both in Arabidopsis and 
tomato. Interestingly, none of the stem anatomical features nor any of the 
hydraulic traits associated with drought tolerance in other Arabidopsis 
genotypes showed a correlation with the improved drought response of the 
JUB1OX genotypes. Even more surprisingly, JUB1OX plants exhibited traits 
typically associated with reduced resilience to drought, such as (slightly) less 
negative stem P50, narrower SSMs, and thinner intervessel pit membranes. 
When looking more into stomatal conductance dynamics that may be 
involved in stabilizing Ψl during drought between JUB1OX genotypes and 
wild-types in Arabidopsis and tomato, we see that A-JUB1OX plants lose less 
water via transpiration through a lower initial gs during well-watered 
conditions and early drought compared to the wild-type and jub1 
knockdown mutant, while the stomata in A-JUB1OX plants take longer to 
completely close. In tomato JUB1OX plants, however, we observed elevated 
gs during the initial stages of drought compared to the wild-type tomato 
plants, followed by a steep decline until the stomata are fully closed. In 
conclusion, our findings highlight that high leaf water potential is central in 
the mechanism contributing to the enhanced drought tolerance observed in 
JUB1OX plants, but none of the other traits investigated shows evidence of 
how these plants stabilize their Ψl levels during conditions of water deficit. 
This opens the door to investigating in detail the role of JUB1 on the 
accumulation of osmoprotectants such as proline in the leaves. 
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Introduction  
 
 Water availability is a crucial factor that has a significant impact on 
plant growth and productivity. As plants rely on water for their development 
and functioning, limited water availability is a significant constraint on plant 
growth (Choat et al., 2018; Martinez-Vilalta et al., 2019; Sapes et al., 2019; 
Brodribb et al., 2020). Ongoing climate change has led to rising 
temperatures and shifting rainfall patterns, increasing the frequency and 
severity of droughts that exacerbate water scarcity worldwide (Kim and 
Jehanzaib, 2020; Fischer et al., 2021). Approximately 75% of the global 
harvested area is affected by lower water availability (IPCC, 2022), resulting 
in reduced photosynthesis, yield stagnation, and crop losses that have been 
increasing globally in recent decades (Matiu et al., 2017; Sultan et al., 2019; 
Agnolucci and De Lipsis, 2020; Brás et al., 2021). Ultimately, drought could 
lead to plant mortality, which is a complex process that associates the 
interplay between water and carbon interdependencies (Anderegg et al., 
2015; McDowell et al., 2022). Among the various mechanisms involved in 
drought-induced plant mortality, hydraulic failure is considered the primary 
cause and occurs when plants experience extreme water stress due to short 
intense droughts, leading to the collapse of the water transport system 
(Sperry and Tyree, 1988; Venturas et al., 2017; McDowell et al., 2022; 
Johnson et al., 2022). Under conditions of soil drying and high evaporative 
demand, the tension in the xylem increases, triggering the formation of large 
gas bubbles in the water-conducting cells (embolisms), although the precise 
mechanisms of embolism formation in the xylem remain incompletely 
understood (Lens et al., 2022). There is increasing evidence, however, that 
embolisms spread via the interconduit pit membranes among adjacent 
conduits (air-seeding), causing a massive decline in hydraulic conductance 
that will provoke desiccation of plant tissues, cell death, and, ultimately, 
plant death (Brodribb and Cochard, 2009; Urli et al., 2013; Adams et al., 
2017; Mantova et al., 2022a,b; McDowell et al., 2022).  
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 Bearing this in mind, it is clear that determining the critical levels of 
embolism in plants' xylem is important for understanding their drought 
tolerance. The lethal level of embolism that is irrecoverable for plants is 
thought to be close to P88 (referring to xylem pressure leading to 88% loss of 
maximum conductance) (Hammond et al., 2019; Johnson et al., 2021; 
Mantova et al., 2021, 2022b). While there are concerns that P88 may not be 
precise enough as an estimate of the point-of-no-return (Hammond et al., 
2019; Johnson et al., 2021; Mantova et al., 2021, 2022b), P50 or the pressure 
inducing 50% loss of hydraulic conductance is commonly used as a proxy for 
tolerance to xylem embolism (Tyree and Ewers, 1991; Maherali et al., 2004; 
Choat et al., 2012; Venturas et al., 2017; Brodribb, 2017). The stomatal 
safety margin (SSM), referring to the difference between the water potential 
at stomatal closure (Ψgs90) and P50, is often regarded as an even more 
reliable parameter to estimate drought resilience, because it takes also into 
account dynamics of stomatal regulation (see next paragraph; Meinzer et 
al., 2009; Choat et al., 2012; Anderegg et al., 2016; Martin-StPaul et al., 
2017; Eller et al., 2018; Creek et al., 2020; Dayer et al., 2020; Skelton et al., 
2021; Oliveira et al., 2021). 
 
 Plants have evolved a range of strategies to cope with the 
detrimental effects of drought-induced embolism on their growth and 
survival, and to maximize their performance and fitness during water 
shortages (Violle et al., 2007). These mechanisms operate at various scales, 
involving processes at the morphological, anatomical, physiological, and 
molecular levels, and include multiple drought-related traits in different 
organs that act in concert to maintain metabolic activity without risking 
plant mortality (Allen et al., 2009; Lata and Prasad, 2011; Choat et al., 2012; 
Mitchell et al., 2013; Basu et al., 2016; Brodribb et al., 2017b; Thonglim et 
al., 2023; Limousin et al., 2022). Stomata closure is one of the initial 
responses to drought, occurring before embolism formation (Brodribb et al., 
2003; Martin-StPaul et al., 2017; Scoffoni et al., 2017; Choat et al., 2018). 
This process can be triggered by the production of abscisic acid (ABA) or 
ethylene in leaves as well as leaf turgor changes, which signals the guard 
cells in the stomata to close, leading to a significant reduction in water loss 
via transpiration and thereby helping to maintain high leaf water potential 
(Ψl) (Desikan et al., 2006; Tombesi et al., 2015; Kuromori et al., 2018). At the 
same time, stomatal closure also results in reduced CO2 assimilation and 
photosynthetic activity (McDowell et al., 2008; Brodribb et al., 2017b; 
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Martínez-Vilalta and Garcia-Forner, 2017; Martin-StPaul et al., 2017; Knipfer 
et al., 2020). Plants also have the ability to modify their xylem anatomy to 
better avoid embolism formation and spread. For example, thicker 
intervessel pit membranes in angiosperms have been shown to better 
prevent the spread of embolisms between adjacent vessels (Lens et al., 
2011, 2022; Li et al., 2016; Gao et al., 2019; Kaack et al., 2019, 2021; Zhang 
et al., 2020; Thonglim et al., 2021, 2023; Levionnois et al., 2021; Isasa et al., 
2023). In addition, increasing stem lignification levels in otherwise non-
woody lineages (Lens et al., 2011, 2016; Dória et al., 2018; Thonglim et al., 
2021, 2023) or modifying lignin composition enhances embolism resistance 
(Pereira et al., 2018; Ménard et al., 2022). Alternatively, plants can recover 
from massive embolism events by developing new wood tissue (Gauthey et 
al., 2022), or they can prevent these detrimental embolism events by 
building more resistant xylem in combination with rapid stomatal closure 
leading to a large stomatal safety margin (SSM) (Creek et al., 2020; Thonglim 
et al., 2023). In addition to a wide range of physiological and anatomical 
adaptations, plants also respond to drought at the molecular level through 
the coordinated regulation of gene expression (Singh et al., 2022). Under 
drought stress, water deficit triggers a reprogramming of the transcriptome, 
in which transcription factors (TFs), and gene regulatory networks (GRNs) 
play a critical role (Rabara et al., 2014; Todaka et al., 2015; Vermeirssen et 
al., 2015; Chen et al., 2016b; Joshi et al., 2016). In the last decades, several 
NAC TFs in many different plant species have been identified as important 
regulators of responses to biotic and abiotic stresses, and have been shown 
to be useful for improving drought tolerance in crops (Le et al., 2011; Al 
Abdallat et al., 2014; Fang et al., 2015; Sakuraba et al., 2015; Wang et al., 
2016b). 
 
 JUNGBRUNNEN1 (JUB1) is a multifunctional TF of the NAC family in 
Arabidopsis thaliana that plays a central role in regulating plant longevity 
and the interplay between growth and stress responses (Shahnejat-Bushehri 
et al., 2012, 2016; Wu et al., 2012). JUB1 functions as a positive regulator of 
drought tolerance not only in Arabidopsis but also in other species such as 
tomato and banana (Tak et al., 2017; Thirumalaikumar et al., 2018). The 
overexpression of JUB1 (JUB1OX) strongly delays senescence and enhances 
drought tolerance, while the JUB1 knockdown (jub1kd) mutant exhibits a 
drought sensitivity (Shahnejat-Bushehri et al., 2012; Wu et al., 2012; 
Ebrahimian-Motlagh et al., 2017; Thirumalaikumar et al., 2018). Even 



 Chapter 4: A key to drought resilience in JUB1 overexpression lines 
 

 131 

though the mechanistic role of JUB1 on drought tolerance is unclear, there 
is evidence suggesting its effect on enhancing the osmoprotectants 
accumulation (Wu et al., 2012; Shahnejat-Bushehri et al., 2017; Tak et al., 
2017; Alshareef et al., 2019; Welsch, 2022) as well as lowering reactive 
oxygen species (ROS) levels in leaves (Shahnejat-Bushehri et al., 2012, 2016; 
Wu et al., 2012; Ebrahimian-Motlagh et al., 2017; Thirumalaikumar et al., 
2018). In addition, nothing is known about JUB1OX's impact on the 
underlying physiological response to drought and on the stem anatomical 
and hydraulic traits that are associated with embolism resistance.  
 
