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Summary 

 

Climate change is predicted to impact precipitation patterns, leading to shorter growing 

seasons and increased susceptibility to drought in many regions worldwide. These 

changes significantly threaten plant populations and may result in ecosystem 

desertification. Understanding the mechanisms enabling species to adapt to such 

changes is crucial for effective conservation strategies and developing resilient crop 

varieties. Plants cope with drought through various strategies, including avoidance, 

escape, and drought tolerance, which can be canalized or plastic, depending on the 

genetic and environmental context. Understanding the balance between canalization 

and plasticity is essential for predicting plant responses to future climate change. Here, 

we investigated the genetic architecture of drought adaptation in natural Cape Verdean 

Arabidopsis thaliana populations. 

 

In Chapter One, we reviewed the impact of climate change on precipitation patterns and 

its consequences on plant populations, including increased susceptibility to drought and 

extinction risk. We discussed various strategies plants employ to cope with drought, 

such as avoidance, escape, and drought tolerance. We also discussed the importance of 

understanding the balance between canalization and plasticity for predicting plant 

responses to future climate changes. We also highlighted the significance of genetic 

adaptations in enabling species to adapt and persist in rapidly changing environments 

and the potential insights gained from studying A. thaliana populations on the Cape 

Verde Islands (CVI), which have experienced rapid adaptation and evolutionary rescue in 

response to drought-prone climates. 

 

In Chapter Two, we investigated the evolution of stomatal conductance and water use 

efficiency (WUE) in an A. thaliana population that colonized an island with a montane 

cloud scrubland ecosystem characterized by seasonal drought and fog-based 

precipitation. We found that stomatal conductance increases and WUE decreases in the 
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colonizing population relative to its closest outgroup population from temperate North 

Africa. Genome-wide association mapping revealed a polygenic basis of trait variation, 

with a substantial contribution from a nonsynonymous SNP in MAP KINASE 12 (MPK12 

G53R), which explains 35% of the phenotypic variance in WUE in the island population. 

Furthermore, we reconstructed the spatially-explicit evolutionary history of MPK12 53R 

on the island and demonstrated that this allele increased in frequency due to positive 

selection as A. thaliana expanded into harsher regions of the island. The findings 

showed how adaptation shaped quantitative eco-physiological traits in a new 

precipitation regime defined by low rainfall and high humidity. 

 

In Chapter Three, we examined the genetic architecture of variation in growth rate, leaf 

color, and stomatal patterning in response to precisely controlled water conditions 

among CVI A. thaliana populations. Genome-wide association mapping analyses 

revealed that moderately complex genetic architectures with roles for several major 

effect variants underlie variation in these traits. Furthermore, we found that several 

identified genes through genetic mapping have pleiotropic functions for complex traits 

underlying drought stress, highlighting the intricate nature of plant adaptation to these 

challenging conditions. 

 

In conclusion, this work presents a comprehensive analysis of the mechanisms and 

genetic basis of plant adaptation to drought stress, focusing on the natural A. thaliana 

populations in the CVI islands. Understanding these mechanisms is critical for predicting 

species distribution and adaptive responses to drought stress. Furthermore, our findings 

expand our knowledge of how drought adaptation results from numerous genetic 

variants, suggesting polygenic adaptation, and reveal that new mutations arise 

frequently enough to potentially facilitate rapid adaptation in colonizing populations. 

Lastly, these findings enrich our understanding of plant responses to drought and 

provide valuable insights for developing effective conservation strategies and resilient 

crop varieties.   
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Zusammenfassung 

 

Der Klimawandel wird voraussichtlich die Niederschlagsmuster beeinflussen, was in 

vielen Regionen weltweit zu kürzeren Vegetationsperioden und erhöhter Anfälligkeit für 

Dürre führt. Diese Veränderungen stellen eine erhebliche Bedrohung für 

Pflanzenpopulationen dar und können zur Versteppung von Ökosystemen führen. Das 

Verständnis der Mechanismen, die es den Arten ermöglichen, sich an solche 

Veränderungen anzupassen, ist entscheidend für wirksame Erhaltungsstrategien und die 

Entwicklung widerstandsfähiger Nutzpflanzensorten. Pflanzen bewältigen Dürre durch 

verschiedene Strategien, einschließlich Vermeidung, Flucht und Dürretoleranz, die je 

nach genetischem und Umweltkontext kanalisiert oder plastisch sein können. Das 

Verständnis des Gleichgewichts zwischen Kanalisierung und Plastizität ist entscheidend 

für die Vorhersage von Pflanzenreaktionen auf den zukünftigen Klimawandel. In dieser 

Arbeit untersuchten wir die genetische Architektur der Dürreadaptation in natürlichen 

Kapverdischen Arabidopsis thaliana-Populationen. 

 

Im ersten Kapitel haben wir den Einfluss des Klimawandels auf Niederschlagsmuster und 

dessen Folgen für Pflanzenpopulationen untersucht, einschließlich erhöhter Anfälligkeit 

für Dürre und Aussterberisiko. Wir diskutierten verschiedene Strategien, die Pflanzen 

zur Bewältigung von Dürre einsetzen, wie Vermeidung, Flucht und Dürretoleranz. Wir 

erörterten auch die Bedeutung des Verständnisses des Gleichgewichts zwischen 

Kanalisierung und Plastizität für die Vorhersage von Pflanzenreaktionen auf zukünftige 

Klimaveränderungen. Darüber hinaus betonten wir die Bedeutung genetischer 

Anpassungen, die es Arten ermöglichen, sich an sich schnell verändernde Umgebungen 

anzupassen und darin zu bestehen, und die potenziellen Erkenntnisse, die sich aus der 

Untersuchung von A. thaliana-Populationen auf den Kapverdischen Inseln (CVI) 

ergeben, die eine rasche Anpassung und evolutionäre Rettung in Reaktion auf 

dürreanfällige Klimata erfahren haben 
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In Kapitel zwei untersuchten wir die Evolution der stomatären Leitfähigkeit und 

Wasserbenutzungseffizienz (WUE) in einer A. thaliana-Population, die eine Insel mit 

einem montanen Wolkenscrubland-Ökosystem besiedelte, das durch saisonale Dürre 

und nebelbasierte Niederschläge gekennzeichnet ist. Wir stellten fest, dass die 

stomatäre Leitfähigkeit in der besiedelnden Population im Vergleich zu ihrer nächsten 

ausgruppierenden Population aus dem gemäßigten Nordafrika zunimmt und die WUE 

abnimmt. Die genomweite Assoziationskartierung ergab eine polygene Basis der 

Merkmalsvariation, mit einem erheblichen Beitrag von einer nicht-synonymen SNP in 

MAP KINASE 12 (MPK12 G53R), die 35% der phänotypischen Varianz in WUE in der 

Inselbevölkerung erklärt. Darüber hinaus rekonstruierten wir die räumlich explizite 

evolutionäre Geschichte von MPK12 53R auf der Insel und zeigten, dass dieses Allel 

aufgrund positiver Selektion an Frequenz zunahm, als A. thaliana in härtere Regionen 

der Insel expandierte. Die Ergebnisse zeigten, wie die Anpassung quantitative 

ökophysiologische Merkmale in einem neuen Niederschlagsregime prägte, das durch 

geringe Niederschlagsmengen und hohe Luftfeuchtigkeit definiert ist. 

 

In Kapitel drei untersuchten wir die genetische Architektur der Variation in 

Wachstumsrate, Blattfarbe und stomatärem Muster in Reaktion auf präzise kontrollierte 

Wasserbedingungen unter CVI A. thaliana-Populationen. Genomweite 

Assoziationskartierungsanalysen ergaben, dass mäßig komplexe genetische 

Architekturen mit Rollen für mehrere Haupteffektvarianten der Variation in diesen 

Merkmalen zugrunde liegen. Darüber hinaus stellten wir fest, dass mehrere durch 

genetische Kartierung identifizierte Gene pleiotrope Funktionen für komplexe Merkmale 

aufweisen, die der Dürrebelastung zugrunde liegen, und betonten so die komplexe 

Natur der Pflanzenanpassung an diese herausfordernden Bedingungen. 

 

Abschließend präsentiert diese Arbeit eine umfassende Analyse der Mechanismen und 

genetischen Grundlagen der Pflanzenanpassung an Dürrebelastung, mit Schwerpunkt 

auf den natürlichen A. thaliana-Populationen auf den Kapverdischen Inseln (CVI) Das 
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Verständnis dieser Mechanismen ist entscheidend für die Vorhersage von 

Artverbreitung und adaptiven Reaktionen auf Dürrebelastung. Darüber hinaus erweitern 

unsere Ergebnisse unser Wissen darüber, wie Dürreadaptation aus zahlreichen 

genetischen Varianten resultiert, was auf polygene Anpassung hindeutet, und zeigen, 

dass neue Mutationen häufig genug auftreten, um möglicherweise eine schnelle 

Anpassung in kolonisierenden Populationen zu erleichtern. Schließlich bereichern diese 

Erkenntnisse unser Verständnis der Pflanzenreaktionen auf Dürre und liefern wertvolle 

Einblicke für die Entwicklung effektiver Erhaltungsstrategien und widerstandsfähiger 

Nutzpflanzensorten. 
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1.1 Abstract 

Ongoing climate change is predicted to impact precipitation timing and quantity, leading 

to reduced growing season lengths and increased susceptibility to drought in many 

regions worldwide. These changes are expected to increase extinction risk to plant 

populations and desertification of ecosystems. Understanding the mechanisms enabling 

species to adapt to these changes is crucial for effective conservation strategies. Within 

and between species, plants follow multiple alternative strategies to cope with drought, 

including avoidance (reducing water loss), escape (rapid growth and transition to 

flowering to avoid the dry period), and drought tolerance (maintaining physiological and 

metabolic functions under water-limited conditions). Depending on the genetic and 

environmental context, these strategies can be canalized or plastic. Understanding the 

balance between canalization and plasticity is essential for predicting plant responses to 

future climate change and developing resilient crop varieties. Genetic adaptations are 

crucial for populations facing extreme drought conditions, enabling species to adapt and 

persist in rapidly changing environments. Insufficient genetic variation within populations 

may lead to a high risk of extinction if they cannot adapt to new habitats. Studying A. 

thaliana populations on the Cape Verde Islands (CVI), which have undergone rapid 

adaptation and evolutionary rescue in response to the drought-prone climate, offers 

valuable insights into adaptive divergence. 

 

Keywords: climate change; evolution; adaptation; drought; Arabidopsis thaliana; natural 

variation. 
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1.2 Global climate change and distributional shifts 

Global climate change is anticipated to have a significant impact on the geographic 

distribution of species worldwide, resulting in a sharp increase in the risk of extinction for 

up to 48% of all species (Williams et al., 2008; Parmesan and Yohe, 2003; IPCC, 2022). 

Although the effects of climate change are expected to be local, certain patterns of 

vulnerability are widespread. For example, ecosystems in extreme climates, particularly 

arid regions, are at exceptionally high risk (Walther et al., 2002; Diffenbaugh and Field, 

2013), although the species that inhabit these areas may succeed after migration. Overall, 

range-edge and, in particular, island species are expected to be at the greatest risk of 

extinction (Channell and Lomolino, 2000; Foden et al., 2013). 

 

Predicting the extent to which species will be affected by climate change is complicated by 

the potential for ecological (e.g., distributional shifts and phenotypic plasticity) or 

evolutionary (e.g., genetic adaptation and gene flow) mechanisms to mitigate the 

consequences of climate change (Davis and Shaw, 2001; Aitken et al., 2008). Elevation in 

extinction rates has been associated with drastic ecological perturbations and climate 

disruptions (Pimm et al., 2014). Thus, the capacity of species to respond to environmental 

stressors through adaptation or acclimation will determine their ability to cope with 

climate change.  

 

Species and their populations, when strongly affected by changes in habitat suitability, 

such as rapid changes in temperature or precipitation, typically respond by either shifting 

their distribution range or adjusting their phenology to persist in a new suitable habitat 

(Parmesan, 2006). These rapid changes in temperature and water availability can reduce 

fitness in the natural populations, leading to decreased species abundance in the affected 

areas. The differential changes in species abundance may sometimes result in range shifts, 

contractions, or expansions (Lenoir and Svenning, 2015; Fei et al., 2017). Many species will 

need to shift their ranges to survive, either by moving to more suitable habitats or 

adapting to the new conditions. However, this may not be possible for species with limited 

mobility, such as plants and slow-moving animals, leading to population declines or even 
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extinction. In response to a rapidly-changing climate, range shifts to suitable ecological 

niches have been observed in plants (Sturm et al., 2001; Parmesan and Yohe, 2003; 

Hickling et al., 2006; Beckage et al., 2008; Morueta-Holme et al., 2015; Fei et al., 2017). 

 

Overall, climate change is a major challenge to global biodiversity, with significant 

implications for ecosystem functions and services. Although the impacts of climate change 

are local, it is clear that extreme climatic conditions such as drought and heat pose 

significant risks to the survival of species (Thuiller et al., 2005; Allen et al., 2010). Species 

that inhabit isolated locations, including range-edges and islands, are particularly 

susceptible to extinction (Frankham, 1997; Caujapé-Castells et al., 2010). Therefore, 

understanding the mechanisms that enable such species to respond and adapt to climate 

change is critical for developing effective conservation strategies to mitigate climate 

change's adverse effects on biodiversity. 

 

1.3 Impacts of climate change on plants: Drought as a potent 

selective pressure 

One of the most potent climate change-related selective pressures is the increase in 

drought conditions, which is anticipated to exacerbate water scarcity in many areas and 

lead to the loss of vegetation and habitat fragmentation. Drought substantially impacts 

the distribution of plant populations worldwide, mainly affecting their growth, fitness, and 

reproduction (Stebbins Jr, 1952; Bray, 1997; Gurevitch et al., 2002). Over the last few 

decades, climatic data have shown an increase in the frequency, intensity, and duration of 

drought events worldwide. Climate change models have predicted future impacts of 

extreme drought events (Perkins et al., 2012; Shukla et al., 2019). To mitigate the impacts 

of drought-related distributional shifts, conservation efforts must focus on preserving and 

restoring habitat connectivity, as well as identifying areas that are likely to remain suitable 

for key species in the face of changing climate conditions. Given the significant challenges 

posed by drought conditions, it is crucial to understand the mechanisms that allow plants 

to persist under such stressful environments. In the following sections, we will explore the 
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diverse strategies and molecular pathways that plants employ to cope with drought, 

shedding light on the complex interplay between genetic and environmental factors 

underpinning plant adaptation and resilience. 

 

1.4 Mechanisms that allow plants to persist under drought 

conditions 

Given the increasing frequency, intensity, and duration of drought events worldwide and 

the predicted future impacts of extreme drought events, plants face a significant 

challenge to survive and thrive under these changing conditions. However, plants have 

evolved adaptive mechanisms to cope with water scarcity and maintain their growth, 

fitness, and reproduction. These mechanisms include drought escape, avoidance, and 

tolerance strategies that rely on genetic, physiological, and morphological changes (Bray, 

1997). These strategies are not mutually exclusive and may be observed in combination. 

