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Abstract 
Since the founda9onal work of Gregor Mendel established gene9cs through the observa9on 
of plant phenotypes, research in plant biology has increasingly aimed to link observable traits 
with their underlying molecular and gene9c mechanisms. A deeper understanding of plant 
anatomical traits is a path for transla9ng molecular findings into prac9cal strategies for 
improving plant resilience and produc9vity under adverse environmental condi9ons. Despite 
their importance, anatomical traits are oKen challenging to study due to technical limita9ons 
in accurately quan9fying structural proper9es in dynamic and fluctua9ng environments. 
Among these traits, stomata represent a cri9cal anatomical structure that regulates the 
balance between CO₂ uptake for photosynthesis and water loss through transpira9on. One 
par9cularly interes9ng yet insufficiently understood phenomenon is the transient opening of 
stomata following a sudden decline in leaf water poten9al. This response, known as the 
wrong-way response (WWR), involves a temporary stomatal opening when the water 
poten9al declines and closure would be expected. 
The epidermal mechanical advantage hypothesis proposes that this transient opening arises 
from mechanical interac9ons between guard cells and surrounding pavement cells. According 
to this hypothesis, mechanical coupling within the pavement and guard cells plays a key role 
in determining stomatal dynamics. However, the structural determinants underlying this 
mechanical coupling remain unresolved. Given that the geometry of interac9ng components 
strongly influences the behaviour of mechanical systems, this thesis inves9gates how the 
anatomical geometry of pavement cells and stomata contributes to the dynamics of transient 
stomatal opening. To address this ques9on, the model plant Arabidopsis thaliana was used 
due to its well-characterized genome, availability of gene9c resources, and suitability for 
controlled laboratory experiments. Different Arabidopsis lines were selected based on 
varia9on in stomatal size and density. However, differences in addi9onal anatomical features, 
such as the absence of trichomes in the tmm1 mutant and limited knowledge regarding 
mesophyll organiza9on in selected Arabidopsis lines, posed challenges for developing a 
comprehensive understanding of stomatal behaviour. Therefore, physiological responses of 
glabrous Arabidopsis line were compared with control plants, alongside detailed analyses of 
key stomatal traits including size and density. The first study demonstrates trichomes were 
shown to influence leaf temperature, although their contribu9on to maintaining 
photosynthe9c performance under drought condi9ons was limited. The second study 
introduces a cryo-fixa9on–based methodological approach to inves9gate mesophyll anatomy 
under drought stress. This technique allows visualiza9on of mesophyll organiza9on and 
cellular architecture while minimizing ar9facts caused by dehydra9on during conven9onal 
microscopic prepara9on. Using this method, structural modifica9ons of both palisade and 
spongy mesophyll 9ssues were observed under short- and long-term drought stress. The third 
study focuses on the transient stomatal opening. The results provide empirical support for the 
epidermal mechanical advantage hypothesis and demonstrate that pavement cell size 
significantly influences both the magnitude and dura9on of this response. These findings 
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highlight the importance of epidermal geometry in governing stomatal dynamics during rapid 
changes in plant water status. 
Together, the results presented in this thesis demonstrate that plant responses to variable 
water availability are shaped by anatomical traits across mul9ple leaf 9ssues, including the 
epidermis and mesophyll. These findings underscore the need to move beyond an exclusive 
focus on guard cells and instead adopt a more integrated perspec9ve that considers how 
diverse leaf structures collec9vely regulate plant water rela9ons and stress responses. 
 
Zusammenfassung 
Seit die grundlegende Arbeit von Gregor Mendel die Gene9k durch die Beobachtung von 
Pflanzenphänotypen begründete, hat die Forschung in der Pflanzenbiologie zunehmend 
darauf abgezielt, beobachtbare Merkmale mit ihren zugrunde liegenden molekularen und 
gene9schen Mechanismen zu verknüpfen. Ein 9eferes Verständnis pflanzlicher anatomischer 
Merkmale ist ein Weg, molekulare Erkenntnisse in prak9sche Strategien zur Verbesserung der 
Widerstandsfähigkeit und Produk9vität von Pflanzen unter widrigen Umweltbedingungen zu 
übertragen. Trotz ihrer Bedeutung sind anatomische Merkmale häufig schwierig zu 
untersuchen, da technische Einschränkungen eine genaue Quan9fizierung struktureller 
EigenschaKen in dynamischen und schwankenden Umgebungen erschweren. Unter diesen 
Merkmalen stellen Stomata eine entscheidende anatomische Struktur dar, die das 
Gleichgewicht zwischen CO₂-Aufnahme für die Photosynthese und Wasserverlust durch 
Transpira9on reguliert. Ein besonders interessantes, jedoch unzureichend verstandenes 
Phänomen ist die vorübergehende Öffnung der Stomata nach einem plötzlichen Abfall des 
Blacwasserpoten9als. Diese Reak9on, bekannt als Wrong-Way-Response (WWR), beinhaltet 
eine vorübergehende Öffnung der Stomata, wenn das Wasserpoten9al abnimmt und 
eigentlich ein Schließen erwartet würde. 
Die Hypothese des epidermalen mechanischen Vorteils besagt, dass diese vorübergehende 
Öffnung aus mechanischen Wechselwirkungen zwischen Schließzellen und umgebenden 
Pavementzellen entsteht. Nach dieser Hypothese spielt die mechanische Kopplung innerhalb 
der Pavement- und Schließzellen eine Schlüsselrolle bei der Bes9mmung der 
Stomatadynamik. Die strukturellen Determinanten, die dieser mechanischen Kopplung 
zugrunde liegen, sind jedoch noch ungeklärt. Da die Geometrie interagierender Komponenten 
das Verhalten mechanischer Systeme stark beeinflusst, untersucht diese Arbeit, wie die 
anatomische Geometrie von Pavementzellen und Stomata zur Dynamik der vorübergehenden 
stomatären Öffnung beiträgt. Um diese Frage zu adressieren, wurde die Modellpflanze 
Arabidopsis thaliana verwendet, da sie ein gut charakterisiertes Genom, verfügbare 
gene9sche Ressourcen und eine Eignung für kontrollierte Laborexperimente aufweist. 
Verschiedene Arabidopsis-Linien wurden auf Grundlage von Varia9onen in der Größe und 
Dichte der Stomata ausgewählt. Unterschiede in zusätzlichen anatomischen Merkmalen, wie 
das Fehlen von Trichomen im tmm1-Mutanten sowie begrenztes Wissen über die 
Mesophyllorganisa9on in den ausgewählten Arabidopsis-Linien, stellten jedoch 
Herausforderungen für die Entwicklung eines umfassenden Verständnisses des stomatären 
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Verhaltens dar. Daher wurden die physiologischen Reak9onen einer glacen Arabidopsis-Linie 
mit Kontrollpflanzen verglichen, zusammen mit detaillierten Analysen zentraler stomatärer 
Merkmale einschließlich Größe und Dichte. Die erste Studie zeigt, dass Trichome die 
Blactemperatur beeinflussen, obwohl ihr Beitrag zur Aufrechterhaltung der 
photosynthe9schen Leistung unter Trockenstress begrenzt war. Die zweite Studie führt einen 
auf Kryofixierung basierenden methodischen Ansatz ein, um die Mesophyllanatomie unter 
Trockenstress zu untersuchen. Diese Technik ermöglicht die Visualisierung der 
Mesophyllorganisa9on und der zellulären Architektur, während Artefakte minimiert werden, 
die durch Dehydra9on während der konven9onellen mikroskopischen Präpara9on entstehen. 
Mithilfe dieser Methode wurden strukturelle Modifika9onen sowohl des Palisaden- als auch 
des Schwammparenchyms unter kurz- und langfris9gem Trockenstress beobachtet. Die drice 
Studie konzentriert sich auf die vorübergehende stomatäre Öffnung. Die Ergebnisse liefern 
empirische Unterstützung für die Hypothese des epidermalen mechanischen Vorteils und 
zeigen, dass die Größe der Pavementzellen sowohl das Ausmaß als auch die Dauer dieser 
Reak9on signifikant beeinflusst. Diese Befunde unterstreichen die Bedeutung der 
epidermalen Geometrie für die Steuerung der Stomatadynamik während schneller 
Veränderungen des pflanzlichen Wasserstatus. 
Zusammen zeigen die in dieser Arbeit präsen9erten Ergebnisse, dass pflanzliche Reak9onen 
auf variable Wasserverfügbarkeit durch anatomische Merkmale über mehrere Blacgewebe 
hinweg geprägt sind, einschließlich der Epidermis und des Mesophylls. Diese Befunde 
unterstreichen die Notwendigkeit, über einen ausschließlichen Fokus auf Schließzellen 
hinauszugehen und stacdessen eine stärker integrierte Perspek9ve einzunehmen, die 
berücksich9gt, wie verschiedene Blacstrukturen gemeinsam die Wasserbeziehungen der 
Pflanze und ihre Stressreak9onen regulieren.  
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1. Introduc8on 
There are traces of plant life almost everywhere on our planet, from dense tropical forests to 
arid deserts or cold steppes. As sessile organisms, plants developed the ability to modify their 
structure, anatomy, and func9on in response to both short-term and long-term environmental 
fluctua9ons (Taiz et al., 2015). These modifica9ons allow plants to survive in harsh 
environments and ensure the successful transmission of their gene9c material to the next 
genera9ons. With the intensifying consequences of climate change, specifically water scarcity 
(Careca, 2022), it is more important than ever to understand to what extent plants anatomy 
and its altera9on in response to fluctua9ng environment contribute to physiological 
responses. Considering that anatomical traits are shaped by evolu9onary and developmental 
factors arising from hydraulic and photosynthe9c demands, structural diversity among leaves 
is expected to reflect fundamental differences in physiological func9on and stress 
responsiveness (Brodribb and McAdam, 2011; Zwieniecki and Boyce, 2014). Since the plant 
anatomy, from cell geometry to whole-plant structure, is the result of underlying molecular 
processes, understanding anatomical altera9ons in response to the surrounding 
environmental provides deeper insight into these molecular mechanisms and strengthens the 
founda9onal knowledge for plant engineering. Among the anatomical features that play a 
crucial role in plant-environment interac9ons are the features associated with gas exchange 
and water regula9on. In par9cular, stomata and the surrounding epidermal cells provide a 
dynamic system, media9ng the balance between carbon uptake and water loss. Inves9ga9ng 
how the structural proper9es of the epidermal components influence stomatal behaviour is 
therefore essen9al for understanding stomata responses to environmental fluctua9ons. The 
main focus of my work is to elucidate how the anatomical proper9es of epidermal cells 
contribute to transient stomatal opening, a phenomenon that remains poorly understood in 
plant physiology.  
Transient stomatal opening, commonly called the wrong-way response (WWR), describes the 
increase in stomatal aperture following a decline in plant water poten9al, before stomata 
subsequently close to maintain hydraulic balance (Buckley, 2019; Zait et al., 2024). This 
behaviour has been observed following both increased evapora9ve demand and reduced 
water supply, and is typically followed by a “right-way response” (RWR) characterized by a 
reduc9on in stomatal conductance (Buckley et al., 2011; Zait et al., 2024). Although stomatal 
closure in response to drought and vapor pressure deficit (VPD) has been extensively 
characterized at molecular, cellular, and whole-plant levels (Moc, 2007; Bauer et al., 2013; 
Yaaran et al., 2017; Lei et al., 2022), the mechanisms specifically controlling transient stomatal 
opening remain compara9vely poorly resolved. This knowledge gap is notable given that 
WWR occurs in the 9me of a decline in leaf water poten9al and can therefore have important 
consequences for plant hydraulic safety and carbon–water balance under fluctua9ng 
environmental condi9ons. One of the main and most argued explana9ons proposed to define 
WWR is the “epidermal mechanical advantage” hypothesis. This hypothesis, rooted in early 
work with pressure-probe measurements of guard and epidermal cell turgor, suggests that 
changes in guard cell volume cannot fully explained by stomatal movements because they 



 7 

occur in the mechanical context of surrounding epidermal cells, which exert an opposing 
constraint on guard cell expansion (Franks et al., 1998). In this framework, the epidermis has 
a mechanical advantage over guard cells, so that changes in epidermal turgor can strongly 
modulate, or even dominate, the resul9ng stomatal aperture. When leaf water status is 
perturbed, differen9al changes in turgor between guard cells and epidermal pavement cells 
can therefore drive the unexpected stomatal responses, including transient opening during an 
ini9al phase of hydraulic disturbance (Drake et al., 2013; Wang et al., 2018; Nieves-Cordones 
et al., 2022). Spa9ally explicit models of stomatal mechanics and hydroac9ve feedback suggest 
that, in the absence of ac9ve metabolic responses, purely hydraulic and mechanical 
interac9ons between guard cells and their epidermal context can generate the WWR (Buckley, 
2005; Buckley, 2019; Pichaco et al., 2024). In such hydropassive scenarios, rapid changes in 
water status may cause a decline in neighbouring epidermal cells turgor, temporarily reducing 
the constraining force of the epidermis on guard cells and allowing stomata to “pop open” 
despite an overall decrease in leaf water poten9al. In a recent review by (Tan et al., 2025), the 
authors noted that the cells surrounding guard cells are involved in maintaining the length of 
the stomatal apparatus, however they also highlighted the substantial gap in our 
understanding of the mechanical role of the epidermis in guard cell dynamics. Subsequent 
ac9va9on of feedback processes, such as osmo9c adjustment in guard cells and ABA-
dependent signalling, then shiKs the system towards a right-way response and sustained 
closure. These modelling efforts provide a mechanis9c ra9onale for the epidermal mechanical 
advantage hypothesis and underscore the need to treat the stomatal complex as an integrated 
biomechanical system rather than a guard cell–autonomous unit (Buckley, 2019). 
Recent works support a key role of epidermal anatomy and mechanics in shaping stomatal 
dynamics (Sapala et al., 2018; Sapala et al., 2019; Liu et al., 2021; Tan et al., 2025; Manandhar 
et al., 2026) and indicate that the stomatal behaviour depends on the rela9ve size and 
geometry of guard cells and neighbouring pavement cells (Franks and Farquhar, 2007; Drake 
et al., 2013; Lawson and Blac, 2014). In angiosperms that exhibit strong mechanical coupling 
between guard cells and epidermis, decreased epidermal turgor at high VPD can accelerate 
stomatal transient opening, consistent with predic9ons derived from mechanical advantage 
theory (Pichaco et al., 2024). These findings highlight that stomatal kine9cs emerge from the 
interplay of guard cell proper9es with pavement cell dimensions, wall s9ffness, and packing, 
rather than from guard cell behaviour alone. However, direct experimental tests of how these 
anatomical traits translate into transient opening behaviour under hydraulic stress remain 
unclear, and exis9ng studies provide only fragmentary valida9on of the epidermal mechanical 
advantage hypothesis (Buckley et al., 2011; Pichaco et al., 2024; Zait et al., 2024). Addi9onally, 
the dura9on and amplitude of transient stomatal opening have been reported to differ 
depending on whether WWR is triggered by increased evapora9ve demand or by reduced 
water supply (Brodribb and McAdam, 2011; Buckley et al., 2011; Binstock et al., 2023; Pichaco 
et al., 2024; Zait et al., 2024). Perturba9ons driven by VPD predominantly affect the demand 
side of the hydraulic con9nuum, leading to rapid changes in transpira9on and leaf water 
poten9al (Buckley et al., 2011; Merilo et al., 2017), whereas soil drying primarily constrains 



 8 

water supply to the leaf and declining soil water poten9al reduces root water uptake and 
hydraulic conduc9vity along the soil-plant pathway. Mechanis9c models and experimental 
observa9ons suggest that these dis9nct perturba9on modes can produce different pacerns 
of turgor redistribu9on among mesophyll, epidermal, and guard cells, and thus generate 
condi9on-dependent differences in WWR dynamics (Buckley et al., 2011; Koehler et al., 2023). 
These findings strengthen the view that WWR arises from whole-9ssue and whole-plant 
hydraulic and mechanical interac9ons, rather than from a simple response of guard cells to 
leaf water status. Compara9ve studies across species and genotypes with divergent leaf 
structure, differing in stomatal size and density, pavement cell geometry, mesophyll porosity, 
and trichome abundance, therefore, provide a powerful approach to inves9gate the 
anatomical and biomechanical determinants of WWR. Integra9ng quan9ta9ve anatomical 
characteriza9on with measurements of transient stomatal behaviour under precisely defined 
perturba9ons of plant water status can help iden9fy which structural features most strongly 
influence WWR dura9on, amplitude, and recovery. In this regard, we hypothesize that 
Arabidopsis lines differing in the geometry of pavement and guard cells will show a dis9nct 
pacern of WWR, reflec9ng the influence of leaf anatomical traits on the dura9on, amplitude, 
and recovery of this physiological process. 
Although the primary aim of this project was to inves9gate whether anatomical traits of 
epidermal cells, including pavement cell shape and size, as well as stomatal characteris9cs, 
contribute to the dynamics of the WWR, the emerging evidence for the roles of mesophyll 
architecture and surface structures (Tomás et al., 2013; Amada et al., 2017; Amada et al., 
2020; Baillie and Fleming, 2020; Zhu et al., 2024), underscores the need to move beyond guard 
cells. In this regard and because the A. thaliana lines used in this work were previously 
selected based on differences in stomatal size and density, the absence of trichomes in one of 
the lines (tmm1) introduced uncertainty regarding how this morphological feature might 
influence the plant’s response to hydraulic stress. In addi9on, the mesophyll architecture of 
the selected lines and their poten9al modifica9on under water-limi9ng condi9ons remained 
largely unresolved. Inves9ga9ng the mesophyll modifica9on posed a par9cular challenge 
because conven9onal anatomical methods typically involve invasive sample prepara9on steps 
that can alter the na9ve structural organiza9on of the leaf 9ssue. To overcome these 
limita9ons, we conducted two separate studies. First, we evaluated the role of trichomes in 
plant performance under hydraulic stress. Second, we developed a novel imaging approach to 
visualize mesophyll structure with minimal sample manipula9on, enabling a reliable 
comparison of mesophyll anatomical proper9es between control and drought-stressed plants. 
Therefore, this approach provided a comprehensive view of the leaf anatomy in the studied 
lines, providing a solid founda9on for subsequent molecular analyses.  

