
UNIVERSIDADE FEDERAL DE VIÇOSA

Investigating the role of residual conductance and xylem vulnerability to
embolism in drought resistance

Talitha Soares Pereira
Doctor Scientiae

VIÇOSA - MINAS GERAIS
2024



Investigating the role of residual conductance and xylem vulnerability to
embolism in drought resistance

TALITHA SOARES PEREIRA

Thesis submitted to the Plant Physiology
Graduate Program of the Universidade
Federal de Viçosa in partial fulfillment of
the requirements for the degree of Doctor
Scientiae.

VIÇOSA - MINAS GERAIS
2024

Adviser: Samuel C. Vitor Martins

Co-advisers: Fabio Murilo da Matta
Amanda Ávila Cardoso



Ficha catalográfica elaborada pela Biblioteca Central da Universidade
Federal de Viçosa - Campus Viçosa

 
T
  Pereira, Talitha Soares, 1990-
P436i
2024

        Investigating the role of residual conductance and xylem
vulnerability to embolism in drought resistance / Talitha Soares
Pereira. – Viçosa, MG, 2024.

          1 tese eletrônica (89 f.): il. (algumas color.).
   
          Texto em inglês.
          Orientador: Samuel Cordeiro Vitor Martins.
          Tese (doutorado) - Universidade Federal de Viçosa,

Departamento de Biologia Vegetal, 2024.
          Inclui bibliografia.
          DOI: https://doi.org/10.47328/ufvbbt.2025.069
          Modo de acesso: World Wide Web.
   
          1. Solanum sp. - Resistência à seca. 2. Tomate. 3. Xilema.

4. Movimento estomático. 5. Transpiração. 6. Balanço hídrico.
I. Martins, Samuel Cordeiro Vitor, 1986-. II. Universidade
Federal de Viçosa. Departamento de Biologia Vegetal. Programa
de Pós-Graduação em Fisiologia Vegetal. III. Título.

   
CDD 22. ed. 581.754

 

Bibliotecário(a) responsável: Euzébio Luiz Pinto CRB-6/3317



Investigating the role of residual conductance and xylem vulnerability to
embolism in drought resistance

TALITHA SOARES PEREIRA

Thesis submitted to the Plant Physiology
Graduate Program of the Universidade
Federal de Viçosa in partial fulfillment of the
requirements for the degree of Doctor
Scientiae.

APPROVED:  October 17, 2024.

Assent:

Talitha Soares Pereira
Author

Samuel Cordeiro Vitor Martins
Adviser

Essa tese foi assinada digitalmente pela autora em 14/02/2025 às 13:27:47 e pelo orientador em
14/02/2025 às 14:06:34. As assinaturas têm validade legal, conforme o disposto na Medida Provisória
2.200-2/2001 e na Resolução nº 37/2012 do CONARQ. Para conferir a autenticidade, acesse
https://siadoc.ufv.br/validar-documento. No campo 'Código de registro', informe o código
ZMJJ.ZXPI.J3HE e clique no botão 'Validar documento'.



To my mother (in memoriam), who awaited and cheered for this achievement more
than anyone else.



ACKNOWLEDGMENTS

To God, for giving me strength and perseverance to achieve my goals, for not letting

me weaken or give up.

To my parents, Tadeu Alves Pereira and Almerinda Soares dos Santos (in

memoriam), who always did everything to ensure I never lacked anything, especially

support, to reach this point. They are examples of people who taught me to value

effort, work, and dedication.

To my sister, Thaís Soares Pereira, for always being by my side, supporting me in

every moment of life. An example of a professional and a woman in agriculture.

To my advisor, Samuel Martins, an example of how to treat everyone kindly, being

attentive in every situation. Thank you for all years of guidance, teachings, and

deadline-driven emotions.

To my co-advisor, Amanda Cardoso, thank you for your support and efficiency in

advancing our projects.

To the members of the examination committee, for their readiness and willingness to

contribute to my academic development.

To Professor Allan Lobato, my first inspiration as a researcher. Thank you for

encouraging me to always seek the best in my training as a researcher.

To the members of the Plant Hydraulics Laboratory, especially Leonardo, Moab, and

Eduardo, thank you for your help with every experiment, for the discussions of every

result, and for the support inside and outside the lab.

To the technician, Guilherme Soares, for always jumping on board with ideas and

finding ways to make our work easier, whether in maintaining the IRGA or trying to

germinate seeds (except for the mess at the bench).

To Professor Scott McAdam, for the trust and teachings during this learning period in

his lab. And to the members of the McAdam Lab, especially Anju, Ian, Daniela, and

Javi, thank you for your patience with my English, for the exchange of knowledge,

and for your friendship. It is an honor and a pleasure to be surrounded by such

intelligent and dedicated researchers.

To Professor Fábio DaMatta and the members of the Plant Mineral Nutrition

Laboratory, for the years of companionship and exchanges.

To Leonardo Araujo, who has a special place in my life. Thank you for always being

present through the highs and lows, for encouraging me, for giving your input even

when I didn’t ask, and for, even being physically distant, always being present in my

life - thank you so much!



To Pablo and Antonio, for the direct help with experiments and, above all, for the

coffee breaks. There were many liters of coffee and many laughs that brought

lightness to difficult days.

To the Casa Nova Republic and its members: Dandara, Rose, Maisa, Silvino, Fabio,

and Flavia, thank you for welcoming me when I first arrived in Viçosa and for making

me feel like part of a family.

To the Forasteiros: Hellen, Nicolas, Raysa, Gleyson, and Nagila, thank you for your

partnership since our first class, during our coffee breaks at the BBT, and over beer

after seminars and exams.

To Aunt Rozana, Uncle Luís, and Claudinha, who always were presente I my life, and

in the saddest and most challenging moment, were the support my sister and I

needed to move forward.

To my godfather, Claudio Marinho, for always encouraging me to read and study.

To my friends: Cintia, Emilly, Hanna, Elvino, Bruna, Steffi, Bárbara, and Anahi, thank

you for the friendship that neither time nor distance could affect.

To Leísa, thank you for being so present in the past few months and, even from afar,

for being the company I needed in moments of solitude, which sometimes come with

living in another country.

I would like to thank the Federal University of Viçosa and the Postgraduate Program

in Plant Physiology for the infrastructure, and the Coordenação de Aperfeiçoamento

de Pessoal de Nível Superior (CAPES) and the Conselho Nacional de

Desenvolvimento Científico e Tecnológico (CNPq) for granting me the scholarship.

This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal

de Nível Superior – Brasil (CAPES) – Finance Code 001.

And to everyone who, directly or indirectly, contributed to making this dream a reality,

thank you very much!



ABSTRACT

Drought is one of the most significant challenges facing plant production, and its

impacts are expected to be intensified due to climate change. While much research

has focused on woody plants, this thesis explores the mechanisms of drought

tolerance and avoidance in herbaceous species, with particular emphasis on crops

and wild Solanum species. Across several studies, it becomes clear that, unlike

woody plants, stomatal safety margin (SSM) and xylem embolism resistance (P50)

are not reliable indicators of drought survival for herbaceous species. Instead, traits

related to drought avoidance—such as early stomatal closure, reduced nighttime

transpiration, high water storage, capacitance (C), and minimum conductance

(gmin)—emerge as key factors for enhancing survival under extreme drought

conditions. In the case of Solanum species, S. pennellii demonstrated superior

drought resistance, underscoring the importance of traits such as high C and gmin,

which allow for better water retention and efficient use during stress. Despite varied

geographical origins, a narrow range in P50 was observed across domesticated and

wild species, suggesting that breeding for drought resistance in cultivated tomatoes

should focus on traits beyond xylem vulnerability. Additionally, nighttime transpiration

was identified as a significant factor in plant water use during prolonged drought. The

regulation of nighttime water loss varied across plant groups, with ferns relying on

passive stomatal closure, gymnosperms combining passive and ABA-mediated

closure, and angiosperms using ABA-dependent mechanisms. These findings

highlight the multifaceted nature of drought responses and suggest that integrating

drought tolerance and avoidance strategies could significantly enhance crop

resilience to water stress. This thesis provides valuable insights into the hydraulic

and physiological traits that underpin drought survival in herbaceous plants, with

important implications for crop improvement and resilience under future climate

conditions.

Keywords: abscisic acid; capacitance; drought avoidance; herbaceous plants;

hydraulic traits; minimum conductance; nighttime transpiration; plant water use;

tomato; xylem embolism resistance
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RESUMO

A seca é um dos maiores desafios enfrentados pela produção vegetal, e seus

impactos devem se intensificar devido às mudanças climáticas. Embora grande parte

das pesquisas tenha se concentrado em plantas lenhosas, esta tese explora os

mecanismos de tolerância e evasão à seca em espécies herbáceas, com ênfase em

culturas agrícolas e espécies silvestres do gênero Solanum. Ao longo de vários

estudos, fica claro que, ao contrário das plantas lenhosas, a margem de segurança

estomática (SSM) e a resistência ao embolismo do xilema (P50) não são indicadores

confiáveis de sobrevivência à seca em espécies herbáceas. Em vez disso,

características relacionadas à evasão da seca—como fechamento estomático

precoce, redução da transpiração noturna, alta capacidade de armazenamento de

água, capacitância (C) e condutância mínima (gmin)—emergem como fatores chave

para aumentar a sobrevivência em condições de seca extrema. No caso das

espécies de Solanum, S. pennellii demonstrou uma resistência superior à seca,

destacando a importância de características como alta capacitância e gmin, que

permitem melhor retenção de água e uso eficiente durante o estresse. Apesar das

diferentes origens geográficas, observou-se uma faixa estreita de P50 entre as

espécies, sugerindo que o melhoramento genético para resistência à seca em

tomates cultivados deve se concentrar em características além da vulnerabilidade do

xilema. Além disso, a transpiração noturna foi identificada como um fator significativo

no uso de água pelas plantas durante longos períodos de seca. A regulação da

perda de água noturna variou entre os grupos de plantas, com samambaias

dependendo do fechamento estomático passivo, gimnospermas combinando o

fechamento passivo e mediado por ABA, e angiospermas utilizando mecanismos

dependentes de ABA. Esses resultados ressaltam a natureza multifacetada das

respostas à seca e sugerem que a integração de estratégias de tolerância e evasão

à seca poderia melhorar significativamente a resiliência das culturas ao estresse

hídrico. Esta tese oferece insights valiosos sobre os traços hidráulicos e fisiológicos

que fundamentam a sobrevivência à seca em plantas herbáceas, com importantes

implicações para o melhoramento de culturas e a resiliência sob condições

climáticas futuras.

PEREIRA, Talitha Soares, D.Sc., Universidade Federal de Viçosa, outubro de 2024.
Investigando o papel da condutância residual e da vulnerabilidade do xilema à
embolia na resistência à seca. Orientador: Samuel Cordeiro Vitor Martins.
Coorientadores: Fabio Murilo da Matta e Amanda Ávila Cardoso.
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Abstract 

Woody plants minimize xylem embolism formation during drought essentially by closing 

stomata at higher water potentials and/or by increasing the xylem resistance to embolism. Both 

of these mechanisms result in a higher stomatal safety margin (SSM), which is the water 

potential difference between stomatal closure and embolism formation. Here we investigated 

whether increasing SSM represents a drought resistance mechanism for herbaceous plants and 

how the different water-use strategies impact their survival. For that, we exposed four 

herbaceous crops, with contrasting drought resistance, to severe water deficit to assess drought-

induced damage and mortality. Unlike woody species, SSM was not associated with plant 

survival for herbaceous crops. Soybean, which presented the largest SSM across the four crops 

(1.67 MPa), exhibited the earliest mortality of leaves and whole plants as well as the highest 

rate of plant mortality (100%) at the end of the drought period. Cowpea, with a SSM of 0.63 

MPa, was the most drought-resistant species, with the latest leaf damage and the highest plant 

survival (100%). The most effective traits ensuring survival in herbaceous crops under severe 

drought were those related to drought avoidance mechanisms such as (i) early stomatal closure, 

(ii) very low residual transpiration post-stomatal closure, and (iii) high capacitance pre- and 

post-turgor loss. 

Keywords: cowpea, drought-induced mortality, embolism resistance, leaf capacitance, 

soybean, stomatal closure, sunflower, tomato.  
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Introduction 

 Understanding plant mortality in response to drought has been a recurrent topic in plant 

science, especially considering the growing number of die-off events being reported throughout 

the world (Hammond et al., 2022). Most studies, however, have focused on woody-plant 

mortality, either because of their perennial life cycle or because of the critical ecosystem 

services they provide to humanity (Martinez-Vilalta et al., 2019; Trugman, 2022). Nevertheless, 

herbaceous plants are fundamental for food security. First, because the majority of crops used 

for food production are herbaceous, and, second, because grasses constitute an important plant 

group for livestock feeding (Dhankher and Foyer, 2018). 

 Drought-induced mortality of plants results from a series of mechanisms involving 

feedback between fluxes and pools of water and carbon within plants (McDowell et al., 2022a). 

In the last instance, mortality of all organs and individuals involves cellular failure and the 

underlying factor behind this failure is severe tissue dehydration (McDowell et al., 2022a). 

Dehydration results from a major impairment in the water supply as water-transporting xylem 

cells lose their function in response to drought, a phenomenon that has been called plant 

hydraulic failure. This occurs when the xylem tension surpasses a threshold water potential, 

leading to major events of embolism, thus resulting in water transport within plants becoming 

irrecoverable (Sperry and Tyree, 1988; Kaack et al., 2021).  