The first strategy is drought escape, where plants flower early to avoid periods of water 

deficit during major growth and reproductive phases. The second strategy is drought 

avoidance, where plants maintain their water status by increasing water uptake and 

reducing water loss via transpiration by closing stomata. This results in a decrease in CO2 

availability in leaves and an increase in the 13C isotope, which can be used as a measure of 

water use efficiency (WUE) (Tuberosa, 2012; Assmann, 2013; Juenger, 2013; Tardieu, 

2013). Another measure of WUE is transpiration efficiency (TE), which is higher in C4 

photosynthesis species than in C3 photosynthesis species (Tardieu, 2013; Assmann, 2013). 

Drought tolerance by osmotic adjustment (OA) is another strategy by which plants protect 

their cellular function under water stress by increasing intercellular solutes, such as 

proline, glycine betaine, and sugar (Verslues and Juenger, 2011; Tuberosa, 2012). The 

plant hormone abscisic acid (ABA) plays a crucial role in regulating OA and other drought 

tolerance mechanisms, such as stomatal closure and water uptake (Tuberosa, 2012). ABA 

also regulates the accumulation of proline and antioxidants that scavenge Reactive 

Oxygen Species (ROS) in plants experiencing abiotic stress (Sharma et al., 2012; Cruz de 

Carvalho, 2008; Bhargava and Sawant, 2013). 



Chapter 1 | Drought Adaptation in a Changing Climate 

 

AHMED ELFARARGI 21 

 

These drought strategies can be either canalized or plastic in nature, depending on the 

specific plant species and their genetic and environmental context (Sultan, 2000; Nicotra 

et al., 2010). Canalized strategies are more rigid and genetically determined, while plastic 

strategies allow for greater flexibility in response to environmental fluctuations 

(Waddington, 1942; Via et al., 1995). Both approaches have advantages, with canalized 

strategies providing consistent responses to predictable stressors (Bradshaw, 1965) and 

plastic strategies offering adaptability to more variable conditions (Miner et al., 2005). 

Understanding the balance between canalization and plasticity in drought strategies is 

essential for predicting plant responses to future climate change (Aitken et al., 2008; 

Chevin et al., 2010) and developing more resilient crop varieties (Tardieu, 2012; Ray et al., 

2013). 

 

1.5 Plastic responses may become canalized over evolutionary 

time 

Phenotypic plasticity is commonly the primary response mechanism to environmental 

changes, allowing species to cope with the rapidly-changing climate (Matesanz et al., 

2010; Merilä and Hendry, 2014). Furthermore, phenotypic plasticity has been found to 

have a critical role in facilitating the success of invasive species in a new environment 

expanding their range shifts (Geng et al., 2007; Davidson et al., 2011; Lande, 2015). In the 

long term, plastic responses can become canalized over evolutionary time as populations 

experience stabilizing selection in a consistent environment (Waddington, 1953). This 

process, referred to as genetic assimilation, involves the reduction of phenotypic plasticity 

and the fixation of formerly plastic traits as genetically determined (Waddington, 1953; 

Pigliucci et al., 2006). Genetic assimilation can be advantageous when the environment 

remains stable, as canalized traits are less affected by environmental fluctuations and may 

increase fitness (Price et al., 2003; Crispo, 2007). However, genetic assimilation can also 

lead to the loss of adaptive plasticity, potentially reducing the ability of populations to 

respond to future environmental changes (Lande, 2009; Chevin et al., 2010). Thus, the 

balance between plasticity and canalization is critical for species adaptation and 



Chapter 1 | Drought Adaptation in a Changing Climate 

 

AHMED ELFARARGI 22 

 

persistence in changing environments. Plants, as sessile organisms, can adjust their 

physiology, morphology, and reproduction to confront environmental changes through 

phenotypic plasticity (Zhang et al., 2014; Bercovich et al., 2019). However, whether or not 

phenotypic plasticity is adaptive is still unclear. There are contrasting types of plasticity, 

adaptive and non-adaptive (Ghalambor et al., 2007). According to the fitness optimum, 

phenotypic plasticity could be adaptive, maladaptive, or neutral for each individual in a 

population. The distinctive way of individual phenotype differentiation across multiple 

environments can be known as a reaction norm. Accordingly, phenotypic plasticity can 

lead to evolutionary changes through genetic accommodation, which increases plasticity 

for genotypes that facilitate fitness optimization, or genetic assimilation, where the 

stability of the new environment results in the loss of plasticity. Alternatively, genetic 

compensation may occur if plasticity is maladaptive in the new environment, leading to a 

reduction in plasticity to resist phenotypic change (Kelly, 2019). Understanding the 

relationship between phenotypic plasticity, canalization, and evolutionary adaptation is 

essential for predicting species responses to climate change and developing effective 

conservation strategies. 

 

1.6 Genetic adaptation and evolutionary rescue in populations 

facing extreme drought 

Genetic adaptation and evolutionary rescue are crucial mechanisms for populations facing 

extreme drought conditions, enabling species to adapt and persist in rapidly changing 

environments. Insufficient genetic variation within populations can lead to a high risk of 

extinction if they cannot adapt to new habitats, reducing fitness and survival rates 

(Frankham, 2005). Evolutionary rescue, while demonstrating the potential for populations 

to adapt to novel environments, may only effectively prevent extinction for mildly 

affected populations with high natural densities (Burger and Lynch, 1995; Orr and 

Unckless, 2014). A study on the model species A. thaliana has shown that the distance 

between a species' historically native range and experimental gardens can cause lagging in 
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adaptive evolution, resulting in local maladaptation that impacts fitness and persistence 

(Wilczek et al., 2014). 

 

Phenotypic plasticity may increase the probability of evolutionary rescue through 

increased persistence times (Chevin and Lande, 2010). This process is essential for 

maintaining genetic variation and adaptive potential under strong selective pressures, 

such as those imposed by extreme drought conditions (Jump and Peñuelas, 2005). 

Moreover, studies have shown that evolutionary rescue can be promoted through gene 

flow, which provides new genetic variation for adaptation in maladapted populations 

(Aitken and Whitlock, 2013; Chevin and Hoffmann, 2017). This influx of novel genetic 

variants can facilitate adaptation to local environmental conditions by introducing 

adaptive alleles that were not previously present, ultimately increasing the likelihood of 

evolutionary rescue (Garant et al., 2007; Rieseberg and Burke, 2001). In conclusion, 

genetic adaptation and evolutionary rescue are critical mechanisms for populations facing 

extreme drought conditions.  

 

1.7 Genetic load and adaptive dynamics 

The spatial distribution of species’ genetic diversity is shaped by past range expansions 

and contractions, resulting in genetic drift that can impact adaptive dynamics (Hewitt, 

2000; Excoffier et al., 2009). Range-edge populations, in particular, are expected to 

experience genetic drift, leading to increased accumulation rates of deleterious 

mutations, known as genetic load. This genetic load can be driven by either reduction in 

effective population size in non-suitable habitats or multiple historical bottlenecks during 

range expansion and can negatively influence the fitness and persistence of individuals in 

these populations (Lynch et al., 1995; Excoffier and Ray, 2008; Excoffier et al., 2009; 

Peischl et al., 2013). However, locally adapted populations that expand from their species’ 

native environment to a novel range edge with a harsh climate may often have adapted to 

their new harsher environments, resulting in new adaptive signals in the genome (Colautti 

and Barrett, 2013; Savolainen et al., 2013).  
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1.8 Arabidopsis thaliana populations as a model for drought 

response in widespread and endemic species 

Arabidopsis thaliana is a plant species that has been extensively studied and is considered 

a model organism for genetics and molecular biology (Meinke et al., 1998). As an annual 

species, it has adapted to open, arid habitats susceptible to seasonal droughts (Ruppert et 

al., 2015) and exhibits reproductive success directly linked to interannual environmental 

fluctuations (Segrestin et al., 2018). A. thaliana exhibits many traits of a "perfect weed" 

and shares traits with invasive species, such as being an annual herb, self-fertilizing, and 

highly reproductive (Weigel and Mott, 2009). Its extensive distribution encompasses 

Europe, the Balkans, Central Asia, China, parts of Africa, North America, and Argentina 

(Hoffmann, 2002; Hoffmann, 2005; He et al., 2007; Stock et al., 2015; Alonso-Blanco et al., 

2016; Durvasula et al., 2017; Kasulin et al., 2017; Exposito-Alonso, Becker, et al., 2018). 

Local adaptation has been observed throughout A. thaliana's range (Fournier-Level et al., 

2011; Hancock et al., 2011; Ågren and Schemske, 2012; Savolainen et al., 2013; Lee et al., 

2017). Field studies and climate parameter correlations have identified numerous 

genomic regions linked to local climate conditions, with several SNPs contributing to 

optimizing plant performance under local environmental conditions (Hancock et al., 2011; 

Fournier-Level et al., 2011; Lasky et al., 2012). Due to its wide distribution, A. thaliana has 

been used to study eco-evolutionary dynamics in response to drought and rising 

temperatures (McKay et al., 2003; Hausmann et al., 2005; McKay et al., 2008; Verslues 

and Juenger, 2011; Juenger, 2013; Kenney et al., 2014; Clauw et al., 2015; Kalladan et al., 

2017; Monroe et al., 2018; Exposito-Alonso, Vasseur, et al., 2018; Exposito-Alonso et al., 

2019; Marchadier et al., 2019; Van Dooren et al., 2020). This has enabled researchers to 

identify which A. thaliana populations are at evolutionary risk and likely to experience 

more negative selection in the future, influencing their fitness and persistence (Exposito-

Alonso et al., 2019). 

 

An intriguing case of incipient endemic island species is found in A. thaliana populations 

on the Cape Verde Islands (CVI). Our recent research indicates that these populations, 

which colonized the islands from North Africa approximately 5-7 kya, have undergone 
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rapid adaptation and evolutionary rescue in response to the drought-prone climate 

(Fulgione et al., 2022). This adaptation aligns with the adaptive walk hypothesis (Gillespie, 

1983; Gillespie, 1984; Orr, 1998), as the initial colonists relied on de novo mutations that 

occurred in parallel at FRI and FLC genes. These mutations facilitated adaptation to the 

extreme habitat, which differed significantly from their previous optimal environmental 

conditions in North Africa (Fulgione et al., 2022). The Cape Verdean A. thaliana 

populations exhibit distinct genetic and phenotypic divergence from mainland 

populations, likely driven by unique environmental conditions and geographic isolation 

(Fulgione et al., 2022). These findings highlight the importance of genetic adaptation and 

evolutionary rescue for populations facing extreme drought conditions. Studying these 

island populations can offer valuable insights into adaptive divergence processes and the 

formation of new endemic species in response to changing environmental conditions. To 

fully understand and capture these adaptive processes, high-throughput phenotyping 

platforms are essential. These platforms enable the automatic and frequent collection of 

traits for a large number of plants, providing precision and consistency in applying drought 

stress conditions, which are critical for investigating the complex mechanisms underlying 

adaptation and resilience. 

 

1.9 Phenoscope: A platform for precision drought stress 

phenotyping 

Phenotyping poses a significant challenge for quantitative genetic studies because traits 

must be measured accurately for large numbers of plants. In the context of drought stress 

studies, it is challenging to consistently apply drought stress conditions across plants in 

large-scale phenotyping experiments because of spatial heterogeneity in drying rates. 

High-throughput phenotyping platforms using imaging techniques to measure a battery of 

traits related to plant performance can be particularly beneficial in this situation, as they 

allow for the automatic and frequent collection of traits for a large number of plants. The 

Phenoscope is a platform that automates the circulation of pots and adjusts watering 

multiple times daily based on pot weight, making experiments possible that would be 
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impractical with manual methods (Tisné et al., 2013). In this thesis, we use the 

Phenoscope platform, which offers significant advantages, particularly its precision and 

consistency in applying drought stress conditions, reducing the impact of spatial 

heterogeneity in drying rates. Moreover, its automated and high-throughput capabilities 

streamline the phenotyping process, enabling us to collect comprehensive, accurate, and 

reliable data that are crucial for understanding the genetic basis of complex traits and 

enhancing our ability to predict plant responses to drought stress. Overall, these non-

destructive imaging techniques allow for the efficient collection of phenotyping data for 

many plants, proving invaluable for GWA mapping of dynamic traits. 

1.10 Objectives and scope of this thesis 

In this thesis, we investigated the genetic basis of drought adaptation in the Cape Verdean 

Arabidopsis thaliana lineage. Specifically, the thesis explores how A. thaliana populations 

adapt to changes in precipitation regimes and extreme environmental conditions, such as 

prolonged dry periods and high humidity, and how this adaptation is encoded in the 

plant's genetic makeup. 

 

In Chapter II, we investigate the evolution of stomatal conductance and water use 

efficiency (WUE) in the A. thaliana population that colonized an island with a montane 

cloud scrubland ecosystem characterized by seasonal drought and fog-based 

precipitation. We showed that the colonizing population had evolved an increased 

stomatal conductance and decreased WUE relative to its closest outgroup population 

from temperate North Africa. We also identified a nonsynonymous SNP in MAP KINASE 12 

(MPK12 G53R) that explains a substantial portion of the phenotypic variance in WUE in 

the island population and provides evidence of positive selection for this allele in harsher 

regions of the island. 

 

In Chapter III, we explore the genetic basis and adaptive evolution of complex traits such 

as growth rate, leaf color, and stomatal patterning in response to drought in the CVI A. 

thaliana populations. These plants experience extended dry periods and highly variable 
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rainfall, presenting an opportunity to investigate their adaptation to such challenging 

conditions. Through genome-wide association mapping analyses, we identified 

moderately complex genetic architectures with roles for several major effect variants that 

underlie variation in these traits. Notably, we identified genes with potential pleiotropic 

functions for complex traits associated with drought stress, emphasizing the intricate 

nature of plant adaptation in response to drought, but further functional characterization 

is needed. 

 

In Chapter IV, we provide a general discussion of the previous chapters and highlight the 

major findings of the thesis. The chapter also discusses the implications of the work for 

understanding plant adaptation to climate change and for predicting future species 

distributions and adaptive responses to environmental pressures. 
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2.1 Abstract 

Energy production and metabolism are intimately linked to ecological and environmental 

constraints across the tree of life. In plants, which depend on sunlight to produce energy, 

the link between primary metabolism and the environment is especially strong. By 

governing CO2 uptake for photosynthesis and transpiration, leaf pores, or stomata, couple 

energy metabolism to the environment and determine productivity and water 

use efficiency. Although evolution is known to tune physiological traits to the local 

environment, we lack knowledge of the specific links between molecular and evolutionary 

mechanisms that shape this process in nature. Here, we investigate the evolution of 

stomatal conductance and water use efficiency (WUE) in an Arabidopsis population that 

colonized an island with a montane cloud scrubland ecosystem characterized by seasonal 

drought and fog-based precipitation. We find that stomatal conductance increases and 

WUE decreases in the colonizing population relative to its closest outgroup population 

from temperate North Africa. Genome-wide association mapping reveals a polygenic basis 

of trait variation, with a substantial contribution from a nonsynonymous SNP in MAP 

KINASE 12 (MPK12 G53R), which explains 35% of the phenotypic variance in WUE in the 

island population. We reconstruct the spatially-explicit evolutionary history of MPK12 53R 

in the island and find that this allele increased in frequency in the population due to 

positive selection as Arabidopsis expanded into the harsher regions of the island. Overall, 

these findings show how adaptation shaped quantitative eco-physiological traits in a new 

precipitation regime defined by low rainfall and high humidity. 