 In this study, we investigate the stem anatomical (proportion of stem 
lignification, intervessel pit membrane thickness) and hydraulic traits (stem 
P50), and quantified the drought response in wild-type and JUB1 
overexpression (JUB1OX) transgenic lines of Arabidopsis thaliana and 
tomato (Solanum lycopersicum L.). During the drought treatment, gas 
exchange, and leaf water potential (Ψl) dynamics were measured and 
complemented with stem P50 to calculate the SSM. We aimed to assess 
whether or not JUB1OX in Arabidopsis and tomato uses a set of integrated 
leaf and stem traits to enhance drought resilience. More in particular, we 
addressed the following research questions: (i) Do the JUB1OX transgenic 
lines in Arabidopsis and tomato develop the expected anatomical (more 
lignified stem, thicker intervessel pit membranes) and ecophysiological 
traits (more negative P50, larger SSM, lower gs, higher Ψl) that are known to 
be associated with improved drought response in other taxa? (ii) Are there 
any consistent differences in the traits investigated between the wild-type 
and JUB1OX genotypes in both species?  
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Materials and methods 
 
Plant material and growth conditions 
 
 The model plant, Arabidopsis thaliana (L.) Heynh. and the crop 
species Solanum lycopersicum L. (tomato) were investigated. For 
Arabidopsis, we studied the Columbia-0 (Col-0) ecotype (wild-type), and two 
transgenic lines in the Col-0 background: with one genotype with 
JUNGBRUNNEN1 (JUB1) gene being overexpressed (JUB1OX), and another 
mutant line (jub1kd) where the expression of JUB1 was knocked down. For 
tomato, we used one wild-type cultivar, Solanum lycopersicum L. cv. 
Moneymaker (MM), and one transgenic line JUB1OX in the MM background. 
To differentiate the same transgenic lines between both species, we added 
A- and T- prefixes to assign genotypes to either Arabidopsis or tomato.  
 
Arabidopsis plants 
 
 The seeds of each genotype were germinated directly into a mixture 
of soil and sand (ratio 4.5:1). At 10-12 days after germination, the healthy 
seedlings were transferred to 8 cm-diameter pots and grown individually 
under controlled growth chamber conditions. The growth chamber was set 
to maintain a 20°C temperature during the day and a 17°C temperature at 
night, with 70% relative humidity and a 16-hour photoperiod condition with 
100 μmol m−2 s−1 light intensity. The harvesting time between the wild-type 
and the transgenic lines was synchronized based on differences in 
inflorescence development and subsequent flowering time. To synchronize 
flowering, JUB1OX individuals were planted earlier, and their inflorescence 
stems were harvested 65 days after sowing for stem P50 and stem 
anatomical measurements. Col-0 and jub1kd plants were grown 10 days 
later, and their inflorescence stems were harvested 55 days after sowing 
(Supplementary Figure S1). 
 
Tomato plants 
 
 The seeds of each genotype were sowed in Murashige and Skoog 
(MS) agar medium containing 1% (w/v) sucrose. After three weeks, the 
seedlings with sufficiently developed roots were transferred to 15x15x19 cm 
(=3.3 L) pots. Pots contained a mixture of soil (basis biomix, Lensli® 
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substrates, Bleiswijk, the Netherlands), vermiculite and sand (ratio 25:8:2), 
and 3 spoons of osmocote fertilizer. All pots were placed in the same growth 
chamber with 70% relative humidity, 24 °C temperature, with a 16-hour 
photoperiod condition. (Supplementary Figure S1). 
 
Generating stem vulnerability curves (VCs) 
 
Cavitron experiments in Arabidopsis  
 
 At the Institute of Biology Leiden, Arabidopsis plants were harvested 
with roots, leaves, and flowers still intact. These individuals were then 
immediately wrapped in wet tissue paper and placed in plastic bags to 
prevent dehydration during the shipment to the PHENOBOIS platform 
(University of Bordeaux, France) for the Cavitron centrifuge measurements, 
which were carried out within a week of harvest. The roots were cut at the 
basal part of the inflorescence stems and the stems were trimmed to a 
length of 27 cm to match the standard Cavitron rotor. This 27 cm length 
exceeds the maximum vessel length of Col-0, which is only 4 cm (Tixier et 
al., 2013), thereby preventing the open-vessel artefact. The siliques, leaves, 
and flowers were removed from the segments underwater right before 
placing the inflorescence stems in the Cavitron rotor. The xylem vulnerability 
to embolism was evaluated by measuring the water flow through the 
inflorescence stems via the increase of cavitation induced by lowering the 
xylem pressure at the middle part of stems during the spinning (Cochard, 
2002; Cochard et al., 2005). The negative pressure was gradually increased 
by -0.2 to -0.4 MPa in each spinning step. The degree of embolism in the 
xylem segment was then quantified as the percentage loss of conductivity 
(PLC). The PLC was calculated as 

 
PLC = 100 X (1 − (K/Kmax)) 

 
where K is the decreased hydraulic conductivity due to embolisms. Kmax  
(m2 MPa−1 s−1) is the maximum hydraulic conductivity which was calculated 
when stem segments were fully functioning (no embolism) at a low spinning 
speed (near 0 MPa). The embolism formation at every rotation speed was 
measured using the Cavisoft software (Cavisoft v1.5, University of Bordeaux, 
France) and fitted the data points to reconstruct the VCs using a sigmoid 
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function based on the NLIN procedure in SAS 9.4 (SAS Institute, Cary, NC, 
USA) (Pammenter and Van der Willigen, 1998):  
 

PLC = 100 ÷ [1 + exp ( *
+#

 x (P – P50)) 
 
where S (MPa−1) is the slope of the VC at P50. P is the xylem pressure used at 
each rotation step, and P50 is the xylem pressure inducing 50% loss of 
hydraulic conductivity. We used seven to nine individuals to generate one 
vulnerability curve due to the low hydraulic conductivity of Arabidopsis. 
Four to eight VCs were constructed for each genotype.  
 
Optical technique measurements in tomato 
 
 The tomato plants with intact roots and leaves were transferred to 
the hydraulic laboratory at Naturalis Biodiversity Center (Leiden) and 
harvested. To prepare the plants for embolism visualization using the optical 
technique (Brodribb et al., 2017a), most of the soil was carefully removed 
from the root system using water to speed up the drying process. The stems 
were then secured underneath a stereomicroscope equipped with a camera 
and fixed with tape to minimize any movement during drought-induced 
shrinkage. Next, a razor blade was used to carefully remove the stem cortex 
to expose the xylem to the camera. Hydrogel was applied to the exposed 
surface to enhance light transmission and minimize the evaporation 
(Brodribb et al., 2017a). To visualize and quantify emboli in the stems 
through time, the plants were automatically photographed at five-minute 
intervals until the leaves were completely dry, and impossible to measure 
the water potential; this took approximately one week. Stem water 
potential was monitored in bagged leaves two to three times a day with a 
Scholander’s pressure chamber (PMS Instrument Company, Albany, Oregon, 
USA). Fiji software (Schindelin et al., 2012) and the OSOV toolbox plugin 
were used to analyze the optical data, following the open-source OV 
protocols on GitHub (www.opensourceov.org). The formation and spread of 
emboli over time were determined by subtracting the differences in pixels 
in the major veins (1st to 3rd-order veins) between subsequent images. 
Background noise, mainly caused by tissue shrinkage, was removed using 
mild filters for noise removal and manual inspection of the image and pixels. 
The VCs were reconstructed using the same sigmoid function (as in 



 Chapter 4: A key to drought resilience in JUB1 overexpression lines 
 

 135 

Arabidopsis mentioned above). Four to seven VCs were constructed for each 
genotype.  
 
Stem anatomy 
 
 To study stem anatomy, three representative stems per genotype of 
both Arabidopsis and tomato were randomly selected for light microscopy 
(LM) and transmission electron microscopy (TEM) observations. In 
Arabidopsis, the middle part of the 27 cm inflorescence stem segments, 
where negative pressures were applied during Cavitron measurements, 
were sectioned to obtain anatomical traits data. In tomato, basal stem parts 
were selected from areas close to the area where embolism resistance was 
measured. The features measured from this part provided accurate 
information linking anatomical traits and embolism resistance (P50). The 
measured traits are shown in Supplementary Table S1. We used ImageJ 
(National Institutes of Health, Bethesda, MD, USA) to measure the 
anatomical features in digital images from both LM and TEM observations, 
following the recommendations by Scholz et al. (2013). 
 
Light microscopy 
 
Arabidopsis 
 
 One cm long pieces of inflorescence stems were stored in 70% 
ethanol. The fixed samples were then gradually infiltrated and embedded in 
LR-White resin (Hamann et al., 2011). The embedded samples were 
sectioned at 4 μm thickness using a rotary microtome (Leica RM 2265, Leica, 
Eisenmark Wetzlar, Germany) with disposable tungsten carbon blades. 
Then, the sections were heat-fixed onto the slides, stained with 1% (w/v) 
toluidine blue (VWR Chemicals BDH., Radnor, PA, USA), and mounted with 
DPX new-100579 mounting medium (Merck Chemicals, Amsterdam, the 
Netherlands). Finally, the anatomical traits were observed using a Leica 
DM2500 light microscope and photographed with a Leica DFC-425 digital 
camera (Leica microscopes, Wetzlar, Germany).  
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Tomato 
 
 The basal parts of the stems were cut into 40 μm thick transverse 
sections using a sliding microtome (Reichart) with N35 microtome blades. 
The sections were then bleached with household bleach containing 3% 
sodium hypochlorite (Acros), rinsed with demi water, and stained with a 
mixture of Safranin O (Chroma) and Alcian Blue (Sigma-Aldrich) in a ratio 35: 
65 (Lens et al., 2007). The safranin was prepared as a 1% solution in 50% 
ethanol. The 1% alcian blue stain was dissolved in pure water. Subsequently, 
the stained sections were dehydrated in a series of ethanol (50%, 70%, and 
96% respectively), treated with a 1:1 combination of 96% ethanol and the 
histological clearing agent Limonene (HISTO-CLEAR, EMS), and afterward 
cleared with 100% Limonene and finally mounted on a microscope slide 
using Euparal green (Chroma). The sections were observed using an AXIO 
Imager.M2 (Zeiss) motorized microscope with a camera and photographed 
using Axiovision software. 
 