1.1. Studied anatomical features  

1.1.1. Stomata size and density 

The stomata on the leaf surface serve as the primary structures through which plants interact 
with their surrounding environment. Stomata are microscopic pores, formed by two 
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specialized cells called guard cells (Chaffey, 2014; Taiz et al., 2015). In mature guard cells, the 
cell wall exhibits pronounced spatial heterogeneity, with the pore-facing wall significantly 
thicker and mechanically stiffer than the opposite side, and with radially oriented cellulose 
microfibrils around the stomatal aperture (Chaffey, 2014). As turgor pressure increases, the 
expansion of the thinner, outer walls causes the guard cells to bend apart, resulting in the 
opening of a stomatal pore in between. A reduction in turgor pressure reverses this 
deformation and results in stomatal closure. Stomata serve as the primary gateways for gas 
exchange, regula9ng the trade-off between CO2 uptake for photosynthesis and water loss via 
transpira9on (Hetherington and Woodward, 2003; Jones, 2013; Zait et al., 2024). The 
importance of this function becomes even more pronounced under water stress, when plants 
must conserve water while still allowing CO₂ uptake for photosynthesis. Therefore, water 
potential in plants is the key factor, controlling stomata opening/closure, whereas other 
factors such as light, temperature and CO2 (in surrounding air and inner leaf) also affect 
stomata responses. The closure of stomata in response to a decline in water potential, 
whether in response to dry air or dry soil, has been extensively studied (Hetherington and 
Woodward, 2003; Drake et al., 2013; Giday et al., 2013; Dow and Bergmann, 2014; Buckley, 
2019; Jalakas et al., 2021; Caine et al., 2023; Driesen et al., 2023b; Haworth et al., 2023; 
Crawford et al., 2025). Under sufficient water availability, the soil has a higher total water 
potential (it is less negative) than the plant and its cells. As a result, water flows from the soil 
into the root cells (D’Ario et al., 2021; di Santo et al., 2025; Farolfi et al., 2025). Within the 
plant, the total water potential in the xylem is higher (less negative) than in surrounding cells, 
largely because the cells have a more negative osmotic potential; therefore, water moves 
from the xylem into the cells. In dry soil, soil water potential becomes more negative, and the 
water is held more tightly to the soil particles. Therefore, the flux of water into the roots is 
reduced. As a result, the water supply from the soil may no longer be sufficient to keep up 
with the water loss through transpiration, and plant water potential declines and becomes 
more negative. The drop in water potential promotes the production of abscisic acid (ABA) 
(Manzi et al., 2015; McAdam and Brodribb, 2018; Cotelle and Leonhardt, 2019; Negin et al., 
2019). ABA in guard cells triggers signalling pathways (including an increase in cytosolic Ca2+), 
thereby activating anion channels and K+ efflux channels, leading to a loss of solutes from 
guard cells. By decreasing the solute concentration in guard cells, water exits from the guard 
cells, turgor pressure decreases, and stomata close (Merilo et al., 2017; Cotelle and 
Leonhardt, 2019). 
Stomatal closure is also triggered by dry air, a response governed by the VPD. VPD represents 
the difference between the moisture levels within the leaf (typically assumed to be water-
saturated) and the rela9vely dry ambient air. When the air is dry, this difference widens, 
crea9ng a steep vapor pressure gradient that increases the evapora9ve demand on the leaf. 
If this demand exceeds the supply capacity, it can lead to hydraulic failure: a situa9on in which 
the tension in xylem water causes air bubbles to form (embolisms), blocking water transport, 
resul9ng in an even more severe water deficit.  To mi9gate this risk, one of the primary 
physiological responses to high VPD is stomatal closure, which restricts water vapor exit to 
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preserve the plant's internal hydraulic integrity. High VPD is sensed in part through its effects 
on leaf water status and cell turgor, which act as signals for stomatal regulation. Elevated VPD 
stimulates ABA synthesis in mesophyll cells (McAdam and Brodribb, 2018; Jalakas et al., 
2021), the newly synthesized ABA is transported to the guard cells, activates signalling 
pathways promoting stomatal closure, analogous to those engaged by ABA produced during 
a soil water deficit.  
Key stomatal features, such as size (Drake et al., 2013; Giday et al., 2013) and density (Pathare 
et al., 2020; Sakoda et al., 2020a; Caine et al., 2023; Haworth et al., 2023) define the capacity 
of leaves to adjust gas exchange to environmental conditions. Genetically modified plants 
exhibiting increased stomatal density demonstrated enhanced photosynthetic rates and 
greater biomass accumulation (Tanaka et al., 2013; Sakoda et al., 2020b). Stomatal density 
has changed over evolutionary timescales in response to variations in atmospheric CO₂ 
concentrations (Franks and Beerling, 2009; Haworth et al., 2021). In many plants species, a 
reduction in stomata density is the mechanism to reduce water lose and enhance water-use 
efficiency (WUE) under drought stress (Chua and Lau, 2024). However, there are conflicting 
reports exist regarding changes in stomatal density in plants exposed to drought stress. Under 
drought stress, rice cultivars exhibiting reduced stomatal density showed decreased net 
photosynthesis, while drought-resistant cultivars, with high photosynthetic rates under 
drought, showed an increased stomatal density on the upper leaf side (Adaxial surface) 
(Lertngim et al., 2023). Drought-induced reductions in stomatal density in Populus 
balsamifera were associated with improved water-use efficiency (Hamanishi et al., 2012). 
However, basil (Ocimum basilicum L.) leaves grown under drought stress developed higher 
stomata density with higher WUE than well-watered plants although the plants yield was 
reduced (Driesen et al., 2023a). Moderate drought stress was associated with increased 
stomatal density, whereas severe drought stress resulted in a reduction in stomatal density, 
and WUE exhibited a positive relationship with stomatal density, increasing under moderate 
water deficit but declining under severe drought conditions (Xu and Zhou, 2008). While, 
stomata density increased in tomato (Lycopersicon esculentum Mill.) and sweet pepper 
(Capsicum annuum L) by high humidity (Bakker, 1991), Arabidopsis showed increased stomata 
density under low humidity (Tulva et al., 2024).  
It has been suggested that stomata size is the key factor in the regulation of transpiration 
(Giday et al., 2013) explaining that smaller stomata have shorter diffusion paths and lower 
pore volumes, provide them faster opening and closure kinetics in response to fluctuating 
water status (Rui et al., 2024) which is considered advantageous under rapidly fluctuating 
environmental conditions (Drake et al., 2013). In the studies mentioned above, Xu and Zhou 
(2008) reported an inverse relationship between stomatal size and stomatal density. This 
finding is consistent with the study by Driesen et al. (2023b), where basil leaves grown under 
drought stress exhibited smaller stomata alongside an increase in stomatal density.  
The trade-off between stomatal density and stomatal size represents one of the main 
evolutionary strategies developed by plants in response to fluctuating environment (Xu and 
Zhou, 2008; Franks and Beerling, 2009; Lei et al., 2022; Caine et al., 2023; Haworth et al., 
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2023; Liu et al., 2023), enabling high gas exchange capacity while maintaining an efficiently 
fast response to changes in the surrounding environment (Zwieniecki and Boyce, 2014). 
However, this trade-off becomes more complex when considering that larger guard cells can 
modify pore dimensions more efficiently through partial opening, thereby exerting stronger 
control over stomatal aperture and transpiration (Zwieniecki and Boyce, 2014). The 
complexity is further highlighted by findings in rice, where lines with the smallest stomata at 
high density had higher net assimilation rate in response to elevated CO₂, whereas under 
drought conditions, lines combining the smallest stomata with the lowest density were better 
able to cope with limited water, exhibiting higher water-use efficiency (WUE) and greater 
biomass per plant than other lines (Pitaloka et al., 2022). These observations, which indicate 
that adjustments in stomatal size and density are species-specific and influenced by varying 
environmental stimuli and stress intensities, raise important questions about the mechanisms 
underlying stomatal development and the functional significance of stomatal traits in 
environmental adaptation. As discussed above, addressing these questions may require 
incorporating additional leaf structural traits, such as epidermal and mesophyll properties, 
and broadening the focus beyond guard cells alone. 

1.1.2. Trichomes 

Trichomes indirectly affect stomatal responses by adjusting inner leaf temperature (Gasparini 
et al., 2021). Trichome density has been proposed as an adaptive trait that can increase or 
decrease in response to climatic conditions, helping plants cope with variation in temperature 
and precipitation (Zhu et al., 2024). Moreover, trichome layers adjust the leaf energy balance 
by affecting the heat-diffusion resistance and modifying leaf temperature. While dense 
trichome coverage reduces leaf temperature in warm environments by increasing reflectance 
(Chen et al., 2022),  trichomes may also serve as an insulating boundary layer under cooler 
conditions, elevating leaf temperature and subsequently enhancing photosynthetic 
performance (Amada et al., 2023). Although it has been suggested that trichomes play a role 
in the leaf energy balance, allowing for enhanced assimilation rates (Gasparini et al., 2021), 
the available evidence so far suggest that their role is relatively small (Amada et al., 2017) and 
depends on multiple factors such as elevation, the thickness of the trichomes layer, light 
intensity, and stomata dynamics (Amada et al., 2023). Despite the small,  but positive role of 
trichomes on photosynthesis and carbon assimilation, it has been shown to have a non-
significant (Amada et al., 2017) or negative effect (Amada et al., 2023) on water use efficiency.  
Trichomes and other surface structures may participate in stomata responses through their 
effects on boundary layer conductance, evaporative fluxes, and leaf water relations. By 
increasing boundary layer thickness or altering leaf energy balance, trichomes can modify the 
microclimate directly above the epidermis, thereby influencing the rate of change in leaf 
water potential during transitions in ambient humidity or radiation. Furthermore, trichome-
bearing and glabrous plants often differ in epidermal and mesophyll development, implying 
coordinated anatomical adjustments that could in further affect mechanical interactions at 
the stomatal complex.  
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1.1.3. Mesophyll 

Beyond epidermal structure, evidence increasingly points to a significant contribution of 
mesophyll architecture and internal anatomy to stomatal responses to water status. The 
anatomy of the mesophyll plays a key role in determining the efficiency of photosynthesis by 
affecting the CO2 diffusion in substomatal cavities (Terashima et al., 2010; Tholen et al., 2012; 
Théroux-Rancourt et al., 2021a). The structure of palisade and spongy layer (Tomás et al., 
2013), the density of the parenchyma cells (Flexas et al., 2012), and organization of 
intercellular air spaces (Borsuk et al., 2022) define the diffusion of CO2 through the leaf, and 
consequently the photosynthetic rate. The variations in mesophyll cell size, packing density, 
intercellular airspace, and the architecture of palisade and spongy layers can influence the 
speed and magnitude of leaf water potential changes and thereby affect leaf function in 
response to water availability (Buckley et al., 2015; Fujii et al., 2023). In addition, mesophyll 
tissue has been shown to influence stomatal development and patterning (Baillie and 
Fleming, 2020; Pathare et al., 2020), further highlighting the importance of incorporating 
mesophyll characteristics into studies of stomatal responses. 
Given the central focus of my work on stomatal responses and considering that the selected 
lines already differ in stomatal density and size, an important question concerned the 
organization and architecture of the mesophyll in these lines. As noted above, stomatal 
density has been reported to correlate with mesophyll organization. Therefore, we asked how 
the anatomical properties of the mesophyll change under water stress in lines with altered 
stomatal characteristics. Addressing this question may provide a more comprehensive 
understanding of leaf anatomical variation across these lines and enable a more complete 
interpretation of the correlation between mesophyll organization and epidermal dynamics. 
In this context, a key challenge is to obtain high-resolution image of internal leaf anatomy 
under hydrated and stressed conditions. Conventional histological techniques and clearing 
methods often require fixation, sectioning, or chemical treatments that can distort the native 
geometry of mesophyll tissues (Tholen et al., 2008; Sage and Sage, 2009). These distortions 
are particularly problematic for mesophyll tissues, where intercellular airspace fraction and 
cell packing density are critical determinants of hydraulic conductance and stomatal 
signalling. Therefore, we developed a method for in situ imaging of the mesophyll and apply 
this technique to the selected Arabidopsis lines under both control and water-stress 
conditions in order to characterize potential anatomical differences. 
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2. Structure of the Research Studies 
This thesis consists of three complementary research studies. When taken together, they 
demonstrate how leaf anatomical traits affect plant responses to water fluctuations and 
stomatal dynamics. 
In the first publication we aimed to investigate how stomatal traits (size and density) along 
with absence/presence of trichomes influence photosynthetic efficiency in A. thaliana under 
well-watered and drought-stressed conditions. By comparing the three different Arabidopsis 
lines with different stomatal traits and the absence/presence of trichomes, this experiment 
showed that higher stomata density and the presence of trichomes enhanced photosynthetic 
performance under optimal water availability. However, under drought stress, the control 
line of Arabidopsis (Col-8) maintained the photosynthetic yield more efficiently than lines 
with inherently high stomata density or without trichomes. This result highlights that the 
anatomical modifications induced by drought stress is a more cri9cal determinant of 
photosynthe9c resilience than the plant's inherent anatomy. Furthermore, this study 
iden9fies a significant correla9on between anatomical plas9city and photosynthe9c yield, 
establishing varia9ons in stomatal density as a primary driver of carbon assimila9on efficiency. 
My contributions to this paper included the cultivation and maintenance of the experimental 
plants under controlled conditions, the collection of physiological and anatomical data 
through gas-exchange measurements and microscopy, and the subsequent data analysis 
using statistical software and modelling approaches. Additionally, I drafted the full 
manuscript, coordinated the submission process to the journal, and managed subsequent 
revisions based on reviewer feedback to facilitate successful publication. 
Maryam Alsadat Zekri and Ingeborg Lang. 2024. Lack of trichomes and variation in stomata 
properties influence the quantum efficiency of photosynthesis in Arabidopsis. 
Environmental and Experimental Botany. 227: 105948. 10.1016/j.envexpbot.2024.105948 
 