 

Keywords: Arabidopsis thaliana, local adaptation, seasonal drought, stomatal 

conductance, water use efficiency (WUE), Mitogen-activated protein kinase 12 (MPK12). 

  



Chapter 2 | Adaptation to a Novel Precipitation Regime 

 

AHMED ELFARARGI 38 

 

2.2 Introduction 

Matching physiological traits to the environment is crucial for survival and reproductive 

success across diverse life forms. Under directional selection, distributions of traits in a 

population are expected to shift towards their new optima due to differential fitness over 

evolutionary time (Falconer and Mackay, 1983; Lynch and Walsh, 1998), resulting in the 

matching of a population's physiology to its environment (Stearns, 1989; de Jong, 1993; 

Zera and Harshman, 2001; Roff, 2002; Shefferson et al., 2003; Morrison and Stacy, 2014; 

Villellas and García, 2018). In animals, observations that metabolism, body size and 

dimensions often vary with temperature are the basis of classic eco-physiological ‘rules’ 

(Bergmann, 1847; Allen, 1877; Ray, 1960; Dikmen et al., 2013; Lafuente et al., 2018; Zhou 

et al., 2018). In plants, photosynthesis is the major mode of energy acquisition, and the 

interface between the environment and constraints on photosynthesis is crucial. Here, 

form and function predict economy of energy acquisition (Cowan, 1986; Donovan and 

Ehleringer, 1994), which in turn has been linked to spatial variation in selection pressures 

through associated physiological traits (Donovan and Ehleringer, 1994; Wright et al., 2004; 

Díaz et al., 2016; Bjorkman et al., 2018). Overall, global distributions of traits involve 

optimization in the face of tradeoffs (Willi and Van Buskirk, 2022). 

 

In annual plants, flowering later can provide more time for accumulation of resources, 

resulting in a potential fitness benefit (Korves et al., 2007). However, in ecosystems with 

seasonal drought, growing quickly to reproduce before the dry season may be favored 

(Cohen, 1970; Ludlow, 1989). But such rapid growth requires high levels of 

photosynthesis, which relies on gas exchange through stomata, the pores on the surface 

of leaves. For photosynthesis to occur, stomata must be open to allow gas exchange, 

reducing water use efficiency and making the plant vulnerable to drying (Geber and 

Dawson, 1990; Geber and Dawson, 1997). Leaf water loss through stomata is especially 

high in environments where the vapor pressure deficit, i.e., the amount of air moisture 

relative to moisture-saturated air, is high (Will et al., 2013). Tuning the regulation of leaf 

pores, or stomata, is crucial for regulating the physiological trade-off between increasing 

energy production via photosynthesis and water loss at the leaf surface (Moreno-
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Gutiérrez et al., 2012; Kenney et al., 2014; Querejeta et al., 2018). Therefore, in a given 

environment, optimal stomatal aperture in natural populations depends on the availability 

of moisture through rainfall as well as the vapor pressure deficit. 

While precipitation is often considered to be synonymous with rainfall, in many regions, 

plants rely heavily on ‘horizontal’ precipitation in the form of clouds or fog. These include 

the Lomas of Peru, fog deserts of Namibia, coastal western North American redwood 

forests and scrublands, and the seasonal montane cloud forests and scrublands of tropical 

Africa, Australia, and South America (Karger et al., 2021; Stadtmüller, 1987; Bruijnzeel et 

al., 2011; Walter, 1985; Weathers, 1999; Dawson, 1998; Kerfoot, 1968). Such ecosystem 

types support a high proportion of Earth's biodiversity, especially its endemic species 

(Bruijnzeel and Hamilton, 2017). Understanding how plants adapt to these ecosystems is 

important for preserving biodiversity and identifying effective approaches to improve 

sustainable agriculture in these critical regions.  

Arabidopsis thaliana is the major molecular model plant as well as an important eco-

evolutionary model (Alonso-Blanco and Koornneef, 2000; Koornneef et al., 2004; Mitchell-

Olds and Schmitt, 2006; Verslues and Juenger, 2011; Weigel, 2012; Assmann, 2013). 

Eurasian populations of A. thaliana have been extensively studied and used to understand 

the genetic bases of adaptation to local environments (Fournier-Level et al., 2011; 

Hancock et al., 2011; Lasky et al., 2012; Exposito-Alonso et al., 2018; Ferrero-Serrano and 

Assmann, 2019) and of variation in a wide range of traits related to development timing, 

metabolite and elemental content, pathogen response, growth and drought response 

(e.g.,(Atwell et al., 2010; Brachi et al., 2010; Chan et al., 2010; Li et al., 2010; Filiault and 

Maloof, 2012; Davila Olivas et al., 2017; Kalladan et al., 2017; Zan and Carlborg, 2019; 

Wieters et al., 2021; Bhaskara et al., 2022; Gloss et al., 2022; Roux and Frachon, 2022)). 

However, A. thaliana populations from North Africa (Brennan et al., 2014; Durvasula et al., 

2017; Tabas‐Madrid et al., 2018) and the Macaronesian archipelagos, including Madeira 

(Fulgione et al., 2018), the Canary Islands (Kranz and Kirchheim, 1987), and the Cape 

Verde Islands (Fulgione et al., 2022; Tergemina et al., 2022), are mostly unstudied at the 

phenotypic level.  
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Here, we examine the evolution of stomatal conductance and water use efficiency (WUE) 

in an A. thaliana population that colonized the Cape Verde Islands (CVI). Islands can 

provide powerful systems for evolutionary analysis because they represent simplified 

‘natural laboratories’ where evolution can be studied in isolation (Losos and Ricklefs, 

2009). Such systems provided the basis for the theory of evolution by natural selection 

(Wallace, 1855; Darwin, 1859) and have been used for elucidating classic cases of adaptive 

processes (Grant, 1999; Losos et al., 1997). A. thaliana colonized CVI from temperate 

North Africa 5-7 kya through an extreme bottleneck that wiped out nearly all standing 

genetic variation (Fulgione et al., 2022) (Fig. 1). The CVI climate is defined by a short 

growing season with limited and highly variable rainfall. A. thaliana in Cape Verde is 

restricted to high altitude (> 950 m) north-facing slopes, where vegetation is bathed in 

moisture derived from humid trade-winds (Fulgione et al., 2022; Brochmann et al., 1997). 

The short growing season combined with high humidity creates an environment that 

differs substantially from the Mediterranean climate of the Moroccan Atlas Mountains, 

which supports the closest outgroup populations (Figure 4 and Supplementary Figure S2 in 

(Fulgione et al., 2022)).  

In this study, we find a shift in the phenotype distribution toward higher stomatal 

conductance and lower WUE in Cape Verde relative to North Africa. Using genome-wide 

association mapping, we characterize the trait architecture and identify a nonsynonymous 

variant (G53R) in the MPK12 gene that explains a large proportion of the trait variation. 

We then reconstruct the historical spread of this variant across the island and find 

evidence that the derived allele facilitated local adaptation in the new tropical 

precipitation regime defined by limited rainfall and moisture delivered primarily through 

high air humidity. 
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2.3 Results 

 

Fig. 1.  Collection locations of Arabidopsis thaliana Santo Antão, CVI (n = 189) and Morocco (n = 61). The arrow indicates 

the colonization of the CVI from Morocco ∼5–7 kya. 

2.3.1 Stomatal conductance is higher and water use efficiency lower in CVI 

compared to Morocco 

In CVI, rainfall is limited and unpredictable (Supplementary Figure S1A-B), and water 

vapor pressure (specific humidity) is consistently high relative to Moroccan A. thaliana 

sites (Supplementary Figure S1C). The median relative humidity across CVI sites during 
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the growing season is 86.9% with lower and upper bounds of 65.5-95.9% (Supplementary 

Figure S2).  

We hypothesized that local adaptation may have acted to optimize performance in CVI 

Arabidopsis populations in response to the shift to higher humidity here. To investigate 

this possibility, we examined variation in water use efficiency (WUE; measured as carbon 

isotope discrimination - δ13C) and stomatal conductance (gas-exchange capacity) in well-

watered (WW) and moderate water deficit (WD) conditions in 152 lines from the Cape 

Verde Island of Santo Antão and 24 representative Moroccan outgroup lines 

(supplementary table S1, Supplementary Material online). In large-scale phenotyping 

experiments, it is challenging to consistently apply drought stress conditions across pots 

because of spatial heterogeneity in drying rates. To deal with this, we used the high 

throughput Phenoscope platform that automatically circulates pots and adjusts watering 

several times per day based on pot weight, allowing experiments that would not be 

practical by manual procedures (Tisné et al., 2013).  

We examined the effects of drought treatment and geographic origin on stomatal 

conductance and WUE. The WD condition led to an average of 40% less rosette growth at 

the end of the experiment compared to WW, indicating that the WD condition reduced 

growth rate on average. Average stomatal conductance was higher in the Santo Antão 

(CVI) population than in the Moroccan population in both watering conditions (WW: 

LMM, region fixed-effect estimate = 88.16 mmol m−2 s−1, P < 0.001; WD: LMM, treatment 

fixed-effect estimate = -53.6 mmol m−2 s−1, P = 0.011) (supplementary table S2, Fig. 2A, 

Supplementary Material online), and WUE was reduced in the Santo Antão population 

relative to the Moroccan outgroup population in both conditions (WW: LMM, region 

fixed-effect estimate = -0.44 ‰, P = 0.003; WD: LMM, treatment fixed-effect estimate = 

1.6 ‰, P < 0.001) (Fig. 2B). As expected, WUE was strongly negatively correlated with 

stomatal conductance across Santo Antão lines (Pearson correlation coefficient R2 = 0.23, 

P = 8.3x10-10 and R2 = 0.28, P = 5.5x10-11, for the WW and WD treatments, respectively; 

Supplementary Figure S3). Overall, trait distributions shifted such that in the seasonally 

humid Santo Antão population, mean stomatal conductance was higher and mean water 

use efficiency lower than in the Moroccan population. The shifts in the distributions were 

https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
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similar across populations resulting in parallel reaction norms with consistent genetic 

differences in both treatments, which imply a simple genetic response, with no evidence 

of a genotype by environment (GxE) interaction (Supplementary Figure S4). 

 

Fig. 2.  Phenotypic variation in (A) stomatal conductance (gs) and (B) WUE for Santo Antão, CVI, and Moroccan 

Arabidopsis thaliana populations in WW and WD conditions. The line in the center of the boxplots represents the median, 

the box edges represent the 25th and 75th percentiles (lower and upper bound, respectively), and the whiskers represent 

the 95% CI. The WUE is measured as carbon isotope discrimination (δ13C), and the carbon isotope ratio is expressed per 

mil, ‰. The P-values for the Mann–Whitney–Wilcoxon test are shown. 

2.3.2 Water use efficiency and stomatal conductance are moderately 

polygenic 

The high trait variation we observed within the Santo Antão population suggested that 

genetic variation responsible for these traits may segregate there. The proportion of trait 

variance attributable to genetic variation, or heritability, provides information about the 

potential for genetic mapping within a natural population. We estimated heritability 

based on the proportion of the phenotypic variance explained by all genotyped 

SNPs, which is commonly referred to as “chip heritability” (Zhou and Stephens, 2012; 

Zhou, 2014). The estimated heritability was moderate for stomatal conductance (0.45, 

95% CI 0.29 to 0.60 for average stomatal conductance across conditions, 0.40, 95% CI 0.22 

to 0.59 in WW, and 0.29, 95% CI 0.12 to 0.46 in WD) and high for WUE (0.82, 95% CI 0.75 

to 0.88 for the average WUE, 0.30, 95% CI 0.14 to 0.47 for the drought response (the 

difference between WD and WW conditions), 0.81, 95% CI 0.73 to 0.87 in WW and 0.73, 

95% CI 0.63 to 0.81 in WD). This discrepancy may imply that WUE is impacted less by 

uncontrolled environmental variation than stomatal conductance or that the genetic basis 
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of stomatal conductance variation is more complex and not captured as well by additive 

genetic variance models. Moreover, stomatal conductance is an instantaneous measure 

and WUE measured as carbon isotope ratio is an integrated measure over the lifetime of 

the leaf, and thus may be expected to have higher heritability. 

Next, we investigated the genetic architecture of the traits using a Bayesian sparse linear 

mixed model that allows for a mixture of large and infinitesimal genetic effects (Zhou et 

al., 2013). We found that seven loci explained 82% (95% CI: 75%-88%) of the genetic 

variance for average WUE and 68 loci explained 30% (95% CI: 14-47%) of the genetic 

variance for drought response of WUE (Fig. 3A, supplementary table S3-4, 

Supplementary Material online). Furthermore, we found that seven loci were predicted 

to have effects on WUE in WW and WD conditions (Supplementary Figure S5A, 

supplementary table S3-4, Supplementary Material online). For the genetic architecture 

of the average stomatal conductance and the drought response, we found about 39 and 

44 loci have a major-effect, respectively (Supplementary Figure S6A, supplementary table 

S3-4, Supplementary Material online). In addition, about 39 and 53 loci were predicted to 

have major effects in WW and WD conditions, respectively (Supplementary Figure S7A, 

supplementary table S3-4, Supplementary Material online). We also examined the 

strength of genetic correlation between WUE and stomatal conductance, which reflects 

the average effect of pleiotropic action across all causal loci in both traits and helps to 

describe their complex relationships (van Rheenen et al., 2019). We observed a negative 

genetic correlation (Pearson correlation coefficient R2 = 0.12, P < 2.2x10-16 for the average 

traits, R2 = 0.28, P < 2.2x10-16 for the drought response of traits, R2 = 0.16, P < 2.2x10-16 for 

WW, and R2 = 0.55, P < 2.2x10-16 for WD) between both traits across Santo Antão lines. 

Overall, we found that genetic architecture was moderately complex for WUE and 

stomatal conductance and that a significant fraction of the genetic basis for the traits is 

shared between traits based on their genetic correlations.  

https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
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2.3.3 A nonsynonymous variant in MPK12 (G53R) explains a large proportion 

of trait variance 

To identify specific loci underlying variation in the average traits, drought response of 

traits, and both conditions, we used a linear mixed model (LMM) approach that controls 

for population structure by including a relatedness matrix in the model (Zhou and 

Stephens, 2014). For the average WUE based on δ13C measurements, we detected a single 

Bonferroni significant peak on the end of chromosome 2 (Fig. 3B) as well as in WW and 

WD conditions (Supplementary Figure S5B). This peak contains a nonsynonymous variant 

(G53R) in the Arabidopsis Mitogen-Activated Protein Kinase12 (MPK12; AT2G46070) gene, 

which was previously implicated in WUE in Cvi-0 x Ler-0 RIL and NIL mapping populations 

(Juenger et al. 2005; Des Marais et al. 2014). Further, we found that one of the highest 

peaks contained the MPK12 region in the drought response of WUE (Fig. 3B). This variant 

explained 35% of the variation in the average WUE, 10% for drought response, 33% for 

WW, and 29% for WD in the Santo Antão population.  