 The ubiquitous consequence of hydraulic failure to plant mortality (Hammond et al., 

2019) led to a growing number of studies deepening our knowledge of the components involved 

in the water transport system in plants, particularly, hydraulic conductance and xylem resistance 

to embolism. Xylem resistance to embolism is commonly represented by the water potential 

inducing 50% embolism (P50) in the xylem or inducing 50% loss in hydraulic conductance 

(hydraulic P50) (Choat et al., 2012a). In turn, despite the P50 has been commonly associated 

with drought resistance, the stomatal safety margin (SSM) is considered a more robust 
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parameter to such end, once it involves P50 and the water potential at stomatal closure (Ψgs90) 

(Chen et al., 2021). Nonetheless, to precisely determine the time range for a plant to reach these 

threshold water potentials, information on water fluxes and pools is necessary (Blackman et al., 

2016a, 2019b). 

Plant water balance is a function of water loss and absorption. During drought, when 

the soil-root resistance considerably increases (Abdalla et al., 2021), the plant water potential 

is essentially determined by the water pool inside the plant and the rate of water loss. Early 

during drought, water loss rate is considerably minimized due to stomatal closure (Choat et al., 

2018a; Volaire, 2018a; Blackman et al., 2019b; Zia et al., 2021). As drought persists, plants 

continue to slowly lose water from leaves, especially through the cuticle and partially open 

stomata. This residual transpiration of leaves after complete stomatal closure is also known as 

minimum leaf conductance (gmin) (Blackman et al., 2019b; Duursma et al., 2019a). There is 

growing recognition that gmin plays an important role in estimating water fluxes in plant 

canopies (Barnard and Bauerle, 2013) and that it can directly influence the time it takes for 

plants to reach lethal water potential (Ψw) during a severe drought. Therefore, gmin has been 

used in plant drought response models, such as the hydraulic model developed by (Blackman 

et al., 2016), which allows the determination of the time that trees take to desiccate from 

stomatal closure to lethal levels of drought stress. The gmin has also been appointed as a key 

trait to be selected and bred to increase drought resistance in crops (Duursma et al., 2019a). 

Besides gmin, the time for plant desiccation from stomatal closure to lethal levels is also 

dependent on the area for water loss (total leaf area), the amount of water in the plant (water 

pool), and plant capacitance (Blackman et al., 2016a; Li et al., 2022). The role of capacitance 

in plant hydraulics is still underexplored, although some studies have demonstrated its 

importance for plant hydraulics, especially in species presenting passive control of stomatal 

movements (Martins et al., 2016a). Because capacitance determines the extent to which the 
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internal water pool buffers the xylem water potential during drought, capacitance would be 

expected to be an influential parameter in the time to reach critical thresholds of hydraulic 

failure and plant deaf desiccation. Even though (Blackman et al., 2019) did not find any 

correlation between the time for desiccation to lethal levels and shoot capacitance in Eucalyptus 

species, additional studies including those on other species are still necessary to confirm (or 

not) the importance of plant capacitance for drought resistance.  

According to Levitt (1980), drought resistance consists of three not mutually exclusive 

strategies: drought escape, avoidance, and tolerance. Briefly, the drought escape strategy is 

based on plants avoiding exposure to stress mainly through adjustments in phenology; on the 

other hand, drought avoidance and tolerance are strategies that involve plant exposure to stress, 

but with contrasting mechanisms regarding variation in plant water potential. Drought avoiders 

are plants that seek a homeostasis in water potential through minimization of water loss and/or 

maximization of water absorption. Drought tolerance involves withstanding decreases in water 

potential as plants accumulate solutes to decrease their turgor loss point and/or build xylem 

conduits more resistant to embolism (Delzon, 2015).   

A prominent role of xylem embolism resistance for drought tolerance in woody species 

was demonstrated by (Blackman et al., 2019), as given by the strong correlation between the 

time observed to desiccation and stem P50. Although the studies with woody plants have 

emphasized the role of P50 in plant mortality, the hydraulic architecture of herbaceous species 

may reveal that different components of water relations might be involved in drought-induced 

mortality in this functional group. (Lens et al., 2016) have shown a significant overlap between 

the range of P50 of woody and herbaceous plants. However, variation in other components such 

as gmin and capacitance might be as important as P50 in defining the mortality of herbaceous 

plants. These plants are known for their relatively high water content (Xiong and Nadal, 2020a), 

and given the expected correlation between water content and capacitance, we also expect these 
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plants to present considerably higher capacitance than trees and shrubs. Nonetheless, the 

marked importance of P50 in drought resistance of woody species seems to be aligned with this 

group consistently adopting drought tolerance mechanisms (e.g., Lenz et al., 2006; Mitchell et 

al., 2008; Huang et al., 2024). Interestingly, evidence from herbaceous systems is less 

consistent, with studies reporting both drought tolerance and avoidance mechanisms in this 

group (Kramp et al., 2022). 

Given the substantial lack of information regarding water-use strategies influencing 

hydraulic failure and plant mortality across herbaceous species during drought, the central 

objective of this study was to evaluate a series of hydraulic characteristics in herbaceous crops. 

Finding the variables that can be related to the mortality of these plants will allow more concise 

predictions to assist in the improvement of drought resistance in this group. Here we used four 

species of economic importance and with different degrees of drought resistance to explore 

different combinations of mechanisms for water-use under drought. These are cowpea (Vigna 

unguiculata (L.) Walp.), sunflower (Helianthus annuus L.), tomato (Solanum lycopersicum L.) 

and, soybean (Glycine max (L.) Merr.). Cowpea is a drought-resistant plant and an important 

source of protein for the semi-arid tropics of Asia, Africa, and Latin America (Singh et al., 2003; 

Agbicodo et al., 2009; Merwad et al., 2018).  Sunflower is considered a moderate drought-

resistant crop due to its drought escape behavior (Hussain et al., 2018) and its highly explorative 

root system (Moschen et al., 2017). On the other hand, soybean, and tomato, two of the most 

largely cultivated crops around the world, demand a high amount of water to grow and 

reproduce and are highly susceptible to drought (Rigano et al., 2014, Arya et al, 2021, 

Campobenedetto et al., 2021). 
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Materials and Methods 

Plant material 

Plants of tomato (Solanum lycopersicum L. ‘M82’), soybean (Glycine max (L.) Merr. 

‘EMBRAPA 48’), cowpea (Vigna unguiculata (L.) Walp. ‘Pingo de Ouro1-2’), and sunflower 

(Helianthus annuus L. ‘garden sunflower – ISLA’) were cultivated from seeds in 5.5 L-plastic 

pots filled with clay soil, sand, and commercial substrate (2:1:1). Plants were maintained inside 

a greenhouse (Viçosa, 20° 45’ S, 42° 15’ W, Brazil) under natural light (maximum 

photosynthetic photon flux density (PPFD) of c. 900 μmol m-2 s-1) and temperature (c. 29°C) 

until they were c. 40-day-old. During cultivation, plants received daily watering to full soil 

capacity and a weekly application of fertilizer using a commercial NPK formulation (10:10:10). 

A total of 10 individuals per species were cultivated and each individual was placed inside an 

individual pot.  

Crop responses to drought 

Drought was imposed in five well-watered plants by withholding water until all species 

started to show signs of leaf death, which happened after 15 days. During the experiment, 

measurements of leaf water status, gas exchange, and chlorophyll fluorescence were performed 

in well-watered and stressed plants. Following 15 days of drought, plants were rehydrated, and 

new measurements were taken for the plants that survived the drought for two additional days. 

Leaves were considered dead when dry and brown. Plants were considered dead when they 

experienced browning of stem and foliage; in addition, these plants were kept at field capacity 

for two additional weeks and resprouting was not observed. 

 Predawn and midday leaf water potential (Ψpredawn and Ψmidday, respectively) were 

measured on the third, seventh, and fifteenth days of water withholding. For that, leaves were 

collected at 5:00 and 13:00, bagged with damp paper towels for 10 min to ensure whole leaf 
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equilibration, and measured using a Scholander pressure chamber (Model 1000, PMS 

Instruments, Albany, OR, USA). Leaf gas exchange was measured on the days zero, one, three, 

five, seven, nine and fifteen of water withholding and after re-watering, and whole-plant 

transpiration were assessed daily due to the non-destructive nature of the methods. Leaf gas 

exchange was measured from 10:00 to 14:00 using an infrared gas analyzer (LI-6400XT, LI-

COR, Lincoln, NE, USA). Conditions in the chamber were set at 400 ppm of CO2 and PPFD 

of 1000 μmol m-2 s-1, and measurements were performed under ambient conditions of 

temperature (c. 29°C) and VPD (c. 1.5 kPa).  To simplify and facilitate the comparison of 

changes in photosynthesis (A) and stomatal conductance (gs) among the four species throughout 

the experiment, A and gs were normalized using the values of irrigated plants as a reference. 

Whole-plant transpiration was quantified gravimetrically, and, to correct the water loss by 

evaporation, pots filled with the same amount and type of substrate (without plants) were used 

as a control. Briefly, we allowed these pots to dry to find the relationship between the substrate 

water content vs evaporation rate, then, for a given substrate water content, we subtracted the 

evaporation rate (given by the pots without plants) from the evapotranspiration rate (given by 

the pots with plants).  The maximum quantum efficiency of the photosystem II (Fv/Fm) – a 

common index of leaf damage and mortality (Guadagno et al., 2017) – was measured in a dark-

adapted leaf of 5 individuals per treatment of each specie on days 5, 11, and 15 of water 

withholding using an infrared gas analyzer described above. For that, leaves were illuminated 

with weak modulated measuring beams (0.03 µmol m-2 s-1) and with saturating white light 

pulses (8000 µmol m-2 s-1). Fv/Fm was next calculated as Fv/Fm = [(Fm – F0)/Fm)], where F0 is 

initial fluorescence and Fm is maximum fluorescence emission. All physiological parameters 

were also assessed on the second day following rehydration when leaves/plants were alive. In 

addition, during the drought and recovery time, visual analyses were made to register the 

beginning of leaf and plant mortality (that was considered when all leaves were dead).  
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Leaf morphology and hydraulics 

 Fully expanded leaves were collected from the middle third of shoots of well-watered 

plants and characterized in terms of specific leaf area (SLA), gmin, saturated water content 

(SWC), turgor loss point (Ψtlp), capacitance before and after the turgor loss point (Cft and Ctlp, 

respectively), and P12, P50, and P88.  

 The SLA for the five individuals per species was measured from one leaf per plant (n = 

5). Leaf area was measured using a flatbed scanner and ImageJ (National Institute of Health, 

USA), and leaf dry mass was assessed after leaves were oven-dried at 70°C until constant 

weight. Finally, SLA was calculated as projected leaf area divided by leaf dry mass. 

 The gmin was measured using the mass loss of detached leaves method (Duursma et al., 

2019). Leaves taken from different individuals (n = 5) of each species in well-watered 

conditions were collected early in the evening, taken to the lab, and subsequently recut under 

water to allow rehydration (c. 12 h). The fully hydrated leaves had their petiole end completely 

sealed with parafilm and then placed on the stand to allow slow dehydration while weighted 

every 15 min for 4 h. For each plant, gmin was determined from the slope of the linear part of 

the relationship between leaf mass versus time after stomatal closure and normalized by leaf 

area, VPD (obtained from air temperature and humidity measurements during the dehydration 

period), and atmospheric pressure (P). The calculations were performed using the spreadsheet 

provided by (Sack & Scoffonni, 2011).  

One mature leaf taken per individuals of tomato (n = 8), cowpea (n = 8), sunflower (n = 

6), and soybean (n = 6) were utilized to construct pressure–volume curves (Tyree and Hammel, 

1972). Leaves were collected early in the evening, scanned for leaf area measurements, recut 

under water, and allowed to rehydrate overnight until water potential was higher than 0.1 MPa. 

Leaf fresh weight and water potential were measured over time during slow bench dehydration 
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until leaf water potential stopped falling due to leaf cell damage. Using leaf dry mass of oven-

dried leaves (at 70°C until constant weight), the relative water content was calculated and 

plotted against the inverse of leaf water potential. SWC was estimated by extrapolating the 

regression of water mass vs water potential to estimate the water mass at 0 MPa and 

subsequently dividing it by the dry mass. The Ψtlp was determined by the inflection point 

between the pre-turgor loss and post‐turgor loss portions of the curve. Cft and Ctlp were obtained 

from the linear slopes of the plot (before and after the turgor loss point, respectively) and 

normalized by leaf area. 

Leaf vulnerability curves for each species were assessed by the optical method 

(Brodribb et al., 2016). Well-watered potted individuals of each species [tomato (n = 5), cowpea 

(n = 6), sunflower (n = 5), and soybean (n = 6)] were taken to the lab early in the morning and 

plants had the soil washed out from the roots and kept with the roots submerged in water until 

launching the scanner. Subsequently, a fully mature leaf from the middle third of shoots was 

placed under either a flatbed scanner (V800, Epson, Tokyo, Japan) to record the development 

of embolism in the leaves with images taken every c. 3 min. While embolism was recorded, 

plants were maintained under low light conditions (PPFD < 100 μmol m-2 s-1) to allow whole 

plant equilibration. The leaf water potentials for tomato, soybean, and cowpea were periodically 

measured until complete leaf xylem embolism using a Scholander pressure chamber (Model 

1000, PMS Instruments, Albany, USA). For sunflower, due to its reduced number of leaves, 

leaf discs were collected to quantify RWC, and Ψw was estimated from the linear equation 

between Ψw and RWC obtained through pressure-volume curves. Embolism events were 

determined when visible changes in color in the xylem were observed. A small leaf section 

covering major and minor veins was selected and the area of embolized xylem (%) was 

quantified over time by image subtraction and the data was plotted against leaf water potential. 