Transmission electron microscope (TEM) 
 
 The 1 cm long stem pieces of Arabidopsis and tomato were fixed in 
Karnovsky’s fixative for 48 h (Karnovsky, 1965), adjacent to the stem 
segments sampled for light microscopy. The samples were rinsed with 0.1 
M cacodylate buffer and post-fixed with 1% buffer osmium tetroxide, and 
then stained with 1% uranyl acetate. The stained samples were dehydrated 
in a series of ethanol: 1% uranyl acetate replacement, with increasing 
concentration of ethanol. The dehydrated samples were then infiltrated 
with Epon 812n (Electron Microscopy Sciences, Hatfield, UK) and placed in 
the oven (60°C) for 48 h. The Epon blocks were cut into semi-thin (2 μm) and 
ultra-thin (90-95 nm) sections using a Leica EM UC7 ultramicrotome with a 
diamond knife. The sections were dried and mounted on film-coated copper 
slot grids, and post-stained with uranyl acetate and lead citrate. The sections 
were observed with a JEM-1400 Plus TEM (JEOL, Tokyo, Japan) with an 11-
megapixel digital camera (Quemesa, Olympus).   
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Drought treatment 
 
Arabidopsis 
 
 Seeds of each genotype were sown directly in 6x6x7 cm (=0.25 L) 
pots with the same ratio of soil and sand mixture (4.5:1) at different times 
to synchronize flowering (35 days after sowing for Col-0 and A-jub1kd and 
45 days after sowing for A-JUB1OX). The weight of the pot with dry and 
saturated soil was controlled. The plants were grown in a growth chamber 
under controlled conditions similar to those used for anatomical and stem 
P50 measurements. During the experiment, thirty individuals of each 
genotype were equally divided into a control (well-watered) and a drought 
batch. The control group of plants received daily watering to keep the soil 
consistently hydrated, whereas the drought batch experienced a water 
deficit by completely abstaining from watering for three weeks, starting one 
week prior to flowering.  
Tomato 
 
 The tomato plants used in the drought experiment were grown in 
the same 3.3 L pots and under the same condition as those used for the 
anatomical and stem P50 measurements. After 55 days after potting, plants 
of both genotypes were randomly assigned to control and drought 
treatments (10 control and 10 drought individuals). The control plants were 
well-watered every day, while plants from the drought group did not receive 
any water for 10 days.  
 
Leaf water potential (𝜳l), stomatal conductance (gs), and  
CO2 assimilation rate (A) 
 
Arabidopsis 
 
 The leaf water potential of well-watered and drought batches was 
measured every day until the end of the experiment (15-17 days), starting 
from a 7-d water deficit which is the required time to dehydrate the 
moisturized soil in the pots of the drought batch. To carry out the daily 
measurements, three mature rosette leaves, one from the control batch and 
two from the drought batch, were covered with aluminum foil for 30 
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minutes before the measurements. The leaf discs were then cut from the 
wrapped leaves and placed in the PSYPRO device (Wescor, Inc., Logan, UT, 
USA) to measure leaf water potential. Stomatal conductance (gs, mmol m−2 
s−1) was measured daily on the mature rosette leaves that were close to 
those used for water potential measurements, using an SC-1 leaf porometer 
(METER Group, Pullman, WA, USA). The gs was measured using Auto Mode 
configuration with desiccant. Due to the small size of Arabidopsis leaves, we 
encountered limitations in using Targas-1 (PP systems, Amesbury, MA, USA) 
for measuring stomatal conductance and CO2 assimilation rate. As a result, 
we were unable to obtain data on CO2 assimilation rate in Arabidopsis. 
Tomato 
 
 The 𝛹l measurements were carried out daily in both control and 
drought plants starting from the first day of withholding water until the end 
of the drought experiment (10 days). Four to five mature leaves of each 
genotype were bagged in aluminum zip-lock bags for at least 30 minutes 
before the measurements. The leaves were then cut at the base of the 
petiole with a fresh razor blade and 𝛹l was measured using a Model 1000 
Pressure Chamber Instrument (PMS Instrument Company, Albany, Oregon, 
USA) (Rodriguez-Dominguez et al., 2022). The gs of the mature leaves was 
measured every day using an SC-1 leaf porometer (METER Group, Pullman, 
WA, USA) with the same mode as the one used for Arabidopsis and 
compared with a Targas-1 Portable Photosynthesis System (with a LED light 
unit; PP systems, Amesbury, MA, USA). To determine the water potential at 
90% of the stomatal closure (Ψgs90), the stomatal conductance of both 
species was fit according to the following sigmoid function for each 
genotype using the NLIN procedure in SAS: 
 

gs = gsm ÷ [1 + exp (S x (Ψgs − Ψgs50))] 
 

where gsm is the maximal stomatal conductance for 𝛹l = 0. S is the slope of 
the curve, and Ψgs50 is the water potential inducing 50% stomatal closure. 
 Stomatal conductance data obtained from both the porometer and 
the Targas-1 instrument showed no significant differences between them, 
as shown in Supplementary Figure S2. Consequently, we chose to utilize the 
gs data acquired from the Targas-1 instrument, along with the CO2 
assimilation rate data, for our subsequent analyses. 
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Stomatal safety margin (SSM) 
 
 The SSM was defined as the difference between the leaf water 
potential at 90% stomatal closure and stem P50 (Martin-StPaul et al., 2017). 
It can be calculated from the fitted curve (𝛹gs90) and the water potential at 
50% loss of stem conductivity (P50) as follows: 
 

SSM =  𝛹gs90 − P50 
 

Statistical analysis 
 
 The statistical analyses of all traits studied were performed using R 
version 3.6.3 in R Studio version 1.2.5033. A P-value of <0.05 was considered 
significant for all differences observed. Initially, general linear models were 
used to assess differences in embolism resistance (P50, P12, and P88) and 
anatomical features among the genotypes studied, followed by a Newman-
Keuls post-hoc test. Multiple linear regression was then applied to 
determine the anatomical traits (predictive variables) that explain 
differences in embolism resistance (responsive variables, including P50, P12, 
and P88). Collinearity between variables was checked to select predictors, 
and the ‘step’ function (stats package; R Core Team, 2016) was used to 
obtain the most parsimonious linear regression model based on the least 
Akaike information criterion (AIC). Residuals, heteroscedasticity, skewness 
and kurtosis, and variance inflation factor (VIF) were checked once the best 
model was obtained. The relative importance of each explanatory variable 
was analyzed to determine the variable that best explains P50. Pearson's 
correlation was used to plot the relationship between P50 and predictive 
variables. Lastly, a generalized linear mixed model was used to investigate 
whether the different genotypes exhibited different gs in well-watered 
control conditions. The genotypes were used as a fixed effect using the 
GLIMMIX procedure in SAS (SAS 9.4; SAS Institute).  
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Results 
 
Phenotypic variation in drought responses in Arabidopsis and tomato 
 
 After subjecting Arabidopsis and tomato plants to a water deficit 
treatment for a period of up to 17 days and 10 days, respectively, we 
observed notable differences in the phenotypes of the drought-treated 
batches compared to the well-watered plants. The drought-treated plants 
were consistently smaller in size than the well-watered plants for each 
species, and the leaves of the drought-treated A-T-wild-types and A-jub1kd 
individuals showed strong signs of leaf wilting, as well as a higher incidence 
of yellow leaves and leaf senescence (Figure 1). Interestingly, the JUB1OX 
transgenic lines of both species demonstrated no leaf wilting, and the leaves 
retained their green color without any observation of leaf senescence (A-
JUB1OX and T-JUB1OX shown in Figure 1).  
 
Leaf water potential (Ψl), dynamics of stomatal conductance (gs), and CO2 
assimilation rate (A) under drought stress 
 
 In well-watered plants, Ψl was similar for each species, with 
Arabidopsis displaying a value of -0.5 MPa, and tomato exhibiting a range 
between -0.2 to -0.25 MPa for all genotypes studied (Figure 2A, 2C; 
Supplementary Figure S3). During the onset of drought, we observed a 
consistent difference between Ψl decline in JUB1OX genotypes and the 
other genotypes studied: A-T-JUB1OX plants maintained a stable and high 
Ψl for several days before exhibiting a gradual decline, while A-T-wild-types, 
and A-jub1kd mutant exhibited an earlier and more rapid Ψl decline (Figure 
2A, 2C). This more rapid Ψl decline in the latter three genotypes means that 
P50 was reached after only 9 days of drought (T-wild-type) and 11 days of 
drought (A-wild-type and A-jub1kd); T- and A-JUB1OX plants reached P50 
much later: later than 10 days after onset of water deficit and at day 14, 
respectively (Figure 2A, 2C; Table 1). 
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Figure 1 Representative images showing phenotypic variation between well-
watered and drought-treated individuals of Arabidopsis (68-72 days after sowing) 
and tomato (65 days after potting) across all the genotypes studied, taken at the 
end of the drought treatment (up to 17 days of water deficit in Arabidopsis, and 10 
days of water deficit in tomato). At least seven plants per genotype and conditions 
were analyzed.  
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 The patterns of stomatal conductance (gs) showed more variation 
between the two species. In Arabidopsis, the stomatal conductance of A-
wild-type and A-jub1kd was similarly high before drought, approximately 
360 mmolm-2s-1, and gradually declined during the first week of drought. 
This was followed by a steep decline in gs on day 7 and day 9, respectively, 
until they reached 90% of stomatal closure (gs90) after 10-11 days of water 
deficit. A-JUB1OX genotype exhibited lower gs at well-watered conditions 
(255 mmolm-2s-1) and maintained a gradual decline over time until it reached 
gs90 a few days later than the other two genotypes (14 days after onset of 
drought) (Figure 2B; Table 1). The well-watered tomato plants showed 
another pattern. The T-JUB1OX transgenic line displayed an equally high gs 
as the T-wild-type, with a value of 420 mmolm-2s-1. Quickly after the onset 
of drought, gs of T-wild-type declined steadily until it reached gs90 on day 6 
of drought, while T-JUB1OX exhibited first a gs plateau between day 3-6 after 
the onset of water deficit before declining rapidly, reaching gs90 one to two 
days later than the wild-type (Figure 2D; Table 1; Supplementary Figure S3).  
 
 Under well-watered conditions, the T-JUB1OX genotype displayed a 
significantly higher CO2 assimilation rate (A) compared to the T-wild-type (F 
= 9.97, P = 0.002). Furthermore, the JUB1OX genotype could maintain a 
greater CO2 assimilation rate and exhibited a slower decline in assimilation 
than the wild-type during the drought experiment (Figure 2E; 
Supplementary Figure S3C). 
 