The second publication introduced a novel cryo-fixation method to analyse mesophyll 
anatomy in drought-stressed Arabidopsis leaves because any contact with water of the 
dehydrated tissue must be avoided. However, conventional light microscopy usually requires 
sample preparation steps such as dehydration or chemical fixa9on, which can introduce 
ar9facts and alter cellular or 9ssue morphology. This problem becomes even more severe 
when the plants’ hydraulic status is the target of the study. Thus, despite the importance of 
phenotypic markers, anatomical studies face significant challenges. We used an innovative 
tool for scanning electron microscopy and cryo-fixation without any water contact of the 
samples on the five Arabidopsis lines. We applied short- and long-term drought stress 
conditions to gain an understanding of the mesophyll alterations of the studied lines under 
the water stress. Interestingly, the results showed that, in short-term drought stress plants 
increased the leaf thickness, particularly in the palisade layer, while long-term drought stress 
resulted in the shrinkage of the spongy mesophyll.  
My contributions to this paper included supervising our master's student (Carina Leimhofer) 
during image acquisition, as well as the cultivation and maintenance of the Arabidopsis plants 
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under controlled conditions. I also conducted the data analysis using statistical software and 
modelling approaches. Additionally, I drafted the full manuscript, coordinated the submission 
process to the journal as the corresponding author, and managed subsequent revisions based 
on reviewer feedback to facilitate successful publication. 
Maryam Alsadat Zekri, Carina Leimhofer, Nicole Drexler, and Ingeborg Lang. 2025. A rapid 
freezing method to determine tissue layer thickness in drought-stressed leaves. Journal of 
Microscopy. 297: 316-24. DOI: 10.1111/jmi.13272 
 
In the third study, we inves9gated the dynamics of the stomatal 'wrong-way response', 
specifically examining how epidermal cell anatomy modulates these transient opening events. 
Five Arabidopsis cell lines with contrasting stomatal size, stomatal density, and pavement cell 
geometry were analysed in this comprehensive study. The WWR was induced using a sudden 
decrease in air humidity and leaf excision. Stomatal conductance was measured at high 
temporal resolution using infrared gas analysis, and methodological corrections were applied 
to account for chamber mixing and water desorption effects. Epidermal anatomical traits 
were characterized using scanning electron microscopy, with quantitative extraction of 
pavement cell size and shape parameters. The correlation between epidermal traits and 
transient stomatal opening highlighted the significant role of epidermal cell size in 
constraining the guard-cell function. These findings strengthen the idea that stomatal 
responses cannot be fully understood by examining guard cells alone but instead require 
holistic analysis of the surrounding epidermal tissue.  
My contributions to this paper encompassed the cultivation and maintenance of Arabidopsis 
plants under controlled environmental conditions, as well as data acquisition, which included 
gas exchange measurements, acquisition of scanning electron microscopy (SEM) images, and 
detailed anatomical analyses. I also assisted with data analysis using statistical software and 
modelling approaches to interpret the physiological and structural datasets. Additionally, I 
drafted the full manuscript and participated in the submission process to the journal, ensuring 
compliance with editorial guidelines and facilitating peer review. 
Maryam Alsadat Zekri, Daniel Tholen, Lukas Koller, Klara Voggeneder, Ingeborg Lang, 
Guillaume Theroux-Rancourt. 2026. Beyond Guard Cells: Epidermal Anatomy Determines 
Transient Stomatal Opening Under Water Stress. Physiologia Plantarum (Submission ID 
c9616141-c9d4-4790-9759-a0a9d91c2a15) 
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Lack of trichomes and variation in stomata properties influence the 
quantum efficiency of photosynthesis in Arabidopsis
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A B S T R A C T

This study investigates how the absence of trichomes and variations in stomatal properties affect the quantum 
efficiency of photosynthesis in Arabidopsis thaliana during drought stress. We analyzed three genotypes: Col-8 
(with trichomes and lower stomatal density), epf1epf2 (with higher stomatal density), and tmm-1 (lacking tri-
chomes and altered stomatal characteristics) to determine the influence of these anatomical traits on photo-
synthetic performance. Under well-watered conditions, epf1epf2 and tmm-1 exhibited higher photosynthetic 
efficiency (Fv!/Fm!) compared to Col-8. During drought stress, Col-8 maintained stable Fv!/Fm!, while epf1epf2 and 
tmm-1 experienced significant reductions. Our findings indicate that the presence of trichomes and higher sto-
matal density positively impacts photosynthetic efficiency under optimal watering while the presence of tri-
chomes becomes less crucial under drought stress. Efficient adjustment of stomatal density and size under 
drought conditions plays a more significant role. These insights emphasize the importance of considering 
anatomical traits in breeding programs to enhance drought resistance and photosynthetic performance in plants.

1. Introduction

Plants exhibit a remarkable ability to adapt to their environment 
through modifications in their anatomical features. Various anatomical 
properties, such as flower structures, leaf characteristics, and root fea-
tures, contribute to a plant’s ability to adapt to fluctuating environ-
mental conditions. Among these features, stomata and trichomes play 
pivotal roles in mediating plant responses to environmental conditions. 
Modifications in stomata and trichomes have been suggested as strong 
adaptive mechanisms to environmental stresses (Amada et al., 2020, 
Gasparini et al., 2021). Stomata, on one hand, allow CO2 to enter the leaf 
mesophyll for photosynthesis and, on the other hand, facilitate water 
loss from the leaf. These dual functions make stomata crucial for 
determining a plant’s water-use efficiency (WUE), which is the amount 
of biomass produced per unit of water taken up by the plant. The 
physical properties of stomata change significantly in response to 
environmental factors. For instance, reduced stomatal density has been 
observed under high CO2 levels and low light intensity (Bertolino et al., 
2019, Westbrook and Mcadam., 2021, Xu et al., 2016), and a reduction 
in stomatal size has been recorded under low water availability (Taylor 
et al., 2012, Xu and Zhou, 2008). Lower stomatal density has been 
associated with higher drought resistance by restricting transpiration in 

Populus nigra (Li et al., 2021) and improving water-use efficiency in 
barley (Hordeum vulgare) (Hughes et al., 2017) and rice (Oryza sativa) 
(Caine et al., 2023, Pitaloka et al., 2022a). Conversely, the olive cultivar 
(Olea europaea L.) with higher stomatal density showed improved 
photosynthesis under water scarcity, correlated with higher CO2 supply 
and assimilation (Ennajeh et al., 2010). In optimal environments 
without stresses such as drought, higher stomatal density and small 
stomatal size result in higher photosynthetic rates due to increased 
stomatal conductance (Lertngim et al., 2022). However, under drought 
stress, the quantum efficiency of photosynthesis decreases less severely 
in plants with lower stomatal density and smaller stomata (Pitaloka 
et al., 2022a). Nevertheless, there is a lack of knowledge explaining how 
higher stomatal density and smaller stomata, advantageous under 
optimal conditions, respond to drought stress and the extent to which 
alterations in stomatal density and size contribute to photosynthetic 
efficiency.

Trichomes, specialized elongated epidermal cells, are another 
physical property of plant leaves that increase surface roughness and 
enhance boundary layer thickness, thereby reducing its conductance 
although the mechanisms by which trichomes improve plant resistance 
to environmental stresses are not fully understood. It has been suggested 
that trichomes have no direct effect on total leaf gas exchange (Amada 
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et al., 2017, Pierce et al., 2021) while recent studies have revealed that 
trichomes indirectly affect gas exchange by influencing light absorbance 
and leaf temperature (Gasparini et al., 2021). For example, It has been 
demonstrated that in cold environments, trichomes increased leaf tem-
perature, which eventually improved photosynthesis yield (Amada 
et al., 2020).

To quantify plant stress, we measured the quantum efficiency of 
photosynthesis, a commonly used measure of the operating efficiency of 
photosystem II. This is calculated in light-adapted leaves as Fv!/Fm!→
(Fm!- F0!) / Fm!. Fm!represents the maximum chlorophyll fluorescence 
when all photosynthetic reaction centers are closed after a pulse of 
saturating light. F0! is the minimum chlorophyll fluorescence in light- 
adapted leaves, which is usually smaller than its equivalent, F0 (the 
minimum chlorophyll fluorescence in dark-adapted leaves), due to non- 
photosynthetic quenching. Generally, when plants suffer from envi-
ronmental stresses such as drought, the damage to the photosynthetic 
reaction centers results in more light energy escaping from the leaf as 
fluorescence, thereby decreasing Fv!/Fm!.

This study focuses on the model plant Arabidopsis thaliana to inves-
tigate how variations in stomatal properties and the presence or absence 
of trichomes influence photosynthetic efficiency, particularly under 
drought stress. Moreover, non-photochemical quenching (NPQ) and 
non-regulated non-photochemical quenching (PhiNO), which represent 
two alternative pathways for the dissipation of excess light energy 
within the leaf, along with the electrochromic shift (ECS), an indicator of 
the efficiency of electron transport within the photosynthetic apparatus, 
have been measured to assess plant stress. By comparing these genotypes 
under well-watered and drought-stressed conditions, we aim to illustrate 
the relationships between these anatomical traits and photosynthetic 
performance. Understanding these relationships is crucial for improving 
crop resilience to environmental stressors. Insights gained from this 
study could inform breeding programs aimed at enhancing drought 
resistance and optimizing photosynthetic efficiency in plants.

2. Material and methods

2.1. Plant material

Seeds of three genotypes of A. thaliana _Col-8, epf1epf2, and tmm-1_ 
were obtained from the Nottingham Arabidopsis Stock Centre. Based on 
the NASC database, the genotypes were selected based on distinctive 
anatomical features. Col-8 was selected as the wild-type with lower 
stomata density and larger stomata than epf1epf2 and tmm-1 in an 
optimal condition. tmm-1 (Too Many Mouths) mutant has clusters of 
stomata with significantly higher stomata count than wild type (Nadeau 
and Sack, 2002). Similarly, epf1epf2 shows higher stomata density and 
smaller stomata (franks et al., 2015) than Col-8. While Col-8 and 
epf1epf2 develop leaves with trichomes, tmm-1 exhibits glabrous leaves 
without trichomes (Zhang et al., 2021). Ten plants of each genotype 
were grown in separate pots (13 cm in diameter) containing a mix of 
50 % indoor plant soil (Kranzinger GmbH, Austria), 33 % quartz sand, 
and 17 % Perlite®. The plants were cultivated under stable conditions in 
a growth room (Conviron MTPS 120, Manitoba, Canada). All pots were 
fully saturated with water and left for one day before sowing the seeds. 
After germination, the pots were watered daily for four weeks. The 
growth room conditions were set to a day/night temperature of 23/18 
↑
C, 60 % relative humidity (RH), and a light intensity of 130–150 µmol 

m↓2 s↓1. The photoperiod was set to 14 hours of daylight.

2.2. Stress experiment

At the end of the four-week cultivation period, irrigation was ceased 
for 24 hours to drain excess water. Five pots were then selected as the 
control group (Group One) and continued to be irrigated daily as before. 
In the other five pots (Group Two), irrigation was stopped, and these 
plants were designated as stressed plants by drought. The environmental 

conditions in the growth room remained unchanged. A soil moisture 
meter (Aicevoods, model PH3) was used to measure relative soil hu-
midity. Two weeks after the treatment, MultispeQ V2.0 (PHOTOSYNQ 
INC., USA) was used to measure Fv!/Fm!, the quantum yield of photo-
synthesis (ΦII), NPQ, PhiNO, ECS, and leaf thickness in 20 randomly 
selected leaves. The LI-600 compact Porometer with Pulse-Amplitude 
Modulation (PAM) fluorometers (Germany) was used to measure sto-
matal conductance and boundary layer conductance in 20 leaves per 
genotype. To avoid the diurnal and circadian effect on the measure-
ments (Dodd et al., 2007, Xu et al., 2022), we conducted all the mea-
surements in the morning, three hours after the start of daylight.

Additionally, to illustrate the trichomes, microscopy images of the 
leaf surface were obtained using a Nikon Eclipse Ni microscope from six- 
week-old leaves in control plants.

2.3. Stomata density and size

To calculate stomatal density and size, five leaves were selected, and 
nail polish imprints were made of the abaxial (lower epidermis) and 
adaxial (upper epidermis) surfaces. Three random spots on each imprint 
were imaged using a Nikon Eclipse Ni microscope, and the number of 
stomata was counted with ImageJ/Fiji (version 2.14.0.1.54 f). The 
length of all stomatal apertures in these three random spots was 
measured using ImageJ/Fiji following the method described by Savvides 
et al. (2011) (Savvides et al., 2011).

2.4. Statistical analysis

The normality of the data was tested using the Shapiro–Wilk test, 
which revealed a non-normal distribution for all data sets. Conse-
quently, the nonparametric Kruskal-Wallis test was applied for statisti-
cal analysis using the R package (2023.09.0), as it is the nonparametric 
equivalent of a one-way ANOVA. In this study, the Kruskal-Wallis test 
was used to evaluate the null hypothesis that drought stress does not 
significantly change stomatal density, stomatal size, or Fv!/Fm!after two 
weeks of drought stress. Additionally, detected differences between 
group means, identified through the Kruskal-Wallis test, were further 
analyzed using Tukey’s post hoc test to determine significant differences 
in the R package (2023.09.0). Generalized linear regression was con-
ducted in the R package (version 4.3.2) to illustrate the linear rela-
tionship between stomatal anatomical properties and Fv!/Fm!using the 
equation Y → a ↔ bX, where ’a’ represents the y-intercept, ’b’ is the 
slope, and Y and X are the coordinates.

3. Results

At the end of the treatment, soil humidity in the control pots was 
89 %, while in pots where irrigation has been ceased, it reached to 32 %, 
representing optimal and low soil humidity, respectively (Rivero et al., 
2014).

Image acquisition of leaf surfaces showed the present of trichomes in 
Col-8 (Fig. 1a and d) and epf1epf2 (Fig. 1b and e) and the lack of tri-
chomes in tmm-1 (Fig. 1c and f).

Fluorescence measurements showed that Fv!/Fm!in control epf1epf2 
and tmm-1 was significantly higher than in control Col-8 (pω0.001) 
(Fig. 2a). Within each genotype, drought stress did not significantly 
change Fv!/Fm!in Col-8, whereas in epf1epf2 and tmm-1, drought stress 
significantly reduced Fv!/Fm!(Fig. 2a). The quantum yield of photosyn-
thesis in control Col-8 was significantly lower than in control epf1epf2 
and tmm-1 (pω0.001), but after drought stress, a significant increase in 
quantum yield in Col-8 (pω0.05) led to no difference between the 
stressed genotypes (Fig. 2b). Drought significantly decreased NPQ in 
Col-8 (pω0.05), while it caused an increase in epf1epf2 (pω0.1) (Fig. 2c). 
While, PhiNO decreased in stressed Col-8, epf1epf2, and tmm-1 (pω0.05, 
pω0.01 and pω0.01, respectively) (Fig. 2d), ECS decreased only in Col-8 
(pω0.05) (Fig. 2e).
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Gas exchange measurements with the Prometer indicated that sto-
matal conductance and boundary layer conductance were not different 
between control genotypes (Fig. 3a and b).

Well-watered epf1epf2 and tmm-1 exhibited higher stomatal density 
(pω0.001) than Col-8. After drought stress, epf1epf2 showed higher 
stomatal density than Col-8, while there was no difference between Col- 
8 and tmm-1 (Fig. 4a). Within the genotypes, drought stress increased 
stomatal density in Col-8 (pω0.01) but reduced it in epf1epf2 (pω0.01) 
and tmm-1 (pω0.01) (Fig. 4a). Well-watered epf1epf2 and tmm-1 had 

smaller stomatal size compared to well-watered Col-8 (pω0.001). After 
drought stress, epf1epf2 showed the smallest stomatal size, smaller than 
Col-8 and tmm-1(pω0.001), while tmm-1 showed the largest stomata 
compared to Col-8 and epf1epf2 (Fig. 4b). Within the genotypes, drought 
stress reduced stomatal size in Col-8 and epf1epf2 (pω0.001), while it 
increased stomatal size in tmm-1 (pω0.001) (Fig. 4b).

Additionally, drought stress significantly increased the inner leaf 
temperature in tmm-1 (pω0.01) (Fig. 4c). Although the leaf thickness in 
stressed Col-8 increased significantly compared to control plants 

Fig. 1. - The illustration of trichome in Arabidopsis leaves: Col-8 (a and d) and epf1epf2 (b and e) exhibit trichomes, whereas tmm-1 (c and f) shows a lack of 
trichomes. Images a-c display macroscopic leaf images (scale bar: 1 cm), and images d-f present light microscopy images of leaves (scale bar: 10 µm).