For further details on this method, see the open-source website www.opensourceov.org. The 
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optical P12, P50, and P88 for each species were calculated as the mean value obtained from all 

curves. The Ψgs90 (i.e., water potential at 90% of stomatal closure) were assessed 

simultaneously to the leaf vulnerability curves by measuring the declines in gs in neighboring 

leaves as plants dehydrated using an infrared gas analyzer (LI-6400XT, LI-COR, Lincoln, NE, 

USA) with the same chamber’s conditions mentioned above. Finally, for each species, the SSM 

was calculated as defined by Ψgs90 minus P50. 

Statistical analysis 

Differences between control and water deficit treatments were tested independently for 

each species with one-way ANOVA and post-hoc test t (<0.05).  Statistical analyses for 

pressure-volume curve results and hydraulics features among species were performed using the 

SAS Learning Edition 4.1® software (SAS Institute, 2006). The data were submitted to an 

analysis of variance and the significant differences between the means were determined by the 

Fisher’s least significant difference (LSD) test for multiple comparisons with a probability level 

of ≤0.05. 

Results 

Crop responses to drought 

Over the 15 days of drought, cowpea plants maintained their Ψpredawn around -0.30 MPa 

(Fig 1A), while the Ψmidday decreased to around -1.30 MPa after seven days of stress and was 

maintained at similar levels until the 15th day of sustained drought (Fig 1B); on the other hand, 

the Ψpredawn and Ψmidday of the remaining crops decreased to -0.48 and -1.75 MPa, respectively, 

at the third day of drought. After seven days, tomato and sunflower plants achieved -2.00 MPa 

for both Ψpredawn and Ψmidday whereas soybean plants achieved -1.57 MPa for Ψpredawn and -3.50 

MPa for Ψmidday. After 15 days of drought, sunflower Ψpredawn dropped to -2.60 MPa and Ψmidday 

to nearly -3.50 MPa, while tomato and soybean could not be measured as plants of these crops 
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were already dead (Fig 1A-B, Table 1). When rehydrated for two days, the Ψmidday of cowpea 

plants returned to control levels, while for sunflowers, it remained lower (c. -2.00 MPa) than 

the control (c. -0.81 MPa) (Fig 1 B; Table S1). 

Fig. 1. Changes in predawn (A) and midday (B) water potential (MPa) during 15 days of 

sustained water withholding and two days of rehydration (blue) across four herbaceous crops 

[soybean (purple square), tomato (pink triangle), sunflower (yellow circle), and cowpea bean 

(green hexagon)]. Values are mean ± SE (n = 5). Due to intense desiccation and browning of all 

leaves of soybean and tomato plants, the water potentials could only be assessed until day seven. 

Because of the mortality of sunflower plants, n on day 15 is equal to 4, and n on day two after 

rehydration is equal to 3. Asterisks denote statistical differences among water regimes within 

species according to the t-test (p < 0.05). 

 

The A and gs declined in response to drought in all crops (Fig 2A-B). Overall, A and gs 

declined to their lowest levels on the third day of drought in cowpea and soybean, on the fifth 

day in tomato, and, on the ninth day, sunflower still sustained nearly 20% of its maximum A. 

Alike leaf gas exchange, whole-plant transpiration decreased significantly, reaching very low 

levels, if not becoming undetectable, as the drought progressed (Fig 2C). Cowpea, sunflower, 

and tomato plants transpired similar amounts of water per day during well-watered conditions, 

but a faster decline in transpiration was observed for cowpea over the other two crops. For 
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instance, transpiration ceased to occur after three days of drought in cowpea plants, and only 

after eight days of drought in soybean and tomato. Sunflower plants exhibited the highest rate 

of whole-plant transpiration, which, despite reaching its lowest rate after seven days of drought, 

did not cease completely even after 15 days of water restriction. Two days after rehydration, 

cowpea and sunflower partially restored leaf gas exchange and whole-plant transpiration – 

cowpea at a much higher extension, though – while soybean and tomato plants could not have 

their leaf gas exchange measured as all individuals were dead at this point (Table 1; Fig 3). 
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Fig. 2. Changes in photosynthesis (A; μmol m-2 s-1) (A), stomatal conductance (gs; mol m-2 s-1) 

(B), whole-plant transpiration (Eplant; g day-1) (C), and maximum quantum efficiency of the 

photosystem II (Fv/Fm) (D) during 15 days of sustained water withholding and two days after 

rehydration (blue) across four herbaceous crops [soybean (purple square), tomato (pink 

triangle), sunflower (yellow circle), and cowpea bean (green hexagon)]. Values are mean ± SE 

(n = 5). Due to the mortality of all soybean and tomato plants during the drought imposition, 

data was not assessed following rehydration. Because of the mortality of sunflower plants, n on 

day 15 is equal to 4, and n on day two after rehydration is equal to 3. Asterisks denote statistical 

differences among water regimes within species according to the t-test (p < 0.05). 

 

After five days of drought, the leaves of all crops exhibited high Fv/Fm (c. 0.8), which 

was similar to well-watered plants (Fig 2D; Table S1). The majority of cowpea plants continued 

to exhibit similar values of Fv/Fm even after 15 days of drought and also after two days of 

recovery (Fig 2D). A few leaves of cowpea, however, were damaged or dead after 15 days of 

drought (Table 1; Fig 3). Sunflowers maintained higher values of Fv/Fm until 11 days of drought 
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(Fig 2D). On the 14th day of drought, leaf mortality was observed on sunflower plants (Table 1) 

and on the 15th day, nearly all leaves were dead (confirmed by the very low values of Fv/Fm 

(Fig 2D; Fig 3). Plants of both cowpea and sunflower (the 60% that survived) exhibited leaves 

that completely restored their Fv/Fm following two days of rewatering (Fig 2D). Soybean and 

tomato leaves started to exhibit mortality after nine days of drought and very low values of 

Fv/Fm (close to zero) after 11 and 15 days of drought, respectively (Fig 2D). As stated above, 

all individuals of soybean and tomato plants were dead on the second day of rehydration 

following 15 days of sustained water withholding (Table 1, Fig 3), thus the recovery of Fv/Fm 

was not assessed (Fig 2D). 

 

Table 1. Beginning of visual leaf and plant mortality and the percentage of plant mortality on 

the second day of rehydration following 15 days of sustained water withholding. The 

approximate day on which leaf and plant mortality started to be observed for each species is 

also presented.  

Species Leaf mortality Plant mortality Plant mortality (%) 

Soybean Yes (Day 9) Yes (Day 9) 100 

Tomato Yes (Day 9) Yes (Day 11) 100 

Sunflower Yes (Day 14) Yes (Day 17*) 40 

Cowpea Yes (Day 15) No 0 

*Day 17 means 15 days of drought plus two days of rewatering. 
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Fig. 3. Well-watered plants (left) and plants on the second day of rehydration after a 15-day-

period of sustained water withholding (middle and right) of four herbaceous crops [soybean 

(A), tomato (B), sunflower (C), and cowpea (D)]. 

 

 

Leaf morphology and hydraulics 

The SLA of soybean, sunflower, and tomato were significantly (varying from 200 to 

212 cm2 g-1), while the SLA of cowpea was smaller than the remaining species (c. 172 cm2 g-1) 

(Table 2). A much larger variation across crops was found for the gmin, which ranged from 5.35 

mmol m-2 s-1 in cowpea up to 22.45 mmol m-2 s-1 in tomato. Sunflower presented the second 

lowest gmin (c. 11.4 mmol m-2 s-1). Regarding the SWC, cowpea and tomato presented very 

similar values (c. 5.51 and 5.44 g, respectively), while soybean presented the lowest (c. 2.27 g) 
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and sunflower had the highest SWC (c. 7.59 g). Besides having the lowest SLA and gmin, 

cowpea plants also had the highest leaf capacitances (both before and after the TLP), which 

were respectively, two and five times higher than the values presented by soybean (the species 

with the lowest capacitances). Again, sunflower had the second-lowest leaf capacitances.  

The Ψgs90 and Ψtlp were similar to each other for soybean, tomato, and cowpea, but Ψgs90 

was considerably higher than the Ψtlp in sunflower (Table 2). Cowpea and tomato presented the 

two highest Ψgs90 and Ψtlp (varying between c. -0.86 to -1.08 MPa) and soybean presented Ψgs90 

and Ψtlp of c. -1.40 MPa. Sunflower exhibited a Ψtlp of -1.03 MPa and a Ψgs90 of 1.63 MPa. The 

leaf xylem resistance to embolism, which was assessed through optical vulnerability curves 

(Fig 4), varied considerably across individual leaves and crops (Table 2). Tomato and cowpea 

had the least resistant xylem (P50 of c. -1.45 MPa), sunflower had slightly more resistant xylem 

than tomato and cowpea (P50 of c. -1.74 MPa), and soybean exhibited incredibly resistant xylem 

(P50 of c. -3.04 MPa). Due to its considerably low P50, the SSM of soybean was the highest 

(1.67 MPa), followed by cowpea (0.63 MPa), tomato (0.34 MPa), and finally sunflower (0.11 

MPa).  

 

 

 

 

 

 

  



 
 

 

Table 2. Specific leaf area (SLA), minimum leaf conductance (gmin), saturated water content (SWC), capacitance at full turgor and following turgor 

loss point (Cft and Ctlp, respectively), turgor loss point (Ψtlp), water potential at 50% cumulative embolism (P50), and stomatal safety margin (SSM) 

across four herbaceous crops. Values are mean ± SE (n = 8 for tomato and cowpea, and n = 6 for soybean and sunflower). Different letters denote 

statistical differences among genotypes according to the LSD test (P<0.05). 

Species 
SLA 

(cm2 g-1) 

gmin 

(mmol m-2 s-1) 

SWC 

(g/g) 

Cft  

(mol m-2 MPa-1) 

Ctlp  

(mol m-2 MPa-1) 

Ψtlp  

(MPa) 

Ψ(gs90)  

(MPa) 

P50  

(MPa) 

HSM  

(MPa) 

Soybean 200.0 ± 6.0a 17.21 ± 1.09b 2.27 ± 0.213c  0.8 ± 0.06b 1.3 ± 0.10c -1.45 ± 0.08b -1.37 ± 0.14b -3.04 ± 0.29b 1.67 

Tomato 210.5 ± 7.9a 22.45 ± 1.08a 5.51 ± 0.333b 1.0 ± 0.11b 3.5 ± 0.39b -0.91 ± 0.01a -1.08 ± 0.09a -1.42 ± 0.01a 0.34 

Sunflower 212.6 ± 3.8a 11.4 ± 1.10c 7.59 ± 0.176b 1.8 ± 0.13a 4.8 ± 0.58a -1.03 ± 0.05a -1.63 ± 0.06b -1.74 ± 0.09a 0.11 

Cowpea 171.9 ± 13.4b 5.35 ± 0.58d 5.44 ± 0.500a 1.9 ± 0.05a 6.8 ± 0.73a -1.01 ± 0.05a -0.86 ± 0.03a -1.49 ± 0.06a 0.63 
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Fig. 4. Cumulative embolized xylem area (%) during leaf dehydration across four herbaceous 

crops [soybean (brown), tomato (red), sunflower (yellow), and cowpea bean (green)]. Each 

curve is represented by mean (solid lines) ± SE (shaded area) (n = 5 for tomato and sunflower, 

and n = 6 for soybean and cowpea). The vertical solid, dotted, and dashed lines indicate the 

mean water potential at 90% of stomatal closure (gs90), the threshold of 12, and 50% 

cumulative embolism, respectively. 

 

Discussion 

 Here we exposed four crops to severe drought by withholding irrigation until events of 

leaf mortality were visibly identified in all plant species. Under such drought intensity, roots 

likely became disconnected from the soil (Carminati et al., 2013; Rodriguez-Dominguez & 

Brodribb, 2019), and, consequently, plant water-use defined their rate of survival. Contrary to 
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some findings in woody plants (Chen et al., 2019; Oliveira et al., 2021), we found that the SSM 

was poorly associated with plant survival in herbaceous crops. This finding was also observed 

when comparing different tomato genotypes with contrasting levels of abscisic acid, in which 

plants with similar SSM exhibit very different times for hydraulic failure and mortality 

(Haverroth et al., 2023). Rather, drought avoidance mechanisms, i.e., (i) early stomatal closure 

(i.e. high Ψgs90), (ii) very low residual transpiration post-stomatal closure (i.e. low gmin), and 

(iii) high pre- and post-turgor loss capacitance rendered the most effective strategy in ensuring 

plant survival under severe drought in herbaceous crops. 

Contrasting crop responses to drought due to differences in water-use strategy 

We assessed leaf water-use strategies through stomata (gmin and Ψgs90), water storage 

(by using capacitance), capacity for turgor maintenance (Ψtlp), and xylem resistance to 

embolism (P50). Classically, a drought avoidance strategy (in the sense of minimizing both 

water loss and variation in water potential) would associate with (i) sensitive stomata to water 

deficit (high Ψgs90), (ii) minimal residual transpiration (low gmin), and (iii) strong buffering 

against water potential variation per unit of water released (high capacitance). On the other 

hand, a drought tolerance strategy would associate with (iv) the ability to sustain turgor at lower 

water potentials (lower Ψtlp) and (v) a xylem highly resistant to embolism (low P50). Therefore, 

we speculated whether an ideotype of drought-resistant plant (aiming at survivability under 

severe drought, i.e., increasing xylem safety) would combine the mechanisms of drought 

avoidance and tolerance. 