Stem vulnerability to embolism based on vulnerability curves (VCs) 
 
 We observed different patterns of stem vulnerability between 
Arabidopsis and tomato among the genotypes studied. In Arabidopsis, the 
wild-type demonstrated the highest resistance to embolism, with a P50 value 
of -2.14 MPa, followed by A-JUB1OX (P50: -1.58 MPa) and A-jub1kd (P50: -
1.37 MPa). The slope of the VCs was more gradual in A-Col-0, but steeper in 
A-JUB1OX and A-jub1kd (Figure 3A). In tomato, however, T-wild-type and T-
JUB1OX exhibited no significant difference in embolism resistance and 
slope, with P50 values of -1.54 and -1.45 MPa, respectively (Figure 3B). The 
P12 values (stem water potential at the onset of embolism) showed the same 
pattern in both Arabidopsis and tomato, with wild-types having less negative 
P12 values than the overexpression transgenic lines (Table 1). The P12 values 
of each genotype were significantly different from each other (F = 2.317; P 
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< 2e−16). In contrast, the P88 values showed the opposite pattern, with wild-
types of both species exhibiting more negative values than JUB1OX 
genotypes. The P88 values of each genotype in both species were also 
significantly different from each other (F = 2.704; P < 2e−16) (Table 1).  

Table 1 The hydraulic data of Arabidopsis and tomato genotypes studied 

Genotypes P12

(MPa) 
P50

(MPa) 
P88

(MPa) 
Ψgs90

(MPa) 
SSM 

(MPa) 

Days 
unYl 
90% 

stomatal 
closure 

Days 
unYl 
P50 

A-Col-0 -0.78 -2.14 -3.51 -0.9 1.24 10 11 

A-JUB1OX -0.94 -1.58 -2.21 -1.03 0.55 14 14 
A-jub1kd -0.96 -1.37 -1.78 -1.05 1.32 11 11 
T-MM -1.12 -1.54 -1.96 -0.55 0.99 6 9 
T-JUB1OX -1.21 -1.45 -1.69 -0.43 1.02 7 does 

not 
reach 
P50 

P12 = stem water potential at 12% loss of hydraulic conductivity, P50 = stem 
water potential at 50% loss of hydraulic conductivity, P88 = stem water 
potential at 88% loss of hydraulic conductivity, Ψgs90 = leaf water potential 
at 90% stomatal closure, SSM= stomatal safety margin 

Stomatal safety margin (SSM) 

All the genotypes studied in both Arabidopsis and tomato exhibited 
positive SSMs. In Arabidopsis, the widest SSM was observed in A-wild-type 
with a value of 1.24. The A-JUB1OX and A-jub1kd mutants had narrower SSM 
values of 0.55 and 0.32, respectively. In tomato, T-JUB1OX showed a similar 
SSM compared to T-wild-type with values of 1.02 and 0.99, respectively 
(Table 1).  
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Figure 2 Drought-responsive traits for the Arabidopsis and tomato genotypes 
measured during the drought experiment. (A) The leaf water potential (Ψl) over 
time. (B) The stomatal conductance (gs) of Arabidopsis over time. (C) Tomato Ψl 
over time. (D) Tomato gs over time. (E) Tomato CO2 assimilation (A) over time. 
Colours refer to the genotype studied: wild-type (blue); JUB1 overexpression 
(orange); JUB1 knocked down (yellow). 
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Differences in stem anatomical traits among genotypes studied  
 
 Our study revealed significant differences in various anatomical 
traits among genotypes within both species. Interestingly, in both 
Arabidopsis and tomato, the wild-types had thicker intervessel pit 
membranes (TPM) (Supplementary Figure S4) (F = 237.4, P = 1.94e-06 and F = 
10.76, P = 0.03, respectively) and a higher proportion of fiber wall area per 
fiber cell area (PFWFA) (F = 54.53, P = 0.0001 and F = 334.8, P = 5.25e-05, 
respectively) compared to the overexpression transgenic lines (JUB1OX), 
while the knockdown line in Arabidopsis (A-jub1kd) had the thinnest TPM and 
PFWFA. The wild-types of both species had the widest maximum vessel 
diameter (DMAX) compared to other genotypes, followed by JUB1OX 
transgenic lines and the jub1kd line in Arabidopsis (F = 12.24, P = 0.0076 and 
F = 46.57, P = 0.0024, respectively). Furthermore, vessel wall thickness (TV) 
was significantly different among Arabidopsis genotypes, with A-Col-0 (wild-
type) having the thickest vessel walls and A-jub1kd possessing the thinnest 
walls (F = 45.95, P = 0.0002), but no differences were found in tomato. 
Likewise, the proportion of lignified area per total stem area (PLIG) showed 
significant differences among Arabidopsis genotypes, with A-Col-0 having 
the highest PLIG followed by A-JUB1OX and A-jub1kd (F = 41.8, P = 3e-04), 
whereas tomato genotypes did not show any difference. With respect to 
vessel grouping (VG), we measured the highest mean value in A-JUB1OX, and 
the lowest VG in A-Col-0 (F = 59.38, P = 0.0001), but no differences were 
detected in tomato. For vessel density (VD), we found the opposite pattern: 
VD of T-JUB1OX was significantly higher than that of the T-MM wild-type (F 
= 13.43, P = 0.0215), but no differences were observed among Arabidopsis 
genotypes. 
 
Stem anatomical traits explaining the variation in embolism resistance 
 
 Based on the most parsimonious model obtained through multiple 
linear regression (AIC = -245.59), we found that the stem anatomical 
predictors of embolism resistance variation were TPM, PFWFA, DMAX, and TV 
(R2 = 0.910, P < 2.2e−16). Among these, TPM had the highest relative 
importance (34%) explaining P50 variation, followed by PFWFA (28%), DMAX 
(18%), and TV (12%) (Supplementary Figure S5A). These anatomical traits 
also accounted for a significant proportion of the variation in P12 (62 % 
relative importance), with TPM being also the most important predictor, 
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responsible for almost half of the variation (R2 = 0.6931, P = 3.699e−16) 
(Supplementary Figure S5B). Among the predictors of P88 variation, PFWFA 
was found to be the most significant one with a relative importance of 41% 
(R2 = 0.5269, P = 3.62e−11) (Supplementary Figure S5C). 

Figure 3 Mean vulnerability curves (VCs) presenting the percentage loss of 
conductivity (PLC) as a function of xylem pressure (MPa) of (A) Arabidopsis and (B) 
tomato across the genotypes studied. Shaded bands represent standard errors 
based on four to eight VCs per genotype. (C) The scatter plots based on Pearson’s 
correlation analysis show the correlations of P50 and intervessel pit membrane 
thickness (TPM) of Arabidopsis and (D) tomato. Colours refer to the genotype 
studied: wild-type (blue); JUB1 overexpression (orange); JUB1 knocked down 
(yellow). 
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Discussion 
 
 This study presents for the first time a set of anatomical and 
hydraulic traits of stems and leaves in Arabidopsis and tomato plants to 
elucidate the JUB1-mediated mechanisms underlying the increased drought 
tolerance observed. Interestingly, among all the traits observed during the 
drought treatment, only the high and stable leaf water potential is in 
agreement with the increased drought resilience behaviour of JUB1 
overexpression (OX) plants compared to the wild-type plants in both 
species. Interestingly, the underlying anatomical and physiological 
modifications triggered by JUB1 overexpression are not in line with traits 
associated with drought resilience as observed in many other studies, 
opening new perspectives on the role of JUB1 in plant response to drought.  
 
High leaf water potential (Ψl) is central in JUB1OX plants' drought 
resilience 
 
 The improved drought tolerance of the JUB1OX plants in both 
Arabidopsis and tomato compared to the wild-types and the JUB1 
knockdown line in Arabidopsis (A-jub1kd) is attributed to their capacity to 
maintain high leaf water potential (Ψl) during drought stress (Figures 1-2). 
In Arabidopsis, a lower initial stomatal conductance (gs) in A-JUB1OX 
compared to wild-type, gradually decreasing up to 10 days of withholding 
water followed by a steeper decline, is consistent with a high and relatively 
stable Ψl up to 13 days of water deficit (Figure 2A, 2B). In contrast, the 
Arabidopsis wild-type and A-jub1kd showed a considerably higher gs 
followed by a more rapid decline of stomatal conductance after 8-9 days and 
a subsequent steep drop of Ψl at 9-10 days during drought (Li et al., 2017; 
Dayer et al., 2020; Lemaire et al., 2021a; Welsch, 2022). Interestingly, A-
JUB1OX reached full stomatal closure later than the wild-type and A-jub1kd 
(Figure 2B), enabling extended photosynthetic activity without risking 
detrimental levels of drought-induced embolism (Thonglim et al., 2023). In 
contrast, JUB1OX in tomato displayed an equally high initial gs compared to 
wild-type tomato plants and kept its stomata fully open for six days before 
showing a dramatic gs drop (Figure 2D). Despite the greater loss of water 
through transpiration, T-JUB1OX plants were able to maintain a high Ψl for 
two more days (up to eight days of water deficit) before a more drastic 
decline compared to the T-MM wild-type (Figure 2C). In other words, the 
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inconsistency in gs differences between the overexpression genotypes and 
the wild-types in Arabidopsis and tomato suggest that stomatal 
conductance does not explain why leaf water potential in JUB1OX plants 
remains high for a longer period of drought stress.  
 
Plants can exhibit markedly different mechanisms to drought within a 
single species 
 
 Contrary to what we expected, the remaining hydraulic and stem 
anatomical traits that have often been shown to be associated with 
increased drought resilience in Arabidopsis and other species, such as more 
negative stem P50, broader stomatal safety margins, thicker intervessel pit 
membranes and higher levels of stem lignification (Thonglim et al., 2021, 
2023; Lens et al., 2022) are not observed in the more resilient JUB1 
overexpression lines in both Arabidopsis and tomato plants. Especially the 
presence of thinner intervessel pit membranes and less lignified stems in 
both A-JUB1OX and T-JUB1OX plants compared to wild-type plants is 
remarkable given the relevance of these traits in the improved drought 
response of Arabidopsis and beyond (Li et al., 2016; Dória et al., 2018; 
Thonglim et al., 2021, 2023; Guan et al., 2022; Lens et al., 2022). It is 
remarkable to see that even in species with a short life cycle, such as 
Arabidopsis, substantially different strategies can be employed to acquire a 
certain level of drought tolerance. Therefore, our observations demonstrate 
that the increased drought tolerance of JUB1 overexpression plants is not 
due to their drought-responsive anatomical and hydraulic traits. Instead, the 
only consistent observed trait that is in line with the improved drought 
stress behaviour of the A-T-JUB1OX plants is their ability to maintain high 
leaf water potential for a longer period of water shortage. 
 