Fig. 2. - a) the efficiency of photosynthesis (Fv!/Fm!), b) the quantum yield of photosynthesis (ΦII), c) non photochemical quenching (NPQ), d) non-regulated non- 
photochemical quenching (PhiNO), and e) electrochromic shift (ECS) in control and stressed plants of Col-8, epf1epf2, and tmm-1. ***→pvalue ω0.001, **→pvalue 
ω0.01, *→pvalue ω0.05, ↗→pvalue ω0.1. Number of measurements: 20 leaves.
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(pω0.05), it remained unchanged by drought stress in both epf1epf2 and 
tmm-1 (Fig. 4d).

Since Fv!/Fm! in Col-8 did not change by drought stress, we used 
generalized linear models (glm) for epf1epf2 and tmm-1 to show the 
correlation between Fv!/Fm!and stomatal density. The linear regression 
model showed a significant correlation between decreasing stomatal 
density and decreasing Fv!/Fm!in epf1epf2 (r2 → 0.65, p ω 0.001) (Fig. 5a) 
and tmm-1 (r2 → 0.84, p ω 0.001) (Fig. 5b).

4. Discussion

In this study, we investigated the effects of variations in stomatal 
properties on photosynthesis in A. thaliana under both well-watered and 
drought stress conditions. Additionally, we examined how the presence 
of trichomes contributes to the photosynthesis under these conditions. 

Our results demonstrated the significant contribution of these anatom-
ical traits in photosynthetic performance and stress response of different 
Arabidopsis genotypes.

The lifespan of Arabidopsis typically ranges from 7 to 8 weeks from 
seed germination to seed production. However, this duration is reduced 
to 5–6 weeks under drought stress conditions (Rivero et al., 2014). 
Considering the 2–3 weeks required for seed germination and plant 
development, we deemed a 2-week treatment period sufficient to 
observe anatomical variations in Arabidopsis.

Our study showed that under well-watering regime, the inner leaf 
temperature of tmm-1 was not significantly different from Col-8 and 
epf1epf2. However, under drought stress, the inner leaf temperature of 
glabrous tmm-1 increased significantly. Meanwhile, we observed the 
same reduction in Fv!/Fm! in stressed epf1epf2, which possessed tri-
chomes, even though the leaf temperature was significantly lower than 

Fig. 3. - gas exchange measurements showed a) stomatal conductance and b) boundary layer conductance in well-watered and stressed Col-8, epf1epf2, and tmm-1. 
***→ pvalueω0.001, **→ pvalueω0.01, *→ pvalueω0.05. Number of measurements: 20 leaves.

Fig. 4. - a) the total number of stomata was counted to calculate stomata density (mm↓2) in stressed and control plants. Number of measurements: 5 leaves. b) size of 
the stomata was calculated in stressed and control plants. Number of measurements: 5 leaves. ***→ pvalueω0.001, **→ pvalueω0.01, *→ pvalueω0.05.
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in stressed tmm-1. Therefore, we concluded that under drought stress, 
the advantage of having trichomes diminished, as epf1epf2 did not show 
a significant different Fv!/Fm! compared to tmm-1. This suggests that 
although trichomes contribute positively to leaf cooling under water 
scarcity, their role in drought stress response might be limited. The 
similarity in boundary layer conductance between control and drought- 
stressed plants aligns with Benz and Martin (2016), who reported that 
trichomes had a negligible effect on boundary layer conductance and gas 
exchange (Benz and Martin, 2006). Given that boundary layer conduc-
tance showed no variation among the Arabidopsis plants in this study, 
we hypothesized that trichomes regulate internal leaf temperature by 
modulating radiation and the absence of trichomes in the glabrous 
leaves of tmm-1 likely caused increased heating due to radiation, as 
supported by observations in the hairy and glabrous leaves of tomato 
(Solanum lycopersicum) (Gasparini et al., 2021). However, our observa-
tions suggest that the heating caused by the absence of trichomes did not 
lead to the reduction in Fv!/Fm!.

The stomatal responses to drought stress further underscore the 
complex interplay between anatomical features and physiological per-
formance. Col-8 plants increased stomatal density under drought stress, 
a response not mirrored by epf1epf2 and tmm-1, which instead showed 
reduced stomatal density. This increase in stomatal density in Col-8 
could be a compensatory mechanism to already developed smaller sto-
mata to maintain CO2 uptake and mitigate stress impact on photosyn-
thesis. Our findings indicated that under well-watered conditions, Col-8 
developed larger stomata in lower density compared to epf1epf2 and 
tmm-1. However, drought stress caused higher stomatal density, and 
smaller stomata which are often considered advantageous under 
drought stress to optimize water-use efficiency (WUE) and photosyn-
thetic yield (Lertngim et al., 2022). While photosynthesis in epf1epf2 and 
tmm-1 was impaired through reduced PhiNO, Col-8 plants, despite 
showing decreases in ECS, NPQ, and PhiNO, were able to maintain 
photosynthetic efficiency by increasing stomatal density and leaf 
thickness. In this context, the increases in stomatal density and leaf 
thickness may represent structural adaptations that optimize and sustain 
photosynthetic efficiency. These changes collectively suggest that the 
plant is enhancing its resilience to drought by improving structural 
robustness. This observation aligns with Driesen et al. (2023), where 
basil leaves (Ocimum basilicum L.) increased stomatal density and 
reduced stomatal size as a strategy to cope with water scarcity (Driesen 
et al., 2023). Therefore, we concluded that Col-8 developed higher 

stomata density with smaller size in response to drought stress to in-
crease CO2 assimilation and optimize photosynthesis efficiency. In 
contrast, the reduced stomatal density in epf1epf2 and tmm-1 under 
drought stress likely contributed to their decreased photosynthetic ef-
ficiency, as evidenced by the significant correlation between reduced 
stomatal density and lower Fv!/Fm!(Fig. 5a and b). In this study, stomatal 
conductance did not follow the variations in stomatal density. Although 
higher stomatal density has been correlated with higher stomatal 
conductance (Caine et al., 2023, Pitaloka et al., 2022b), it has been 
suggested that stomatal conductance is essentially affected by intercel-
lular air space properties such as CO2 concentration, temperature, and 
humidity (Buckley, 2019). Typically, stomatal density is proportional to 
intercellular air space (Whitewoods, 2021), and hence the intercellular 
air space proportionally altered by variation in stomata density 
(Lundgren et al., 2019). Our observations indicated that the photosyn-
thetic efficiency is driven by the variation in stomatal density in 
conjunction with its proportion to intercellular air spaces, rather than by 
stomatal density alone. The increased leaf thickness induced by drought 
stress in Col-8, along with higher stomata density, provides a mechanical 
advantage to plants by enhancing their ability to retain more CO2, 
thereby improving the efficiency of photosynthesis.

The data demonstrated that the presence of trichomes and higher 
stomata density contribute positively to achieve higher photosynthetic 
efficiency under optimal watering conditions. However, under drought 
stress, Col-8 maintained a stable Fv!/Fm!by developing more stomata and 
thicker leaves. In contrast, both epf1epf2 and tmm-1 exhibited a signifi-
cant decrease in Fv!/Fm!, which regardless to the presence/absence of 
trichomes, is attributed to their fewer stomata compared to non-stressed 
plants. This indicates that it is not merely higher or lower stomatal 
density, but also the direction of variation in stomatal density drives 
photosynthetic efficiency.

Our results underline the necessity of considering anatomical traits 
such as trichomes and stomatal properties in breeding programs aimed 
at enhancing drought resistance and photosynthetic performance in 
plants. By considering the variation in anatomical characteristics and 
their role in photosynthesis efficiency before and after environmental 
stresses, it may be possible to develop crop varieties that can better 
withstand drought stress while maintaining high photosynthetic effi-
ciency. However, the potential role of trichome density and leaves 
cuticle has not been address in this study, leaving room for future 
research to explore how these factors, along with the studied factors in 

Fig. 5. - Generalized linear model showed the correlation between Fv!/Fm!and stomata density in epf1epf2 and tmm-1.
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the present work, may influence the efficiency of photosynthesis and 
plants stress responses. Since it has been previously suggested that genes 
involved in trichome and stomata formation may contribute to plant 
resistance to drought stress (Ruggenthaler et al., 2009, Zhang et al., 
2021), this study could be considered as a guideline for future molecular 
analysis and transcriptomic analysis to reveal the expression of genes 
involved in stomatal development, trichome formation, and drought 
response.
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Abstract
Plants have been affected by water stress ever since they settled on dry land. In
severe and persisting drought, plant leaves are wilting. However, a documen-
tation at the anatomical level of the minute changes that occur before wilting is
challenging.On the other hand, understanding the anatomical alteration in plant
leaves with respect to water stress provides a stronger basis to study molecular
and submolecular processes through which plants enhance drought tolerance.
In this work, we applied an affordable method to visualise mesophyll layers of
Arabidopsis thaliana cell lines without preparation steps that would alter the vol-
ume of the cells. We rapidly plunge-froze the leaves in liquid nitrogen, cut them
while in the N2 bath, and immediately imaged the mesophyll cross sections in
a scanning electron microscope. We applied a reduction of watering from &0 to
40 to 20mL per day and investigated two time points, ( and 12 days, respectively.
Interestingly, the overall thickness of leaves increased in water stress conditions.
Our results showed that the palisade and spongy layers behaved differently under
varying watering regimes. Moreover, the results showed that this method can be
used to image leaf sections after drought stress without the risk of artefacts or
swelling caused by contact to liquids as during chemical fixation.

KEYWORDS
Arabidopsis thaliana, drought stress, genotypes, mesophyll, plunge freezing, SEM

1 INTRODUCTION

As sessile organisms, plants are used to changes in
the environment and have adopted several mechanisms,
ranging from metabolic processes and signal transduc-
tion pathways to morphological responses.1 Both, soil
properties (pH, salinity, soil porosity) as well as atmo-
spheric conditions such as exposure to sunlight and CO2
concentrations greatly influence a plant’s productivity.2

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2024 The Author(s). Journal of Microscopy published by John Wiley & Sons Ltd on behalf of Royal Microscopical Society.

Here, we focused on water deficiency as an abiotic stress
factor.
Plants are capable of handling daily fluctuations in

water supply and combat drought conditions for some
time. There is a threshold when exceeding water or
drought stress can damage plant tissue. If the loss of water
exceeds its uptake, plants start to wilt. The ‘permanent
wilting point’ is an indicator for the irreversibility of cell
damage due to drought stress. In the literature often a
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value of −1.5 MPa is found, which means a water loss of
%0%.1 At this stage, the plant’s vitality decreases, resulting
in higher susceptibility to pathogens, visual morphologi-
cal changes like reduced growth and yield, and eventually
death. Thus, cell turgor and a hydrostatic skeleton is
essential for normal plant growth.
The anatomical properties of plants can be modified

to facilitate their adaptation to long and/or short-term
environmental water fluctuations.% Changes in stomata
density,4,5 the thickness of the cuticle,&,( rearrangement of
parenchyma cells.,) or trichome density10 are some exam-
ples of how anatomical properties optimise physiological
responses.
Even though plants may change their anatomy to cope

with environmental fluctuations, implementation of such
changes needs time. Therefore, the numerous observa-
tions implying the role of initial reactions and immediate
switches in anatomy due to water stress cannot be under-
estimated. It has been frequently reported that stomata
density (SD) and stomata size (SS) have a huge con-
tribution in physiological responses and adaptations of
plants.11–14 Due to higher cell surface to volume ratio,
smaller stomata respond faster to humidity changes11 and
stomata density optimises photosynthesis in fluctuating
environmental CO2 concentration and humidity.15 The
general idea implies that intercellular air space is pro-
portional to the stomata density and size. It has been
documented that a protein called Stomagen is synthe-
sised in the mesophyll and induces stomata density in the
epidermis.1&–1. Therefore, environmental stresses such as
drought stress may change the anatomy of the epidermis
through affecting the mesophyll dynamics.
The thickness of the leaf mesophyll mainly comprises

the layers of palisade and spongy parenchyma. The spongy
parenchyma is commonly known as a layer with larger
intercellular air spaces, which makes this layer more
involved in leaf gas exchange and transportation.1) The
palisade layer is characterised by densely packed and elon-
gated cells with less intercellular space. The palisade cells
aremore responsible for photosynthesis.20 The effect of the
whole leaf thickness on carbon assimilation has been show
before,21 as well as the role of the volume of intercellu-
lar air represented by the thickness of the spongy layer,22
and the thickness of the palisade layer on photosynthesis.2%
Still, how the anatomy of the mesophyll may alter during
drought stress is not yet clear. One possible reason for this
ambiguity is that in most studies, the mesophyll thickness
was evaluated with light microscopy techniques.
Light microscopy is usually the method of choice

because the cells and tissue should be alive to follow
the dynamic processes. However, sample preparation and
investigation in water is not feasible for drought-stressed
tissue due to immediate water uptake by wilted cells. X-ray

Microcomputed Tomography (µCT) with high beam inten-
sity, for example, at a synchrotron light source, showed to
be very efficient in image acquisition of fresh leaf segments
at high resolution within subseconds.24 However, this
technique requires accessibility to the light source facility
and is very expensive. To solve this dilemma, we looked for
a cryo-immobilisation technique to rapidly freeze drought-
stressed leaves and investigate the respective tissue layers
in their near-to-native state in a scanning electron micro-
scope, without chemical fixation or staining. That way, we
succeeded in the determination of water loss at the tis-
sue level in drought-stressed Arabidopsis leaves. To test
our simple preparationmethod and to investigatemorpho-
logical changes in leave tissue layers, we froze leaves of
four different A. thaliana genotypes with varying stomatal
traits: clusters of stomata, increased number of stomata, or
stomata on both sides of the leave. We aimed to measure
the effects ofwater loss as differences in thickness of (a) the
whole leaf, (b) the palisade and (c) the spongy mesophyll.
Our main objectives in this work are: (1) to evaluate the
accuracy of cryo- immobilisation to investigate the minute
changes in size of mesophyll layers after different watering
regimes and (2) to investigate the effect of drought intensity
(moderate and severe) and duration (short and long-term)
on the thickness of the palisade and spongy parenchyma
layers. We hypothesised that the different mesophyll lay-
ers react differently to water loss. Additionally, we want to
test the hypothesis that under moderate stress for a short
time, the thickness of the leaf may increase to elevate the
photosynthesis rate thereby enabling a plants’ resistance to
lack of water.25,2&

2 MATERIAL ANDMETHODS

2.1 Plant material

Four genotypes ofArabidopsis thaliana (Col-. as wild type,
tmm1, lcd1-1 and UBP15-overexpression) were ordered
from the Nottingham Arabidopsis Stock Centre.2( Based
on the NASC database, the genotypes were selected based
on distinctive anatomical features. tmm1 (toomanymouths
(tmm)) mutant has clusters of stomata2. with significantly
higher stomata count than wild type. In lcd1-1, growth is
decelerated due to a low cell density (lcd) in the palisade
layer.2) UBP15 is a transgenic line that grows much bigger
than the wild type and its leaves are more curled. Epi-
dermis cells and palisade parenchyma cells are increased
per area (The Arabidopsis Information Resource (TAIR)).
Col-.was selected as the wild-type or the background line.
Three plants per each genotype were grown in separate

pots (diameter = 1% cm) containing 50% indoor plants’ soil
(Kranzinger GmbH, Austria), %%% quartz sand, and 1(%
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318 ZEKRI et ,-.

Perlite R⃝ at stable conditions in a growth room (Convi-
ron MTPS 120, Manitoba, Canada) and watered daily with
&0 mL water for a cultivation period of 5 weeks. Based
on the size of the pots and soil composition, &0 mL was
the maximum volume of water that remained in the soil
and did not drain from the pots. All the pots were fully
saturated with water and left for 1 day before sowing the
seeds. The temperature at day was 22.2◦C and at night
1.◦C, relative humidity (RH) was &0% and light intensity
1%0–150 µmol/m2 s. The photoperiod of the plant chamber
was set to 1& h day length.