Interestingly, and contrary to our expectations, the plants that performed better in terms 

of survival were those presenting more drought avoidance traits (traits i, ii and iii): cowpea 

(100% survival, traits i, ii, iii), sunflower (60% survival, traits ii and iii), and tomato (0% 

survival, trait i only). In cowpea, this strategy was incredibly efficient in maintaining both plant 
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hydration and survival over a prolonged drought period (Fig 1 and 3; Table 1). Conversely, 

soybean plants, which presented traits associated with drought tolerance (traits iv and v), 

experienced an abrupt decline to exceedingly low water potentials which culminated in the 

mortality of all their individuals (Fig 1 and 3; Table 1). The apparent better performance of 

drought avoidance mechanisms under severe drought has also been reported in wheat (Li et al., 

2021), maize (Liu et al., 2023), and grasses and forbes (wild species from a temperate grassland, 

see Kramp et al., 2022). Noteworthy, we have to highlight that our study only analyzed one 

facet of drought avoidance, the water loss minimization. The other facet, the increase in water 

uptake (which is usually associated with deep rooting) is acknowledged as a source of drought-

resistance in several crops and of particular importance for sunflower when cultivated under 

semi-arid conditions (Hussain et al., 2018).  

Regarding drought tolerance traits, under our drought conditions (water withholding in 

potted plants), they seemed to be less advantageous. In any case, crops often exhibit a 

combination of drought resistance mechanisms due to artificial selection (Huang et al., 2024). 

Soybean genotypes show a marked genotypic variation for water use efficiency, capacity for 

water extraction, and gmin (Hufstetler et al., 2007) and it is possible to find fast-wilting 

genotypes (the cultivar here used) or slow-wilting genotypes (considered drought resistant) 

(Kunert and Vorster, 2020). Thus, as long as there is genetic variation available, genotypes with 

different water-use strategies can be developed. Modern varieties of sorghum, for example, 

were developed with the purpose of drought escape whereas landraces are more drought 

tolerant (Cavatassi et al., 2010). Cultivated tomato is considered highly demanding on water 

and drought-sensitive (Zsogon et al., 2017); on the other hand, long-storage tomato, cultivated 

under no water supply in semi-arid regions of Italy, is considered drought resistant (Patane et 

al., 2016). Interestingly, Patane et al. (2016), when studying 10 accessions of long-storage 

tomato, found a positive correlation between drought-resistance and capacity for osmotic 
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adjustment; however, drought resistance and yield were negatively correlated. Thus, it is no 

surprise that breeders have been looking for other tomato species, such as Solanum pennellii 

and Solanum chilense, as sources of genetic variation for drought resistance (Zsogon et al., 

2017). 

Stomata sensitivity to water deficit and minimum conductance  

Given that the vast majority of water loss occurs through the stomata, an early and 

efficient stomatal closure represents one of the most efficient mechanisms plants exhibit to 

delay dehydration and prevent leaf damage (Delzon, 2015; Cardoso et al., 2018; Dayer et al., 

2020a; Brodribb et al., 2021a). Therefore, partial or complete stomatal closure before the Ψtlp 

is considered a key drought resistance mechanism. Noteworthy, cowpea closed 90% of its 

stomatal aperture before its Ψtlp (Table 2), and the maximum stomatal closure was observed 

only three days after the drought imposition (Figs 1 and 2). All other crops closed 90% of their 

stomata around or after turgor loss point (Table 2). Amongst the remaining three species, tomato 

plants exhibited the second earliest stomatal closure, at a relatively low water potential (i.e., -

1.08 MPa), but this mechanism alone was not sufficient to slow down decreases in water 

potential in this crop (Fig 1). Sunflower, on the contrary, presented the latest stomatal closure 

during drought (-1.63 MPa) and yet maintained a similar decline in water potential to tomato 

(Fig 1), likely to the presence of other conservative mechanisms such as the second-lowest gmin 

and second-highest leaf capacitance (Table 2). 

 Another intrinsic leaf trait contributing to drought resistance is the gmin (Duursma et al., 

2019a; Machado et al., 2020). Cowpea exhibited the lowest gmin of all four herbaceous crops 

utilized in this study. Additionally, the gmin of cowpea (5.35 mmol m-2 s-1) resembles the lowest 

values found for crops in a meta-analysis (Duursma et al., 2019a). Associated with the early 

and efficient stomatal closure, the very low gmin likely played a crucial role in allowing cowpea 
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plants to have an efficient decline in the whole-plant transpiration to undetectable levels within 

the first days of drought (Fig 2C). 

At the opposite extreme, tomato plants exhibited the highest gmin (22.45 mmol m-2 s-1), 

which is also higher than other economically important herbaceous crops such as sorghum, 

maize, wheat, and rice (Duursma et al., 2019a). Such high gmin might be a consequence of 

incomplete stomatal closure, which was observed during the drought experiment (see residual 

stomatal conductance and residual whole-plant transpiration until nine days after drought in 

Figs 2 B and C). Interestingly, despite having the second-lowest gmin, sunflower plants exhibited 

the highest residual transpiration for entire plants (Fig 2C), which might indicate water loss 

through other parts of the plant, especially flowers (Zhang and Brodribb, 2017; Bourbia et al., 

2020) and stems. Given that most studies only assess stem transpiration in woody plants (Wolfe, 

2020; Lintunen et al., 2021), further studies on stem transpiration of herbaceous plants might 

bring us new insights into the water conservation mechanisms of crops. 

Role of leaf capacitance for drought resistance 

In addition to an early and efficient stomatal closure and a low gmin, a high leaf 

capacitance is a key drought resistance trait avoiding abrupt declines in leaf water potentials 

for a certain amount of water lost. Before turgor loss, a higher leaf capacitance buffers against 

changes in Ψw during periods of high transpiration or high vapor pressure deficit. After turgor 

loss, increased capacitance may lengthen organ and plant survival by minimizing transient 

fluctuations in water potentials and preventing embolism after stomatal closure (Sack et al., 

2003a; Blackman and Brodribb, 2011; Bryant et al., 2021). Thus, it is likely that the high leaf 

capacitance of cowpea played an important role in maintaining high leaf water potentials during 

drought. On the other hand, in sunflower, which had the second-highest capacitance, this trait 

buffered the decrease in water potential, but xylem tension still reached critical threshold in 
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leaves and some plants died.  Interestingly, as observed in other studies, we found a weak 

correlation between the saturated water content (SWC) and capacitance (Hao et al, 2008; 

Blackmand &Brodribb, 2011; Nadal et al., 2018). This can be seen when comparing tomato 

and cowpea which have nearly the same SWC but contrasting capacitances. Considering the 

capacitance at full turgor (Cft), differences are expected as this capacitance is directly impacted 

by the cell wall elasticity. Conversely, the capacitance after turgor loss (Ctlp) depends on the 

amount of water released and the osmotic potential. In this study, we demonstrate the 

independence of these two capacitances when comparing cowpea and sunflower plants (or even 

tomato and soybean) which had the same Cft but different Ctlp. Different types of water-storage 

cells and their localization impact leaf capacitance and, given the importance of this trait for 

plant survival, understanding what makes some leaves better capacitors than others might be 

an important avenue for improving drought resistance (Luo et al., 2021). 

Xylem resistance to embolism in leaves 

 As drought progresses, the water potential within xylem conduits can reach a threshold 

at which embolism occurs and water transport is compromised. Cowpea plants were so efficient 

in minimizing water loss that, even after 15 days of water withholding, the lowest mean midday 

water potential (-1.29 MPa) did not surpass the P50 of this species (-1.49 MPa). Given the direct 

impact of xylem embolism on leaf physiology and survival (Cardoso et al., 2020; Brodribb et 

al., 2021a), the maintenance of leaf water potential above the P50 might explain why very few 

leaves of cowpea were damaged during drought (Table 1; Fig 3). Additionally, because of its 

efficiency in maintaining high water potentials during drought, cowpea was the most efficient 

crop to recover its function from drought (Figs 1, 2, and S1). 

Tomato and soybean, on the contrary, reached P50 after three and seven days of drought, 

respectively (Fig 1), likely explaining the abrupt declines in Fv/Fm as well as the extensive 
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mortality of leaves and whole plants of these two crops during this experiment (Table 1; Fig 3). 

Interestingly, soybean had the most resistant xylem to embolism and the largest SSM (Table 2), 

however, its poor water conservation strategy (i.e. late stomatal closure, high gmin, and low leaf 

capacitance) resulted in a fast decline in water potential below the xylem embolism threshold 

(Fig 1). Finally, sunflower plants also reached very low water potentials during drought (Fig 

1), which were much lower than the P50 of this species, and because of that, we also observed 

a major decline in Fv/Fm and considerable mortality of leaves across the sunflower crown 14 to 

15 days after the drought imposition (Table 1; Fig 3). Additionally, 40% of the sunflower plants 

died, likely because, in addition to extensive embolism in the xylem of leaves, stems also 

experienced high amounts of embolism, ultimately resulting in whole plant death (Brodribb & 

Cochard, 2009). In this sense, regarding the plants that survived, they could have achieved this 

through two ways, by (i) presenting higher stem resistance to embolism and/or by (ii) 

minimizing xylem tension. Our data suggest that option (ii) seems more likely as we have seen 

a higher variation in leaf water potential (see Fig. 1) suggesting that some plants passed the 

point of no return in relation to stem embolism. 

At last, we asked how the information gathered in this study could be useful in the 

context of crop management. First and most important, for irrigation purposes, special attention 

should be paid to crops with leaves presenting a low gs90, high gmin, low capacitance, and low 

SWC. Such crops might display fast decreases in water potential and, as a result, irrigation 

frequency should be higher.  For breeding purposes from a water relations standpoint and 

focusing on ensuring survival under drought, firstly, breeders should aim at decreasing the 

water loss (selecting for high gs90 and low gmin) and, secondly, at slowing the water potential 

decline (selecting for high capacitance). This strategy is based on cowpea plants showing that 

avoiding the water potential decline seems to be more effective than increasing xylem resistance 

to embolism (see the soybean example). In addition, drought strategies minimizing water loss 
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are of particular importance especially when considering the ongoing climate changes since the 

expected increases in air vapor pressure deficit will maximize water loss (McDowell et al., 

2022).  Obviously, for advanced steps in a breeding program, once gs90, gmin, and capacitance 

were optimized, the next step would be to decrease Ψtlp and P50. Decreasing Ψtlp and increasing 

root depth (if water is available in deep soil profiles) have been associated with enhanced water 

extraction (Varshney et al., 2021) which, in turn, correlates with the other facet of drought 

avoidance, maximization of water absorption.  

 

Conclusion 

The SSM was poorly associated with the survival rate and demonstrated that the ability 

to resist drought in herbaceous species goes beyond investing in xylem resistance to embolism, 

rather, drought avoidance traits involved in minimizing water loss were the most efficient 

mechanisms in ensuring survival in herbaceous crops. 
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Supporting information 

Table S1. Midday water potential (Ψmidday), the maximum quantum efficiency of the photosystem II (Fv/Fm), net photosynthetic rate (A), stomatal 

conductance (gs), and whole-plant transpiration) across four herbaceous crop species cultivated under well-watered conditions. Values are mean ± 

SE (n = 5). 

Species Ψpredawn (MPa) Ψmidday (MPa) Fv/Fm A (μmol m-2 s-1) gs(mol m-2 s-1) 

Eplant (g plant-1 

day-1) 

Soybean -0.12 ± 0.02 a -1.00 ± 0.11 b 0.83 ± 0.003 b 30.6 ± 0.81 a 0.64 ± 0.04 a 465.1 ± 22.80 a 

Tomato -0.12 ± 0.01 a -0.87 ± 0.09 ab 0.81 ± 0.007 d 12.2 ± 0.74 c 0.14 ± 0.01 c 404.9 ± 18.09 b 

Sunflower -0.18 ± 0.02 b -0.81 ± 0.07 ab 0.85 ± 0.002 a 33.2 ± 1.46 a 0.65 ± 0.04 a 524.3 ± 24.78 a 

Cowpea -0.19 ± 0.01 b -0.73 ± 0.07 a 0.82 ± 0.004 c 23.7 ± 1.18 b 0.33 ± 0.03 b 394.2 ± 20.09 b 
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Fig. S1. Images of four herbaceous crop species [soybean (A), tomato (B), sunflower (C), and 

cowpea bean (D); control (left) water stress(right)] three days after water restriction. 
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CHAPTER 2 

 

Assessing  drought tolerance and avoidance in domesticated and wild tomatoes 

 

Abstract 

 

Drought stress poses a significant challenge to plant production and is projected to be intensified 

due to climate change. Plants have developed a range of drought tolerance and avoidance 

mechanisms to survive in water-limited environments. While much research has focused on 

woody plants, the mechanisms enabling herbaceous species to survive extreme drought are less 

explored. This study investigates the hydraulic traits of six Solanum species with varying abiotic 

stress tolerances (S. pennellii, S. habrochaites, S. neorickii, S. galapagense, S. pimpinellifolium, 

and S. lycopersicum) to evaluate drought resistance strategies within the Lycopersicum section. 