Suggested mechanisms leading to increased drought response of JUB1OX 
plants 
 
 Our results clearly indicate that the improved drought tolerance of 
JUB1 overexpression plants is not due to their anatomical and hydraulic 
traits that are otherwise known to play a role in drought-induced 
mechanisms. But what are the potential drought-related traits that we have 
missed in our study? From the literature, there are two JUB1-mediated 
candidates that could offer an explanation for the elevated Ψl during the 
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period of water deficit. One line of research indicates that JUB1 
overexpression leads to increased levels of the amino acid proline (Pro) in 
various species (Wu et al., 2012; Shahnejat-Bushehri et al., 2017; Tak et al., 
2017; Alshareef et al., 2019; Welsch, 2022). Proline accumulation is crucial 
for the plants' ability to overcome lower water potential, as it acts as an 
osmolyte, facilitating additional water uptake and buffering the immediate 
impact of water scarcity. Furthermore, proline helps with cellular osmotic 
adjustment and stabilizes sub-cellular structures, thereby contributing to 
enhanced drought tolerance in plants (Heuer, 2010; Blum, 2017; 
Hasanuzzaman et al., 2019; Ahmad et al., 2020; Ozturk et al., 2021). 
Additionally, the overexpression of JUB1 could also result in a reduction of 
reactive oxygen species (ROS), particularly H2O2, through the accumulation 
of DELLA proteins (Shahnejat-Bushehri et al., 2012, 2016; Wu et al., 2012; 
Ebrahimian-Motlagh et al., 2017; Thirumalaikumar et al., 2018). ROS 
accumulation during stress can cause oxidative damage to various cellular 
components, leading to reduced photosynthetic efficiency, reduced cell 
membrane stability, metabolic dysfunction, and ultimately cell death 
(Benjamin and Nielsen, 2006; Cruz De Carvalho, 2008; Hanin et al., 2011; 
Choudhury et al., 2013, 2017). Unfortunately, our study did not analyze the 
concentration of osmoprotectants nor ROS, as this will be the focus of a 
follow-up study that will further disentangle whether and how JUB1 
regulates osmoprotectants accumulation and ROS mitigation at the 
molecular level. We did, however, observe that T-JUB1OX maintained higher 
CO2 assimilation rates under well-watered conditions (Supplementary 
Figure S3C), and exhibited a slower decline of CO2 assimilation rates during 
drought (compared to T-wild-type; Figure 2E) implying more efficient 
photosynthesis and possibly a faster production of osmoprotectants and 
antioxidant compounds under both drought and well-watered conditions. 
The potential role of JUB1 serves as a promising initial step to dive deeper 
into the JUB1-mediated mechanistic role of improved drought tolerance, 
and further experiments should be conducted to confirm this.  
 
 In conclusion, the key factor for enhancing drought response in 
JUB1OX plants is the preservation of a high leaf water potential. However, 
unlike other Arabidopsis genotypes, none of the studied stem anatomical 
features or hydraulic traits, which were previously linked to enhanced 
drought tolerance, are involved in the underlying mechanisms. This suggests 
that JUB1 acts on different gene regulatory pathways leading to drought 
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resilience, possibly via increased osmoprotectants and/or decreased ROS, 
compared to those activated in other resilient Arabidopsis genotypes which 
tend to develop more embolism resistant stems that are more lignified and 
have thicker intervessel pit membranes. The presence of multiple, 
contrasting drought strategies in a single annual species is remarkable and 
highlights the adaptive abilities of plants to cope with drought stress. It is 
therefore imperative to perform drought experiments across multiple 
accessions/genotypes in, for instance, crops to gain a better picture of their 
full potential to respond to drought.  
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Supplementary data 

Supplementary Table S1 The anatomical characters and hydraulic values 
measured with acronyms, definitions, calculations, units, and microscope 
techniques  

Acronyms Definition Calculation Number of 
measurements 

Unit Technique 

A CO2 
assimilation 

A = - [((Cout - Cin) x W) 
+ (Cout x E)]

At least 1 
control sample 
and 2 drought 
samples for 
each 
measurement 

μmol  
m-2s-1 

Targas-1 

AF Fiber cell 
area 

Area of single xylem 
fiber in cross-section 

Min. 30 fibers μm2 LM 

AFL Fiber lumen 
area 

Area of single xylem 
fiber lumen in cross-
section 

Min. 30 fibers μm2 LM 

AFW Fiber wall 
area 

AF - AFL for the same 
fiber 

Min. 30 fibers μm2 LM 

ALIG Lignified 
stem area  

Total xylem area + 
fiber caps area + 
lignified pith cell area 
in cross-section 

9 stems per 
accession 

mm2 LM 

AS Total stem 
area 

Total stem area in 
cross-section 

9 stems per 
accession 

mm2 LM 

Day90 Days until 
reaching 
90% of 
stomatal 
closure 

- - days - 

D Diameter of 
vessels 

D = (√4𝐴/𝜋)  Min. 50 vessels μm LM 

DMAX Maximum 
vessel lumen 
diameter 

Diameter of single 
vessel 

Min. 30 vessels μm LM 

DPC Pit chamber 
depth  

Distance from the 
relaxed pit 
membrane to the 
inner pit aperture  

Min. 25 pits μm TEM 

gs Stomatal 
conductance 

- 1 control 
sample and 2 
drought 
samples each 
measurement 

mmol 
m-2s-1 

Porometer 

SSM Stomatal 
safety 
margin 

Ψgs90 – P50 1 SSM per 
accession 

MPa -
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Acronyms Definition Calculation Number of 
measurements 

Unit Technique 

P50 Stem water 
potential at 
50% loss of 
hydraulic 
conductivity 

- 8 values per 
each accession 

MPa Cavitron 
centrifuge 

P88 Stem water 
potential at 
88% loss of 
hydraulic 
conductivity 

- 8 values per 
each accession 

MPa Cavitron 
centrifuge 

PFWFA Proportion 
of fiber wall 
area per 
fiber cell 
area  

AFW/AF for the same 
fiber; a measure of 
xylem fiber wall 
thickness 

Min. 30 fibers - LM

PLIG Proportion 
of lignified 
area per 
total stem 
area  

ALIG /AS 9 stems per 
accession 

- LM

TPM Intervessel 
pit 
membrane 
thickness  

Thickness of 
intervessel pit 
membrane 
measured at its 
thickest point 

Min. 25 pit 
membranes 

μm TEM 

TV Vessel wall 
thickness 

Thickness of a single 
vessel wall 

Min. 30 vessels μm LM 

(TVW/DMAX)2 Theoretical 
vessel 
implosion 
resistance 

(TVW/DMAX)2 Min. 30 
measurements 

- LM

VD Vessel 
density 

Number of vessels 
per mm2  

Min. 5 
measurements 

No. of vessel 
per 
mm2  

LM 

VG Vessel 
grouping 
index 

Ratio of total 
number of vessels to 
total number of 
vessel groupings 
(incl. solitary and 
grouped vessels)  

Min. 50 vessel 
groups 

- LM

Ψgs90 Leaf water 
potential at 
90% loss of 
stomatal 
conductance 

- At least 3 
control and 3 
drought 
samples each 
measurement 

MPa PSYPRO 
Meter and 
Pressure 
chamber 

Ψl Leaf water 
potential 

- At least 3 
control and 3 
drought 
samples each 
measurement 

MPa PSYPRO 
Meter and 
Pressure 
chamber 
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Supplementary Figure S1 Growth form of genotypes of Arabidopsis and tomato 
used for stem anatomical and stem P50 studies. A-JUB1OX (top left, 65d after 
sowing), A-Col-0 (top middle, 55d after sowing), A-jub1kd (top right, 55d after 
sowing), T-JUB1OX (bottom left, 55d after potting) and T-MM (bottom right, 55d 
after potting). 

T-JUB1OX

A-JUB1OX A-Col-0 A-jub1kd

T-MM
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Supplementary Figure S2 The relationship between stomatal conductance (gs) 
measured with Targas-1 and porometer. Shaded band represents the 95% 
confidence limits. The dotted lines represent 95% prediction limits. 
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Supplementary Figure S3 The relationship between leaf water potential and 
stomatal conductance during the drought experiment in (A) Arabidopsis and (B) 
tomato. (C) The relationship between leaf water potential and CO2 assimilation (A) 
of tomato. Colours refer to the genotype studied: wild-type (blue); JUB1 
overexpression (orange); JUB1 knocked down (yellow). 
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Supplementary Figure S4 TEM images of intervessel pit membranes. Scale bars = 1 
µm and 2 µm.  

A-JUB1OX A-Col-0 A-jub1kd

T-JUB1OX T-MM
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Supplementary Figure S5 The relative importance of P50, P12 and P88 evaluated 
based on R2 contribution averaged over orderings among regressors (Lindemann, 
Merenda, and Gold (LMG) method). (A) The relative importance of P50 variation is 
mainly explained by intervessel pit membrane thickness (TPM) and proportion of 
fibre wall area per fibre cell area (PFWFA). (B) TPM is the most important parameter 
explaining the relative importance of P12 variation. (C) The relative importance of 
P88 variation is mainly explained by PFWFA
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General discussion  
 
 The increasing frequency and severity of drought events resulting 
from climate change already have significant implications on global forest 
mortality and agricultural productivity (Allen et al., 2009, 2015; Brás et al., 
2021; Gleason et al., 2022; Hammond et al., 2022). As plants heavily rely on 
an adequate water supply in the soil, the limitations imposed by reduced 
water availability have far-reaching effects on their overall development and 
ability to thrive (Choat et al., 2018; Martinez-Vilalta et al., 2019; Sapes et al., 
2019; Brodribb et al., 2020). Therefore, identifying the key traits that 
underlie drought response mechanisms and a comprehensive 
understanding of the diverse range of plant adaptive strategies to drought 
is essential for accurately estimating the risk of forest die-off and crop yield 
loss and improving plant resilience and productivity in water-limited 
environments. 
 