We identified several potentially interesting associations in addition to MPK12 across the 

genome in the drought response of WUE. One of the highest peaks on chromosome 5 

(drought response of WUE; Fig. 3B) contains PBL27 (AT5G18610), which encodes a 

receptor-like cytoplasmic kinase that is required to phosphorylate the SLOW ANION 

CHANNEL-ASSOCIATED HOMOLOG 3 (SLAH3) for anti-fungal immunity and chitin-induced 

stomatal closure. It has been shown that this signal transduction is independent of ABA-

induced SLAH3 activation (Liu et al., 2019). Another genomic region on chromosome 5 

comprises a downstream gene variant mapped to the CNX1 gene. CNX1 catalyzes the final 

step of  the synthesis of molybdenum cofactor (MoCo), a cofactor for multiple plant 

enzymes: abscisic acid (ABA), auxin, and nitrate (Porch et al., 2006). Another peak on 

chromosome 1 contained an upstream gene variant in WRKY57, a gene for which 

increased expression was previously shown to improve drought tolerance in Arabidopsis 

through increased ABA (Jiang et al., 2012). A peak at the top of chromosome 4 contained 

the well-known FRIGIDA (FRI) K232X variant, a major determinant of flowering time in 

Arabidopsis thaliana (Johanson et al., 2000; Gazzani et al., 2003; Shindo et al., 2005; 

Fulgione et al., 2022). Lovell and colleagues (Lovell et al., 2013) showed that the derived 
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FRI allele pleiotropically confers a drought escape strategy through decreased flowering 

time, decreased WUE, and increased growth rate. We also identified an association peak 

corresponding with a stop loss variant in the ER-type Ca2+-ATPase 2 (ECA2) gene, which 

catalyzes the efflux of calcium from the cytoplasm. The cuticle mutant eca2 that has an 

altered phenotype in cutin and wax showed a plant defense response to different biotic 

stresses, including biotrophic and necrotrophic pathogens and herbivory insects (Blanc et 

al., 2018; Aragón et al., 2021). Since some of these associations could arise due to partial 

linkage disequilibrium with the major effect variant at MPK12, we calculated the 

proportion of variance explained with and without MPK12 G53R as a covariate. The PVE 

was reduced for PBL27 (9% to 8%), CNX1 (8% to 2%), and WRKY57 (4% to 2%), unchanged 

for ECA2 (6%) and the PVE increased for FRI (4% to 6%) with MPK12 G53R as a covariate. 

Overall, these results support a moderately polygenic architecture for the drought 

response of WUE. 

For stomatal conductance, GWAS revealed no Bonferroni significant results; however, the 

highest peaks in the average stomatal conductance (Supplementary Figure S6B) as well as 

for both conditions separately (Supplementary Figure S7B) contained the MPK12 region. 

Here, the proportion of the genetic variance explained by MPK12 G53R was 10% in the 

average stomatal conductance, 7% in the WW condition, and 12% in the WD condition. 

Plants from the natural population carrying the derived MPK12 53R allele had lower WUE 

and higher stomatal conductance than those carrying the ancestral G53 allele 

(Supplementary Figure S8A-B). Taken together, our results support a central role for the 

MPK12 G53R variant in trait variation in the natural CVI population. 
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Fig. 3. Genome-wide association (GWA) mapping of WUE. (A) Polygenic modeling of the average WUE across the WW 

and WD conditions (left) and the drought response of WUE (the difference between both conditions: WW-WD) (right) in 

the Santo Antão Arabidopsis thaliana population using BSLMM. The y-axis represents the posterior inclusion probability 

and the size of symbol denotes the effect size. (B) Genome-wide association mapping of average WUE (left) and its 

drought response (right) using LMM. The horizontal dashed line corresponds to the Bonferroni significance threshold at α 

= 0.05. In (A) and (B), points represent SNPs along the five chromosomes. The red point at chromosome 2 represents the 

MPK12 G53R variant (a substitution of arginine for glycine at amino acid position 53). 

2.3.4 Reconstructing the evolutionary history of variation in water use 

efficiency 

2.3.4.1 Population structure in Santo Antão 

As a first step toward reconstructing the evolutionary history of water use efficiency 

variation in Santo Antão, we examined the overall population structure of A. thaliana on 

the island. We found that the Santo Antão population could be divided into five major 

sub-populations based on results from principal component analysis (PCA) and neighbor-

joining tree using LD-pruned genome-wide SNP variation (Fig. 4A-B, Supplementary 

Figure S9A). The sub-populations include Lombo de Figueira, Cova de Paúl, Ribeira de 

Poio, Pico da Cruz, and Espongeiro, which are hereafter referred to as Figueira, Cova, 

Ribeira, Pico, and Espongeiro. A. thaliana plants in Santo Antão tend to be found on rock 

outcrops and to be restricted to Northeast-facing slopes, where they are exposed to 
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humid northeasterly trade winds. This produces an east-west cline such that precipitation 

is highest and the growing season longest on the north-eastern side of the island, at the 

sites Figueira, Cova and Pico, and the growing season is shorter in the more western 

Ribeira and Espongeiro sites (Brochmann et al., 1997). 

In the PCA, the Cova and Figueira sub-populations split on the first principal component 

axis, consistent with the previous finding that they represent the most ancestral variation 

in Santo Antão (Fulgione et al., 2022). Although the Ribeira sub-population lies 

geographically near the Espongeiro sub-population, it splits from Espongeiro on the 

second PC (Fig. 4B). The third PC further distinguishes lines from within Espongeiro. 

Conversely, the two geographically separated sub-populations, Pico and Espongeiro, 

appear to be closely related despite their large geographic distance, suggesting recent 

spread and ongoing migration. These results are consistent with sub-population split times 

inferred previously (Supplementary Figure S8 in (Fulgione et al., 2022)), and with results 

from sub-population topologies we inferred across 50-SNP genomic windows with Twisst 

(Martin and Van Belleghem, 2017). The results showed the most common topology across 

the genome grouped Espongeiro and Pico, followed by Ribeira and then Figueira ((Cova, 

Figueira, Ribeira, (Espongeiro, Pico))) (Supplementary Figure S9B). Overall, these results 

support a deep split between Cova and Figueira, and a more recent expansion into the 

disjunct Espongeiro and Pico, with continuing gene flow between these regions. 
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Fig. 4. Population structure of Arabidopsis thaliana subpopulations in Santo Antão. (A) Geographical distribution of 

subpopulations across Santo Antão. Images of representative sites for the five subpopulations in Santo Antão show the 

diversity of habitats that A. thaliana occupies. (B) PCA of genome-wide SNPs showing clustering within Santo Antão. 

Abbreviations: Figueira: Lombo de Figueira; Cova: Cova de Paúl; Ribeira: Ribeira de Poio; Pico: Pico da Cruz.  

2.3.4.2 Evolutionary history of genetic variation in water use efficiency 

We next investigated the evolutionary history of the WUE trait in the Santo Antão natural 

population. We estimated the ages of loci associated with average WUE and found that 

the derived MPK12 53R allele was one of the first to arise. We estimated the age of 

MPK12 53R to be between 1.8 kya (time to the allele’s most recent common ancestor; 

95% CI: 0.87 – 2.4 kya) and 2.8 kya (based on allelic divergence; 95% CI: 2.2 – 3.1 kya) (Fig. 



Chapter 2 | Adaptation to a Novel Precipitation Regime 

 

AHMED ELFARARGI 50 

 

5A). Overall, our results are consistent with a model where the strong effect MPK12 53R 

variant arose early relative to other variants that impact WUE. 

The MPK12 G53R variant segregates at intermediate frequency (43%) in Santo Antão and 

exhibits structure across sub-populations (Fig. 5A-B, Supplementary Figure S10). MPK12 

53R is absent in the Figueira and Cova sub-populations, which represent the initial extent 

of the A. thaliana  distribution in Santo Antão before expansion into the drier Espongeiro 

region at approximately 3 kya (Supplementary Figure S8 in (Fulgione et al., 2022)). The 

complete absence of MPK12 53R in the early-splitting Cova and Figueira, together with the 

age estimate for MPK12 53R, suggests that the allele likely arose after the split from these 

sub-populations. Among the more recently expanded sub-populations, the MPK12 53R 

allele varies in frequency across sites in an east-to-west gradient. The frequency of the 

derived allele is highest in the western-most sub-populations (Ribeira (90%) and 

Espongeiro (53%)) and lower in the moister eastern Pico region (29%).  

To better understand the origin and historical spread of the MPK12 53R variant across the 

island, we examined the genealogical relationships between populations and individuals 

for the genomic region linked to this variant. The maximum likelihood topology for the 50-

SNP window centered on the MPK12 locus matched the major genome-wide topology 

(Cova, Figueira, Ribeira, (Espongeiro, Pico)) (Supplementary Figure S9B and 

Supplementary Figure S11). To examine the relationships at the scale of individual lines, 

we produced a marginal genealogical tree for the region using RELATE v1.1.4 (Speidel et 

al., 2019) (Fig. 5C). The deepest branches of the derived MPK12 53R haplotype are found 

in the Ribeira and Espongeiro sub-populations, suggesting this allele first arose and rose to 

high frequency there. Clustering of individuals within the genealogical tree and the 

frequency distribution across the island suggest that MPK12 53R spread through multiple 

migrants into the Pico sub-population in the past few hundred years (Fig. 5D). However, 

the MPK12 53R allele frequency has remained low in the moister Pico region. The allele 

frequency difference across populations suggested that MPK12 53R may be favored in the 

warmer, more exposed Ribeira/Espongeiro region where rapid growth to escape from 

drought would be most important. 
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Fig. 5. Evolutionary history of water-use efficiency variation. (A) Estimated allele ages (inferred in RELATE) versus allele 

frequencies of variants with major effects estimated from GWA mapping of average WUE. Shape denotes predicted 

impact from gene annotation. (B) Spatial distribution of MPK12 G53R in Santo Antão. Pie charts show the frequency of 

MPK12 alleles, with size representing the number of individuals per sampling location. (C) Marginal genealogical tree 

estimated in RELATE for MPK12 G53R. (D) A model of the origin and spread of the MPK12 G53R variant based on the 

genealogical inference in (C). Figueira: Lombo de Figueira; Cova: Cova de Paúl; Ribeira: Ribeira de Poio; Pico: Pico da 

Cruz.  
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2.3.5 Evidence for adaptive evolution at MPK12 G53R 

We next asked whether there was evidence the MPK12 53R allele was adaptive in Santo 

Antão. When an allele is driven quickly to high frequency in a population due to a partial 

selective sweep, a signature of an extended haplotype with reduced linked variation is 

expected (Hudson et al., 1994). Consistent with this, we identified an extended region of 

high haplotype homozygosity (EHH) (Sabeti et al., 2002) for the core derived MPK12 53R 

allele relative to the ancestral MPK12 G53 allele (Fig. 6A-B). To determine whether this 

locus is an outlier for haplotype homozygosity relative to the genome as a whole, we 

calculated the integrated haplotype score (iHS) (Voight et al., 2006) across the genomes of 

the Santo Antão population. We found that iHS for the MPK12 locus is extreme compared 

to the genome-wide distribution of haplotype homozygosity (|iHS|= 2.85, -log10(p-value) = 

2.35) (Fig. 6C).  

We next used gene ontology (GO) enrichment to assess evidence of selection on traits 

based on the iHS results. Since the overall genetic variation in Santo Antão is low, the 

number of genes with iHS signals is also limited. Therefore, we did not expect to have high 

power in a GO enrichment analysis. Still, we found a marginally significant enrichment for 

several biological processes. GO analysis revealed enrichment in genes regulating stomatal 

closure, abscission, osmotic stress, salicylic acid-mediated signaling, transcription 

elongation from RNA polymerase II promoter, regulation of DNA-templated transcription 

elongation, transition to flowering, auxin-activated signaling pathway, cellular response to 

an organic substance, and signal transduction (Supplementary Figure S12A-B, 

supplementary table S5, Supplementary Material online). Enrichments in stomatal 

closure, osmotic stress, salicylic acid signaling, response to organic substances, and signal 

transduction were largely driven by the same set of three genes. These included MPK12, 

the defense-related transcription factor WRKY54, and AUXIN RESPONSE FACTOR 2 (ARF2). 

Enrichment of the transition to flowering category was also driven by three genes: 

CLAVATA 2 (CLV2), EMBRYONIC FLOWER 1 (EMF1), and ARF2. Overall, these results 

suggest that both flowering time and water balance may have been important selection 

pressures in the CVI population. 

https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
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Further, a test of cross-population extended haplotype homozygosity (XP-EHH) (Sabeti et 

al., 2007) showed the derived haplotype in Espongeiro is highly differentiated with 

elevated haplotype homozygosity compared to the ancestral Cova sub-population (|XP-

EHH|= 2.16, -log10(p-value)= 1.52) (Supplementary Figure S13A) as well as between 

Espongeiro and Pico (|XP-EHH|= 2.03, -log10(p-value)= 1.37) (Supplementary Figure 

S13B). We estimated a selection coefficient of 4% for the variant based on the inferred 

allele frequency trajectory from the local inferred genealogy (Fig. 5C, Supplementary 

Figure S14, supplementary table S6, Supplementary Material online). To control for 

population growth during this timeframe, we estimated the selection coefficient for 

MPK12 53R against the previously inferred trajectory of historical population size (Ne) 

using whole-genome trees (Fulgione et al., 2022). Overall, these findings are consistent 

with positive selection acting on the derived MPK12 allele in populations that expanded 

into the harsher western Ribeira/Espongeiro region of the island. 

Environmental correlation analysis can provide further evidence for local adaptation 

based on statistical associations between climate variables and genetic variants (Hancock 

et al., 2011; Lasky et al., 2012). To determine whether local adaptation to climate might 

have shaped the frequency of MPK12 53R allelic variation across populations, we 

conducted a partial redundancy analysis (RDA). RDA links genomic variation to 

environmental predictors while accounting for geographic population structure by 

including geographic distance as a model covariate. We found a significant association 

between climate and genomic variation overall (P = 0.001; R2= 0.34; adjusted R2= 0.313) 

and applied a stepwise model-building algorithm (ordistep) to determine which 

bioclimatic variables (supplementary table S7, Supplementary Material online) best 

explained the spatial distribution of the genetic data. Five environmental variables (BIO5: 

Max Temperature of Warmest Month, BIO11: Mean Temperature of Coldest Quarter, 

BIO13: Precipitation of Wettest Month, BIO17: Precipitation of Driest Quarter, BIO19: 

Precipitation of Coldest Quarter) explained a large proportion of the variance across 

populations (P =  0.001; R2= 0.15; adjusted R2= 0.127) (Supplementary Figure S15; 

supplementary table S8-S9, Supplementary Material online). Espongeiro and Ribeira sub-

populations separated from Figueira, Cova, and Pico on the first RDA axis, which was 

https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA


Chapter 2 | Adaptation to a Novel Precipitation Regime 

 

AHMED ELFARARGI 54 

 

associated with the temperature variables (BIO5 and BIO11) (Supplementary Figure 

S15A), whereas variation that separated sub-populations Figueira, Cova, and Pico loaded 

on the second RDA and was associated with the precipitation variables (BIO13, BIO17, and 

BIO19) (Supplementary Figure S15A). We next examined the loadings by SNP 

(Supplementary Figure S15B; supplementary table S10, Supplementary Material online) 

to determine whether the MPK12 53R SNP variant was correlated with the partial RDA 

loadings. We found that MPK12 G53R was an outlier in the RDA1 SNP loadings and its 

distribution was most strongly predicted by BIO5, the maximum temperature of warmest 

month (Fig. 6D; Supplementary Figure S15C). This suggests that the MPK12 53R variant is 

adaptive in the warmest microclimates in Santo Antão, in Espongeiro and Ribeira, where 

the growing seasons are shortest and the need for increased photosynthesis and faster 

growth may be strongest. 