Despite the varied geographical origins of these species, our results reveal a narrow range in 

the water potential at which 50% of xylem hydraulic conductivity is lost (P50) across genotypes, 

except for S. habrochaites, which exhibited a significantly lower P50. Notably, S. pennellii 

demonstrated a prolonged time to hydraulic failure, highlighting the importance of drought 

avoidance traits such as high capacitance (C) and minimum conductance (gmin). These findings 

suggest that genetic breeding for drought resistance in cultivated tomatoes should prioritize 

traits like gmin and C over P50. This study advocates for a more integrative approach to 

understanding the drought resistance of herbaceous plants and improving crop resilience to 

water stress studies. 

 

Keywords: dehydration avoidance, leaf capacitance, hydraulic traits, Solanum, minimum leaf 

conductance, xylem embolism. 

 

 

 

 

 

 

 

 

 

 



52 
 

 

Introduction 

 

Drought, one of the most limiting factors for plant production, is expected to increase 

in severity and frequency (Trenberth et al., 2014; IPCC. 2021).  Plants have evolved a range of 

morphological, anatomical, and physiological mechanisms to withstand drought stress. These 

mechanisms can be broadly classified into two categories: (i) drought tolerance mechanisms, 

which allow plants to maintain physiological function despite low water potentials, and (ii) 

drought avoidance mechanisms, which enable plants to sustain higher water potentials during 

drought by maximizing water uptake and storage while minimizing water loss (e.g., stomatal 

control, minimum leaf conductance, leaf area, water storage, capacitance, and root depth) 

(Volaire, 2018b; Sun et al., 2020; Guillemot et al., 2022; Liang and Ye, 2024). 

The question of what mechanisms contribute most to species-specific drought resistance 

has been extensively studied, particularly in tree species (McDowell et al., 2008; Skelton et al., 

2015, 2021). There is a current consensus that plant hydraulic traits play a crucial role in 

determining drought tolerance, with hydraulic failure recognized as the primary cause of 

drought-induced mortality (McDowell et al., 2008, 2022b). Indeed, the water potential at which 

50% of a plant's hydraulic conductivity is lost (P50) is commonly used as a proxy for drought 

tolerance (Choat et al., 2012b, 2018b; Blackman et al., 2016b). While considerable research 

has focused on identifying drought survival strategies in woody plants, the mechanisms 

enabling herbaceous species to survive and recover from extreme drought conditions remain 

underexplored (Choat et al., 2012; Dória et al., 2019; Lens et al., 2016; Thonglim et al., 2022; 

Volaire et al., 2018). Studies are also lacking in crops, despite their importance for food security. 

Recently, Pereira et al. (2024) found that P50 was not a reliable predictor of prolonged 

survival in herbaceous crops under extreme drought lending support to the hypothesis that 

drought avoidance traits would be more important for plant survival under drought in this 

functional group. Furthermore, P50 varies considerably between tree species and habitats, with 

plants from xeric areas generally exhibiting greater resistance to xylem embolism compared to 

species from more humid environments (Choat et al., 2012b; Lens et al., 2016b; Skelton et al., 

2021). While P50 values across plant species range widely, from –0.5 to –19 MPa (Larter et al., 

2015), the variation within a single species tends to be much narrower. For example, in Solanum 

lycopersicum, leaf P50 values have been reported to range from –1.14 to –1.51 MPa (Haverroth 

et al., 2023, 2024; Andrade et al., 2024; Pereira et al., 2024). 

Adaptation to the local environment has long been considered a major factor driving 

morphological evolution and speciation (Nakazato et al., 2010) and the tomatoes group is 
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ideally suited to further expand this kind of integrated research. The genus Solanum contains 

the largest number of species within the Solanaceae family, with approximately 1,500 species, 

and both cultivated and wild tomatoes are classified under the section Lycopersicon, which 

consists of 13 species (Rezk et al., 2021). Similar to other Solanaceae crops, the domestication 

of tomatoes involved selecting for obvious morphological traits, such as fruit size, shape, color, 

and productivity (Bai and Lindhout, 2007). Wild tomatoes thrive in their center of origin, the 

western coast of South America, where they grow in environments ranging from near sea level 

to altitudes of up to 3,300 meters, and from arid to rainy climates. These species often inhabit 

narrow, isolated valleys, adapting to specific microclimates and diverse soil types (Bauchet & 

Causse, 2012; Grandillo et al., 1999, 2011). 

S. pennellii is a drought-adapted species and serves as an ideal experimental model for 

advancing the understanding of mechanisms related to drought adaptation and resistance in 

tomato plants (Egea et al., 2018). S. habrochaites is resistant to low temperatures and its 

stomatal closure during root chilling is most likely an adaptive response to its cold habitat and 

might be important in the adaptation of other wild tomatoes to cold soils and other types of 

water stress (Easlon et al., 2013; Zhang et al., 2023). Chilling damage also derives in part from 

water stress in cold soils because chilling impedes root water absorption, which can result in 

shoot wilting if stomata do not close rapidly to limit water loss (Easlon et al., 2013). S. neorickii, 

a species from humid regions, thriving in well-drained rocky slopes, is concentrated in the inter-

Andean valleys of Peru and Ecuador, and no populations of either species are known from the 

west slopes of the Andes or east of the main cordilleras (Grandillo et al., 2011; Ramírez-Ojeda 

et al., 2021). Additionally, S. galapagense is naturally adapted to highly saline soils and may 

exhibit a high capacity to accumulate Na+ and Cl− in its leaves, enhanced hormonal signaling 

response, and osmotic adjustment (Bonarota et al., 2022), making these species potential 

candidates for evaluating hydraulic traits related to drought tolerance and mortality in 

herbaceous plants. S. pennellii, S. galapagense, and S. pimpinellifolium also exhibit higher 

tolerance to salt stress (Bonarota et al., 2022) and these species could maintain the root 

hydraulic conductance under salt stress conditions, whereas the cultivated tomato M82 could 

not, suggesting that the wild tomatoes could maintain better root water uptake under this stress 

(Han et al., 2021) which is also an interesting feature for drought resistance. Finally, S. 

lycopersicum, the highly inbred tomato cultivar M82, which has traditionally been used as a 

check variety in breeding programs and as a reference cultivar for scientific research as a 

drought‐sensitive cultivar, in contrast with the drought‐tolerant S. pennellii  (Egea et al., 2018; 

Galdon-Armero et al., 2018). 
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Given the above, the present study aims to evaluate six Solanum species (S. pennellii, 

S. habrochaites, S. neorickii, S. galapagense, S. pimpinellifolium, and S. lycopersicum) with 

different abiotic stress tolerances and from different habits to evaluate the extent that drought 

tolerance and avoidance traits vary in the Lycopersicum section and to determine whether the 

origin environment and domestication influenced the drought resistance strategies of tomato 

plants. 

 

Materials and Methods 

 

Plant material 

 

Individuals of tomato of the Solanum genus S. pennellii (LA716), S. habrochaites 

(LA1777), S. neorickii (LA2133), S. galapagense (LA1401), S. pimpinellifolium (LA1589), 

and S. lycopersicum (cv. M82) were cultivated from seeds in 5.5 L-plastic pots filled with clay 

soil, sand, and commercial substrate (2:1:1). One plant per pot was maintained inside a 

greenhouse (Viçosa, 20° 45’ S, 42° 15’ W, Brazil) under natural light (maximum photosynthetic 

photon flux density (PPFD) of c. 900 μmol·m-2·s-1) and temperature (c. 30°C) until they were 

c. 45-day-old. During cultivation, plants received daily watering to full soil capacity and a 

weekly application of fertilizer using a commercial NPK formulation (10:10:10). 

 

Leaf minimum conductance and water relation 

 

 Fully expanded leaves were collected from the middle third of shoots of well-watered 

plants and characterized in terms of, gmin, saturated water content (SWC), relative water content 

(RWC, modulus of elasticity (Ԑ) turgor loss point (Ψtlp), capacitance before and after the turgor 

loss point (Cft and Ctlp, respectively), and specific leaf area (SLA). 

 The gmin was measured using the mass loss of detached leaves method (Duursma et al., 

2019). Leaves taken from different individuals (n = 6) of each species in well-watered condition 

were collected early in the evening, taken to the lab, had their petiole end completely sealed 

with parafilm, and then placed on the stand to allow slow dehydration while weighted every 15 

min for 4 h. For each plant, gmin was determined from the slope of the linear part of the 

relationship between leaf mass versus time after stomatal closure and normalized by leaf area, 

VPD (obtained from air temperature and humidity measurements during the dehydration 

period), and atmospheric pressure (P). 
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Pressure–volume curves (Tyree and Hammel, 1972) were constructed using mature 

leaves taken from individuals of each species (n = 8). Leaves were collected early in the 

evening, scanned for leaf area measurements, recut under water, and allowed to rehydrate 

overnight until water potential higher than 0.1 Mpa. Leaf fresh weight and water potential were 

measured over time during slow bench dehydration until leaf water potential stopped falling 

due to leaf cell damage. Using leaf dry mass of oven-dried leaves (at 70°C until constant 

weight), the relative water content was calculated and plotted against the inverse of leaf water 

potential. Saturated water content (SWC) was estimated by extrapolating the regression of 

water mass vs water potential to estimate the water mass at 0 MPa and subsequently dividing 

by the dry mass. The Ψtlp was determined by the inflection point between the pre-turgor loss 

and post‐turgor loss portions of the curve. RWC at turgor loss point was visually estimated from 

Ψtlp. The modulus of elasticity at full turgor was calculated as change in turgor potential over 

the change in total RWC (ε). Cft and Ctlp were obtained from the linear slopes of the plot (before 

and after the turgor loss point, respectively) and normalized by leaf area. The SLA was 

calculated as projected leaf area divided by leaf dry mass. For leaf minimum conductance, water 

relations, and drought response, we do not have data for S. neorickii plants, as this species did 

not germinate. 

  

Crop responses to drought 

 

Drought was imposed in five well-watered plants by withholding water in all species. 

Transpiration (TR) values (g H2O plant-1) were normalized (NTR) by calculating the ratio 

between water loss of the drying pot and the average of the water loss from the few days the 

pot was under well-watered conditions. A second correction was made to account for 

differences in transpiration that occurred during the days. Thus, the daily NTR of each plant 

was divided by the mean NTR during the period when the soil was still well-watered. Water 

was withheld from plants until they reached NTR below 0.10. Daily FTSW was calculated as 

the indicator of intensity of soil water deficit. 

 

FTSW= 
daily pot weight−final pot weight

initial pot weight−final pot weight
       (1) 
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Leaf hydraulics vulnerability 

 

Leaf vulnerability curves for each species were assessed by the optical method 

(Brodribb et al., 2016). Well-watered potted individuals of each species [S. pennellii (n=7), S. 

habrochaites (n=4), S. neorickii (n=6), S. galapagense (n=4), S. pimpinellifolium (n=6), and 

S. lycopersicum (n=4)] were taken to the lab early in the morning and plants had the soil washed 

out from the roots to enhance the rate of soil drying. Subsequently, a fully mature leaf from 

middle third of shootswas placed under either a flatbed scanner (V800, Epson, Tokyo, Japan) 

or a custom built OpenSourceOV clamp (OSOV) to record the development of embolism in the 

leaves with images taken every c. 3 min. Due to their prolonged time of desiccation, S. pennellii 

plants were set up with 10 minutes between images. While embolism was recorded, plants were 

maintained under low light condition (PPFD < 100 μmol·m-2·s-1) to allow whole plant 

equilibration. The leaf water potentials were periodically measured using a Scholander pressure 

chamber (Model 1000, PMS Instruments, Albany, USA). Embolism events were determined 

when visible changes in color in the xylem were observed. A small leaf section covering major 

and minor veins was selected and the area of embolized xylem (%) was quantified over time by 

image subtraction and the data was plotted against leaf water potential. For further details on 

this method, see the open-source website http://www.opensourceov.org. The optical P50 and P88 

for each species was calculated as the mean value obtained from all curves. For each species, 

the SSM was calculated as defined by Ψtlp minus P50. Time to achieve P50 and P88 (TP50, TP88) 

was measured in hours from the beginning of the leaf vulnerability curve. 

  

Statistical analysis 

 

Statistical analyses for PV and curves result and hydraulics features among species were 

performed using the R v.4.2.1 (R Core Team, 2022). The data were submitted to an analysis of 

variance and the significant differences between the means were determined by the Tukey`s test 

for multiple comparisons with probability level of ≤0.05, and Kruskal-Wallis test was used to 

non-normal data. 

 

Results 

 

The leaf xylem resistance to embolism, which was assessed through optical 

vulnerability curves (Figure 1), varied across species with the P50 ranging from -1.14 (S. 

http://www/
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lycopersicum) to -1.54 MPa (S. habrochaites). The P88 ranged from -1.17 (S. galapagense) to -

1.54 MPa (S. habrochaites) (Table 1), which did not variate significantly across the six species. 

However, the time to achieve those parameters was higher for S. pennellii (107.3 ± 0.010 h), 

which is in line with its presumed drought resistance. In addition, the species S. galapagense, 

S. pimpinellifolium, and S. lycopersicum, in which leaf embolism formation precedes leaf turgor 

loss, also presented smaller SSM, -0.02, 0.02, and 0.15 MPa, respectively.   