2.2 Stress experiments

After 5 weeks, the plants of the control group were con-
tinued to be watered daily with &0 mL water as before
(Treatment group 1; control). Treatment group 2 received
reduced water of 40 mL daily and treatment group % only
got 20 mL daily. The relative soil humidity was measured
with moisture meter (HH2, Delta-T Devices) after ( and 12
days. The relative soil humidity after irrigation with &0, 40
and 20 mL, respectively, was ∼(5%, 50% and %0%, respec-
tively. According to Rivero et al. (2014), the (5%, 50% and
%0%, relative soil humidity are correlated to high, mild,
and low humidity, respectively.%0 All other parameters in
the growth chamber were kept constant. After ( days of
this watering regime, one leaf of each genotype from each
treatment group was selected for plunge freezing and con-
secutive scanning electron microscopy (SEM). This time
was considered as short-term stress. After 12 days, which
was considered as long-term stress, leaves from all geno-
types and all treatment groups were taken again for plunge
freezing and imaging. Selection criteria for the leaves were
as follows: similar size, stemming from first or second
apical nodus, not touching bare soil or the pot (Figure 2).

2.3 Sample preparation for SEM

High resolution and exact measurements of the hydra-
tion status in drought-stressed tissue was essential for
this study. We excluded chemical fixation to eliminate the
risk of chemically induced morphological changes like
swelling or shrinkage.
From each genotype and treatment, two fully developed

leaves with no sign of rapture or abnormality were selected
and cut from the plant with a razor blade. They were
mounted along the leaf distal axis on a custom-built holder
for SEM (Figure 1A) and immediately plunged into liquid
nitrogen to preserve leave ultrastructure. Subsequently a
razor blade was used to create a sharp lateral-section of the
leaf while still submerged in liquid nitrogen (Figure 1B).

Figure 1C depicted all equipment that are required for
sample preparation including holder forceps, long forceps,
heater and liquid N flask. Frozen samples were immedi-
ately transferred to a Hitachi TM-1000 tabletop scanning
EM operated at 15 kV and equipped with a highly sensi-
tive semiconductive BSE detector (https:// www. scribd.
com/ document/ 50150%).2/Manual-TM1000). The low-
vacuum condition needed for detectors in the TM-1000 did
not require any specimen coating; therefore, no sputter-
coating was applied in the present work. Pictures were
taken at amagnification of &00× or .00×, respectively. The
middle of the leaf, that is, approximately the same distance
from the main leaf vain and the leaf edge, was considered
to take three images next to each other of each leaf.

2.4 Tissue traits

We used two leaves per plant and took three images of
each leaf. In each leaf, we took three measurements from
each layer and also measured the overall thickness. Thus,
in each image, the total thickness of the leaf, the palisade
layer and the spongy layer were measured in three spots.
The border between the palisade layer and spongy layer
was drawn by considering all the palisade cells’ sizes (the
shortest and longest palisade cell) in Fiji (Fiji%, 2022). We
calculated the mean of the three measurements in each
photo: (1) diameter of whole leaf, (2) thickness of pal-
isade layer and (%) thickness of spongy parenchyma layer
(Figure 2). For all parameters, we used the program Fiji
(Fiji%, 2022).

3 RESULTS

One leaf of all four genotypes ofA. thaliana, namely, tmm1,
lcd1-1 and UBP15-overexpression, as well as Col-8 (wild
type) was carefully cut, placed in the SEM-sample holder
and immediately plunge-frozen in liquid nitrogen. As an
example, Figure % shows the leaves of plants of the wild
type (Col-.) during the stress experiment watered with
&0 mL (Figure %A), with 40 mL (Figure %) and 20 mL
water, respectively (Figure %C). The corresponding cross
sections of the selected leaves after plunge freezing are
imaged directly in SEM without coating (Figure %D–F).

3.1 Macroscopic changes

Over the course of the experiment, the plants subjected
to drought stress showed in poor development and
morphological alterations. In Arabidopsis line tmm1, we
observed an unspecific, yellowish discoloration at the leaf
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ZEKRI et ,-. 31(

F IGURE 1 Sample preparation for EM: (A) custom-designed holder with three plunging spots; (B) the custom-built holder submerged
in liquid nitrogen to freeze the mounted leaves; (C) the forceps used to immerse the leaf holder into liquid nitrogen (red arrow), and to hold
the razor blade to cut the leaf while submerged in liquid nitrogen (black arrow), the heater to remove ice from the tools (yellow star).

F IGURE 2 SEMmicrograph of a cross section of Col-.
genotype of A. thaliana. Individual tissue layers are indicated by
blue lines; longest palisade cells define the thickness of palisade
layer (e.g. cell in the centre of this image). The thickness of palisade
layer, spongy layer and total thickness including the epidermis were
measured. Bar = 100 µm.

margins in all treatment groups. Plants of line lcd1-1 were
overall smaller than in the control group and they felt
firm and stiff; some leaves showed yellow margins. UBP15
plants were wilting quickly at high water stress (20 mL
water).

3.2 Short-term stress (7 days)

A comparison between the watering regimes of &0 mL
(control), and reduced water dosage of 40 and 20 mL,
respectively, after ( days, is given in Figure 4. Already at the
start of the experiments in fully watered plants, we noticed
a striking difference in leaf thickness between the different
genotypes. Col-. and UBP15 had the thinnest leaves while
tmm1 had the thickest leaves (Figure 4A, left plots). In the
linesUBP15 and tmm1, this difference resultedmainly from

the palisade layer, which is the thinnest and the thickest,
respectively (Figure 4B, left plots).
The changes induced by reducing water from &0 to

40 mL in the thickness of the leaf in general, varied
between the genotypes with little significance (Figure 4A).
However, comparing &0 to 20 mL water dosage, we
observed an overall increase in thickness in all lines apart
from lcd1-1 (Figure 4A). In particular, UBP15 and tmm1
had the thickest leaves when only given 20 mL of water.
While in lcd1-1, the reduced overall leaf thickness is due to
the thinnest palisade layer, the great increase in thickness
in line UBP15 resulted from the thick spongy parenchyma
layer (Figure 4B and C).
Taking a closer look at each genotype, we see a sig-

nificant increase in the leaf thickness from &0 to 40 mL
and to 20 mL (Figure 4A). In the wild-type genotype
(Col.), the increased leaf thickness in moderately watered
and severely stressed plants resulted from an increase in
spongy parenchyma (Figure 4B) as there is no significant
difference in the palisade layer (Figure 4B). The leaf thick-
ness in lcd1-1 increased slightly from &0 to 40mL watering
but dropped significantly in severely stressed plants (20mL
water; Figure 4A right plots). The decreased leaf thickness
of lcd1-1 rooted from a reduction in thickness of spongy
parenchyma in the least watered plants (Figure 4C). Oppo-
site to Col-. and lcd1-1, the overall leaf thickness, palisade
and spongy layers of tmm1 decreased from &0 to 40 mL
irrigation but interestingly, increased significantly in the
plants that only got 20 mL of water (Figure 4A–C). The
leaf thickness of UBP15 increased slightly while watering
was reduced so that in severely stressed plants, it is signif-
icantly higher than in fully watered plants (Figure 4A–C).
In UBP15, both palisade and spongy parenchyma lay-
ers increased significantly in severely stressed plants and
caused the overall increase in thickness (Figure 4C).
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32) ZEKRI et ,-.

F IGURE 3 Col-. (wild type) after long-term stress (12 days). A–C shows the Col-. plants; selected leaves for freezing are indicated. The
original watering regime was &0mL (A), 40mL (B) and 20mL (C). D–F: Cross sections of selected leaves A–C. Note the shrinking of the
whole leaf and the increasing cell density at the tissue level in the mesophyll. Bar = 100 µm.

F IGURE 4 Comparison of A.t. genotypes after ( days of reduced watering (‘short-term stress’) showing thickness of (A) whole leaf, (B)
of palisade parenchyma layer and (C) of spongy parenchyma layer. Water dosage was &0mL, 40mL and 20mL, respectively. n = 12
measurements.
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F IGURE 5 Comparison of A.t. genotypes after 12 days of reduced watering (‘long-term stress’) showing thickness of (A) whole leaf, (B)
of palisade parenchyma layer and (C) of spongy parenchyma layer. Water dosage was &0mL, 40mL and 20mL, respectively. n = 12
measurements.

3.3 Long-term stress (12 days)

After 12 days of irrigation with &0 mL water, the overall
thickness of the leaves clustered into two groups: tmm1
and UBP15 had thicker leaves than the genotypes lcd1-1
and Col. (Figure 5A, left plots). tmm1 showed the high-
est leaf thickness as well as the thickest palisade and
spongy parenchyma layers. Line lcd1-1 had the thinnest
leaves overall and also the thinnest palisade layers in
all treatments. However, in severely water-stressed leaves
(only 20 mL water), the spongy layer of lcd1-1 line signif-
icantly increased in thickness (Figure 5A–C). These two
lines also differed most in the thickness of the spongy
parenchyma with tmm1 having the highest and lcd1-1
the lowest thickness of the spongy parenchyma layer
(Figure 5C). Interestingly, under severe water stress, the
high overall thickness of the leaf in lcd1-1 resulted from the
spongy layer (Figure 5A and C) while in tmm1, the high
overall thickness of the leaf resulted from the palisade layer
(Figure 5A and B).
Similar to the short-term stress, we see a significant

increase in the leaf thickness from &0 to 40 mL and
to 20 mL in long-term stress (Figure 5A). The overall
leaf thickness of Col-. increased significantly from &0 to
40mLwatering resulting from both, a significantly thicker
spongy and palisade layer (Figure 5A–C). In severely
stressed plants that only received 20mLofwater, the thick-
ness of Col. leaves decreased manly within the spongy
parenchyma (Figure 5C), resulting in an overall thickness
that is similar to &0 mL watering (Figure 5A, right plots).
By contrast, in lcd1-1, significant changes only occurred
after switching from moderate (40 mL) to severe (20 mL)
water stress, resulting in a significant increase in thick-

ness in this line within the spongy parenchyma (Figure 5A
and C). Also, in line tmm1, the palisade layer did not
change by increasing water stress, but the overall leaf
thickness increased in 40 mL water dosage as a result of
increased thickness of the spongy parenchyma (Figure 5).
In UBP15, the thickness of parenchyma layers remained
almost constant by reducing the water dosage in long-term
water stress (Figure 5A–C).

3.4 Discussion

Drought is a severe challenge for plants, greatly reducing
growth and yield. Here we looked at changes at the tissue
level of four genotypes ofArabidopsis thaliana (Col-8, lcd1,
tmm1 and UBP15) to evaluate the role of reduced water as
well as the duration of this stress. To analyse the minute
changes at the tissue level in drying leaves, high- resolu-
tion microscopy without re-wetting the samples – as in
conventional light microscopy – was essential. In conven-
tional light microscopy at the tissue level, living material
is usually prepared on slides in a water film or the samples
are fixed and embedded in resin. However, for the present
research question, any preparation in water or liquids was
impossible as drought-stressed cells could quickly regain
full turgor in any liquid or fixative thereby distorting poten-
tial changes of cells by water loss and tissue shrinkage.
To circumvent this dilemma, all leaves were plunge-frozen
and transferred directly to the SEM for imaging without
any further treatment or contact to liquids.
Here, the investigated Arabidopsis lines reacted very

differently and in particular, the layers of the mesophyll
showed distinctive swelling and shrinking patterns. In
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general,mostmicroscopic differences observed in the over-
all leaf thickness originated from the spongy parenchyma.
Moderate water stress for a short time increased the leaf
thickness in all genotypes except in tmm1, which can be
related to the lack of trichomes in this genotype. Tri-
chomes play a major role in mitigating the consequences
of stress by conserving water in plants,& adjusting the
leaf temperature%1 and/or protecting against light.%2 An
increase in leaf thickness in drought-stressed plants has
been observed before.25,%%,%4 However, the leaf thickness
and specifically palisade thickness of lcd1-1 decreased sig-
nificantly under severe stress. Due to the mutation, lcd1-1
produces less cells per leaf area.%5 Therefore, it is spec-
ulated that lcd1-1 could compensate short-term drought
stress but was more susceptible to severe stress. The con-
trasting genotype to lcd1-1, UBP15 with higher cells per
leaf area, showed a significantly higher tolerance with
almost no changes in leaf thickness over the course of the
experiment.
Interestingly, tmm1 compensated severe drought stress

for the short-term treatment very well but was suscep-
tible when the stress persisted. On the other hand, the
leaf thickness in this line increased in the medium water
dosage and the longer stress period. Opposite to tmm1,
leaves of lcd1-1 became thicker under severe stress in long-
term while in short-time severe stress, the leaf thickness
was less than in fully watered plants. In both tmm1 and
lcd1-1, a significant variation in the spongymesophyll layer
was mainly responsible for the observed change in overall
leaf thickness. This observation differentiates the thick-
ness of palisade and spongy layers over time. It implies
that in short-term drought stress, the palisade layer ismore
affected by the water stress while in persisting, longer
times of stress, the main variation occurs in the spongy
layer. Thus, our results showed that the mesophyll plays
a major role in drought tolerance of plant leaves, in partic-
ular the spongy mesophyll layer in long- and short-term
stress. Our data showed that the significant alteration
(either increase or decrease) in leaf thickness resulted from
changes in both spongy and palisade parenchyma. It is
speculated that the elevated thickness of the spongy layer
accelerates the rate of the photosynthesis by increasing
the mesophyll conductance (gm).%& Therefore, developing
thicker leaves by increasing the thickness of spongy and
palisade layers is considered as an adaptation to drought
stress to elevate the water use efficiency in low water
availability conditions.%(,%.
Due to their respective and specific leaf anatomy, the

chosen genotypes reacted differently, for example, by a
delay of this effect. Under severe stress conditions, the
genotype UBP15 handled water stress better in short-
term stress while lcd1-1 showed increasedmesophyll tissue
thickness in long-term stress condition. The tmm1 geno-

type could at first increase the water content in this
layer when being exposed to drought but shrinkage still
occurred during the treatment period. The thick palisade
layer in normal, bifacial leaf anatomy, as shown in control
plants (Col-.), also supported water loss in the beginning
and the middle of the experiment; shrinkage as response
to water shortage only occurred at the end of the severely
stressed plants (20mL water dosage).
The chosen genotypes with the respective anatomical

differences help to evaluate our results of significant dif-
ferences in mesophyll properties when plants are exposed
to various levels of drought stress. We continue to anal-
yse and relate these results to physiological data. We
are aware of the fact that drought stress fuels the phy-
tohormone synthetisation of abscisic acid (ABA), which
regulates stomatal closure to avoid water loss.%) Further-
more, stressed plants produce elevated levels of reactive
oxygen species (ROS) in their cells40 and the carbon
metabolism in photosynthesis is also affected by a short-
age in water supply.41 So, further studies regarding ABA,
ROS or soluble sugar determination are necessary to link
anatomical features and physiological responses triggered
by drought conditions.
Here we described a novel technique with a focus on

challenging sample preparation to image drought-stressed
leaves without manipulating the cell turgor pressure,
which is inevitable in most light microscopy techniques.
Our approach is an affordable and efficientmethod to visu-
alise temporal and spatial alteration in mesophyll. We call
for more studies applying this technique on other plants’
structures such as stems and roots.
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Abstract 12 

The rapid and transient increase of stomatal conductance in response to a sudden water 13 
deficit in plants, known as the wrong-way response (WWR), is hypothesized to result from 14 
turgor loss of the epidermal cells, which pulls the guard cells apart, leading to the opening of 15 
the stomatal pore. Variations in WWR amplitude and duration likely stem from differences in 16 
epidermal anatomy and/or cell density, which influence the localized turgor responses driving 17 
stomatal movement. This study tested this hypothesis by aiming to induce WWRs through 18 
both a sudden increase in the leaf-to-atmosphere vapor-pressure deficit and leaf excision. We 19 
investigated the WWR kinetics in five Arabidopsis thaliana lines with varying stomatal and 20 
pavement cell characteristics. Stomatal conductance was measured at high temporal 21 
resolution using infrared gas analysis and epidermal anatomical traits were characterized 22 
using scanning electron microscopy. No WWR was detectable following a rapid decrease in air 23 
humidity. By contrast, leaf excision consistently triggered a WWR across the majority of leaves 24 
and lines examined, enabling robust analysis of response kinetics. While the magnitude of the 25 
WWR did not differ among lines, significant variation was observed in the duration of stomatal 26 
opening. Lines with smaller pavement cells exhibited a significantly shorter WWR. The rate of 27 
stomatal opening following excision was strongly correlated with pavement cell area, path 28 
length, and branch length, but not with stomatal size or density. These findings indicate that 29 
pavement cell size, rather than cell shape or stomatal dimensions, is a key determinant of the 30 
mechanical coupling underlying the WWR. 31 