Finally, we asked whether the population genetic evidence we found for positive selection 

translated to a reproductive advantage in an experimental setting. To determine whether 

MPK12 G53R was associated with differential fitness in a simulated Santo Antão 

environment, we used fitness data (total number of seeds produced) from plants we 

propagated in a growth chamber set to simulate humidity, air and soil temperature, soil 

chemistry and precipitation, photoperiod, and light availability of an Espongeiro site in 

Santo Antão (Fulgione et al., 2022). We observed that plants carrying the derived MPK12 

53R variant produced more seeds than plants with the ancestral MPK12 G53 variant 

(negative binomial generalized linear model (GLM), MPK12 53R allele fixed-effect 

estimate= 0.76, P = 0.00332, Supplementary Figure S16; supplementary table S11, 

Supplementary Material online). Since we previously found that flowering time was 

strongly associated with fitness in the CVI-simulated environment (Fulgione et al., 2022) 

and because flowering time and water use efficiency have been implicated in drought 

avoidance (Mooney et al., 1976; Geber and Dawson, 1990; Donovan and Ehleringer, 1992; 

Geber and Dawson, 1997; McKay et al., 2003; Heschel and Riginos, 2005; Sherrard and 

Maherali, 2006), we also examined the effect of MPK12 G53R while controlling for FRI 

K232X. In a GLM with a negative binomial transformation of seed number, the signal for 

MPK12 G53R on fitness was reduced but still highly significant (GLM, MPK12 53R allele 

https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
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fixed-effect estimate= 0.7, P = 0.00519) (supplementary table S12, Supplementary 

Material online), indicating the MPK12 53R variant increases fitness independently from 

FRI 232X under CVI (Espongeiro) conditions.  

 

Fig. 6. Signature of a partial selective sweep at MPK12 G53R. (A) The decay of EHH and (B) bifurcation analysis of the 

ancestral (upper) and derived (lower) alleles for MPK12 G53R. The dotted line marks the position of the focal MPK12 SNP. 

The width of the lines in (B) represents the frequency of haplotypes bearing the ancestral and derived MPK12 variant. (C) 

Genome-wide integrated haplotype score (iHS) analysis for the Santo Antão population. Horizontal solid line represents 

the significance threshold applied to detect the outlier SNPs (−log10 (P) = 2) and the horizontal dashed line represents the 

1% tail based on the genome-wide empirical distribution. The MPK12 53R variant is marked with a dark point and a box 

with the text “MPK12”. (D) Geographic distribution of Santo Antão Arabidopsis thaliana individuals overlaid on the max 

temperature of warmest month (BIO5). Abbreviations: Figueira: Lombo de Figueira; Cova: Cova de Paúl; Ribeira: Ribeira 

de Poio; Pico: Pico da Cruz.  

https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
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2.4 Discussion 

We examined the evolution of stomatal conductance and water use efficiency (WUE) in an 

A. thaliana population that colonized a novel precipitation regime. We found that average 

stomatal conductance increased and water use efficiency decreased in the humid Cape 

Verde Island (CVI) population relative to the North African outgroup. We found that trait 

architecture was polygenic, with an important contribution from a nonsynonymous 

variant (G53R) in Mitogen-Activated Protein Kinase 12 (MPK12), which explained 35% of 

the trait variance in WUE in the Santo Antão island population. We found evidence that 

the derived MPK12 53R variant is evolving under positive selection based on its 

association with temperature across the island (Fig. 6D; Supplementary Figure S15B-C) 

and on a haplotype-based signature of selection in the genomic region (Fig. 6A-C). Finally, 

we found that the derived MPK12 53R variant conferred higher fitness than the ancestral 

MPK12 G53 variant in plants grown in CVI conditions (Supplementary Figure S16). Overall, 

our findings reveal evidence that the MPK12 53R variant helped facilitate local adaptation 

in the island of Santo Antão, where ‘horizontal’ precipitation, or fog, is an important 

contributor to total precipitation. 

Our findings are also relevant in the context of understanding how plants adapt to 

seasonal drought and the importance of physiological tradeoffs more generally. Plants use 

different strategies to maintain water balance (Klein, 2014; Martínez-Vilalta et al., 2014; 

Skelton et al., 2015). Most plants are isohydric; they avoid reaching low water potential by 

closing their stomata during drought. However, in environments where humidity is 

reliably high and vapor pressure deficit is low, plants may be anisohydric, keeping their 

stomata open even when rainfall is limited. Rainfall in CVI is unpredictable, but trade 

winds provide a steady supply of high humidity to plants growing along the northeast-

facing slopes during the short growing season (supplementary figs. S1 and S2). In the 

humid regions of the island of Santo Antão in Cape Verde, where A. thaliana is found, the 

anisohydric strategy may be common. Our results indicate that A. thaliana populations 

here have evolved an anisohydric strategy in response to the humid environment. 

This anisohydric strategy may provide other benefits. In drought-prone environments, 

plant populations may adapt by escaping drought (Levitt, 1972; Ludlow, 1989). When 
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growing seasons are short, plant populations may maximize fitness by increasing stomatal 

conductance to increase rates of carbon gain through photosynthetic carbon assimilation 

and thus escape drought stress (Mooney et al., 1976; Geber and Dawson, 1990; Donovan 

and Ehleringer, 1992; Geber and Dawson, 1997; McKay et al., 2003; Heschel and Riginos, 

2005; Sherrard and Maherali, 2006). A drought-escape strategy appears to be strongly 

favored by selection in CVI (Fulgione et al., 2022), where growing seasons are short. More 

open stomata may enable higher levels of photosynthesis and faster growth, facilitating 

such a drought escape strategy. In this case, the high relative humidity may effectively 

reduce the tradeoff between photosynthesis and transpiration. Overall, our findings 

reveal a case where natural selection appears to have optimized carbon gain through 

increased stomatal aperture, facilitating drought escape in a natural population. 

Although the genetic architecture of the traits studied here was moderately complex, we 

found that the MPK12 53R allele could explain a large proportion of the genetic variation 

in water use efficiency and stomatal conductance. Our finding that MPK12 53R underlies 

variation in stomatal conductance and water use efficiency in Cape Verde is consistent 

with previous evidence that this specific allele is important in water balance. Further, 

these previous findings help to contextualize our results in the natural population. Prior 

work provides molecular evidence that MPK12 is important for sensing and responding to 

drought stress by regulating the stomatal guard cell response to abscisic acid (ABA), a key 

phytohormone involved in abiotic stress responses (Jammes et al., 2009; Montillet et al., 

2013; Salam et al., 2013). Using QTL mapping and introgression, Juenger and colleagues 

identified the MPK12 locus and subsequently validated the effect of the Cvi-0 MPK12 

allele on WUE (Juenger et al., 2005; Des Marais et al., 2014). Des Marais and colleagues 

(Des Marais et al., 2014) further showed that MPK12 impacts guard cell size and behavior, 

and their work suggested that the CVI MPK12 allele causes an altered response to vapor 

pressure deficit and abscisic acid-induced inhibition of stomatal opening. Additional 

analysis showed that the functional MPK12 allele is involved in CO2 signaling and that the 

CVI MPK12 allele has an impact that is comparable to a complete loss of function 

(Jakobson et al., 2016). Finally, our finding that variation in MPK12 impacts fitness in CVI 

conditions is interesting in the context of previous work (Campitelli et al., 2016) 
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demonstrating that MPK12 variation was associated with variation in fitness components 

in response to a combination of drought and competition. Our study focused on the CVI 

natural population supports these previous results and connects variation in the MPK12 

gene to ecology and evolution in the natural environment.  

Our results provide the potential for crop improvement in sustainable agriculture. In 

regions of the world where horizontal precipitation is an important source of moisture, 

technological approaches have been developed to collect fog for agricultural use 

(Schemenauer, Bignell, et al., 2016; Schemenauer, Zanetta, et al., 2016; Klemm et al., 

2012). However, these are difficult to maintain and their usefulness is thus limited. A more 

direct approach to exploit horizontal precipitation in agricultural improvement could 

potentially be achieved by breeding crops with increased stomatal aperture that can 

better use this available resource. Future work could apply the results of studies that 

identify such adaptive genetic variation in local wild populations to increase crop 

productivity in challenging conditions. Our results suggest that breeding crops with 

reduced activity of MPK12 or its homologues could increase crop productivity in tropical 

agricultural systems, where vertical precipitation is limited and horizontal precipitation is 

an important component of total precipitation.  

There are several open questions that could be addressed in future research. We 

proposed that photosynthetic efficiency should be increased in plants with increased 

stomatal conductance (and decreased WUE), in particular in those that carry the derived 

MPK12 variant. This hypothesis could be explicitly tested in the future in a controlled 

study of photosynthetic efficiency. Further, while we have no specific evidence that A. 

thaliana from CVI is able to absorb water directly through the leaves, there is mounting 

evidence from diverse species that foliar water uptake through the leaf surface is a 

common strategy in humid environments where vertical precipitation is limited 

(Burkhardt et al., 2012; Berry et al., 2018; Binks et al., 2020). Further, there is evidence 

that plants in cloud forests may be especially susceptible to climate change (McDowell et 

al., 2008; McDowell et al., 2011). These hypotheses could be tested in future research in 

controlled lab-based experiments as well as in field experiments in CVI. 
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Although the traits studied here are polygenic, our findings revealed that one variant in 

MPK12 explained a substantial fraction of the trait variation. Understanding how 

adaptation has occurred in specific cases can inform models and predictions of how 

populations might generally adapt to novel environments. Although we have information 

about functional loci and variants from QTL mapping studies in a range of species, it has 

only rarely been possible to connect results from QTL studies back to the ecology of the 

relevant natural population. This study serves as an example where it was possible to 

reconstruct the evolutionary history of a functional variant as it arose and spread across 

the landscape. Further, studies such as this one can inform models that aim to predict 

how species adapt as the environment changes or expand their ranges into more severe 

climates. 
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2.5 Materials and methods 

2.5.1 Study populations  

In this work, we used the previously released whole-genome short-read data for 189 

individuals collected from 26 different locations in Santo Antão (fig. 1; supplementary 

table S1, Supplementary Material online) (ENA: PRJEB39079 (ERP122550)) (Fulgione et 

al., 2022) and 61 Moroccan lines (Durvasula et al., 2017) for genetic analysis. We used the 

SHORE pipeline (https://github.com/HancockLab/CVI) for SNP discovery and variant 

calling. The variant call format (VCF) file (EVA: PRJEB44201 (ERZ1886920)) (Fulgione et al., 

2022) was filtered to minimize SNP calling bias and to retain only high-quality SNPs: (1) 

retain only bi-allelic SNPs; (2) convert heterozygous sites to missing data to mask possible 

false positives; (3) retain variants with coverage greater than 3 and base quality greater 

than 25. All maps were conducted using R v. 3.4.4 (R Development Core Team, 2008) and 

the ggmap (Kahle and Wickham, 2013) and ggplot2 (Wickham, 2016) libraries were used 

for plotting.  

2.5.2 Phenoscope drought experiment and phenotyping 

Trait measurement was performed using the high throughput phenotyping Phenoscope 

platform (https://phenoscope.versailles.inra.fr/) as previously described (Tisné et al., 

2013). Santo Antão (Fulgione et al., 2022) (n=152) and Moroccan (n=24) A. thaliana lines 

(Brennan et al., 2014) (supplementary table S1, Supplementary Material online) were 

grown under standard environmental conditions (8-h day/16-h night, 21°C day/17°C night, 

65% relative humidity, and 230 µmol m-2 s-1 light intensity). For each trait, two 

independent replicate experiments were performed. In each experiment, two replicates 

per genotype and two watering conditions were used. The first was a ‘well-watered’ (WW) 

condition in which pots were provided with 60% of the maximum soil water content (SWC; 

4,6g H2O g-1 dry soil) not limiting for vegetative rosette growth. The second condition was 

a ‘water-deficit condition’ (WD) in which pots were provided with 25% SWC (1,4g H2O g-1 

dry soil). Plants were propagated on peat moss plugs, then selected for homogeneous 

germination and transferred onto the Phenoscope table eight days later, i.e., 8 days after 

https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://github.com/HancockLab/CVI
https://phenoscope.versailles.inra.fr/
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
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sowing (DAS). On the Phenoscope, SWC reached 60% for control-treated plants at 12 DAS 

and 25% for moderate-drought-treated plants at 16 DAS. At 32 DAS, the whole rosette of 

two replicates for each genotype per treatment were collected, ground, and analyzed 

for carbon isotope discrimination (δ13C) as an estimate of water use efficiency (WUE). 

Isotope discrimination analysis was conducted at CEPLAS Plant Metabolism and 

Metabolomics Laboratory, Heinrich Heine University Düsseldorf (HHU) as described 

previously (Gowik et al., 2011). In short, dried plant material was ground to a fine powder 

and analyzed using an Isoprime 100 isotope ratio mass spectrometer coupled to an 

elemental analyzer (ISOTOPE cube; Elementar Analysensysteme, Hanau, Germany) 

following the manufacturer's recommendations. The carbon isotope ratio is expressed as 

‰ against the Vienna Pee Dee Belemnite (VPDB) standard. 

We measured leaf stomatal conductance using a leaf Porometer (SC-1, Decagon Devices, 

Pullman, WA, United States). According to the manual guide, the Porometer device was 

calibrated before measurements with a 100% humidity filter paper as a reference. It was 

challenging to measure the rosette leaves directly due to their reduced size and the small 

area of the SC-1 Porometer leaf clamp. Therefore, a fully developed leaf per line and per 

treatment of each genotype was examined immediately after detachment. The 

measurements were performed across several days (29-32 DAS) around mid-day. 

2.5.3 Phenotype data analysis 

Differences in the phenotype distributions were evaluated using both parametric and non-

parametric tests. For conducting Wilcoxon rank sum tests, we used wilcox.test in the 

stat_compare_means function (“ggpubr” package (Kassambara, 2020)). We also used 

linear models to test fixed effects of treatment, geographic region, and their interaction 

on the measured phenotypic traits. For this, we used the R package lme4 (Bates et al., 

2014) to run the following model for each phenotype.  