The role of ecophysiological traits on drought response 
 
 Plant desiccation and mortality are tightly linked to the failure of the 
water transport system, primarily due to the accumulation of embolism 
caused by drought within xylem conduits that surpasses the threshold 
beyond where water transport becomes irrecoverable (Sperry and Tyree, 
1988; Venturas et al., 2017; McDowell et al., 2022; Johnson et al., 2022). 
Consequently, the ability to avoid and/or resist embolism formation under 
the highly negative pressure induced by soil water deficit holds great 
significance in plant survival. Two sets of key ecophysiological traits are 
thought to be associated with plant hydraulic failure: (1) stomatal regulation 
that maintains the water potential (Ψ) and optimizes water use efficiency at 
the leaf level (Klein, 2014; Buckley, 2019; Papastefanou et al., 2020; Joshi et 
al., 2022) (discussed in chapter 2 and 3), and (2) embolism resistance in the 
xylem conduits that ensures the integrity of the water transport system 
under water deficit conditions (Choat et al., 2012; Tng et al., 2018) 
(discussed in chapter 1 and 2). Consequently, attaining a harmonious 
synergy between these two types of traits is imperative for an effective 
response to drought, enabling optimal plant growth without encountering 
hydraulic failure. 
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Stomatal regulation plays a crucial role in enabling plants to 
effectively balance water conservation and photosynthetic activity when 
faced with limited water availability (Assmann and Wang, 2001; Buckley, 
2005; Messinger et al., 2006; Ainsworth and Rogers, 2007). The closure of 
stomata is one of the earliest drought responses, considerably reduces 
water loss due to transpiration, and delays the decrease of leaf water 
potential (Ψl) (Bartlett et al., 2016; Choat et al., 2018). Importantly, stomatal 
closure precedes substantial embolism formation, thereby effectively 
preventing/delaying detrimental levels of embolism that can result in 
hydraulic failure (Brodribb et al., 2003; Mencuccini et al., 2015; Martin-
StPaul et al., 2017; Scoffoni et al., 2017; Choat et al., 2018; Creek et al., 
2020). However, stomata closure also limits photosynthetic rates due to 
reduced gas exchange, potentially impairing carbon metabolic function, 
especially during long drought episodes (McDowell et al., 2008; Brodribb et 
al., 2017b; Martin-StPaul et al., 2017; Martínez-Vilalta and Garcia-Forner, 
2017; Knipfer et al., 2020). The findings presented in chapters 2 and 3 
highlight the distinct stomatal regulation behaviors in response to drought 
observed among the Arabidopsis and tomato genotypes studied. However, 
regardless of the specific regulatory mechanisms, the results underscore the 
importance of maintaining a high and stable leaf water potential (Ψl) during 
drought stress. This can be achieved through strict stomatal regulation, as 
observed in Arabidopsis genotypes, or through alternative mechanisms, as 
seen in the case of tomato and Arabidopsis JUB1OX (discussed further in the 
last paragraph). In Arabidopsis, most genotypes exhibiting higher drought 
resistance have low stomatal conductance under well-watered conditions 
(gs; chapter 2). This stomatal regulation limits excessive decreases in Ψl, 
ensuring that the water demand from the leaves remains within the capacity 
of the hydraulic system (Li et al., 2017; Dayer et al., 2020; Lemaire et al., 
2021a). Additionally, these genotypes can keep their stomata open for a 
longer duration during drought, maximizing carbon assimilation, meaning 
that their stomatal control is rather relaxed. Conversely, drought-sensitive 
genotypes exhibit a stricter stomatal control, characterized by higher initial 
gs and more rapid complete closure of stomata at the onset of drought. 
Interestingly, our dataset reveals that the rate of gs under well-watered 
conditions is more crucial in responding to drought than the speed of 
stomatal closure. This is evident in the sensitive genotypes (Cvi, Col-0, Kel-4, 
and jub1kd), which experience higher transpiration rates and hence lose 
more water, despite closing their stomata earlier than the more drought-
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tolerant genotypes that have lower initial gs. These findings suggest that 
genotypes with higher drought resilience allow for a more effective balance 
between water loss and gas exchange. 

The maintenance of the root-to-shoot hydraulic system depends on 
a species' ability to withstand embolism formation under the negative 
pressure caused by soil water deficit. Embolism resistance is often 
quantified as the xylem water potential inducing a 50% loss of maximum 
conductivity (P50), which is often used as a proxy for drought resilience: 
species exhibiting more negative P50 are thought to be more drought 
tolerant, while those with less negative P50 values tend to be more sensitive 
to drought (Choat et al., 2012; Anderegg et al., 2016; Brodribb, 2017). 
Embolism resistance can vary considerably between and within species, 
with species inhabiting drier habitats generally displaying greater resistance 
to embolism compared to those from wetter areas (Larter et al., 2015; Lens 
et al., 2016; Trueba et al., 2017; Dória et al., 2019). P50 has recently been 
considered a mechanistic ‘super-trait’ due to its strong predictive power of 
plant performance and distribution across environmental gradients 
(Brodribb, 2017; Larter et al., 2017). The results presented in this thesis also 
show a similar trend: more drought-tolerant Arabidopsis genotypes 
demonstrate more negative P50 values, while the most sensitive genotype, 
Cvi, exhibits the least negative P50 (chapter 1-2). This suggests that resistant 
genotypes likely enhanced their intrinsic embolism resistance, allowing 
them to close stomata later during drought, thereby maximizing plant 
productivity (Klein, 2014; Skelton et al., 2015; Anderegg et al., 2016). 
However, there is a concern that assessing embolism resistance solely based 
on P50 does not fully capture its physiological relevance, especially under 
non-extreme conditions where water status is primarily regulated by the 
stomatal control (Meinzer et al., 2009). In this regard, the stomatal safety 
margin (SSM), defined as the difference between the water potential at 
stomatal closure (Ψgs90) and P50, carries more physiological significance and 
reflects the strength of the hydraulic system in estimating a plant's ability to 
tolerate drought (Sperry and Tyree, 1988; Meinzer et al., 2009; Anderegg et 
al., 2016; Martin-StPaul et al., 2017; Creek et al., 2020; Dayer et al., 2020; 
Skelton et al., 2021). Numerous studies have shown that across angiosperms 
(mainly woody), a large positive safety margin is generally associated with a 
lower risk of lethal levels of drought-induced embolism compared to species 
with narrower (or even negative) safety margins (Choat et al., 2012; 
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Anderegg et al., 2016; Martin-StPaul et al., 2017; Eller et al., 2018; Creek et 
al., 2020; Skelton et al., 2021; Nolan et al., 2021; Oliveira et al., 2021). The 
findings presented in chapters 2 support that the more resilient genotypes 
display wider SSMs, whereas the susceptible ones show narrower SSMs and 
even a negative SSM in the case of Cvi. However, the drought-resistant 
genotype p35S:AHL15, despite its resilience, surprisingly exhibits a relatively 
narrow SSM, suggesting that a narrow SSM can be compensated by other 
drought-responsive traits to improve the drought resilience of an individual. 
For instance, the width of the SSM does not account for all aspects of 
stomatal regulation (i.e., rate of gs) and the dynamics of leaf water potential 
during drought (Martínez-Vilalta and Garcia-Forner, 2017; Knipfer et al., 
2020). Interestingly, among Arabidopsis genotypes studied with comparable 
levels of drought tolerance, there are substantial variations in stomatal 
regulation, while P50 values consistently align with the whole plant's drought 
tolerance, except for JUB1 overexpression line that employs a totally 
different drought response (Figure 1). This observation suggests that P50 
outperforms SSM in explaining the responses to drought among the 
genotypes studied.  

The role of xylem anatomical traits on embolism resistance 

The resistance to embolism in plants could be determined by various 
xylem anatomical features such as wood density, fiber wall thickness, vessel 
wall thickness and conduit diameter, and intervessel pit membrane. These 
traits provide mechanical support to plants, which in turn might help 
mitigate the potential damage caused by high tensions and enable plants to 
maintain water transport during drought. In recent years, the significant role 
of intervessel pit membranes in embolism resistance has been increasingly 
put forward in structure-function studies (Meyra et al., 2007; Choat et al., 
2008; Jansen et al., 2009; Lens et al., 2013; Li et al., 2016; Dória et al., 2018; 
Simioni et al., 2023). In angiosperms, thicker membranes, characterized by 
longer multiconstriction paths, exhibit smaller pore constriction sizes that 
act as bottlenecks for fluid (and gas) transport. In addition, the increased 
thickness of pit membranes corresponds to a higher number of 
constrictions, which further promotes the occurrence of gas bubble snap-
offs that are assumed to be coated with a stabilizing layer of surfactants 
(Berg et al., 2013; Schenk et al., 2015; Park et al., 2019; Lens et al., 2022). 
This functionally explains why species with thicker intervessel pit 
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membranes are more drought-tolerant compared to species with thinner pit 
membranes (Kaack et al., 2019, 2021; Yang et al., 2020; Zhang et al., 2020). 
However, most of these observations have been made at the interspecific 
level (Jansen et al., 2009; Lens et al., 2011; Plavcová and Hacke, 2012; 
Plavcová et al., 2013; Scholz et al., 2013; Li et al., 2016; Dória et al., 2018; 
Trueba et al., 2019; Guan et al., 2022), with limited focus on intraspecific 
variation (Schuldt et al., 2016). Therefore, in this thesis, I emphasized the 
correlation between TPM and embolism resistance among different 
genotypes of Arabidopsis. The findings from chapters 1 and 2 consistently 
demonstrate that TPM is the key trait that best explains the variation of 
embolism resistance, with the more drought-resilient genotypes (more 
negative P50) possessing thicker intervessel pit membranes, while the JUB1 
overexpression genotypes increasing drought tolerance using another set of 
traits (Figure 1). 
 
 In addition to the thickness of intervessel pit membranes, the degree 
of lignification or woodiness also plays a crucial role in determining the 
embolism resistance in both woody (Greenwood et al., 2017; Liang et al., 
2021) and predominantly herbaceous angiosperm lineages (Tixier et al., 
2013; Lens et al., 2016; Dória et al., 2018). Species with woodier or more 
lignified stems generally exhibit better resistance to drought-induced 
embolism (Hacke et al., 2001; Jacobsen et al., 2007a; Willson et al., 2008; 
Hoffmann et al., 2011; Lens et al., 2013, 2016; Dória et al., 2018, 2019). 
Accordingly, our findings indicate a strong correlation between the 
proportion of lignified area per total stem area (PLIG) and embolism 
resistance. Although PLIG is not considered a key functional trait contributing 
to vulnerability to embolism in stems of the Arabidopsis genotypes studied, 
as it is not included in the most parsimonious multiple regression P50 model 
(chapters 1, 2, and 3), it still possesses significant predictive value due to its 
association with other traits that are thought to be more relevant such as 
TPM. Plants with higher levels of embolism resistance are also believed to 
develop thicker vessel walls (Jansen et al., 2009; Bouche et al., 2014; Li et 
al., 2016) or an increased fiber matrix (more and thicker fiber wall) (Jacobsen 
et al., 2005, 2007b; Pratt and Jacobsen, 2017; Dória et al., 2018), as is 
supported by our Arabidopsis dataset (chapter 1-2): the more resistant 
genotypes exhibit thicker vessel walls and a higher proportion of fiber wall 
area per fiber cell area (PFWFA), suggesting the functional roles of these traits 
in explaining the variation of embolism resistance. It is noteworthy that the 
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majority of studies investigating functional-structure traits have primarily 
focused on trees, with limited attention given to herbaceous plants. 
Nevertheless, our study reveals that the herbaceous Arabidopsis exhibits a 
similar pattern of functional traits as those observed in trees. This finding 
implies that irrespective of being trees or herbs, both types of plants show 
the need to regulate stomata to balance water conservation and 
photosynthetic efficiency, alongside the development of resistance against 
embolism to ensure survival during drought conditions. 
 