Keywords: stomata, pavement cells, epidermis, Wrong-Way Response (WWR), Arabidopsis thaliana, leaf 32 
anatomy 33 
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2 Introduction 35 

Stomata are tiny pores on the leaf surface that act as gatekeepers between the atmosphere 36 
and the leaf interior, regulating the intake of CO₂ and limiting transpiration. These pores are 37 
highly sensitive to environmental conditions that alter the plant's water potential, such as soil 38 
drought or declining air humidity. Stomatal closure in response to a water deficit is typically 39 
explained by a hydroactive feedback mechanism involving the accumulation of abscisic acid 40 
(ABA), which triggers the release of osmotic solutes from the guard cells. This process reduces 41 
osmotic pressure in these cells, leading to the closure of the stomata (via the wdm 42 
package;Buckley, 2019; Bharath et al., 2021). Nevertheless, stomatal closure is not the 43 
immediate response of plants to a decline in water potential. Instead, a transient opening of 44 
the stomata immediately after the drop in water potential and before the eventual closure of 45 
stomata is typically observed (Darwin, 1898; Ivanov, 1928; Buckley et al., 2011; Cadart et al., 46 
2019). This phenomenon, known as the Wrong-Way Response (WWR), is considered a 47 
hydropassive feedback resulting from reduced epidermal turgor pressure, which pulls apart 48 
the turgid guard cells, causing the stomata to open (Cowan, 1972; Buckley et al., 2011; Cadart 49 
et al., 2019). The role of pavement cells in pulling apart the guard cells following an immediate 50 
reduction in water potential has been described as the epidermal mechanical advantage 51 
(Buckley, 2019). This concept implies that the transient opening of a stoma in response to the 52 
drop in water potential is influenced not only by the physical properties of the stoma itself, 53 
but also by those of the surrounding pavement cells. While it is well-documented that physical 54 
properties of stomata, such as size and density, play a significant role in their movement 55 
(Franks and Beerling, 2009; Buckley et al., 2011; Carlson et al., 2015; Bertolino et al., 2019; 56 
Haworth et al., 2021), there remains a gap in our understanding of how physical characteristics 57 
of stomata and pavement cells affect the dynamics of transient opening. With our study we 58 
aim to address this gap by providing empirical data to shed light on the hypothesis of the 59 
epidermal mechanical advantage.  60 

The role of pavement cell geometry in stomatal development (Dow and Bergmann, 2014) and 61 
responses to environmental stresses (Clauw et al., 2015) suggests that epidermal anatomy is 62 
a significant factor that modulates responses of plants to variations in water potential. In 63 
addition, smaller cells with a higher surface-area-to-volume ratio respond faster to osmotic 64 
changes (Drake et al., 2013; Giday et al., 2013; Kardiman and Rabild, 2017; Nunes et al., 2020) 65 
and it has been suggested that -mechanical pressures impact smaller structures less 66 
significantly than larger ones (Bassel et al., 2014). Additionally, stomatal density has been 67 
shown to play a role in gas exchange and stomatal conductance (Kardiman and Rabild, 2017; 68 
Harrison et al., 2020), aiding in the regulation of water potential.  69 

In this study, we investigated the kinetics of the WWR in five Arabidopsis lines with contrasting 70 
epidermal anatomical features. The selected Arabidopsis lines varied in stomatal length, 71 
stomatal density, and pavement cell characteristics such as area, circularity, and number of 72 
lobes. These traits were analyzed to elucidate their role in the hydropassive response. We 73 
hypothesized that Arabidopsis lines with smaller pavement cells and stomata would be more 74 
resilient to mechanical forces resulting from water potential perturbations. Additionally, we 75 



examined whether pavement cells with significantly different interdigitation (e.g. a higher 76 
lobe count and higher cell convexity) exhibit greater resistance to mechanical pressures like 77 
turgor. The observed line-specific differences in stomatal and pavement cell characteristics 78 
highlight their crucial role in leaf responses to water stress, suggesting that optimizing these 79 
traits is key to enhancing plant water use efficiency and stress tolerance. 80 

2 Material and Methods 81 
2.1 Plant material and growth conditions 82 

Seeds of five A. thaliana lines were provided by NASC (NASC, 1991; lines are described in Table 83 
1). 14 plants per line were grown in individual pots (diameter = 13 cm) containing 50% potting 84 
soil (Kranzinger GmbH, Austria), 33% quartz sand, and 17% perlite. Plants were grown for five 85 
weeks in a growth room (Walk-in FytoScope, Conviron MTPS 120, Manitoba, Canada) with a 86 
16 h photoperiod, 130-150 µmol m-2 s-1 photosynthetic photon flux density, 22/18°C Day/night 87 
temperature, and 60-65% humidity (RH). Only well-grown and fully expanded leaves were 88 
used for further analysis (described below). 89 

Table 1. A. thaliana lines used in this study and their respective phenotypic traits.  90 

line 
NASC 
catalog 
number 

Notes 

Col-8 N60000 Wild type 
epf1epf2 N67139 Increased stomatal cell density compared with the wild type  

lcd1-1 N6359 Low cell density in the leaf palisade parenchyma, resulting 
in decreased chlorophyll content per leaf area  

SALK069 N569127 Bigger leaves and rosette than wild type 

UBP N70771 

Larger and rounder rosette leaves than wild type in early 
stages, severely downward curled in later stages; sometimes 
show a knot in the leaf tip region in later rosette leaves, such 
as the ninth rosette leaf; increased epidermal and palisade 
cell number across the leaf blade  

2.2 Stomatal density and pore length 91 

To extract features of the epidermal cells, detailed images of the epidermis were collected by 92 
Scanning Electron Microscopy (SEM). Talbot and White (2013) compared several different 93 
tissue preparation methods for SEM and found that fixation by methanol and dehydration in 94 
ethanol typically results in the best preservation of tissue size and morphology (Talbot and 95 
White, 2013). We therefore adapted this method for our purposes. 10 mature leaves per line 96 
were fixed in 100% methanol for 10 minutes, followed by two dehydration steps in 100% 97 
ethanol for 30 minutes. Critical point drying (Leica, CPD300) was performed based on the 98 
manufacturer’s protocol (CPD300, 2012). Three leaves were randomly selected from each line 99 
to collect anatomical features. Two pieces were excised from each leaf, one representing the 100 
abaxial surface and the other the adaxial surface and mounted on stubs using double-sided 101 
adhesive carbon tape. The leaf pieces were cut from the well-expanded portion of the leaf, 102 
avoiding the edges, tip, areas near the main vein, and petiole. Since the imaging was 103 



performed under high vacuum, the samples were coated with gold (Small Multi-target Metal 104 
Ion Sputtering Coater Machine, Model Number, TMAX_BY_JS11). Three images at different 105 
locations on the abaxial and adaxial surface were acquired by SEM (JEOL IT300) (Fig. 1). On 106 
each image, three individual squares (5000 x 5000 µm) were selected to measure stomatal 107 
density. Stomatal length was defined as the length of the guard cells (Savvides et al., 2011) 108 
and was measured on 100 stomatal apertures per leaf (300 stomata apertures per line) using 109 
ImageJ (Schindelin et al., 2012).    110 

2.3 Extraction of epidermal cell features 111 

Based on the recommendations of Möller et al. (2017) and Sapala et al. (2019), six different 112 
epidermal characteristics were analysed. Lobe count, convexity, and circularity were chosen 113 
to characterize the shape of pavement cells, while three additional features, i.e. cell area, 114 
branch length, and longest path length were selected to represent cell size (Möller et al., 2017; 115 
Sapala et al., 2019). Lobe count indicates the total number of lobes along the cell contour, 116 
convexity measures the degree of indentations, and circularity assesses how closely the cell 117 
shape approximates a circle. Cell area denotes the total projected area of a cell, branch length 118 
refers to the length of the lobes, and longest path length represents the longest straight line 119 
that can be drawn through the cell (Sapala et al., 2019). 120 

To extract features of pavement cells, SEM images were analysed using the PaCeQuant plugin 121 
of Fiji/ImageJ (Möller et al., 2017). Since this plugin requires high-contrast images, cell 122 
boundaries were first manually highlighted in GIMP-2.10 (The GIMP Development Team, 123 
2019) and added to the image as a second layer, which was used in PaCeQuant (Fig. S1). Figure 124 
1 shows representative SEM images of the abaxial and adaxial epidermis of the five 125 
Arabidopsis lines. 126 

 127 

Figure 1. SEM images of abaxial (upper row) and adaxial (lower row) surfaces of five 128 
Arabidopsis lines. Scale bar: 50µm. 129 

2.4 Gas exchange measurements and WWR experiments 130 

The plants were watered daily for a cultivation period of six weeks. After the growth period, 131 
stomatal conductance to water vapor (gsw) was measured using a portable infrared gas 132 
analyzer system (LI-6800, LI-COR Biosciences, Lincoln, NE, USA). The leaf temperature inside 133 
the chamber was maintained at 25°C along with a light level of 400 μmol m−2 s−1 and a 134 



reference CO2 concentration of 400 µmol mol-1. Air flow rates through the sample chamber 135 
were kept constant at 400 µmol s-1 during leaf excision but increased to 500 µmol s-1 during 136 
humidity changes to facilitate faster mixing of air inside the chamber. The humidity of the air 137 
entering the leaf chamber was set to a relative humidity of 60%, corresponding to a leaf-to-138 
atmosphere vapor-pressure deficit (VPD) of 1.2 kPa. Before initiating the WWR experiments, 139 
leaves were acclimated to these conditions for 10–15 minutes to reach a steady state. We 140 
considered gas exchange to be in a steady state when fluctuations in gsw did not exceed 0.1 141 
mol m-2 s-1 for 5 minutes. Subsequently, the humidity was reduced to ~19% RH, corresponding 142 
to a VPD of 2.5 kPa. To study epidermal anatomy, 10 leaves per line were labeled and put 143 
aside for subsequent microscopic analysis (see below). Seven leaves were used for the second 144 
WWR experiment, in which their petiole was cut just below the lamina to separate the leaf 145 
from the plant using a razor blade (called “excision” hereafter) (Fig. 2) 146 

2.5 Correction for lags resulting from chamber mixing and water desorption 147 

After changing the humidity in the leaf chamber, the water differential in the chamber 148 
becomes unstable. Zait et al. (2024) characterized the response of artificial plastic leaves and 149 
concluded that water concentrations were unstable for 3 minutes post-switch due to the gas 150 
turnover time of the chamber (Zait et al., 2024). However, the effect of water desorption from 151 
chamber walls can persist even longer and Buckley et al. (2011) fitted a two-phase exponential 152 
model to the empty chamber response to correct for both issues. We followed a similar 153 
approach by using a 200 µm Polytetrafluoroethylene foil (PTFE; LI-COR Biosciences, Lincoln, 154 
NE, USA) representing a leaf as control measurement. We subsequently fitted a smoothed 155 
biphasic power law to the relation between time and the difference between sample and 156 
reference humidity. Sample water concentrations were corrected using this model and 157 
stomatal conductance was recalculated using the gasanalyzer package (Tholen, 2024). Large 158 
outliers persisted immediately after changing the VPD, even with the correction. Because the 159 
WWR peak is expected to occur several minutes later (Buckley et al. 2011), we discarded data 160 
from the first 36 seconds to avoid these initial gas transients. 161 

2.6 The kinetics of the WWR 162 

The kinetics of the WWR were analyzed using gsw values extracted at specific time points (Fig. 163 
2), following Buckley et al. (2011). Time 1 (T1) represents the moment where gsw reached a 164 
steady state before switching to a higher VPD (g1), time 2 (T2) indicates the time when gsw 165 
reached its maximum during the WWR (g2), and time 3 (T3) is when gsw returned to the g1 166 
value (g3). Time 4 (T4) indicates the time when gsw stopped changing (g4) and at which the 167 
petiole was cut from the leaf, time 5 (T5) indicates the moment where gsw peaked (g5), and 168 
time 6 (T6) is when gsw dropped back to the level of g4. The kinetics of the WWR were described 169 
by the size (S), length (L), and rate (V = S/L) based on Buckley et al. (2011). The size of the 170 
WWR represents how much stomatal conductance increased (g2 - g1 or g5 - g4) after an 171 
increase in VPD or leaf excision, and the WWR length represents how long it took to reach the 172 
maximum stomatal conductance after an increase in VPD or leaf excision (T2 - T1 or T5 - T4; Fig 173 
2). 174 



 175 

Figure 2. Schematic of the expected stomatal conductance in response to a reduction in 176 
humidity and leaf excision at time points T1 to T4, respectively. T1 indicates the time of 177 
humidity reduction. At T2, gsw reaches its highest value. At T3, gsw drops back to the value of 178 
gsw at T1. At T4, the leaf was excised. The highest gsw occurred at T5 after cutting the leaf. At 179 
T6, gsw dropped back to gsw at T4. Sh: WWR size caused by reducing the humidity, Lh: WWR 180 
length caused by reducing the humidity, Se: WWR size caused by excision, and Le: WWR length 181 
caused by excision. 182 

2.7 Statistical analysis 183 

Differences between groups were tested using a one-way anova or linear mixed-effect model 184 
using R version 4.3.2 (R Core Team, 2024) and the lme4 package (Bates, 2015). Pairwise 185 
comparisons between means were done using the emmeans package (Lenth, 2024) using the 186 
Tukey method for p-value adjustment. The normality of the data was confirmed using a 187 
Shapiro–Wilk test. Correlation significance between anatomical traits and WWR parameters 188 
was determined using a weighted Kendall’s test (via the wdm package;  (Nagler, 2025)) rather 189 
than Pearson’s correlation because it better captures possible non-linear, monotonic 190 
relationships while remaining robust to outliers and heteroscedasticity. Weights were 191 
assigned based on the combined relative error of the traits, defined by the product of their 192 
respective sample sizes divided by their variances, to mitigate the influence of high-variance 193 
outliers on the correlation coefficient.  194 

3 Results 195 
3.1 Stomatal density and size 196 

The stomatal density of epf1epf2 was typically doubled relative to that of the other lines (p < 197 
0.001; Fig. 3). There were no significant differences in total stomatal density among Col-8, 198 
lcd1-1, SALK069, and UBP15. Average length of the guard cells was generally consistent across 199 
lines, except that in UBP15, pores were 5-7% (p<0.05) larger compared to epf1epf2 and lcd1-200 
1 (Fig. 4).  201 



 202 

Figure 3. Stomatal density of 5 different Arabidopsis lines on the abaxial and adaxial surface, 203 
and in total. Different letters indicate a significant difference according to Tukey's honest 204 
significant difference test (n = 10). 205 

 206 

Figure 4. Size of abaxial and adaxial guard cells, and mean size of guard cells from both 207 
surfaces, among the five different Arabidopsis lines studied. Different letters indicate a 208 
significant difference according to Tukey's honest significant difference test (n = 10)  209 

3.2 Features of pavement cells 210 

Projected areas of the pavement cells on the abaxial side were largest for Col-8 and UBP15, 211 
although the difference only achieved significance in comparison with epf1epf2 (67-68%, p < 212 
0.01; Fig. 5). epf1epf2 cells on this leaf surface also showed higher circularity than Col-8 (32%, 213 
p<0.001), lcd1-1 (29%, p<0.001), SALK069 (25%, p<0.01), and UBP15 (23% higher, p<0.01), and 214 
shorter branch lengths compared to UBP15 (27%, p<0.01) and marginally so when compared 215 
to Col-8 (21%, p = 0.065). The longest path through a cell was also shorter in epf1epf2 than in 216 
Col-8 (49% shorter, p<0.001), SALK069 (40% shorter, p<0.001), UBP15 (47% shorter, p<0.001), 217 
and lcd1-1 (39% shorter, p<0.001). epf1epf2 had the highest cell convexity, being 7-9% 218 
(p<0.001) higher than all other lines, and had 44-52% fewer lobes compared to the other lines. 219 



Results for the adaxial leaf side were very similar, although the differences were typically 220 
somewhat smaller (Fig. S2). 221 

 222 

Figure 5. Anatomical characteristics of epidermal cells on the abaxial leaf surface in the five 223 
lines of A. thaliana. Different letters represent a statistically significant difference between the 224 
lines for each trait analyzed (n = 10). 225 