𝑌𝑖𝑗𝑘 =  𝜇 + 𝛼𝑖 + 𝛽𝑗 + 𝛾𝑖𝑗 +  𝜀𝑖𝑗𝑘  

Where 𝑌𝑖𝑗𝑘: represents the phenotypic value; 𝜇: the overall mean; 𝛼𝑖: the effect of the 

treatment; 𝛽𝑗 : the effect of the geographic region; 𝛾𝑖𝑗 : the interaction between treatment 

and region; 𝜀𝑖𝑗𝑘: the residuals. 
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Correlations between phenotypes in both treatments are Pearson correlations calculated 

in R using the cor.test function. We evaluated the significance of correlations with the t-

test implemented in the cor.test function. 

We obtained the individual data for the total seed number (as a proxy of fitness) from 

(Fulgione et al., 2022). Since no block effect was detected in the simulated CVI conditions 

experiment, we used the median per genotype across replicates as phenotype. We tested 

the effects of the MPK12 53R derived variant on fitness using generalized linear models 

(GLM) (R function glm). To correct for over-dispersion of seed number, we used a negative 

binomial GLM using the "glm.nb()" function in the “MASS” v.7.3-54 package in R.  

2.5.4 Quantitative genetic analyses 

We estimated heritability for traits in this study based on the proportion of the 

phenotypic variance explained by all genotyped SNPs, which is commonly referred to as 

“chip heritability” (Zhou and Stephens, 2012; Zhou, 2014). To perform the association 

analysis, we first filtered out indels and non-biallelic SNPs from the VCF. We considered 

only SNPs with read coverage DP>=3 and quality GQ>=25. We then applied a 5% cutoff for 

the minor allele frequency (MAF). Subsequently, we carried out the association analyses 

between genomic variants and stomatal conductance and WUE as traits using the 

univariate linear mixed model implemented in GEMMA (Zhou and Stephens, 2012), 

separately for well-watered (WW) and water deficit (WD) conditions as well as the 

average for each trait across both conditions and the drought response (difference 

between conditions: WW-WD).  

According to (Shim et al., 2015) and based on the GEMMA outputs, we calculated the 

proportion of variance in each trait explained by a given SNP (PVE) using the following 

equation: 

𝑃𝑉𝐸 =
2β̂2𝑀𝐴𝐹(1 − 𝑀𝐴𝐹)

2β̂2𝑀𝐴𝐹(1 − 𝑀𝐴𝐹) + (𝑠𝑒(β̂))22𝑁𝑀𝐴𝐹(1 − 𝑀𝐴𝐹)
 

where �̂� is the effect size estimate, 𝑠𝑒(�̂�) is the standard error of effect size for the SNP, 

𝑀𝐴𝐹 is the minor allele frequency for the SNP, and 𝑁 is the sample size. 
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To infer the genetic architecture of the traits, we used a polygenic GWA Bayesian Sparse 

Linear Mixed Model (BSLMM) implemented in GEMMA (Zhou and Stephens, 2012), which 

models the polygenic architecture as a mixture of large and small effects. BSLMM 

accounts for the relatedness among individuals by including a genomic kinship matrix as a 

random effect in the model. Furthermore, the approach accounts for the LD between 

SNPs by inferring locus effect sizes (β) while controlling for other variants included in the 

model. Using this approach, we modelled two effect hyperparameters: a basal effect (β), 

which captures small-effect loci that contribute to the studied trait, and an additional 

effect (γ), which captures a subset of loci with the most potent effects. To estimate the 

effects of all SNPs, the sparse effect size for each locus was calculated by multiplying (β) 

by (γ). We listed the variants with the highest sparse effects on the studied trait.  

We then investigated the genetic correlations between traits using the multivariate model 

in GEMMA (Zhou and Stephens, 2012; Zhou, 2014). Accordingly, we conducted the 

correlations between the effect sizes of all loci (β) for each trait through Pearson 

correlations calculated in R using the cor.test function. We evaluated the significance of 

correlations with the t-test implemented in the cor.test function. 

2.5.5 Population structure analysis 

In a pre-processing step before population structure analysis, we used PLINK v1.9 to prune 

our SNP sets for linkage disequilibrium by removing any variables with correlation 

coefficients (r2) greater than 0.1 across windows of 50 Kb with a step size of 10 bp. Then, 

we removed variants with missing data by setting the parameter –geno to 0. 

To conduct the principal component analysis (PCA), we used the --pca option in PLINK v1.9 

(Purcell et al., 2007) . We produced the whole-genome neighbor-joining tree in R v3.3.4 (R 

Development Core Team, 2008) using the packages “APE” v5.5 (Paradis and Schliep, 

2019), and “adegenet” v2.1.4 (Jombart, 2008). To evaluate the relationships between the 

five Santo Antão sub-populations and visualize how the tree topology changes across the 

genome we used a phylogenetic weighting approach, Twisst (Martin and Van Belleghem, 

2017). This method uses maximum likelihood topology inference across genomic windows 

to produce a distribution of topology weightings (Martin and Van Belleghem, 2017). 
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Starting with our LD-pruned data set, we converted our data to ‘.geno’ format using the 

script ‘parseVCF.py’ 

(https://github.com/simonhmartin/genomics_general/tree/master/VCF_processing), and 

we obtained the maximum likelihood trees in sliding windows of 50 SNPs using the script 

‘phyml_sliding_windows.py’ 

(https://github.com/simonhmartin/genomics_general/tree/master/phylo). Then, we ran 

Twisst on the complete set of inferred trees for the five Santo Antão sub-populations (Fi; 

Lombo de Figueira, Co; Cova de Paúl, Ri; Ribeira de Poio, Pi; Pico da Cruz, and Es; 

Espongeiro) to calculate the exact weighting of each local window. We used the Cova de 

Paúl sub-population as an outgroup in this step. To plot the topologies, we used the R 

v3.3.4 (R Development Core Team, 2008) and the “APE” package (Paradis and Schliep, 

2019). 

2.5.6 Inferring the genealogical history of MPK12 G53R 

We used RELATE v1.1.4 (Speidel et al., 2019) to infer the genealogical trees for the derived 

MPK12 53R allele variant (Chr2:18947614). We used bcftools v1.9 (Li, 2011) to filter the 

VCF file for quality, to remove non-biallelic SNPs, to remove fixed sites, and to filter out 

missing data with the command: <bcftools view -m2 -M2 -v snps –min-ac=1 -i 

‘MIN(FMT/DP)>3 & MIN(FMT/GQ)>25 & F_MISSING=0’>. Within RELATE, we used the 

command RelateFileFormats (using --mode ConvertFromVcf) to convert the VCF file into 

haplotype and sample files. We ran RELATE under a haploid model for chromosome 2 

(using –mode All) and we defined parameters as follows. For the mutation rate, we 

corrected the estimate for A. thaliana of 7x10-9 derived from (Ossowski et al., 2010) for 

the percent missing data in 1 Mb sliding windows every 50 kb across the entire genome 

(2.245x10-9 for MPK12 53R variant). For the recombination map, we corrected a published 

map based on crosses (Salomé et al., 2012) for the outcrossing rate of 5% estimated in 

natural populations (Bomblies et al., 2010). For coalescence rates, we used the genome-

wide rates inferred previously in (Fulgione et al., 2022) for the Santo Antão population. 

We set the generation time to one year. To produce genealogical trees for MPK12 53R 

variant with confidence intervals for the estimated ages based on 200 samples from the 

https://github.com/simonhmartin/genomics_general/tree/master/VCF_processing
https://github.com/simonhmartin/genomics_general/tree/master/phylo
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MCMC (derived using SampleBranchLengths.sh --format a, and using default settings), we 

used the script TreeViewSample.sh, with 10*N steps (N is the number of haplotypes) and 

1000 burn-in iterations. 

2.5.7 Climatic variables 

We retrieved data for the 19 bioclimatic variables (supplementary table S7, 

Supplementary Material online) commonly used to study the pattern of species 

distribution and the water vapor pressure (humidity) from the WorldClim global climate 

version 2 (Fick and Hijmans, 2017) (https://worldclim.org/data/worldclim21.html), at a 

resolution of 30 seconds (~1km2). We also obtained site-specific data for the accumulated 

rainfall amount during the growing season and aridity index from CHELSA (Karger et al., 

2017) (supplementary table S7, Supplementary Material online), which we used for a 

comparison between the climate of collection sites in Santo Antão and Moroccan sites 

(Supplementary Figure S1).  We extracted the climatic variable values for the specific 

geographical coordinates for each sampling location in Santo Antão and Morocco using 

the “raster” package in R (Hijmans et al., 2015). The shift of the climate variable 

distribution between Santo Antão and Morocco was tested using a two-tailed Wilcoxon 

rank sum test with the function wilcox.test implemented in the stat_compare_means 

function (“ggpubr” package (Kassambara, 2020)). 

2.5.8 Redundancy analysis (RDA): linking genomic variation to environment 

predictors 

We used the redundancy analysis (RDA) approach implemented in the R package ‘vegan’ 

v. 2.5-7 (Oksanen et al., 2020) to investigate the relative contributions of the bioclimatic 

variables and spatial distribution of MPK12 G53R across the Santo Antão landscape. RDA 

uses multiple regression to model matrices of explanatory variables (X and Y), in which X 

represents a set of environmental variables and Y represents a dependent matrix of 

genotypic data. It links genomic variation to environment predictors while accounting for 

geographic population structure by including geographic distance as a model covariate. 

Genotype data from a set of genome-wide LD-pruned SNPs (n= 8,475) and environmental 

https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://worldclim.org/data/worldclim21.html
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
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data (supplementary table S7, Supplementary Material online) were analyzed by running 

the full model. We used analyses of variance (ANOVA with 1,000 permutations) to assess 

the significance of each environmental variable within the RDA model. Then we used a 

stepwise permutational ordination method using the ordination step “ordistep” function 

in the R package ‘vegan’ v. 2.5-7 (Oksanen et al., 2020) with 1,000 permutations to 

evaluate the environmental parameters and identify the model that best describes the 

spatial distribution of the genotype data. This function selects variables to build the 

‘optimal’ model with the highest adjusted coefficient of determination (Radj
2) and removes 

the non-significant variables one at a time using permutation tests.  

2.5.9 Evolutionary history of MPK12 53R 

2.5.9.1 Evidence of positive selection 

To detect signatures of positive selection in the Santo Antão population, we used three 

haplotype-based methods: the extended haplotype homozygosity (EHH) (Sabeti et al., 

2002), the integrated haplotype score (iHS) (Voight et al., 2006), and cross-population EHH 

(XP-EHH) (Sabeti et al., 2007) implemented in the R package ‘rehh’ version 2.0.2 (Gautier 

et al., 2017) in R. For iHS and XP-EHH, scores were transformed for each SNP into two-

sided p values: piHS = − log10[1–2|Φ(iHS)-0.5|] and pXP-EHH = − log10[1–2|Φ(XP-EHH)-

0.5|] where Φ(x) represents the Gaussian cumulative distribution function. We used the 

default parameters for all analyses. 

To determine whether there was enrichment of specific functional gene sets in the tail of 

the distribution of iHS scores, we conducted gene ontology (GO) enrichment analysis. For 

this, we used the top 1% SNP variants (> 99% quantile based on the genome-wide 

empirical distribution) identified through the genome-wide iHS scores across the genomes 

of the Santo Antão population. Gene names were extracted based on the SNP position 

using the TAIR10 GFF3 gene annotation file through SNPEff (Cingolani et al., 2012). GO 

analysis was conducted using the ShinyGO web tool 

(http://bioinformatics.sdstate.edu/go/) (Ge et al., 2020) (see all results in supplementary 

table S5 and Supplementary Figure S12A-B, Supplementary Material online). After 

running the analysis, we checked that significant results were not driven by signals in 

https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
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clusters of genes. We did not find that any of the genes responsible for enrichments were 

located on the same chromosomes.  

2.5.9.2 Inference of the selection coefficient  

To infer a selection coefficient based on the reconstructed historical frequency trajectory 

for the derived MPK12 allele (Chr2:18947614) we used CLUES (Stern et al., 2019). CLUES 

uses importance sampling over trees generated in RELATE to produce a posterior 

distribution from which a frequency trajectory can be inferred. We obtained estimates of 

the posterior distributions of allele frequencies over time using 200 samples from the 

MCMC and a recessive model. We inferred the selection coefficient jointly across two-

time bins (epochs) of 1.5 kya between the present day and the time in the past when the 

variant arose (0-1.5 and 1.5-3 kya) (supplementary table S6, Supplementary Material 

online).  

  

https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
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2.10 Supplementary figures 

 

Supplementary Figure S1. Climate of (A) accumulated rainfall during growing season (kg m-2 gsl-1), (B) aridity index, and 

(C) mean monthly water vapor pressure (KPa) at collection sites in Santo Antão (blue; n=203) relative to Moroccan sites 

(green; n=61). The line in the center of the boxplots represents the median, the box edges represent the 25th and 75th 

percentiles (lower and upper bound, respectively), and the whiskers represent 95% CI. The P-values for the Mann-

Whitney-Wilcoxon test are shown.  
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Supplementary Figure S2. Measurements of the relative humidity (RH) over time using loggers in the field sites of the five 

Santo Antão sub-populations. The light blue shaded areas over time represent the growth season period (September to 

November). 
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Supplementary Figure S3. The relationship between water use efficiency (WUE) and stomatal conductance in Santo 

Antão population. WUE is negatively correlated with stomatal conductance in well-watered (WW) and in response to 

water deficit (WD). The WUE is measured as carbon isotope discrimination (δ13C), and the carbon isotope ratio is 

expressed as (per mil, ‰). The shaded areas around the slope represent the confidence interval of the correlation 

coefficient at 95%. R2= Pearson’s squared correlation coefficient and p= p-value. 
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Supplementary Figure S4. Phenotypic plasticity of (A) water use efficiency (WUE) and (B) stomatal conductance, among 

Santo Antão A. thaliana population under well-watered (WW) and water deficit (WD) conditions. The WUE is measured 

as carbon isotope discrimination (δ13C), and the carbon isotope ratio is expressed as (per mil, ‰). The points represent 

the means and the whiskers represent the 95% CI. 
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Supplementary Figure S5. Genome-wide association (GWA) mapping. (A) Polygenic modeling of water use efficiency 

(WUE) variation in the Santo Antão A. thaliana population in well-watered (WW) and water deficit (WD) conditions using 

BSLMM. The y-axis represents the posterior inclusion probability (PIP) and the size of symbol denotes the effect size. (B) 

Genome-wide association mapping of WUE variation in WW and WD conditions using LMM. The horizontal dashed line 

corresponds to the Bonferroni genome-wide significance. In A and B, points represent SNPs along the five chromosomes. 