 

 

Figure 1. Cumulative embolized xylem area (%) during leaf dehydration across across six 

Solanum species. Each curve is represented by mean (solid lines) ± SE (shaded area) [S. 

pennellii (n=7), S. habrochaites (n=5), S. neorickii (n=6), S. galapagense (n=4), S. 

pimpinellifolium (n=6), and S. lycopersicum (n=6)]. The vertical solid and dashed lines indicate 

the mean of the threshold of 50% cumulative embolism and water potential at turgor lost point 

(ΨTLP). 
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Table 1. Water potential at 50% and 88% cumulative embolism (P50, P88), time to achieve P50 and P88 (TP50, TP88) and stomatal safety margin (SSM) 

across six Solanum species. Values are mean ± SE) [S. pennellii (n=7), S. habrochaites (n=4), S. neorickii (n=6), S. galapagense (n=4), S. 

pimpinellifolium (n=6), and S. lycopersicum (n=4)]. Letters denote statistical Tukey`s test for multiple comparisons with probability level of ≤0.05, 

and Kruskal-Wallis test was used to non-normal data among genotypes. 

 

 

 

 

 

 

 

 

 

 

 
S. pennellii S. habrochaites S. neorickii S. galapagense S. pimpinellifolium S. lycopersicum 

P50 (MPa) -1.30 ± 0.042 a -1.54 ± 0.101 b -1.21 ± 0.042 a -1.06 ± 0.068 a -1.19 ± 0.076 a -1.14 ± 0.179 a 

P88 (MPa) -1.36 ± 0.038 a -1.54 ± 0.101 a -1.38 ± 0.061 a -1.17 ± 0.074 a -1.27 ± 0.060 a -1.28 ± 0.181 a 

TP50 (h) 55.2 ± 12.15 a 43.75 ± 10.93 a 21.8 ± 3.95 a 24.7 ± 6.89 a 22.17 ± 1.92 a 29.2 ± 6.73 a 

TP88 (h) 107.3 ± 0.010 a 66.75 ± 18.17 b 41.8 ± 5.79 b 37. 0 ± 6.529 b 30.7 ± 2.95 b 51.2 ± 9.25 b 

ΨTLP (MPa) -1.04 ± 0.033 b -1.10 ± 0.016 b N.A. -1.08 ± 0.023 b -1.17 ± 0.020 a -0.99 ± 0.026 b 

SSM (MPa) 0.26 0.46 N.A. -0.02 0.02 0.15 
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Among pressure-volume curve parameters, S. pennellii exhibited the highest SWC at 

10.1 ± 0.19 significantly higher than the other species (Table 2). The ΨTLP showed minimal 

variation across genotypes, ranging from -0.99 (S. lycopersicum) to -1.17 MPa in (S. 

pimpinellifolium). S. pennellii and S. habrochaites had the lowest relative water content at 

turgor loss point (RWCTLP), averaging 81%, while S. galapagense and S. lycopersicum 

presented the highest values at 89%.  The modulus of elasticity (ε) values also varied 

significantly among the species: S. pimpinellifolium and S. galapagense displayed the highest 

values (9.9 ± 0.70 and 9.0 ± 0.65 MPa, respectively); in contrast, S. pennellii had the lowest ε 

value (5.6 ± 0.76 MPa). CFT was highest in S. pennellii (2.19 mol m⁻² MPa⁻¹), whereas S. 

galapagense had the lowest value (0.89 mol m⁻² MPa). Similarly, S. pennellii had the highest 

CTTLP, at 6.66 mol m⁻² MPa⁻¹, twice that of S. habrochaites, which had the lowest CTTLP value 

(3.33 mol m⁻² MPa⁻¹). In terms of minimum conductance (gmin), S. lycopersicum showed the 

highest value (6.09 ± 0.972 mmol m⁻² s⁻¹), which was 2.4 times greater than the values for the 

other species, whose average gmin was 2.52 mmol m⁻² s⁻¹. Additionally, S. lycopersicum had the 

smallest specific leaf area (SLA; 339 ± 9.2 cm² g⁻¹) indicating thicker leaves compared to the 

other species, which ranged from 390 ± 24.7 cm² g⁻¹ in S. galapagense to 414 ± 18.9 cm² g⁻¹ in 

S. habrochaites (Table 2). 

For most genotypes, the NTR vs. FTSW plots were well represented by a two-segment 

linear model. The initial phase of soil drying was depicted by a plateau, followed by a linear 

decrease once FTSW dropped below a certain threshold. A higher threshold indicated greater 

sensitivity to soil drying. The genotype S. galapagense showed the highest sensibility 

represented by the breakpoint at FTSW equal to 0.65 (Figure 2 C), while all other species ranged 

from 0.38 to 0.46 (Figure 2 A, B, D, and E). These results were further supported by the visual 

wilting observed in S. galapagense after just three days of stress (Figure 3). 

 

 

 

 

 

 

 

 

 

 



 

 

Table 2. Saturated water content (SWC), turgor loss point (Ψtlp), modulus of elasticity (ε), capacitance at full turgor and following turgor loss point 

(Cft and Ctlp, respectively), specific leaf area (SLA), minimum leaf conductance (gmin), across five Solanum species. Values are mean ± SE (n = 8 

for pressure–volume curves features, and n = 6 for gmin). Letters denote statistical tests (p≤0.05) conducted among genotypes. Letters denote 

statistical Tukey`s test for multiple comparisons with probability level of ≤0.05, and Kruskal-Wallis test was used to non-normal data among 

genotypes. 

  
S. pennellii S. habrochaites S. galapagense S. pimpinellifolium S. lycopersicum 

SWC (g g-1) 10.07 ± 0.18 a 6.29 ± 0.101 c 5.75 ± 0.204 c 8.41 ± 0.199 b 8.17 ± 0.190 b 

ΨTLP (MPa) -1.04 ± 0.033 b -1.10 ± 0.016 b -1.08 ± 0.023 b -1.17 ± 0.020 a -0.99 ± 0.026 b 

RWCTLP (%) 80.1 ± 1.65 b 81.9 ± 1.64 b 88.8 ± 0.58 a 86.6 ± 1.07 ab 89.0 ± 0.57 a 

ε (MPa) 5.64 ± 0.761c 5.91 ± 0.725 b 8.98 ± 0.655 a 9.86 ± 0.705 a 9.37 ± 0.510 a 

CFT (mol m-2 MPa-1) 2.19 ± 0.236 a 1.35 ± 0.168 b 0.89 ± 0.051 c 1.08 ± 0.138 b 1.25 ± 0.066 b 

CTLP (mol m-2 MPa-1) 6.66 ± 0.445 a 3.33 ± 0.165 b 3.55 ± 0.400 b 3.46 ± 0.439 b 5.09 ± 0.482 b 

SLA (cm2 g-1) 398.4 ± 9.84 a 414.3 ± 18.94 a 390.2 ± 24.66 a 411.5 ± 20.41 a 338.9 ± 9.22 a 

gmin (mmol m-2 s-1) 2.52 ± 0.382 b 2.40 ± 0.123 b 2.27 ± 0.196 b 2.91 ± 0.329 b 6.09 ± 0.972 a 
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Figure 2. Normalized transpiration response during drought. (A) S. pennellii, (B) S. 

habrochaites, (C) S. galapagense, (D) S. pimpinellifolium, and (E), S. lycopersicum. The two-

segmented regression was used to fit these data and the threshold for the decline is noted in the 

figures. 
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Figure 3. Plants on the third day of sustained water withholding of five tomatoes species (A) 

S. pennellii, (B) S. habrochaites, (C) S. galapagense, (D) S. pimpinellifolium, and (E), S. 

lycopersicum. 
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Discussion 

 

In this study, we characterized six Solanum species in terms of water relations and leaf 

xylem resistance to embolism. Our findings revealed conserved ΨTLP,  leaf P50, and P88 values 

across the genotypes, except for S. habrochaites which presented a significantly lower P50. 

Interestingly, the time to achieve P88 was longer in S. pennellii, highlighting the importance of 

traits commonly associated with greater drought avoidance (higher SWC, CFT, CTLP, and lower 

ε and gmin) exhibited by this species. 

 We observed that the values and variation in P50 between wild tomatoes and certain 

genotypes of S. lycopersicum were consistent with previous studies, ranging from -1.1 to -1.5 

MPa (Haverroth et al., 2023, 2024; Andrade et al., 2024; Pereira et al., 2024). This was 

somewhat unexpected considering the different geographical origins of the species used here 

(https://tgrc.ucdavis.edu/) and current literature showing that species native to arid 

environments tend to exhibit more negative P50 values, reflecting greater embolism resistance, 

compared to those from humid regions (Choat et al., 2012b; Larter et al., 2015; Lens et al., 

2016b; Dória et al., 2019; Skelton et al., 2021; Huang et al., 2024). For example, Volaire et al. 

(2018) observed that, in 12 populations of the grass Dactylis glomerata, stem P50 ranged from 

–3.1 to –6.4 MPa, and P88 from –5.1 to –11.6 MPa. However, when analyzing the functional 

range of Ψw in wild and domesticated tomatoes under severe drought (Dariva et al., 2020; Alves 

et al., 2021; Andrade et al., 2024; Pereira et al., 2024), we noticed that the lowest Ψw values are 

c. -2.0 MPa; thus, it seems reasonable to expect that P50 values should be higher than this value. 

If -2.0 and -1.1 MPa (variation in ΨTLP) are good candidates for the lower and higher thresholds 

for P50, respectively, such conserved values naturally constrain the variation in xylem resistance 

in tomatoes. 

 At first glance, such a narrow range for P50 in tomatoes seems to undermine the 

importance of the parameter, however, Andrade et al. (2024) showed that a 0.25 MPa difference 

in P50 when comparing S. lycopersicum and the insensitive auxin mutant diageotropica (dgt) 

was sufficient to change their response to drought recovery. In any case, the conserved and 

limited window of variation for drought tolerance traits in tomatoes highlights the importance 

of drought avoidance traits in prolonging the time to hydraulic failure (THF) and, consequently, 

drought survival. Ziegler et al. (2024) evaluated drought survival across saplings of 12 tropical 

rainforest tree species with contrasting hydraulic strategies and observed that variations in gmin 

were translated into variations in THF, indicating that a water-saving, drought-avoidance 

strategy is the most effective way to delay hydraulic failure. Additionally, no correlation 
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between traits related to xylem vulnerability to embolism and THF was observed (Martin-

StPaul et al., 2017; Blackman et al., 2019a; Duursma et al., 2019b; Machado et al., 2021; 

Ziegler et al., 2024). The previous results were similar to the findings of Pereira et al. (2024) 

when studying herbaceous crop plants with different degrees of drought resistance (tomato, 

sunflower, cowpea, and soybean). The most important take-home message from these studies 

is that the independence of drought tolerance and avoidance traits implies that genetic breeding 

can look for variation in one of them without necessarily compromising the other. 

An important strategy to increase THF is to increase capacitance (C), which is the case 

for S. pennellii. Plants with higher C can store water in tissues to prevent steep decreases in 

xylem water potential during dry periods when compared with plants with lower C (Sack et al., 

2003b; Xiong and Nadal, 2020b). Luo et al. (2021), using a grass leaf model, showed that a 

large C could help delaying the decrease in water potential by increasing the time scale, and, as 

a result, stabilizing the plant hydraulics and reducing the variation of water content. These 

observations indicate that an effective strategy for a plant to be more resilient under water stress 

would be to increase its water-storage capacitance rather than to increase the resistance of 

pathways connecting xylem and capacitors (Luo et al., 2021). S. pennellii has been used as a 

source of alleles for conferring drought resistance in S. lycopersicum; indeed, several 

introgression lines (ILs) have been generated (Eshed and Zamir, 1995) and Coneva et al. (2017) 

generated a double IL with higher leaf thickness which was shown to present increased 

saturated water content and drought resistance (Rosa, 2022).  

 In our study, the narrow range for P50 and conserved values for ΨTLP showed that these 

parameters could not explain the differential drought resistance across the domesticated and 

wild species. Therefore, it seems that traits related to avoiding damage at the cellular level and 

maintaining, as long as possible, metabolic activity could be an important facet of drough 

resistance in tomato plants (Abate et al., 2021). Indeed,  Abdellatif et al. (2023) conclude that 

tomato mutants exhibited drought resistance by inhibiting oxidative damage, preventing 

membrane damage, and conserving the plant water status. A similar response was found by 

Spormann et al. (2024) by comparing the responses of wild tomato species under exposure to 

conditions of soil salinity and low irrigation. Overall, the main findings of the previous study 

suggested osmoregulatory and antioxidant mechanisms in S. galapagense and S. habrochaites 

might be the ones related to the enhanced crop resilience of these wild species under 

environmental stress. 

Wild tomatoes occur in habitats from extremely dry to moist areas, which may have 

resulted in the adaptation of populations or species to differences in soil moisture availability.  
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For instance, it is possible to find populations of S. pimpinellifolium in a wide range of water 

availability, from a mean annual precipitation of 49 to 2800 mm (Martínez-Cuenca et al., 2020), 

indicating a high plasticity within the same species, once it can survive in wet and dry areas. 

This plasticity could explain why tomatoes presented a similar hydraulic response under 

drought when grown in a common garden in this study. The literature also has shown no 

difference in leaf physiological responses to soil drought within or between tomato species 

grown in a common garden, even with accessions originated from locations with vastly 

different climatic conditions, which would suggest strong potential for differential adaptation 

to drought (Easlon and Richards, 2009).  

 

Conclusion 

 

The response to water restriction is highly multifaceted, influenced by a complex 

interplay of plant attributes such as stomatal behavior, hydraulic architecture, morpho-

anatomical traits, leaf properties, root traits, and hormonal signaling. This study highlights the 

need to go beyond drought tolerance traits and emphasizes the need for an integrated approach 

to understanding drought resistance. Notably, gmin and C have been frequently cited as critical 

mechanisms for plant survival during severe drought and were related to the high THF in S. 

penellii. Despite varying geographical origins, P50 values and sensibility to soil drying were 

consistent across species, when growing in common garden. More studies to explore the 

influence of plant plasticity on hydraulic response are needed, and efforts to improve S. 

lycopersicum drought resistance should focus on both drought avoidance and tolerance traits. 
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Abstract  

 

Stomatal closure in response to water deficit is crucial for maintaining plant water balance. 