Unraveling the diversity of drought response strategies in Arabidopsis 
thaliana 
 
 Drought resilience in plants requires a complex interaction of traits 
influenced by a range of functional attributes (Violle et al., 2007). As a result, 
the effectiveness and degree of drought tolerance can vary across species, 
depending on the synergistic interactions among these traits. This thesis has 
revealed remarkable findings, demonstrating that even in species with a 
short life cycle, like Arabidopsis, multiple strategies can be employed to 
achieve their respective levels of drought tolerance (Figure 1). These 
strategies primarily involve two key approaches: the development of xylem 
resistance through specific anatomical traits (Levionnois et al., 2021), and 
the maintenance of high and stable leaf water potential to prevent sap 
pressure from reaching critical thresholds through precise stomatal 
regulation (Martin-StPaul et al., 2017). Among the Arabidopsis genotypes 
studied, the soc1ful knockout mutant demonstrates the greatest tolerance 
to drought. Soc1ful shows a unique combination of traits, including the most 
negative P50, widest stomatal safety margin (SSM), thickest intervessel pit 
membranes, and highest stem lignification, along low initial stomatal 
conductance that gradually decreases during drought, ensuring a stable leaf 
water potential (Ψl) (Figure 1; chapter 2; Thonglim et al., 2021, 2023). The 
other two genotypes, Sha and p35S:AHL15, demonstrate a comparably high 
level of drought tolerance (Figure 1) despite exhibiting some variation in the 
drought-responsive traits. For instance, Sha has a relatively high initial 
stomatal conductance, but its gs decreases rapidly during drought. 
p35S:AHL15 has considerably lower gs, enabling it to sustain a relatively high 
and stable Ψl, but its stem P50 value is less negative, resulting in a smaller 
SSM compared to Sha. The three most resilient Arabidopsis genotypes also 
showed a similar expression of four drought-responsive genes (RD29A, 
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DREB2A, ABI2, and AREB1) compared to the more sensitive genotypes 
during our drought experiment (chapter 2). This pattern was also supported 
by an analysis of the chlorophyll content in the leaves at the end of the 
drought experiment (chapter 2). 
 
 Unlike the other drought-resistant genotypes, the resilient 
Arabidopsis JUB1OX does not possess hydraulic and stem anatomical traits 
that have been associated with increased drought resilience (observed in 
chapter 3). Instead, A-JUB1OX plants have less negative P50, thin intervessel 
pit membranes, and a less lignified stem (Figure 1). A-JUB1OX (but not 
tomato JUB1OX) compensates for these characteristics by displaying a lower 
initial stomatal conductance (gs) that gradually decreases during drought. 
Interestingly, JUB1OX in tomato exhibit similar gs to the wild-type, indicating 
that overexpression of JUB1 does not lead to lowered stomatal 
conductance. This implies that the high Ψl during drought stress is driven by 
another mechanism that has not been investigated in this PhD (see next 
section). With respect to the sensitive Arabidopsis genotypes, including Col-
0, Cvi, Kel-4, and jub1kd, we have observed traits that are typically 
associated with low resilience to drought. These traits encompass a less 
negative P50, thin intervessel pit membranes, narrow SSMs, low levels of 
stem lignification, high initial gs, and stomatal closure occurring later during 
drought (Figure 1; chapters 1-2). Altogether, these traits contribute to 
increased water loss through transpiration, a rapid decline in Ψl during 
drought, resulting in immediate wilting, and a significant reduction in 
chlorophyll content. 
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Figure 1 Diverse drought response strategies observed in Arabidopsis genotypes 
studied. The figure illustrates the phenotype of each Arabidopsis genotype during 
the same drought period highlighting a set of key traits used by each genotype in 
response to drought, with two distinct drought strategies in JUB1OX compared to 
soc1ful, Sha, and p35S:AHL15. Genotypes that are highly susceptible to drought are 
depicted on the right side, while the more resistant genotypes are depicted on the 
left side.  
 
JUB1 mediates drought response in Arabidopsis slightly differs from that 
in tomato 
 
 Although the drought response strategy of JUB1OX in Arabidopsis is 
clearly different from the other drought-resilient genotype (Figure 1), there 
are some differences when comparing Arabidopsis and tomato JUB1OX with 
their wild-types, highlighting the species-specific effects of these 
mechanisms. Unlike the A-JUB1OX, the tomato genotype displays a high 
initial stomatal conductance and keeps its stomata fully open for extended 
periods, resembling the drought-sensitive genotypes of Arabidopsis. 
However, despite these traits, tomato JUB1OX demonstrates a greater 
tolerance to drought by maintaining a high and stable Ψl compared to the 
Money Maker wild type. It is intriguing to observe that the increased 
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drought tolerance in tomato JUB1OX does not rely on either stomatal 
regulation or anatomical and hydraulic traits. According to literature, the 
observed elevation in Ψl during drought periods in tomato JUB1OX can 
potentially be attributed to the accumulation of osmoprotectants, such as 
proline (Pro), in its leaves (Wu et al., 2012; Shahnejat-Bushehri et al., 2017; 
Tak et al., 2017; Alshareef et al., 2019; Welsch, 2022). Proline functions as 
an osmolyte, enabling the uptake of additional water and minimizing the 
negative impact of water deficit by adjusting cellular osmotic potential and 
stabilizing cellular structures (Heuer, 2010; Blum, 2017; Hasanuzzaman et 
al., 2019; Ahmad et al., 2020; Ozturk et al., 2021). Additionally, the 
overexpression of JUB1 may hamper the accumulation of reactive oxygen 
species (ROS) during drought stress (Shahnejat-Bushehri et al., 2012, 2016; 
Wu et al., 2012; Ebrahimian-Motlagh et al., 2017; Thirumalaikumar et al., 
2018). This helps prevent oxidative damage in plant cells, thereby promoting 
drought tolerance in JUB1OX plants. Although the concentration of 
osmoprotectants and ROS was not analyzed in this thesis, the potential role 
of JUB1 as discussed in the literature provides a promising starting point for 
a following up study to investigate the precise mechanisms by which JUB1 
influences osmoprotectants accumulation and ROS mitigation at the 
molecular level. 
 
 In conclusion, this study has shed light on the complex mechanisms 
of drought resilience in plants. Two different mechanisms have been 
identified in Arabidopsis: (1) a synergistic interplay among hydraulic (P50 and 
SSM) and anatomical traits (TPM and stem lignification), along with low 
stomatal conductance and high leaf water potential Ψl, and (2) high Ψl likely 
driven by osmoprotectants accumulation in leaves. These two distinct 
drought response strategies within a single annual species highlight the 
remarkable adaptive capabilities of plants to respond to challenging 
environmental conditions. It is therefore crucial to do in-depth drought 
experiments based on multiple accessions within a single species to 
understand the full breadth of drought responses in for instance crops. This 
in-depth screening at the population-ecotype level will benefit the 
development of more resilient crops in an era characterized by global 
warming where the human population is still exponentially growing. 
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Future perspectives 
 
 The presence of diverse drought strategies observed in this thesis 
showcases the remarkable adaptive capabilities of plants in coping with 
drought stress. However, it is important to acknowledge that the majority 
of research in the field of ecophysiology has predominantly focused on trees 
(Poorter et al., 2010; Choat et al., 2012; Mitchell et al., 2013; Binks et al., 
2016a, b; Inoue et al., 2017; Domingues et al., 2018; Levionnois et al., 2021; 
McDowell et al., 2022; Johnson and Brodribb, 2023), while herbaceous 
plants have received far less attention (Lens et al., 2016; Scoffoni et al., 
2018; Brodribb et al., 2021; Fletcher et al., 2022). Furthermore, the existing 
observations have primarily centered around individual species or 
generalized findings to the level of genera (Jansen et al., 2009; Lens et al., 
2011; Plavcová and Hacke, 2012; Plavcová et al., 2013; Scholz et al., 2013b; 
Li et al., 2016; Dória et al., 2018; Trueba et al., 2019; Guan et al., 2022), 
disregarding the significance of intraspecific variation. This underestimation 
of intraspecific variability has hindered the comprehensive understanding of 
how plants respond to drought. To bridge this critical knowledge gap, it is 
crucial to prioritize and conduct more drought experiments that encompass 
a wide range of genotypes and species. By doing so, we can gain a broader 
perspective and develop a more comprehensive understanding of the 
diverse range of plant drought-responsive strategies. However, conducting 
drought experiments across numerous genotypes and species is a time-
consuming task, particularly when precise measurements of key 
physiological traits are required. Advancements in technology have started 
to revolutionize this process, enabling efficient experimentation with 
hundreds of plants at once. One such innovative technology is PlantArray 
(Plant-Ditech, Rehobot, Israel) (Halperin et al., 2017), a fully automated, 
multi-sensor gravimetric-based platform that streamlines the analysis of 
whole-plant performance. It facilitates the simultaneous measurements of 
various physiological traits, including plant transpiration, biomass 
accumulation, water, and nutrient use efficiency. This system provides 
accurate in-depth information on plant-environment interactions and the 
impact of environmental stresses on plant development and behavior under 
specific growth conditions, allowing for the efficient selection of optimal 
plant varieties and growing conditions that contribute to enhanced yields 
and stress response. 
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 Given the significant findings regarding the integration of 
information from leaves and stems highlighted in chapter 2, it becomes 
evident that also the investigation of additional plant organs and associated 
traits would greatly contribute to our understanding of plant drought 
response. An often overlooked but fundamental aspect of the soil–plant–
atmosphere continuum is the below-ground component. Roots play an 
important role in supplying water to compensate for transpiration losses 
during the process of gas exchange (Passioura, 1982; McCormack et al., 
2015; Cuneo et al., 2021). Both woody and herbaceous species have been 
found to exhibit sensitivity to drought-induced declines in root hydraulic 
conductance (Kr), as demonstrated by Bourbia et al. (2021). Additionally, 
studies have shown that Kr is a key factor in driving stomatal closure in olive 
plants (Rodriguez-Dominguez and Brodribb, 2020). Thus, investigating the 
below-ground dynamics and understanding the implications of root 
hydraulic conductance on plant responses to drought is crucial for a 
comprehensive assessment of drought tolerance and resistance at the 
whole-plant level. In addition, considering the crucial role of the intervessel 
pit membrane in enhancing embolism resistance, it becomes imperative to 
conduct detailed investigations of this structure across all organs and at a 
fine scale. While some studies have dived into the three-dimensional 
structures of pit membranes, our knowledge regarding their fine-scale 
structures and chemical composition remains limited (Schenk et al., 2015, 
2017, 2018, 2021; Kaack et al., 2019, 2021; Zhang et al., 2020). The same 
applies to the composition of the xylem sap, which is much more than only 
water (Lens et al., 2022), but how changes in xylem sap composition in time 
and space affect embolism resistance is not known. 
 