The red point represents the MPK12 G53R variant (a substitution of arginine for glycine at amino acid position 53). 
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Supplementary Figure S6. Genome-wide association (GWA) mapping of stomatal conductance. (A) Polygenic modeling 

of the average stomatal conductance across the well-watered (WW) and water deficit (WD) conditions and the drought 

response of stomatal conductance (the difference between both conditions: WW-WD) in the Santo Antão A. thaliana 

population using BSLMM. The y-axis represents the posterior inclusion probability (PIP) and the size of symbol denotes 

the effect size. (B) Genome-wide association mapping of average stomatal conductance and its drought response using 

LMM. The horizontal dashed line corresponds to the Bonferroni significance threshold at α = 0.05. In A and B, points 

represent SNPs along the five chromosomes. The red point represents the MPK12 G53R variant (a substitution of arginine 

for glycine at amino acid position 53). 
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Supplementary Figure S7. (A) Polygenic modeling of stomatal conductance variation in the Santo Antão A. thaliana 

population in well-watered (WW) and water deficit (WD) conditions using BSLMM. The y-axis represents the posterior 

inclusion probability (PIP) and the size of symbol denotes the effect size. (B) Genome-wide association mapping of 

stomatal conductance variation in WW and WD conditions using LMM. The horizontal dashed line corresponds to the 

Bonferroni significance threshold at α = 0.05. In A and B, points represent SNPs along the five chromosomes. The red 

point represents the MPK12 G53R variant (a substitution of arginine for glycine at amino acid position 53). 
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Supplementary Figure S8. The allelic effects of MPK12 G53R on phenotypic plasticity, (A) water use efficiency (WUE) and 

(B) stomatal conductance, among Santo Antão A. thaliana population under well-watered (WW) and water deficit (WD) 

conditions. The WUE is measured as carbon isotope discrimination (δ13C), and the carbon isotope ratio is expressed as 

(per mil, ‰). The points represent the means and the whiskers represent the 95% CI. 
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Supplementary Figure S9. History of the Santo Antão A. thaliana population. (A) Neighbor-joining tree of Santo Antão 

population (n=189). Colors represent five sub-populations: Lombo de Figueira (in magenta), Cova de Paúl (in blue), 

Ribeira de Poio (in amethyst), Pico da Cruz (in green), and Espongeiro (in mustard). (B) Genome-wide Twisst analysis 

showing the average topology weighting (y-axis) among the fifteen possible phylogenetic topologies using sliding 

windows containing 50 variable sites. The trees are ordered based on their average topology weightings with the highest 

topology weighting for topology 2 (T2). 
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Supplementary Figure S10. Relationship between estimated allele ages (inferred in RELATE) and allele frequencies of 

variants with major effects estimated with polygenic GWA mapping for water use efficiency (WUE) in well-watered (WW) 

and water deficit (WD) conditions in the Santo Antão population. Color denotes variant effect size from the BSLMM and 

shape denotes predicted impact from gene annotation. 
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Supplementary Figure S11. Genome-wide phylogenetic analysis inferred by Twisst, focusing on the MPK12 genomic 

region. Topology 1 (Topo1) has the highest topology weighting (Bottom panel) for the region surrounding MPK12 G53R 

among the fifteen possible phylogenetic topologies (Top panel; as previously shown in Supplementary Figure. S9B).  
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Supplementary Figure S12. Gene ontology (GO) analysis of the top 1% of genes identified through the genome-wide 

integrated haplotype score (iHS) across the genomes of the Santo Antão population. (A) Significant enriched GO 

molecular component terms were visualized as a network, in which related GO terms are connected by a line, whose 

thickness reflects percent of overlapping genes. The size of the node corresponds to number of genes. (B) A hierarchical 

clustering tree shows the relatedness between GO terms, in which related GO terms are grouped together based on how 

many genes they share. The size of the solid circle corresponds to the enrichment FDR (see results in supplementary table 

S5, Supplementary Material online). 

  

A B

0.8 0.4 0.0

3.8e−02 KEURENTJES VEGETATIVE−STATE−FLOWERING DIFF

3.8e−02 Abscission 

3.8e−02 CAI AZ551 DIFF

3.8e−02 Transcription elongation from RNA polymer ase II promoter 

3.8e−02 Reg. of DNA−templated transcription, elongation 

3.8e−02 Auxin−activated signaling pathway 

3.8e−02 Cellular response to auxin stim ulus 

3.8e−02 Cellular response to organic substance 

4.1e−02 Signal transduction 

3.8e−02 Reg. of response to osmotic stress 

3.8e−02 Reg. of salicylic acid mediated signaling pathw ay 

3.8e−02 Reg. of stomatal closure 

3.8e−02 Stomatal closure 

https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mbe/40/3/10.1093_molbev_msad031/1/msad031_supplementary_data.zip?Expires=1685503360&Signature=KxYz3EdeaAkenkt0nFXBbqHZqwFh9r7jol2TGNU4Iy-eb5l8MdyfZS3SeKPc6lSEfQoKpmwcaYc~IvWzOiJ3pKD~Da47PS9pv2WXbdQ7LPTX9eDGSc3f858ztTh49bm5SP499xo0qc8z7~hWwffxPwYw1HJYeFs~oC3i-GIZo2IF4mz0dBrJkohVAQlgXMcr9HQFnymjVR2cveBy6-S2r-3q-kW1MaVdYGdvVYn0QX6H8xhBNVUMfVBR5ZWgS4UbmWjmE40Qhtd~RJ~vZ59GLm5JtsjBLAtmwEhzb1uwNN~WRihf9lTPcE0gkqRMXgGKY9ubwq6oNd-~9EFrVUvYTQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA


Chapter 2 | Adaptation to a Novel Precipitation Regime 

 

AHMED ELFARARGI 92 

 

 

 

Supplementary Figure S13. The cross-population extended haplotype homozygosity (XP-EHH) analyses for between Cova 

de Paúl and Espongeiro (A) and between Pico da Cruz and Espongeiro (B). A dark red triangle marks the derived MPK12 

53R variant. 
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Supplementary Figure S14. Inferred allele frequency trajectory for the derived MPK12 allele variant in Santo Antão. The 

black line corresponds to the inferred allele frequency change over time and the surrounding color to the posterior 

probability. 
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Supplementary Figure S15. Redundancy Analysis (RDA) for Santo Antão population. (A) A biplot summarizing the result 

of full RDA on the bioclimatic environmental variables among the five sub-populations in Santo Antão. Individual scores 

for RDA axes are represented by dots, colored as the same coloring scheme for the previous figures (Lombo de Figueira: 

magenta, Cova de Paúl: blue, Ribeira de Poio: amethyst, Pico da Cruz: green, and Espongeiro: mustard). Grey dots 

represent SNPs. (B) A biplot summarizing the result of full RDA among the five bioclimatic variables for the outlier SNPs 

detected with the RDA outlier detection approach. The coloring scheme is for the SNPs based on the bioclimatic variable 

that is most strongly correlated with, and grey dots represent the non-candidate SNPs. In A and B, the light blue arrows 

represent the bioclimatic variables, where the arrow length reflects the amount of variance in SNP genotypes explained 

by that bioclimatic variable, and the angles represent the correlation between bioclimatic variables. The illustrated axes 

were statistically significant (P < 0.05). (C) Histogram of the SNP loadings on RDA1. Dashed black, purple, and red lines 

represent the mean, the median, and 95% of confidence intervals (CI), respectively. The yellow line represents the loading 

of the MPK12 derived allele variant on the tail of RDA1. Abbreviations: BIO5, Max Temperature of Warmest Month; 

BIO11, Mean Temperature of Coldest Quarter; BIO13, Precipitation of Wettest Month; BIO17, Precipitation of Driest 

Quarter; BIO19, Precipitation of Coldest Quarter. 
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Supplementary Figure S16. Phenotypic effects of MPK12 variants on fitness (total seed count) among Santo Antão A. 

thaliana  population under simulated Cape Verde growth conditions. The P-value represents the fitness effect of the 

derived MPK12 allele, using a negative binomial GLM model (supplementary table S11, Supplementary Material online). 

The line in the center of the boxplots represents the median, the box edges represent the 25th and 75th percentiles (lower 

and upper bound, respectively), and the whiskers represent 95% CI. Each dot represents the median across four replicates 

per accession. 
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3.1 Abstract 

Environmental factors exert significant selective pressures on plants, necessitating 

adaptation to optimize water use efficiency for survival. Modulating the trade-off 

between the need to open stomata for photosynthesis and close stomata to minimize 

water loss is crucial for plants to thrive in their specific environments. Complex traits, such 

as growth rate, leaf color, and stomatal traits, are likely governed by numerous loci 

distributed across the genome. However, the genetic basis and adaptive evolution of 

these traits in natural populations in response to environmental stressors remain largely 

unexplored. Island ecosystems, such as the Cape Verde Islands (CVI), offer valuable 

opportunities to investigate the genetic basis of adaptation in plants. CVI plants 

experience extended dry periods with limited and highly variable rainfall, mainly driven by 

humid trade winds. To determine how plants adapt to this precipitation regime, we 

examined the genetic architecture of variation in growth rates, leaf color, and stomatal 

patterning in response to precisely controlled water conditions among CVI A. thaliana 

populations. Genome-wide association mapping analyses revealed that moderately 

complex genetic architectures with roles for several major effect variants underlie 

variation in these traits. Furthermore, we found that several identified genes through 

genetic mapping have pleiotropic functions for complex traits underlying drought stress, 

highlighting the intricate nature of plant adaptation to these challenging conditions. 

 

Keywords: Arabidopsis thaliana, CVI, Phenoscope, growth rate, stomata, drought, GWA, 

adaptive evolution 
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3.2 Introduction 

Plants are regularly exposed to diverse environmental stresses throughout their life cycle, 

necessitating the development of specialized mechanisms to adapt to such challenges 

(Lawlor, 2013; Chaves et al., 2003). Water limitation is a critical environmental factor that 

limits plant growth and productivity (Boyer, 1982). As a result, water availability plays a 

crucial role in shaping plant biology, exerting significant selective pressure on the 

evolution of plant development, morphology, and physiology (Stebbins, 1952; Bohnert et 

al., 1995). Consequently, plants have evolved three primary strategies to optimize their 

growth and fitness in environments characterized by limited water availability (Ludlow, 

1989). First, drought tolerance is achieved by improving water use efficiency (WUE), which 

refers to optimizing carbon assimilation through photosynthesis relative to water lost via 

stomatal transpiration (SCOTT, 2000). Second, drought avoidance involves enhancing 

water uptake and reducing transpiration rates to conserve water (Levitt, 1972). Lastly, 

drought escape is facilitated through accelerated flowering, enabling plants to complete 

their life cycle and secure successful reproduction before the onset of severe drought 

conditions (McKay et al., 2003; Sherrard and Maherali, 2006). These strategies involve 

intricate physiological processes and morphological traits governed by numerous genes.  

 

Arabidopsis thaliana, a model organism for higher plants, thrives in diverse habitats with 

considerable variation in water availability and other environmental factors. Early 

research on A. thaliana emphasized the significance of natural variation within the species 

as a valuable tool for understanding the connection between molecular perturbations and 

phenotypic changes (Somerville and Koornneef, 2002). Local adaptation to different 

environmental conditions, particularly precipitation and humidity, has influenced allele 

frequency distributions across its extensive range (Hancock et al., 2011). A. thaliana has 

served as a useful model for investigating the molecular genetic basis of complex traits 

(Mitchell-Olds and Schmitt, 2006). Such studies can enrich our understanding of the 

molecular changes at many levels associated with plant adaptation in a wide range of 

natural environments (Borevitz and Nordborg, 2003).  
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Plant growth is considered a complex trait controlled by many factors, including genetic 

elements (G), environmental (E) and geographical components, GXE, and developmental 

stage (Bac-Molenaar et al., 2015; Bouteillé et al., 2012; Zhang et al., 2012; Clauw et al., 

2015). Studying plant growth adaptation to drought stress requires a precise experimental 

setup where soil water content and drought exposure timing are tightly controlled. This 

kind of experiment can be achieved through an automated phenotyping platform system 

equipped with the required elements for watering, rotation to avoid the position effect, 

and an imaging unit for collecting pictures of every plant at a specific time of day 

throughout the experiment. Several platforms have been developed for controlled 

drought phenotyping (Bac-Molenaar et al., 2015; Bouteillé et al., 2012; Zhang et al., 2012; 

Clauw et al., 2015), including the Phenoscope platform (Tisné et al., 2013). Phenoscope 

has advantages over the other existing platforms, which is the property of precisely 

rotating more than 700 individual plants with automatic watering adjustments (Tisné et 

al., 2013). 

 

Here, we examine phenotypic and genetic changes in drought response in an A. thaliana 

lineage from the Cape Verde Islands (CVI) after colonization from North Africa. The Cape 

Verde Islands are an isolated archipelago that lies 570 km off the west coast of Senegal. A 

single A. thaliana accession, Cvi-0, was collected in CVI 40 years ago (Lobin W, 1983) and 

has been studied intensively as a member of diverse panels of natural accessions and as a 

parent in recombinant mapping populations. Cvi-0 is divergent from other well-studied 

accessions for a range of traits, including transpiration efficiency and WUE (McKay et al., 

2003; Juenger et al., 2005; McKay et al., 2008; Monda et al., 2011; Christman et al., 2008), 

stomatal conductance and stomatal aperture (Juenger et al., 2005; Monda et al., 2011; 

Aliniaeifard and van Meeteren, 2014; Jakobson et al., 2016), stomatal density (Xu and 

Zhou, 2008), flooding tolerance (Vashisht et al., 2011), and flowering time (Alonso-Blanco 

et al., 1998; Kenney et al., 2014; Alonso-Blanco et al., 2016). A recent study elucidated the 

natural variation in the complex shoot growth architecture in the CviXCol population 

mapping under mild drought stress response using the Phenoscope platform (Tisné et al., 

2013; Marchadier et al., 2019). We recently collected A. thaliana from the two Cape Verde 
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Islands, where it is found: Santo Antão and Fogo. We previously showed that, as a result of 

strong colonization bottlenecks, CVI island populations are as divergent from the mainland 

and from each other as any pair of species in the genus (Fulgione et al., 2022) and that the 

genetic variation in CVI derives almost exclusively (99.9%) from new mutations that 

occurred after initial colonization (Fulgione et al., 2022). In CVI, the colonizing populations 

were exposed to an arid climate with limited rainfall and a long dry season, where most of 

the moisture delivered to the plants comes in the form of high humidity (Brochmann et 

al., 1997). 

 

Water availability is essential to nearly all aspects of plant biology, development, and 

physiology (Stebbins Jr, 1952; Bohnert et al., 1995), and variation in water availability is 

thus expected to exert a strong selective force. Under water-limited conditions, most 

plants often follow a drought avoidance strategy involving partial stomatal closure to 

maximize the ratio of carbon gained for photosynthesis to water loss, resulting in WUE 

optimization (Schulze, 1986; Meinzer, 1993; Price et al., 2002). However, the high 

humidity in CVI creates a different situation in which moisture is mainly delivered by 

humid tradewinds. Tuning WUE is crucial for whole-plant fitness in an arid environment 

(Kenney et al., 2014). 

 

Stomata have pairs of guard cells that control stomatal apertures for gas exchange 

capacity regulation that take up atmospheric CO2 and release oxygen and excess water 

vapor. This gas exchange process between plants and the environment is defined as 

stomatal conductance (gs) (Tanaka et al., 2014; Horie et al., 2006; Evans et al., 2009). 