3.3 WWR parameters  226 

Gas-exchange data showed clear changes in water mole fractions, transpiration rates and 227 
stomatal conductance after a change in VPD and after leaf excision. However, after accounting 228 
for chamber mixing and water desorption, the increase in gsw in response to a VPD change was 229 
negligible in all five lines (Fig. S3). Following leaf excision, a clear WWR was typically observed 230 
(Fig. S4). The features defining the WWR were quantified as described in Figure 2. The size of 231 
the WWR was comparable across all 5 lines, but differences in response length were observed, 232 
with epf1epf2 having a significantly shorter WWR compared to the Col-8 control plants (Fig. 233 
6). Interestingly, several replicates of SALK069 and lcd1-1 did not show a WWR, increasing the 234 
variance and reducing the size and length of the averaged response (Fig S4). 235 



 236 

Figure 6. WWR parameters in response to leaf excision (n= 5-7). A) Size of the WWR, relative 237 
to steady-state stomatal conductance before excision. B) Length of the WWR. C) Rate of the 238 
WWR (V), computed as S/L. Different letters represent a statistically significant difference 239 
between the lines for each trait analyzed. 240 

3.4 Relationships between WWR parameters and leaf anatomical properties 241 

The length of the WWR following excision (L) was significantly correlated on the abaxial 242 
surface to pavement cell area (p=0.038) and the longest path length (p=0.022), but not with 243 
branch length (p=0.18), stomatal density (p=0.13), or guard cell length (p=0.96; Fig. 7). The 244 
rate of WWR following excision (V) presented stronger correlations with abaxial epidermal 245 
features. V showed significant relationships on the abaxial surface with pavement cells area 246 
(p=0.015), longest path length (p=0.019), and branch length (p=0.037; Fig. 7). As for L, there 247 
were no correlations with stomatal density (p=0.28) or guard cell length (p=0.89). 248 

 249 

Figure 7. Relationships between the length (L, top row) and the rate (V, bottom row) of 250 
stomatal transient opening following leaf excision and anatomical properties on the abaxial 251 



surface for five studied A. thaliana lines. Points show mean values for each Arabidopsis line, 252 
with horizontal and vertical bars representing standard deviation for each variable. 253 
Statistically significant correlations are represented with a black line. No significant correlation 254 
was observed with stomatal features. 255 

4 Discussion 256 

In this study, we analyzed sudden stomatal opening in response to a drop in water potential 257 
triggered either by a switch from low to high VPD or by leaf excision, commonly referred to as 258 
the wrong-way response (WWR). The most widely accepted hypothesis explaining the WWR 259 
suggests a passive and ABA-independent pathway following a decrease in water potential: a 260 
decline in turgor pressure of the pavement cells pulls the guard cells apart, resulting in 261 
transient stomatal opening (Buckley, 2019). 262 

Buckley et al. (2011) observed a WWR after increasing VPD that peaked between 7 and 11 263 
minutes after changing humidity in 20 species with heterobaric or homobaric leaves and 264 
herbaceous or woody life forms (Buckley et al., 2011). For different Arabidopsis lines, Zait et 265 
al. (2024) reported durations between 8 and 17 min (Zait et al., 2024). At our relatively high 266 
flow speeds (500 µmol s-1), the effect of gas-mixing and water desorption from the chamber 267 
walls can persist for 10 min after a change in chamber humidity. After appropriate correction 268 
for such effects, we found no evidence for an increase in gsw following a change in humidity. 269 
This highlights that failing to account for the effects of mixing and water desorption can easily 270 
lead to misinterpretation of the size and length of the WWR. We confirmed our results in 271 
separate experiments with the same Arabidopsis lines grown in different growth-chambers 272 
(with a photoperiod of 10 h and a light intensity of 300 µmol m-2 s-1) and measured with 273 
different gas-exchange equipment (GFS-3000, Heinz Walz GmbH, Effeltrich, Germany). Since 274 
it takes time for the humidity concentration in the gas-exchange chamber to stabilize, a 275 
response faster than 36 seconds could have occurred. However, it is very unlikely that the 276 
hydroactive response would trigger after such a short timeframe and suppress a WWR 277 
(Buckley et al., 2011; Vialet-Chabrand et al., 2017). Transient responses to humidity are not 278 
consistently observed in all individuals and species (Buckley et al. 2011). This aligns with our 279 
own results and indicates that, under our growth and measurement conditions, the epidermal 280 
cells of Arabidopsis may simply not dehydrate rapidly enough following a humidity drop to 281 
trigger a WWR. It may be that the time required for the humidity to stabilize at the lower level 282 
(less than 40 s) was not abrupt enough, or the high VPD (2.5 kPa) was not substantial enough 283 
to trigger substantial epidermal dehydration.  284 

When leaves were excised, some notable differences in the responses of the different lines 285 
were observed. The line with the smallest pavement cells, epf1epf2, exhibited the shortest 286 
WWR (Fig. 6). L, as well as V, were correlated to the size of the pavement cells on the abaxial 287 
surface (through cell area and the longest path length within cells; Fig. 7). Therefore, the 288 
observed relation between decreasing size of the pavement cells on the abaxial surface and 289 
shorter L or smaller V suggests that it is the size, rather than the shape, of the pavement cells 290 
that drives the rate of WWR. Thus, smaller cells may exert less backpressure on the guard 291 
cells. In agreement with this view, Bassel et al. (2014) demonstrated that when large 292 



embryonic cells of Arabidopsis sp. are subjected to pressure, they expand more than smaller 293 
cells (Bassel et al., 2014). Similarly, results by Sapala et al. (2018) supported the view that 294 
plants confront mechanical stresses through higher cell interdigitation or smaller cell size 295 
(Sapala et al., 2018; Bidhendi et al., 2019). This implies that small cells are more resilient to 296 
volume changes under mechanical stresses and supports the idea of higher capability of small 297 
structures to adjust their anatomy to confront mechanical stresses (Drake et al., 2013; 298 
Kardiman and Rabild, 2017; Théroux-Rancourt et al., 2021; Caine et al., 2023). 299 

The observed differences in stomatal responses following the humidity or excision treatments 300 
may be related to the nature of the induced water deficit. The decrease in leaf water potential 301 
following low humidity is likely more gradual and primarily driven by external environmental 302 
factors. The water loss of epidermal cells is influenced by mechanical barriers such as the 303 
cuticle (Riederer and Schreiber, 2001), trichomes (Zhu et al., 2024), and, more generally, by 304 
the boundary layer conductance (Schuepp, 1993; Jones, 1999). Leaf excision, on the other 305 
hand, disrupts the water supply from the soil, causing a severe and abrupt decline in leaf water 306 
potential. Although epidermal properties may still affect the rate of dehydration, the latter 307 
may also be affected by other tissues in the hydraulic pathway, such as the bundle sheaths 308 
cells, which are known to control water flow from the xylem into the mesophyll cells (Sade et 309 
al., 2015; Hua et al., 2021). In addition, embolism formation in the xylem may also influence 310 
the dynamics of the WWR (Salleo et al., 2000; Buckley et al., 2011). Therefore, the absence of 311 
a WWR following a change in humidity may be related to the capacity of the leaf to maintain 312 
the hydration status of the epidermis through continued water supply from the mesophyll or 313 
xylem. Excision of the petiole would not allow such a mechanism and therefore induce a WWR.  314 

The findings of this study enhance our understanding of stomatal responses and the 315 
mechanisms by which plants react to changes in water potential. It also gives further insights 316 
into plant adaptability and resilience and supports previous results for other plant species. 317 
Shorter WWR durations and slower stomatal opening rates were associated with smaller 318 
pavement cells, but these features were independent of stomatal traits. This highlights the 319 
distinct roles of pavement cell geometry and stomatal anatomy in epidermal organization and 320 
demonstrates how cell packing specifically shapes leaf physiological responses. Understanding 321 
these relationships is essential for breeding programs aimed at improving plant resilience to 322 
environmental stressors. However, as previously discussed, stomatal responses are influenced 323 
by more than just stomata and pavement cells and follow-up studies on the anatomical 324 
properties of the mesophyll and vascular tissue in plants with varying WWR kinetics are 325 
suggested to generate a more holistic view of the dynamics of stomatal transient opening. In 326 
addition, future research should explore the genetic mechanisms underlying driving these 327 
morphological traits and evaluate their direct impact on plant fitness in various environments. 328 
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3. Discussion 
The objective of this doctoral research was to show how plant anatomical features at multiple 
levels, ranging from epidermal structures such as stomata and trichomes to internal cellular 
and subcellular structures of tissues and leaves, contribute to a physiological performance 
under contrasting water availability. Based on the three studies presented in this thesis, the 
consistent outcome is: anatomical plasticity plays a central role in determining plants 
responses to variations in water availability, yet the functional significance of individual traits 
is strongly context dependent. This work combines whole-leaf physiological measurements 
with detailed anatomical analyses, providing more insights to fill the gap between classical 
physiological studies and modern cell-biological approaches. The results collectively 
demonstrate that neither stomatal traits, trichomes, nor internal cellular organization alone 
can explain water responses. Instead, plant response to water stress arises from coordinated 
adjustments of multiple structures within leaves. 

3.1. Stomatal traits as dynamic regulators rather than fixed determinants  

The first key contribution of this thesis is that stomatal density and size should be interpreted 
as dynamic traits meaning that stomatal density and size are plastic depending on 
environmental conditions, and their modification has the key role in plants responses to a 
water deficit. We demonstrated that Arabidopsis sp., lines with inherently high stomatal 
density (e.g. epf1epf2 and tmm-1) exhibited higher photosynthetic yield (Fvʹ/Fmʹ) under well-
watered conditions, which aligns with previous studies that higher stomatal abundance 
enhances CO₂ diffusion and light-use efficiency when water is not limiting (Bertolino et al., 
2019; Sakoda et al., 2020a). However, as stomatal density declined, the photosynthetic yield 
also decreased. Notably, lines with higher initial stomatal densities exhibited a pronounced 
decline in photosynthetic yield when stomatal numbers decreased below their initial levels, 
even though stomatal density remained higher than in control plant (Col-8). This observation 
is consistent with studies showing that altered stomatal density or reduced stomatal 
conductance can influence primary photosynthetic reactions (Schlüter et al., 2003; Singh and 
Raja Reddy, 2011). In contrast, no significant change in Fvʹ/Fmʹ was observed in stressed wild-
type (Col-8) plant. The increase in stomatal density and a reduction in stomatal size, along 
with stable Fvʹ/Fmʹ in stressed wild-type plants (Col-8) supports prior studies demonstrating 
that a high density of smaller stomata is an adaptive advantage, enabling plants to optimize 
CO₂ uptake and photosynthetic gas exchange under fluctuating environmental conditions 
while minimizing water loss through transpiration, thereby preventing drought-induced 
damage and preserving overall photosynthetic performance (Franks and Beerling, 2009; 
Pitaloka et al., 2022; Caine et al., 2023; Haworth et al., 2023; Liu et al., 2023). These findings 
support the view that the adjustment of stomatal density and size enhances stomatal 
responsiveness and water-use efficiency under stress, which is consistent with recent work in 
plant model species and crops (Haworth et al., 2021; Lei et al., 2022; Caine et al., 2023; Liu et 
al., 2023).  
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3.2. Evaluadng the funcdonal role of trichomes under drought stress  

The first publica9on in this thesis examines how trichomes influence plant responses to 
drought stress (Zekri and Lang, 2024). Trichomes are often assumed to improve drought 
tolerance by increasing boundary layer resistance and reducing leaf temperature(Amada et 
al., 2017; Amada et al., 2020). Although this thesis confirms this view by showing higher leaf 
temperature in trichome-free Arabidopsis line tmm-1 under drought, the physiological 
consequences of this elevated temperature were not as expected. Although the leaf 
temperature was elevated, tmm-1 did not exhibit a stronger decline in Fv´/Fm´ when 
compared to the trichome-bearing line epf1epf2. This observation suggests that trichomes 
alone do not protect the photosynthetic apparatus under water limitation. No significant 
difference in boundary layer conductance among lines diminished the importance of 
trichomes under drought stress, which supports the view that internal leaf features and 
stomatal adjustments may be more effective than the presence of trichomes when water 
availability is the main constraint (Benz and Martin, 2006; Bickford, 2016; Amada et al., 2017; 
Buckley, 2019). In the absence of trichomes, the tmm-1 leaves likely absorbed more radiation, 
which contributed to increased leaf heating without necessarily impairing photosystem yield. 
As mentioned before, the study highlights that drought responses were more strongly 
associated with stomatal adjustments than with trichome presence. For instance, the wild-
type Col-8 maintained photosynthetic yield under drought by increasing stomatal density, 
which enhances CO₂ diffusion into the inner leaf. In contrast, epf1epf2 and tmm-1 exhibited 
reduced stomatal density under drought, which coincided with decreased photosynthetic 
performance. These findings suggest that internal leaf anatomical traits and stomatal 
regulation play a more decisive role in maintaining photosynthetic function during water 
limitation than features such as trichomes. This finding challenges models of leaf energy 
balance (Amada et al., 2017; Bertolino et al., 2019; Amada et al., 2023; Tan et al., 2025) that 
rely on single factors and calls for a more holistic interpretation of trichome function that also 
includes the interactions with internal anatomy and physiological regulation. 

3.3. Mesophyll architecture as hidden determinants of stress tolerance 

The anatomical and ultrastructural analyses presented in the microscopy-based study (Zekri 
et al., 2025) provides a deeper understanding of the internal structures of studied Arabidopsis 
lines. Alterations in mesophyll organization and compartmentalization under water stress 
indicate structural adjustments in plants in response to environmental stress (Momayyezi et 
al., 2025; Sun et al., 2025). While  an increase in leaf thickness and stomatal density (along 
with a decrease in stomatal length) in drought-resistant species has been reported (Khan et 
al., 2022), others  observed a decrease in leaf thickness and photosynthesis (Wang et al., 
2018). The changes in leaf thickness observed in drought-stressed plants  (Khan et al., 2022; 
Sun et al., 2025), suggest an active modification of leaf internal architecture in response to 
dehydration. We showed that the observed changes in mesophyll structure, particularly in 
the spongy parenchyma, were largely responsible for the alterations in leaf thickness under 
drought. Such modifications may influence mesophyll conductance and internal CO₂ diffusion, 
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suggesting that anatomical adjustments within the leaf can contribute to maintaining 
photosynthetic performance during water stress. We therefore propose that increasing the 
thickness of mesophyll layers may represent a structural adaptation that improves water-use 
efficiency and photosynthetic capacity under limited water availability. Such modifications 
could  alter chloroplast positioning to increase electron transport efficiency and decrease 
irreversible photodamage (Kitashova et al., 2021), as illustrated in this study by the 
pronounced changes in the spongy parenchyma and palisade layer in response to different 
water regimes (Zekri et al., 2025). In agreement with this finding, light microscopy analysis of 
palisade and spongy cells revealed a significant re-allocation of chloroplasts after drought 
stress (Kato et al., 2025). Nevertheless, Kato et al. (2025) reported more pronounced 
alterations in the palisade layer under drought conditions and therefore suggested that this 
tissue is more responsive to the drought regime. This conflict may be explained by differences 
in sample preparation, as their method involved leaf dehydration before imaging. Such 
dehydration steps can cause structural artifacts, potentially leading to misinterpretation of 
tissue responses (Nagy-Déri et al., 2011). We established a novel technique to depict 
mesophyll modifications with minimal manipulation during sample preparation, enabling 
rapid and low-cost analysis of mesophyll structure. This technique, while requiring skilful 
handling of leaves and rapid, precise cuts, allows immediate imaging of the mesophyll at the 
scanning electron microscopy level, thereby providing an accurate representation of its state 
at the time of sampling. 

3.4. Epidermal mechanical advantage and hydropassive behaviour 

The final part of this thesis sheds light on the kinetics of the wrong-way response and 
demonstrates that it is regulated by more than just guard cells, with surrounding pavement 
cells playing a key role in defining the WWR. Our observations indicate that plants with larger 
pavement cells (e.g. Arabidopsis lines Col-8 and UBP15) exhibit a more significant WWR, while 
plants with smaller abaxial pavement cells, particularly epf1epf2, show a reduced WWR. This 
observation suggests that a smaller and more compact epidermal cell network results in 
greater mechanical stability and can buffer hydropassive stomatal opening. Our work 
confirms the idea that the epidermal geometry, rather than stomatal traits per se, addresses 
the hydropassive transient opening and is consistent with the concept that pavement cells 
have a mechanical constraint on guard cells, so that their rapid loss of turgor following a 
sudden drop in leaf water potential temporarily relieves backpressure and allows stomata to 
open (Franks and Farquhar, 2007). Collectively, our data provide empirical support for the 
epidermal mechanical advantage hypothesis (Buckley, 2019) and highlight epidermal cell size 
and packing as promising anatomical targets for modulating transient stomatal behaviour 
under water stress. 