While the mechanisms driving daytime stomatal closure under drought are well studied, the 

mechanism driving progressive declines in nighttime transpiration (Enight) during drought 

remains less understood. To investigate whether either abscisic acid (ABA) or declining leaf 

water status drives progressive declines in nighttime transpiration during drought in vascular 

plants, we conducted experiments in a representative fern, gymnosperm, and woody and 

herbaceous angiosperm species, including a severe ABA-deficient mutant.  These species 

spanned a spectrum of stomatal control by ABA ranging from ABA insensitive (fern) to ABA 

reliant (herbaceous angiosperm) for stomatal closure. We found that reductions in Enight during 

drought are driven by passive stomatal closure in ferns and gymnosperms, transitioning to ABA 

regulation in gymnosperms under severe stress, and in herbaceous angiosperms being driven 

entirely by ABA. In all species, the proportion of night transpiration relative to whole day 

transpiration increased as stomata closed during the drought. The reduction of nighttime 

transpiration during drought appears to be a convergent stomatal response across vascular land 

plants, but is driven by diverse regulatory mechanisms linked to evolutionary history and 

ecological strategy. 
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Introduction 

 

Water use by plants is directly linked to primary productivity because land plants 

exchange water for carbon dioxide uptake from the atmosphere through stomata (Zeppel et al., 

2014; Buckley, 2019). Stomatal closure is critical for reducing water loss when conditions are 

not optimal for photosynthesis or when plant survival is threatened by limited water availability, 

with a near universal closure of stomata during night and during drought in vascular plants 

(Costa et al., 2015; Tombesi et al., 2015; Martin-StPaul et al., 2017; Yang et al., 2021). The 

timing and extent of stomatal closure is critical for understanding limitations to agricultural 

production, as well as predicting the timing of plant mortality (Yang et al., 2021), and to 

correctly model vegetation-atmosphere fluxes (Wankmüller and Carminati, 2022).  

While stomata generally close at night to prevent water loss, nighttime transpiration 

(Enight) can still account for 5 to 40% of total daily transpiration (Edaily) (Caird et al., 2007). This 

nocturnal water loss, which varies widely across plant types, biomes, and climates (Dawson et 

al., 2007; Resco de Dios et al., 2019; Yu et al., 2019), can impact water use efficiency, 

particularly under water-limited conditions. Adaptive explanations for a partial nocturnal 

stomatal opening have been proposed, suggesting potential functional benefits to incomplete 

closure (Caird et al., 2007; Zeppel et al., 2014; Meng et al., 2024).  These include to enhance 

evaporative cooling, the maintenance of a transpiration stream for nutrient uptake, oxygen 

delivery, CO2 degassing, capacitance refilling, or a preemptive circadian rhythm for early 

morning stomatal opening (Wang et al., 2021). Despite its relevance, nighttime transpiration is 

commonly underestimated or ignored in models of plant gas exchange during drought, as it is 

assumed that stomata close completely at night in non-crassulacean acid metabolism plants 

(Zeppel et al., 2014; Resco de Dios et al., 2015; Hoshika et al., 2018). Models based on 

optimization predict that when there is no carbon fixation during nighttime that stomata will be 

closed (Wang and Dickinson, 2012; Wang et al., 2021).  

In vascular plants, stomatal closure in response to declining leaf water potential (Ψw) 

during drought is regulated by both hydropassive and hydro-active mechanisms (Buckley, 

2019). In lycophytes and ferns, stomatal closure in response to declining leaf water status 

requires no metabolic input or complex signaling intermediates (Martins et al., 2016; Brodribb 

and McAdam, 2017). In species from these lineages, guard cell turgor is linked to leaf turgor 

such that as Ψw declines, the pore closes passively reducing leaf transpiration. In contrast, as 

leaf turgor declines during drought, seed plants synthesize the phytohormone abscisic acid 

(ABA) to trigger early stomatal closure, ensuring minimal stomatal conductance by actively 
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reducing guard cell turgor (Mittelheuser and Van Steveninck, 1969; Leckie et al., 1998; 

Brodribb and McAdam, 2013). Stomatal closure in the dark occurs by a different mechanism: 

in contrast to light-induced opening, at night, reduced plasma membrane H+-ATPase activity 

leads to membrane depolarization, promoting the extrusion of K+ and Cl– from guard cells into 

the cytoplasm and then across the plasma membrane to the extracellular space (Pemadasa, 1981; 

Ward and Schroeder, 1994). This ion transport reduces guard cell turgor, resulting in a reduction 

in stomatal aperture (Pemadasa, 1981; Ward and Schroeder, 1994; Roelfsema et al., 2001; 

Roelfsema and Hedrich, 2005).  

Given the potential importance of nocturnal transpiration for modelling plant water use, 

particularly in response to drought (Cavender-Bares et al., 2007), it is essential to understand 

the effect of drought on stomatal closure in the dark. We hypothesized that Enight will decline 

with drought and given the differences in the mechanism driving daytime stomatal closure 

during drought across species from the major lineages of vascular land plants, similar 

differences will exist in the mechanism driving progressive reductions in Enight during drought.  

In order to test this hypothesis, we aimed to identify the potential mechanism driving 

progressive reductions in Enight during drought utilizing a diversity of vascular land plants.  

To investigate whether progressive decline in Enight during drought is regulated by the 

same pathway(s) that drive stomatal closure in the day under drought, we included species and 

mutants that encompass a diversity of stomatal physiologies, including the fern Cyrtomium 

falcatum (L.f.) C.Presl (Dryopteridaceae), from a group of land plants in which stomata close 

passively by declining leaf water status under drought, and in which endogenous ABA, 

synthesized during drought, does not close stomata (McAdam and Brodribb, 2012; Cardoso et 

al., 2019).  The gymnosperm, Pinus taeda L. (Pinaceae), representing a lineage of land plants 

in which stomata are regulated by ABA during drought, and from a genus that has been 

characterized as synthesizing high levels of ABA during a drought, in order to minimize 

transpiration (Brodribb and McAdam, 2013).  The embolism-resistant, woody, angiosperm 

species Umbellularia californica (Hook. & Am.) Nuttall (Lauraceae) was included as it utilizes 

high levels of ABA to close stomata at the onset of drought, then as Ψw declines as drought 

progresses, ABA levels decline and stomata transition to being closed passively by low leaf 

water status (McAdam et al., 2024; Mercado-Reyes et al., 2024).  Finally, we also included the 

herbaceous angiosperm Solanum lycopersicum cv. Rhinelands Rhum L. (Solanaceae) which 

relies on ABA to close stomata during drought (Christmann et al., 2005; Hasan et al., 2021), 

and a double mutant on the same background (sitiens flacca), which is unable to synthesize 

ABA and close stomata in response to dehydration (Brodribb et al., 2021).  
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Materials and Methods 

 

Plant material 

The S. lycopersicum WT and mutant plants were cultivated from seed in pots filled with 

mixed soil (1:1:1 sand : topsoil : course pine bark). Experiments were conducted when 

sufficient leaf area was present with plants that were 55 days old (WT) and 7 months old, 

(mutant plants). P. taeda, C. falcatum and U. californica were 5-year-old plants grown in the 

glasshouses of Purdue University, West Lafayette (Indiana, USA) (40° 25′ N, 86° 54′ W, 

elevation: 187 m).  All plants were grown under 22/19 oC day/night temperature under natural 

light. Before experiments, plants were watered daily and fertilized weekly with liquid nutrients 

(Miracle-Gro Water-soluble All Purpose Plant Food, Scotts Company LLC, OH, USA).  

 

Canopy transpiration and leaf water potential 

To measure whole plant transpiration, we used plants with bagged pots to eliminate soil 

evaporation and placed on an individual scale weighing lysimeter connected to a CR850 data 

logger that recorded average weight every 5 minutes. With this data, we measured daily, day, 

and night canopy transpiration [E24 (24 hours), Eday (dawn to dusk), and Enight (dusk to dawn); g 

H2O plant -1). 

Transpiration values were used to calculate transpiration ratios (TR) - the ratio between 

water loss of the drying pot and the average of the water loss from well-watered plants on the 

same day. Due to plant-to-plant variation, normalize transpiration ratio (NTR) was calculated 

as the daily TR divided by the mean TR of the same individual during the period when the soil 

was still well-watered. Water was withheld from plants until they reached NTR near-equal 0.15. 

Night/Day ratio was calculated dividing night NTR by day NTR, each normalized by the 

respective night and day lengths. 

Daily fraction of transpirable soil water (FTSW) was calculated as the indicator of 

intensity of soil water deficit (Sinclair and Ludlow, 1986). 

 

FTSW = 
daily pot weight−final pot weight

initial pot weight−final pot weight
       (1) 

 

Temperature and relative humidity measurements were recorded every minute using a 

HOBO MX2301A Data Logger (Onset Computer Corporation), suspended at plant height in 

the glasshouse. The gravimetric determination of whole plant water loss was then used to 
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calculate average canopy stomatal conductance (gc) during day and night. Mean vapor pressure 

deficit (VPD) of the atmosphere for the time during which transpiration was measured (Sadler 

and Evans, 1989) and gc was then calculated using the equation 2 bellow: 

 

gc = 
moles of water lost/(area∗s)

VPD ∗ Patm
     (2) 

 

Dawn and midday water potential (Ψw), and abscisic acid levels were measured through 

experiment. For that, healthy and mature leaves were collected, bagged with damp paper towels 

for 10 min to ensure whole leaf equilibration, and Ψw were measured using a Scholander 

pressure chamber (Model 1505D; PMS Instruments). After measuring Ψw, a subsample of tissue 

was then taken for hormone analysis (see below). Daily Ψw was estimated by plotting Ψw 

measured during experiment against FTSW. 

Stomatal response to rehydration in C. falcatum 

 In one drought stressed C. falcatum plant (NTR near-equal 0.15), the stipe of the leaf 

was excised under water, and gs was continuously recorded under dark conditions until it 

stabilized. Gas exchange was measured using an infrared gas analyzer (LI-6800). 

Environmental conditions in the leaf cuvette were controlled: light was turned off, temperature 

was set to 23°C, and CO2 concentration was maintained at 400 µmol mol⁻¹. Samples for Ψw and 

foliar ABA quantification were collected before rehydration and at the end of the analyses.  

ABA quantification 

The ABA was quantified from the same leaf used for Ψw. Samples were weighted, 

covered in 80% methanol in water (v v-1) with added butylated hydroxytoluene (250 mg l-1), 

chopped in smaller pieces, and stored at -20oC. To prepare samples for ABA quantification, the 

tissue was homogenized, and 15µl of ABA standard (1ng µl-1) was added to each sample, which 

was then stored overnight at 4°C to allow plant tissue to settle. Subsequently, an aliquot of the 

supernatant was dehydrated at 40oC. The ABA resuspended in 200 µl of 2% acetic acid in water 

(v v-1) and ABA levels quantified using liquid chromatography tandem mass spectrometry 

(Agilent 6460, QQQ LCMS). Foliar ABA levels were expressed in terms of dry weight (DW), 

which was quantified after ABA determination by weighing the dry mass of the sample 

harvested and extracted for analysis. Normalizing the ABA levels to tissue DW avoids passive 

increases in ABA levels as cells dehydrate (McAdam, 2015). 
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Results 

 

During drought daytime transpiration (Eday) and Enight rates remained constant until a 

certain threshold soil moisture level (fraction of transpirable soil water, FTSW), with the 

exception of the severe ABA biosynthetic mutant of S. lycopersicum (Figure 1). After this 

threshold FTSW was crossed, Eday and Enight progressively decreased in a linear fashion in 

response to declining FTSW in all species (Figure 1). In the fern C. falcatum and conifer P. 

taeda we observed a significant difference between the Eday and Enight FTSW breakpoints at 

which transpiration began to decline, with Enight in both species starting to decline linearly at a 

higher FTSW compared to when Eday began declining (Figure 1A and B). For both angiosperms 

species, U. californica (Figure 1C) and the wild-type plants of S. lycopersicum (Figure 1D), the 

decline in transpiration rate was coordinated for day and night at a similar FTSW. 

The fern C. falcatum, conifer P. taeda, and angiosperm U. californica had an unchanged 

Enight/Eday ratio as FTSW declined, remaining constant (between 0 and 0.3) until FTSW had 

declined to approximately 0.2, at which point it increased (Figure 2A, B, and C). In contrast, in 

the wild-type plants of S. lycopersicum, the Enight/Eday ratio was high at around 0.55 and then 

decreased as FTSW declined until 0.2; after 0.2, this ratio increased to 0.9, surpassing the initial 

value observed when the soil was well-watered (Figure 2 D). In the severely ABA-deficient 

mutant plants of S. lycopersicum sitiens flacca, the Enight/Eday ratio remained constant 

throughout the entire drought (Figure 2 E). Except for the mutant, the point of increase in the 

Enight/Eday ratio during drought occurred, in all species, when plants started to lose a consistent 

and minimum amount of water in a 24 h period, indicating that daytime stomatal conductance 

had reached a minimum.   