 Another black hole in our knowledge of mechanisms leading to 
plants’ drought responses is how they manage to coordinate gene 
regulation leading to key traits, and how different gene regulatory pathways 
in different organs are intertwined to obtain a certain level of drought 
resilience. A promising approach to identifying key drought genes is to 
investigate the causal relationship between gene regulation and 
physiological responses, such as stomatal closure and osmoregulation, 
drought-associated traits like P50. To achieve this, ecophysiologists and 
molecular biologists should team up and perform a high-resolution time-
course gene expression analysis during drought and during the recovery 
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phase after rewatering across different organs and plant developmental 
stages.  
 
 In conclusion, our current understanding of plant responses to 
drought remains limited. By embracing the future perspectives mentioned 
above, we can propel our knowledge of plant drought tolerance forward. 
This progress will not only enable us to accurately predict plant mortality on 
both crop and large forest scales but also facilitate the development of more 
resilient crop varieties capable of withstanding water scarcity. Through 
continued research and implementation of effective strategies, we can 
ultimately ensure a sustainable and secure agricultural future, even in the 
face of climate change. 
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SUMMARIES 
 
Summary 
 
 In recent decades, the frequency and severity of drought events have 
significantly increased due to climate change. This rise in drought 
occurrences has led to adverse consequences, including reduced global 
water availability which results in increased forest mortality or significant 
losses in crop yield. Consequently, there is an urgent need to gain a 
comprehensive understanding of the mechanisms underlying drought-
induced plant mortality, particularly in herbaceous species that include 
numerous economically important crops. Acquiring this knowledge is crucial 
for the precise prediction of plant mortality and for the development of 
drought-resilient crop varieties. To deepen our comprehension of drought 
responses in herbaceous species and to gain insights into the diverse 
strategies employed by a single species to withstand drought stress, we 
analyzed a comprehensive dataset of anatomical and hydraulic traits of 
stems and leaves in eight different genotypes of Arabidopsis thaliana, 
including both wild-type and transgenic mutants. This dataset, discussed 
primarily in chapters 1 and 2 (and partly also in chapter 3), is used to 
showcase the strategies utilized by these genotypes during drought 
experiments (discussed in chapters 2 and 3). We also included a preliminary 
screen of the expression levels of four well-known drought marker genes 
associated with ABA-dependent and ABA-independent pathways (discussed 
in chapter 2). In chapter 3, we specifically focused on the impact of the 
overexpression of the JUNGBRUNNEN1 (JUB1) gene on drought response in 
Arabidopsis and tomato.  
 
 The findings of our study highlight that each Arabidopsis genotype 
employed a unique combination of anatomical and hydraulic traits in stems 
and leaves to respond to water deficit conditions. This variation can be 
summarized into two distinct strategies: (1) one group of plants (soc1ful 
knockout, Sha ecotype, and AHL15 overexpression) improved their drought 
response by developing a more negative stem P50, thicker intervessel pit 
membranes, a more lignified inflorescence stem, and a gradual reduction of 
the low initial stomatal conductance (gs) during drought, allowing for a 
relatively high and stable leaf water potential (Ψl) during onset of drought. 
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Additionally, these three genotypes showed reduced transcript levels of 
drought stress marker genes and minimized chlorophyll loss in leaves during 
drought. (2) Another group of plants (JUB1 overexpression genotypes in 
Arabidopsis and tomato) relies solely on maintaining high Ψl for drought 
tolerance, possibly due to the accumulation of osmoprotectants in leaves, 
while the other drought-responsive traits have not been recorded (except 
for lower initial stomatal conductance in Arabidopsis JUB1OX). The ability to 
maintain high Ψl is particularly critical during the early stages of drought, 
prior to stomatal closure, as it prevents the water potential from reaching a 
critical threshold that could lead to cavitation and embolism formation. 
Once embolism occurs in the xylem, the synergistic effects with anatomical 
traits become significant, as these functional xylem traits (in)directly 
contribute to preventing the formation and spread of embolism. Overall, our 
results underscore the remarkable adaptive capabilities of herbaceous 
plants in responding to challenging drought conditions and highlight marked 
differences among genotypes within the same species. This intraspecific 
variation in drought responses shows that a more detailed assessment of 
drought-responsive traits is required to explore the full potential of 
increasing crop yield in a world facing global warming that needs to feed 
billions of people.  
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Samenvatting  
 
 In de afgelopen decennia is de frequentie en intensiteit van 
droogteperiodes aanzienlijk toegenomen als gevolg van 
klimaatverandering. Deze toename van droogte heeft geleid tot nadelige 
gevolgen, waaronder verminderde wereldwijde waterbeschikbaarheid, wat 
resulteert in een verhoogde sterfte van bossen of aanzienlijke verliezen in 
gewasopbrengsten. Daarom is er een dringende behoefte aan een 
diepgaande opheldering van de mechanismen die ten grondslag liggen aan 
droogtegeïnduceerde plantensterfte, met name bij kruidachtige soorten, 
waartoe talrijke economisch belangrijke gewassen horen. Het verkrijgen van 
deze kennis is cruciaal voor de nauwkeurige voorspelling van plantensterfte 
en voor de ontwikkeling van droogtebestendige gewasvariëteiten. Om ons 
begrip van droogteresponsen bij kruidachtige soorten te verdiepen en 
inzicht te krijgen in de diverse strategieën die door een enkele soort worden 
gebruikt om droogtestress te weerstaan, hebben we een uitgebreide 
dataset geanalyseerd van anatomische en hydraulische eigenschappen van 
stengels en bladeren in acht verschillende genotypen van Arabidopsis 
thaliana, waaronder zowel wildtypes als transgene mutanten. Deze dataset, 
die voornamelijk wordt besproken in hoofdstukken 1 en 2 (en deels ook in 
hoofdstuk 3), wordt gebruikt om de strategieën te illustreren die deze 
genotypen hebben toegepast tijdens de droogte-experimenten (besproken 
in hoofdstukken 2 en 3). Ook hebben we een voorlopige screening 
uitgevoerd van de expressieniveaus van vier bekende marker-genen voor 
droogte die geassocieerd zijn met ABA-afhankelijke en ABA-onafhankelijke 
reactiepaden (besproken in hoofdstuk 2). In hoofdstuk 3 hebben we 
specifiek gekeken naar de impact van de overexpressie van het 
JUNGBRUNNEN1 (JUB1) gen op de droogterespons bij Arabidopsis en de 
tomatenplant. 
 
 De bevindingen van ons onderzoek benadrukken dat elk Arabidopsis 
genotype een unieke combinatie van anatomische en hydraulische 
eigenschappen in stengels en bladeren gebruikt om te reageren op 
watertekort. Deze variatie kan worden samengevat in twee duidelijke 
strategieën: (1) één groep planten (soc1ful knockout, Sha ecotype en AHL15 
overexpressie) verbeterde hun droogterespons door een meer negatieve 
stengel P50 te ontwikkelen, dikkere stippelmembranen tussen xyleemvaten, 
een meer verhoute bloeiwijzestengel en een geleidelijke vermindering van 
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het initiële gastransport door de huidmondjes in bladeren (gs) tijdens 
droogte, waardoor een relatief hoge en stabiele bladwaterpotentiaal (Ψl) 
bekomen werd tijdens de eerste fasen van het droogte-experiment. 
Bovendien vertoonden deze drie genotypen verminderde 
transcriptieniveaus van marker-genen voor droogtestress en 
minimaliseerden ze chlorofylverlies in bladeren tijdens droogte. (2) Een 
andere groep planten (JUB1 overexpressie genotypen in Arabidopsis en 
tomaat) vertrouwde uitsluitend op het handhaven van een hoge Ψl voor 
droogtetolerantie, mogelijk door de ophoping van osmoprotectanten in 
bladeren, terwijl de andere droogteresponsieve eigenschappen niet werden 
waargenomen (behalve een lagere initiële gastransport door de 
huidmondjes in bladeren van Arabidopsis JUB1OX). Het vermogen om een 
hoge Ψl te handhaven is met name cruciaal tijdens de vroege stadia van 
droogte, vóór de sluiting van de huidmondjes, omdat dit voorkomt dat de 
waterpotentiaal een kritische drempel bereikt die kan leiden tot cavitatie en 
embolievorming. Zodra gasembolie in het xyleem optreedt, worden de 
synergetische effecten met anatomische eigenschappen belangrijk, omdat 
deze functionele xyleemeigenschappen (in)direct bijdragen aan het 
voorkomen van de vorming en verspreiding van die gasembolieën. Over het 
algemeen benadrukken onze resultaten de opmerkelijke 
aanpassingsvermogens van kruidachtige planten in het reageren op 
uitdagende droogteomstandigheden, en vertonen ze opvallende verschillen 
tussen genotypen binnen dezelfde soort. Deze intraspecifieke variatie in 
droogteresponsen laat zien dat een gedetailleerdere beoordeling van 
droogteresponsieve eigenschappen nodig is om het volledige potentieel van 
het verbeteren van gewasopbrengsten te verkennen in een wereld die te 
maken heeft met wereldwijde opwarming en waarin miljarden mensen 
moeten worden gevoed. 
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