3.5. Limitadons of Gas-Exchange Measurements in Resolving WWR induced by high 
VPD  

In our study of the WWR following a reduction in air humidity, we did not detect a significant 
stomatal transient opening after correcting for gas-mixing effects, although a significant 
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response was detected after leaf excision. The absence of a WWR following humidity 
reduction can be due to the long air-mixing time in the measurement chamber, which was 
sufficiently long for stomata to adjust, overcome the back pressure from surrounding 
pavement cells, and initiate closure. In our measurements, gas-mixing effects lasted for 
almost 10 minutes. Zait et al. (2024) applied a comparable experimental protocol and 
reported a WWR duration of approximately 9 minutes in wild-type Arabidopsis (Zait et al., 
2024). While we do not rule out the possibility of absent WWR under high VPD, we suggest 
that the prolonged chamber equilibration time may have prevented the transient stomatal 
opening that typically follows a decline in air humidity. Large variations in chamber gas-mixing 
times reported by several studies (Buckley et al., 2011; McAdam and Brodribb, 2015; Binstock 
et al., 2023; Zait et al., 2024) raise concerns about the reliability of standard gas-exchange 
protocols for quantifying WWR under changing humidity conditions. We argue that the 
current gas-exchange approach should be applied with more caution, as it may not be able to 
reliably induce rapid transient stomatal responses. Methodological refinements, including 
improved chamber design, higher-frequency data acquisition, and explicit modelling of mixing 
and response kinetics, are likely required to accurately resolve these dynamics. 

3.6. Abaxial-Adaxial decoupling and whole-leaf hydraulics 

We have also observed that WWR parameters show a stronger link with anatomical traits on 
the abaxial surface, indicating the functional decoupling between leaf sides and suggesting 
that spongy mesophyll architecture and abaxial hydraulic connectivity more strongly 
influence hydropassive responses. Moreover, the rapid freezing technique, which allowed us 
to capture the in situ state of the mesophyll under short- and long-term drought stress (Zekri 
et al., 2025), showed that the two mesophyll compartments, palisade and spongy 
parenchyma, respond differently and should be treated as two separate systems in analyses 
of drought stress responses. This aligns with structural-functional frameworks highlighting the 
spongy mesophyll as a key driver of internal CO₂ diffusion and hydraulic capacitance (Earles 
et al., 2018; Théroux-Rancourt et al., 2021b). In this regard, Driesen et al (2023) demonstrated 
greater sensitivity of adaxial stomata to environmental stimuli, as evidenced by more closed 
stomata in the adaxial surface compared to the abaxial surface. Pathare et al (2020) showed 
that adaxial stomata play a more important role in mesophyll conductance. These findings 
highlight that models or experiments which treat the leaf as a single, homogeneous structure 
may overlook important functional differences, leading to misinterpretation.  
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4. Implica8ons and future direc8ons 
In this doctoral project, I consider the work as foundational research that establishes the basis 
for subsequent studies and future investigations. The transient opening of stomata remains 
a relatively understudied phenomenon, and it was therefore essential to develop a robust 
foundation and conceptual understanding. Establishing this groundwork enables the next 
research steps to be defined with greater clarity and rigor. From an applied perspective, this 
work highlights that:  

1. There are risks of targeting individual anatomical traits only, such as increased 
stomatal density or enhanced trichome coverage. Instead, breeding for drought 
tolerance should prioritize and consider the cumulative effect of leaf traits, 
anatomical plasticity, and coordinated structural responses in studies of internal leaf 
organization with respect to environmental stimuli. Evidence from this thesis shows 
that neither stomatal traits, trichomes, nor internal cellular organization alone can 
fully explain plant responses to water limitation. Rather, drought tolerance and 
hydraulic responses emerge from coordinated adjustments across multiple tissues, 
including the epidermis and mesophyll, which together regulate gas exchange, water 
relations, and photosynthetic performance. For example, changes in stomatal density 
did not consistently translate into corresponding changes in stomatal conductance, 
highlighting that physiological performance depends on interactions between 
stomatal traits and other anatomical features of the leaf. The results of this work 
demonstrate that internal leaf structures, such as mesophyll architecture and 
pavement cell geometry, can significantly influence stomatal behaviour and plant 
responses to water stress. Consequently, a holistic perspective that integrates 
epidermal, mesophyll, and whole-leaf structural traits is required to better understand 
and improve plant drought resilience. 

2. Future research should extend this approach to explore the genetic controls 
underlying coordinated anatomical adjustments. The overexpression of the epf1 
gene in rice (Mohammed et al., 2019) and barley (Hughes et al., 2017) resulted in 
decreased stomatal density and higher water use efficiency and drought resistance. 
The overexpression of ZmSDD1 in maize plants reduced stomata density, which has 
been further correlated with higher drought resistance, WUE, and photosynthetic rate 
(Liu et al., 2015). The overexpression of STOMAGEN in Arabidopsis resulted in higher 
stomata density and CO2 assimilation rate (Tanaka et al., 2013). More studies have 
examined the genetic control of stomatal density and size; however, the concomitant 
modifications associated with these genetic manipulations are often overlooked, for 
example, how such changes are reflected in mesophyll architecture or in the size and 
shape of epidermal cells. Therefore, and in line with highlight 1, we call for 
investigations into the genetic regulation of individual anatomical traits alongside 
assessments of how modifications in that trait may induce changes in other 
anatomical properties, before evaluating the effects of modifications in that trait on 
physiological responses. 
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3. Future studies should extend this work to include a wider range of species with 
contrasting epidermal cell anatomy, mesophyll architectures, and leaf hydraulic 
properties. Such comparative analyses would provide a robust test of the mechanical 
advantage of the epidermis over the WWR in stomatal dynamics. Through this, 
researchers can better understand how physical and hydraulic traits interact to 
influence transient stomatal behaviour. Extending this approach across angiosperm 
lineages would illuminate the evolutionary pressures shaping stomatal regulation and 
clarify how different plant groups respond to rapid environmental fluctuations in 
water availability. These insights could ultimately improve predictions of plant 
performance under drought and other water-limited conditions. 

4. Beyond the anatomical factors, addidonal regulators of cytoskeletal dynamics and 
cell wall biosynthesis should be considered into the inves9ga9ons as they contribute 
to epidermal pacerning and geometry. For instance, proteins that modulate ac9n–
microtubule crosstalk, as well as cellulose synthase complexes and their associated 
regulators, can influence anisotropic cell expansion and thereby alter final cell 
geometry. Microtubule-associated proteins define the cell shape and the spatial 
patterning of cell wall deposition by affecting the organization of the cortical 
microtubule cytoskeleton (Ruggenthaler et al., 2009). ROP proteins, a family of plant 
Rho GTPases, contribute to cell shape by defining where lobes and indentations of 
pavement cells form (Fu et al., 2002; Feiguelman et al., 2017). In addition, KIP-related 
protein 4 (KRP4) controls epidermal cell size by holding cells in the G1 phase before 
entry into S phase; larger cells contain lower KRP4 concentrations, whereas smaller 
cells have higher concentrations (D’Ario et al., 2021). I did not quantify these proteins 
and therefore suggest measuring their abundance or activity in future work. for 
example, targeted proteomics techniques and/or fluorescence-based protein 
localization, could reveal whether these regulators act uniformly across the epidermis 
or show cell-specific patterns. These approaches provide more information to link 
epidermal anatomy to underlying genetic regulation.  

5. In this study, Arabidopsis lines with contras9ng epidermal anatomical characteris9cs 
were used to evaluate the mechanical advantage of the epidermis. However, these 
lines differ significantly in mesophyll architecture, stomatal density and size, trichome 
abundance, and the anatomical modifica9on under water stress. To minimize the 
influence of these confounding variables, I recommend applying targeted gene9c 
approaches to modify pavement cell anatomy within a single control background. 
Based on protein quan9fica9on analyses (highlight 4 above), I propose gene9c 
modifica9on and expression of proteins that play a major role in determining 
pavement cell anatomy in a single Arabidopsis control line. This allows a more direct 
assessment of how varia9ons in pavement cell shape and size influence epidermal 
mechanics and, consequently, hydropassive stomatal behaviour. Furthermore, it 
would enable clearer acribu9on of observed physiological responses to specific 
cellular traits, reducing ambiguity arising from whole-leaf structural heterogeneity. 
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Nevertheless, I s9ll recommend building on the findings of this thesis and applied 
techniques by incorpora9ng mesophyll architecture, boundary layer conductance, and 
stomatal density and size into WWR analyses to achieve a more comprehensive 
characteriza9on of leaf anatomy. 

6. Although gas exchange measurements under controlled environmental condi9ons are 
a widely accepted and reliable method for analyzing WWR, technical limita9ons 
regarding the measurement devices and the need for correc9ons of data can introduce 
significant uncertainty into the results. Instrument-specific issues such as chamber 
leakage, leaf and sensors misalignment or displacement, and the 9me required for air 
stabiliza9on can affect measurement accuracy if not carefully controlled. In addi9on, 
variability in correc9on protocols may further contribute to inconsistencies, especially 
when analyzing stomatal responses to changes in VPD. Therefore, I recommend 
applying advanced microscopy techniques to directly visualize WWR. In this context, 
our attempts to design a custom-built chamber that simultaneously controls 
environmental conditions and captures live stomatal responses were unsuccessful. 
However, novel approaches such as custom-built plugins specifically designed for 
stomatal response imaging (https://www.miatecs.com/phenom) can be modified 
through collaboration with the manufacturer to allow visualization of stomatal 
movements under lowering air humidity. Additionally, there has been a substantial 
progress in live stomatal imaging by integrating gas exchange measurements with 
confocal microscopy, a system that could be further adapted to allow precise 
environmental control during WWR visualization (Crawford et al., 2025). Moreover, 
monitoring real-time ABA dynamics in guard cells using FRET-based ABA biosensors 
(e.g., ABAleon) could enable precise and non-invasive ABA quantification of the timing 
of ABA accumulation and help determine the onset of ABA (Waadt et al., 2014). 
Through live imaging of transient stomatal opening and tracking the onset of ABA 
signaling as the ini9a9on point of the hydroac9ve response, it becomes possible to 
obtain a precise measurement of WWR dura9on. Therefore, we can generate robust 
evidence on the duration of the WWR and address the conflicting reports in the 
literature regarding this parameter.  

https://www.miatecs.com/phenom
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Zusammenfassung 
Seit die grundlegende Arbeit von Gregor Mendel die Gene2k durch die Beobachtung von 
Pflanzenphänotypen begründete, hat die Forschung in der Pflanzenbiologie zunehmend 
darauf abgezielt, beobachtbare Merkmale mit ihren zugrunde liegenden molekularen und 
gene2schen Mechanismen zu verknüpfen. Ein 2eferes Verständnis pflanzlicher anatomischer 
Merkmale ist ein Weg, molekulare Erkenntnisse in prak2sche Strategien zur Verbesserung der 
Widerstandsfähigkeit und Produk2vität von Pflanzen unter widrigen Umweltbedingungen zu 
übertragen. Trotz ihrer Bedeutung sind anatomische Merkmale häufig schwierig zu 
untersuchen, da technische Einschränkungen eine genaue Quan2fizierung struktureller 
EigenschaMen in dynamischen und schwankenden Umgebungen erschweren. Unter diesen 
Merkmalen stellen Stomata eine entscheidende anatomische Struktur dar, die das 
Gleichgewicht zwischen CO₂-Aufnahme für die Photosynthese und Wasserverlust durch 
Transpira2on reguliert. Ein besonders interessantes, jedoch unzureichend verstandenes 
Phänomen ist die vorübergehende Öffnung der Stomata nach einem plötzlichen Abfall des 
BlaVwasserpoten2als. Diese Reak2on, bekannt als Wrong-Way-Response (WWR), beinhaltet 
eine vorübergehende Öffnung der Stomata, wenn das Wasserpoten2al abnimmt und 
eigentlich ein Schließen erwartet würde. 
Die Hypothese des epidermalen mechanischen Vorteils besagt, dass diese vorübergehende 
Öffnung aus mechanischen Wechselwirkungen zwischen Schließzellen und umgebenden 
Pavementzellen entsteht. Nach dieser Hypothese spielt die mechanische Kopplung innerhalb 
der Pavement- und Schließzellen eine Schlüsselrolle bei der Bes2mmung der 
Stomatadynamik. Die strukturellen Determinanten, die dieser mechanischen Kopplung 
zugrunde liegen, sind jedoch noch ungeklärt. Da die Geometrie interagierender Komponenten 
das Verhalten mechanischer Systeme stark beeinflusst, untersucht diese Arbeit, wie die 
anatomische Geometrie von Pavementzellen und Stomata zur Dynamik der vorübergehenden 
stomatären Öffnung beiträgt. Um diese Frage zu adressieren, wurde die Modellpflanze 
Arabidopsis thaliana verwendet, da sie ein gut charakterisiertes Genom, verfügbare 
gene2sche Ressourcen und eine Eignung für kontrollierte Laborexperimente aufweist. 
Verschiedene Arabidopsis-Linien wurden auf Grundlage von Varia2onen in der Größe und 
Dichte der Stomata ausgewählt. Unterschiede in zusätzlichen anatomischen Merkmalen, wie 
das Fehlen von Trichomen im tmm1-Mutanten sowie begrenztes Wissen über die 
Mesophyllorganisa2on in den ausgewählten Arabidopsis-Linien, stellten jedoch 
Herausforderungen für die Entwicklung eines umfassenden Verständnisses des stomatären 
Verhaltens dar. Daher wurden die physiologischen Reak2onen einer glaVen Arabidopsis-Linie 
mit Kontrollpflanzen verglichen, zusammen mit detaillierten Analysen zentraler stomatärer 
Merkmale einschließlich Größe und Dichte. Die erste Studie zeigt, dass Trichome die 
BlaVtemperatur beeinflussen, obwohl ihr Beitrag zur Aufrechterhaltung der 
photosynthe2schen Leistung unter Trockenstress begrenzt war. Die zweite Studie führt einen 
auf Kryofixierung basierenden methodischen Ansatz ein, um die Mesophyllanatomie unter 
Trockenstress zu untersuchen. Diese Technik ermöglicht die Visualisierung der 
Mesophyllorganisa2on und der zellulären Architektur, während Artefakte minimiert werden, 



die durch Dehydra2on während der konven2onellen mikroskopischen Präpara2on entstehen. 
Mithilfe dieser Methode wurden strukturelle Modifika2onen sowohl des Palisaden- als auch 
des Schwammparenchyms unter kurz- und langfris2gem Trockenstress beobachtet. Die driVe 
Studie konzentriert sich auf die vorübergehende stomatäre Öffnung. Die Ergebnisse liefern 
empirische Unterstützung für die Hypothese des epidermalen mechanischen Vorteils und 
zeigen, dass die Größe der Pavementzellen sowohl das Ausmaß als auch die Dauer dieser 
Reak2on signifikant beeinflusst. Diese Befunde unterstreichen die Bedeutung der 
epidermalen Geometrie für die Steuerung der Stomatadynamik während schneller 
Veränderungen des pflanzlichen Wasserstatus. 
Zusammen zeigen die in dieser Arbeit präsen2erten Ergebnisse, dass pflanzliche Reak2onen 
auf variable Wasserverfügbarkeit durch anatomische Merkmale über mehrere BlaVgewebe 
hinweg geprägt sind, einschließlich der Epidermis und des Mesophylls. Diese Befunde 
unterstreichen die Notwendigkeit, über einen ausschließlichen Fokus auf Schließzellen 
hinauszugehen und staVdessen eine stärker integrierte Perspek2ve einzunehmen, die 
berücksich2gt, wie verschiedene BlaVstrukturen gemeinsam die Wasserbeziehungen der 
Pflanze und ihre Stressreak2onen regulieren. 
 