Enight in C. falcatum and S. lycopersicum accounted 21 and 24%, respectively, of 24 h 

canopy transpiration (E24) during well-watered conditions and 31 and 33% when FTSW was 

below 0.1. Enight of both P. taeda and U. californica was 6% of E24 while water was not limiting, 

whereas it reached up to 19% of E24 at low FTSW (Table 1). The higher proportion of Enight to 

E24 under drought reflects a greater relative decline in stomatal conductance rate during the day 

than during the night, particularly in the woody species (Table 2). 

In the fern C. falcatum, Enight progressively declined as Ψw declined during drought, but 

the onset of this decline was not associated with an increase foliar ABA level (Figure 3 A). In 

the conifer P. taeda, the progressive reduction in Enight, as Ψw declined during drought, 

corresponded to a substantial increase in foliar ABA levels from 0.3 to 2.52 µg g⁻¹ DW (Figure 

3 B). In the woody angiosperm U. californica, a classical peaking-type drought response in 
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foliar ABA levels during drought was observed, with the initiation of the progressive decrease 

in Enight coinciding with the initial increase in ABA levels during drought peaking at 18.5 µg 

g⁻¹ DW (Figure 3 C). In the herbaceous angiosperm, S. lycopersicum, Enight abruptly decreased 

as Ψw declined and coincided with an increase in foliar ABA level that reached 40.6 µg g⁻¹ DW 

at the end of the drought (Figure 3 D). Although in C. falcatum endogenous ABA levels during 

the drought increased above levels measured under well-watered conditions, they were never 

higher than 0.5 µg g-1 DW.  To test whether this increase in endogenous ABA synthesized 

during drought or low Ψw drove reductions in Enight in C. falcatum, we excised a stipe 

underwater while measuring stomatal conductance in the dark.  Stomatal conductance in the 

dark increased rapidly when leaves were rehydrated despite leaves having high levels of 

endogenous ABA (Figure 4).  

 

Discussion 

 

In this study, we exposed four species from different vascular plant lineages and an 

ABA deficient herbaceous angiosperm mutant to drought to investigate the mechanism driving 

progressive declines in Enight under soil water deficit. The results show that water loss at the 

canopy level during drought can be substantial throughout the night, especially in the 

herbaceous angiosperm S. lycopersicum and fern C. falcatum. We also found a progressive 

decrease in Enight during drought and an increase in the ratio of total transpiration occurring at 

night during drought in all species, supporting the conclusion that Enight should not be 

considered a single constant when photosynthesis is absent (Duursma et al., 2019).  Our 

findings are similar to what has been reported in Quercus (Cavender-Bares et al., 2007), 

Helianthus (Howard and Donovan, 2007), Eucalyptus (Wang et al., 2024) and Vitis (Coupel-

Ledru et al., 2016), which also show reductions in Enight during drought. While we observed 

this phenomenon across our diverse sample of vascular plants, the mechanism driving this 

stomatal response is highly divergent across species, linked to broad phylogenetic differences 

in stomatal control during drought, from passive regulation in ferns to complete active control 

by ABA in angiosperm herbs.  

 While still debated, in vascular land plants, the progressive decline in Eday in response 

to drought appears to have evolved from a passive process directly mediated by leaf water status 

to an active process controlled by the extrusion of ions from guard cells driven by endogenous 

ABA (Brodribb and McAdam, 2011). In ferns and lycophytes, stomata predictably respond to 

plant water deficit as passive hydraulic valves, closing rapidly during dehydration and opening 
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upon rehydration (McAdam and Brodribb, 2014). In contrast, in seed plants, stomatal closure 

in response to water deficit is mediated by increased levels of endogenous ABA (Brodribb and 

McAdam, 2011; McAdam and Brodribb, 2014).  Here we show that in the fern C. falcatum, 

reductions in Enight during drought appear to be driven by passive declines in leaf water status 

(Brodribb and McAdam 2011; McAdam and Brodribb 2013). Two lines of evidence support 

this conclusion, the first is the variable but relatively low levels of endogenous ABA (lower 

than 0.5 µg g-1 DW) in the leaf during drought in this species, which did not correspond to the 

decline in Enight.  The second, and more compelling, is that when a leaf in a state of water deficit 

and reduced Enight is rehydrated instantaneously through the petiole in the dark, the stomata 

rapidly reopened to a conductance recorded in the dark under well-watered conditions (Figure 

4). The rapid stomatal opening in the dark following rehydration of a dehydrated leaf is similar 

to what has been reported across a diversity of lycophytes and ferns in the light during a drought 

(McAdam and Brodribb, 2012; Cardoso et al., 2019; Cardoso and McAdam, 2019). These 

results suggest that endogenous ABA synthesized during drought does not reduce Enight in C. 

falcatum.   

In the seed plants, there is considerable evidence to suggest that increased ABA levels 

during drought, particularly early in a drought, drive declines in Eday (Manandhar et al., 2024a; 

Manandhar et al., 2024b).  In seed plants, daytime stomatal closure in response to water deficit 

is usually induced by augmented levels of ABA, which leads to a depolarization of guard cell 

membranes triggering osmotic ion efflux and a loss of guard cell turgor (Assmann and 

Shimazaki, 1999; Roelfsema and Hedrich, 2005; Geiger et al., 2011; McAdam and Brodribb, 

2014; Hasan et al., 2021). In the conifer P. taeda, we observed an increase in foliar ABA levels 

at a similar Ψw to when considerable declines in Enight occurred. In addition, when both Enight 

and Eday were plotted against FTSW, Enight started to decrease at a higher FTSW than decreases 

in Eday. Interestingly, this difference also occurred in the fern C. falcatum, suggesting that there 

might be an increased sensitivity of stomata to a passive decline in water status when guard cell 

turgor pressure is reduced by darkness in the conifer. This response of P. taeda matches a 

previous report in conifers in which stomatal closure in response to changes in leaf water status 

transitions from passive regulation under mild changes in leaf water status to regulation by 

ABA under prolonged water deficit (McAdam and Brodribb, 2014). McAdam and Brodribb 

(2014) found that only after prolonged exposure to more extreme water stress did active ABA-

mediated stomatal closure become important in Metasequoia glyptostroboides, a gymnosperm 

species.  
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In the two angiosperm species, U. californica and S. lycopersicum, there was a clear 

regulation of progressive declines in Enight by ABA levels. U. californica plants exhibit a 

peaking-type dynamic of ABA levels with decreasing Ψw, with ABA levels rising early in 

drought but declining later in drought (Mercado-Reyes et al., 2024), whereby stomatal closure 

transitions from ABA-regulated (early in drought when Ψw is not very low) to passively 

regulated (late in drought when Ψw is much lower) (McAdam et al., 2024).  We observed a 

continual decline in Enight in U. californica after the initial peak in ABA levels during drought, 

suggesting that in this species, the progressive reduction in Enight during drought is mediated by 

both active and passive mechanisms.  U. californica exhibited greater reductions in Enight in a 

higher FTSW compared to S. lycopersicum, but in both species this reduction corresponded to 

both an increase in ABA levels and the onset of a reduction in Eday.   

In S. lycopersicum, ABA levels increased at a threshold FTSW and Ψw at which Enight 

and Eday began to decline during drought.  In this species, ABA levels remained high for the 

duration of the drought and were likely critical for driving progressive reductions in Enight.  

Compelling evidence for this is that no declines in either Enight or Eday occurred as FTSW 

declined during drought in the sitiens flacca ABA biosynthetic double mutant plants of this 

species were observed.  These mutants are unable to synthesize ABA as Ψw declines and thus 

do not close stomata in response to dehydration leading to embolism formation and leaf death 

(Brodribb et al., 2021).  There are reports in some herbaceous angiosperms that leaf water status 

modulates the sensitivity of stomata to ABA, with increasingly negative Ψw enhancing the 

closing response of stomata to increased ABA levels around the guard cells and in the xylem 

(Tardieu and Davies, 1992). Indeed, our data suggest that low leaf water status and high levels 

of ABA can enhance the degree of stomatal closure in the dark.  

It is notable that stomata do not fully close at night in well-watered plants. While the 

functional significance of Enight remains equivocal, the mechanisms underlying partial stomatal 

opening at night are not yet fully understood. Nighttime stomatal closure is typically attributed 

to ion extrusion from guard cells, but the persistence of partial opening suggests that this process 

may be incomplete in well-watered conditions.  As drought progresses, reductions in Enight 

indicate that stomatal apertures can close further compared to well-watered conditions. This 

response likely reflects decreased guard cell turgor in ferns, and during early drought in 

gymnosperms, whereas in angiosperms, it involves enhanced ion extrusion mediated by ABA. 

Our data suggests that Enight can represent a substantial proportion of E24. If water loss 

through partially open stomata during a non-photosynthetic period is large, especially when 

water resources are scarce, these conditions would lead to loss of a limited resource without 



80 
 

 

any carbon gain benefit, thus reducing overall plant water use efficiency (Caird et al., 2007a; 

Caird et al., 2007b). The substantial water cost of Enight could represent a major problem for 

agronomic development, especially in areas where water is particularly scarce (Resco de Dios 

et al., 2015) and the fact that nighttime temperatures are predicted to increase at a higher rate 

than daytime temperatures in response to climate change (Cox et al., 2020).  

Conclusion 

Here we show that progressive decreases in Enight during soil drought occurs in plants 

across the euphyllophyte clade but that the mechanisms that drive this response are divergent.  

We observed passive stomatal closure driving progressive reductions in Enight in the 

representative fern and perhaps in the representative conifer early in a drought. On the other 

hand, increased ABA levels triggered progressive reductions in Enight in the seed plant species.  

In all species we observed an increase in the contribution of Enight to E24, but only when Eday 

approached a minimum. Consequently, during well-watered conditions and short drought 

events, Enight does not appear to play a large contribution to E24, however, during severe and/or 

long dry seasons, Enight and minimum conductance become significantly more important 

contributor to plant water economy (Dayer et al., 2020; Pereira et al., 2024). 
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Figures 

 

 

Figure 1. The day (white) and nighttime (black) normalized transpiration response to soil 

drought, expressed as fraction of total transpirable soil water in the fern Cyrtomium falcatum 

(A); conifer Pinus taeda (B); woody angiosperm Umbellularia californica (C); herbaceous 

wild-type angiosperm Solanum lycopersicum (D); and corresponding ABA biosynthetic mutant 

sitiens flacca (E). A two-segmented linear regression was fitted to determine the breakpoint of 

reduced transpiration at night and day. 
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Figure 2. The ratio of nighttime to daytime transpiration as the fraction of transpirable soil 

water declined in the fern Cyrtomium falcatum (A); conifer Pinus taeda (B); woody angiosperm 

Umbellularia californica (C); herbaceous wild-type angiosperm Solanum lycopersicum (D); 

and corresponding ABA biosynthetic mutant sitiens flacca (E). 
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Figure 3. The relationship between normalized nighttime transpiration (filled black circles) and 

foliar ABA level (filled white circles) and leaf water potential (Ψ) in the fern Cyrtomium 

falcatum (A); conifer Pinus taeda (B); woody angiosperm Umbellularia californica (C); 

herbaceous wild-type angiosperm Solanum lycopersicum (D); and corresponding ABA 

biosynthetic mutant sitiens flacca (E). A loess (locally linear smoothing) regression with shaded 

area depicting the standard error is shown for each relationship. 
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Figure 4. Stomata conductance measured in the dark on an intact leaf of the fern Cyrtomium 

falcatum under severe drought (-3.5 MPa).  The leaf was excised under water, time denoted by 

an arrow and instantaneously rehydrated.  Foliar abscisic acid (ABA) levels were measured in 

a neighboring pinna at the point of rehydration and in the pinna in which gas exchange was 

measured at the end of the experiment.  Foliar ABA levels at both time points are indicated on 

the chart. 
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Tables 

 

Table 1. Mean transpiration rate (±SE) during the day and night (E; g H2O plant-1) under well-

watered conditions and at the lowest measured FTSW in the fern Cyrtomium falcatum; conifer 

Pinus taeda; woody angiosperm Umbellularia californica and herbaceous wild-type 

angiosperm Solanum lycopersicum. 

Species 
Control Water Deficit 

Eday Enight Eday Enight 

C. falcatum 78.4 ± 7.59 19.9 ± 0.85 6.6 ± 0.53 2.9 ± 0.02 

P. taeda  469.0 ± 7.48 24.2 ± 3.05 27.7 ± 2.87 6.5 ± 0.82 

U. californica  390.7 ± 45.04 26.2 ± 2.52 34.3 ± 3.55 7.7 ± 0.15 

S. lycopersicum  169.8 ± 3.92 54.6 ± 1.80 11.9 ± 0.12 5.9 ± 0.97 

 

 

Table 2. Mean canopy conductance (±SE) during the day and night (gc; mmol m-2 s-1) under 

well-watered conditions and at the lowest measured FTSW in the fern Cyrtomium falcatum; 

conifer Pinus taeda; woody angiosperm Umbellularia californica and herbaceous wild-type 

angiosperm Solanum lycopersicum. 

Species 

Control Water Deficit 

Day 

g
c
 

Night 

g
c
 

Day 

g
c
 

Night 

g
c
 

C. falcatum 226.4 ± 8.64 116.9 ± 10.75 6.7 ± 0.67 5.8 ± 1.28 

P. taeda  58.8 ± 4.27 6.0 ± 0.58 4.9 ± 0.58 2.5 ± 0.20 

U. californica  101.3 ± 7.10 21.6 ± 2.79 7.2 ± 1.65 4.6 ± 0.95 

S. lycopersicum  234.0 ± 11.65 61.8 ± 1.29 3.6 ± 0.58 5.2 ± 0.69 

 

 

 

 