Plants can optimize their stomatal conductance in responding to environmental changes 

either in the short term by opening and closing stomata or in the long term by epidermal 

architecture modification through developmental changes in stomatal density (Farquhar 

and Sharkey, 1982). Several studies have demonstrated that stomatal density and 

stomatal index (the ratio of a total stomatal number to total cell number in a specific leaf 

area) increase when plants experience water stress (QUARRIE and JONES, 1977; Spence et 

al., 1986; Martínez et al., 2007). Depending on the severity of drought, prior research has 
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indicated that stomatal density increases under moderate drought but decreases under 

severe drought (Xu and Zhou, 2008). This response to both stress levels could be 

attributed to a reduction in leaf area leading to increased stomatal density under 

moderate drought, while the inhibition of guard cell division under severe drought results 

in decreased stomatal density (Xu and Zhou, 2008). The Cvi-0 accession exhibits more 

open stomata and higher stomatal conductance than the widely studied Col-0 (Monda et 

al., 2011).  

 

A previous study on Eurasian accessions of A. thaliana revealed a negative correlation 

between stomatal size and density (Dittberner et al., 2018). Both stomatal size and density 

are believed to influence stomatal conductance (Franks et al., 2009). Additionally, the 

distance of the gas molecule diffusion path for a stomatal pore is inversely related to 

stomatal conductance based on stomatal size for a constant stomatal pore area. 

Consequently, larger stomata with increased pore depth have a more extended gas 

exchange diffusion path than smaller stomata (Franks and Beerling, 2009). In response to 

environments with elevated atmospheric CO2 levels, plants display a low density of large 

stomata. Conversely, decreased atmospheric CO2 levels trigger increased stomatal density 

and reduced stomatal size to enhance stomatal conductance for optimal carbon gain 

(Franks and Beerling, 2009).   

 

In this study, we measured several phenotypic traits in response to precisely controlled 

drought stress in the natural population from Santo Antão, the island where the accession 

Cvi-0 was collected, as well as populations from Fogo. We compared these two Cape 

Verde Island populations to the closest outgroup population, which originates from 

Morocco. We found that the phenotype distributions for the islands are markedly shifted 

compared to that of Morocco. We further conducted genome-wide association (GWA) 

mapping to unravel the genetic basis of phenotypic adaptation underlying drought stress 

in the CVI A. thaliana population and to compare it to the Morocco A. thaliana population. 

Phenotypic traits were used as inputs for univariate and multivariate GWAS models to 
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identify drought stress-specific associations. Overall, these findings advance our 

knowledge of the role of selection in adaptations to novel environments. 
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3.3 Results 

3.3.1 Population structure based on genome-wide genetic variation 

In the present study, we analyzed a collection of A. thaliana accessions from two Cape 

Verde islands, comprising 152 from Santo Antão, 119 from Fogo, and a representative 

outgroup panel of 64 Moroccan accessions (Figure 1a). The Neighbor-joining tree and 

principal component analysis (PCA) depicted in Figure 1b-c illustrate the clustering of 

populations, revealing a distinct grouping of Santo Antão and Fogo A. thaliana populations 

relative to the Moroccan population (Figure 1b-c). These findings are in line with previous 

results, which indicate that the islands diverged without any subsequent admixture 

between them (Fulgione et al., 2022; Tergemina et al., 2022). 
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Figure 1. Geographical distribution and genetic structure of the Cape Verde Islands (CVI) and Morocco. (a) Geographic 

locations populations of A. thaliana in CVI (Santo Antão and Fogo) and the outgroup panel of Moroccan A. thaliana 

accessions. (b) Phylogenetic tree (genome-wide SNPs) showing the genetic relationship between CVI and Morocco A. 

thaliana populations. (c) PCA of genome-wide SNPs between CVI and Morocco A. thaliana populations (left) and within 

the CVI A. thaliana population (right). 

3.3.2 Natural variation in drought responses in CVI relative to Morocco 

We explored the trait variation in response to drought among CVI islands and the nearest 

outgroup Moroccan A. thaliana populations utilizing the high-throughput phenotyping 

platform, Phenoscope (Tisné et al., 2013). The implementation of this platform facilitated 

the automated rotation of pots and adjustment of watering frequencies multiple times 

daily based on pot weight, enabling experiments that would be impractical through 

manual methods (Tisné et al., 2013). 

3.3.2.1 Phenotypic variation of rosette-related traits in CVI relative to Morocco 

Our findings revealed that drought impacted plant growth and physiology in Santo Antão 

and Fogo populations compared to the Moroccan A. thaliana population (Figure 2).  

Notably, CVI plants exposed to water deficit (WD) exhibited reduced rosette size, 

diminished growth rates (Supplementary Figure  1), and leaf color-related traits (hue and 

saturation) relative to those under well-watered (WW) conditions (Figure 2). These 

findings suggest that further investigation into the genetic basis of these differences may 

offer valuable insights into plant adaptation to drought stress. 

3.3.2.2 A reduction in water use efficiency in CVI relative to Morocco 

In our previous research, we discovered that water use efficiency (WUE) was lower in the 

Santo Antão A. thaliana population compared to the Moroccan population, both under 

well-watered conditions and in response to drought (Elfarargi et al., 2023). In the present 

study, we investigated the WUE variation under precisely controlled water conditions on 

the other island in Cape Verde, Fogo, to study the trait shift compared to Santo Antão and 

the mainland. Our findings revealed that WUE was higher in the Fogo population 

compared to Santo Antão but still lower than in the Moroccan population (Supplementary 

Figure 1). This observed variation in WUE across the populations highlights the need to 
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further explore the underlying genetic factors and environmental influences that shape 

these phenotypic differences, particularly in the context of the parallelism between Santo 

Antão and Fogo islands relative to Morocco and the more extreme phenotype observed in 

Santo Antão. 

 

 

Figure 2. Phenotypic variation in morphological and physiological traits for Santo Antão and Fogo A. thaliana populations 

relative to Moroccan population in well-watered (WW) and water deficit (WD) conditions. The line in the center of the 

boxplots represents the median, the box edges represent the 25th and 75th percentiles (lower and upper bound, 

respectively), and the whiskers represent the 95% CI. (a) Water use efficiency (WUE) is measured as carbon isotope 

discrimination (δ13C), and the carbon isotope ratio is expressed per mil, ‰. (b) Projected rosette area (PRA). (c) 

CompactnessPC (ratio of PRA (P) to surface of convex hull area (C)). (d) Relative expansion rate (RER), the growth rate of 

PRA; integrated over the 18-31 Days’ time window. (e-f) Hue is a proxy for chlorophyll content, and saturation represents 

color intensity. Statistical significance was determined through the Mann-Whitney-Wilcoxon test, using the Moroccan 

population as a reference. Significance levels are denoted by asterisks, with a single asterisk (*) for p ≤ 0.05, double 

asterisks (**) for p ≤ 0.01, triple asterisks (***) for p ≤ 0.001, and quadruple asterisks (****) for p ≤ 0.0001. Non-

significant results are indicated by "ns" for p > 0.05. 

3.3.2.3 Phenotypic variation of stomatal traits in Santo Antão relative to Morocco 

To better understand the large difference in WUE between Santo Antão and Morocco, we 

investigated additional stomatal traits, stomatal density (SD), and stomatal pore width 

(SPW) in Santo Antão and Morocco populations. We found that SD increased and SPW 

decreased under drought conditions for both populations (Figure 3). Although we did not 

observe a significant shift in SD between the populations under either condition, we 
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identified a substantial increase in SPW (Mann-Whitney-Wilcoxon (MWW) test; p-

value=0.013) in the Santo Antão population compared to the Moroccan population 

(Supplementary Figure 1b-c). Further investigation into the genetic and physiological 

factors responsible for these differences could provide valuable insights into the 

underlying mechanisms of WUE variation between populations. 

 

 

Figure 3. Phenotypic variation in stomatal density (a) and stomatal pore width (b) for Santo Antão and Moroccan A. 

thaliana populations in well-watered (WW) and water deficit (WD) conditions. The line in the center of the boxplots 

represents the median, the box edges represent the 25th and 75th percentiles (lower and upper bound, respectively), and 

the whiskers represent the 95% CI. The P-values for the Mann-Whitney-Wilcoxon test are shown. 

3.3.3 Correlations among drought-related traits 

We subsequently assessed the genetic correlation between the average traits across 

treatments in Santo Antão (Figure 4), Fogo (Supplementary Figure 2a), and Morocco 

(Supplementary Figure 2b). We found that certain drought-related traits exhibit genetic 

correlations, implying shared genetic factors. For instance, we identified a positive genetic 

correlation between leaf color intensity (saturation) and rosette growth-related traits, 

which indicates that similar genetic mechanisms govern these traits. Conversely, we 

observed a negative genetic correlation between SPW and both rosette growth and other 

stomatal-related traits, suggesting that selection for increased SPW could result in 

diminished WUE and growth rate. Moreover, we found that hue (a proxy for chlorophyll 

content) was negatively correlated with growth rate but positively correlated with WUE 

and rosette compactness. These findings provide valuable insights into the complex 
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genetic relationships governing drought-related traits and their potential implications in 

plant adaptation to drought conditions. 

 

 

Figure 4. Pairwise Pearson genetic correlation of the average phenotypic traits in Santo Antão. PRA, projected rosette 

area; WUE, water use efficiency; SD, stomatal density; SPW, stomatal pore width; RER, relative expansion rate. The color 

spectrum, dark red to dark blue, represents highly negative to highly positive correlations, and the number represents the 

correlation values. 

3.3.4 Heritability of drought-related traits 

We estimated trait heritabilities and the number of loci contributing to trait variation 

(Table 1). First, we assessed broad-sense heritability (H2) for each trait in each population 

in both WW and WD conditions based on repeatability across replicates. Heritability 

estimates varied across treatments and ranged from moderate to high for both treatment 

conditions among the three populations. The highest heritability was observed for SD in 

Santo Antão under both WW (0.94) and WD (0.93) conditions. The heritability for 
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compactnessPC ranged between 0.73 and 0.88 among populations under both conditions. 

Growth rate (RER) exhibited low heritability under both conditions in Santo Antão and 

under WD condition in Morocco, but higher heritability was observed in Fogo under both 

conditions and in Morocco under WW conditions. Moderate heritability was observed for 

PRA, hue, and SPW under both conditions in Santo Antão. Heritability was high for hue (a 

proxy for chlorophyll content) in Fogo and Morocco under WD conditions but decreased 

to moderate levels in Morocco under WW conditions and in Santo Antão under both 

conditions. These findings highlight the diverse heritability patterns of various traits under 

different conditions, emphasizing the complexity of genetic factors in plant adaptation to 

changing environments. Next, we estimated heritability (PVE) based on the correlation 

between traits and a relatedness matrix based on the entire set of genotyped SNPs (a 

proxy for narrow-sense heritability, h2
snp) in Bayesian Sparse Linear Mixed Model (BSLMM) 

implemented in GEMMA (Zhou and Stephens, 2012) and observed moderate to high 

values (Table 1). 

 

Additionally, we used BSLMM to evaluate the genetic contributions of sparse (PGE; the 

proportion of the PVE explained by SNPs with a non-zero effect) and polygenic 

components (PVE; the proportion of phenotypic variance explained by the polygenic term) 

(Table 1). The PGE denotes the proportion of PVE that is accounted for by genetic variants 

with large effects, providing insight into the genetic architecture of the traits. We 

observed PVE and PGE values exceeding 30% for all studied traits. Finally, we inferred trait 

architecture using a polygenic GWA BSLMM to estimate the number of loci contributing to 

the trait. BSLMM models the polygenic architecture as a mixture of large and small 

effects. The heritability estimation results suggest that the genetic architecture of 

drought-related traits is complex, with a few major loci accounting for a large proportion 

of the phenotypic variance. 
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Table 1. Summary statistics, estimation of broad-sense heritability (H2), and genetic architecture for the average traits 

across treatments. Heritabilities above 0.4 are marked with (*). 

Population Trait N 
H2 

PVE PGE 
BSLMM 

n_gamma WW WD 

Santo Antão 

WUE 152 NA NA 0.77 0.72 7 

PRA 152 0.50* 0.44* 0.42 0.37 15 

CompactnessPC 152 0.75* 0.75* 0.76 0.40 5 

RER 152 0.27 0.24 0.30 0.37 17 

Hue 152 0.45* 0.48* 0.65 0.39 38 

Saturation 152 0.28 0.65* 0.72 0.51 21 

SD 64 0.94* 0.93* 0.58 0.45 13 

SPW 64 0.45* 0.44* 0.50 0.51 18 

Fogo 

WUE 146 NA NA 0.74 0.68 6 

PRA 146 0.84* 0.69* 0.40 0.42 16 

CompactnessPC 146 0.74* 0.73* 0.57 0.40 44 

RER 146 0.63* 0.64* 0.37 0.41 27 

Hue 146 0.89* 0.82* 0.69 0.44 33 

Saturation 146 0.74* 0.81* 0.81 0.44 48 

Morocco 

WUE 61 NA NA 0.43 0.40 16 

PRA 61 0.68* 0.38* 0.46 0.43 22 

CompactnessPC 61 0.86* 0.88* 0.84 0.31 26 

RER 61 0.52* 0.16 0.35 0.37 18 

Hue 61 0.59* 0.75* 0.70 0.43 27 

Saturation 61 0.79* 0.72* 0.49 0.48 10 

SD 12 0.91* 0.91* NA NA NA 

SPW 12 0.43* 0.43* NA NA NA 

Variables are studied populations (Population), drought-related traits (Trait), number of individuals (N), and broad-sense 

heritability (H2) under well-watered (WW) and water deficit (WD) conditions. Examined traits comprise water use 

efficiency (WUE), projected rosette area (PRA), compactnessPC (the ratio of PRA to convex hull area), relative expansion 

rate (RER), hue (a proxy for chlorophyll content), leaf color intensity (saturation), stomatal density (SD), and stomatal 

pore width (SPW). Results from the Bayesian Sparse Linear Mixed Model (BSLMM) implemented in GEMMA are also 

included, featuring the proportion of variance explained (PVE), the proportion of variance explained by sparse effects 

(PGE), and the posterior estimate of the number of SNPs with major effect (n_gamma (median)). 

3.3.5 Polygenic basis of drought adaptation in natural populations 

 We conducted genome-wide association studies (GWAS) using linear mixed models 

implemented in GEMMA (Zhou and Stephens, 2012) to adjust for population structure by 

incorporating a kinship matrix as a random effect. We performed GWAS for each trait in 
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each of the two Cape Verde Island and the Moroccan populations. We report results for 

the average for each trait across both conditions and the drought response, i.e., the 

difference between traits in the two conditions. Afterward, we used the local score 

method (Bonhomme et al., 2019) to improve detection power by integrating scores over 

regions accounting for the LD between SNPs in a short genomic region containing a causal 

variant. The local score method is calculated by combining association signals and finding 

the maximum of a Lindley process over the sequence of these scores (Bonhomme et al., 

2019). 

 

Given that several of the traits studied here (water-use efficiency (WUE), stomatal density 

(SD), and stomatal pore width (SPW)) are related and may potentially have a shared 

genetic basis, we also applied a multivariate LMM (mvLMM) approach (Zhou and 

Stephens, 2014) to improve the statistical power of GWAS. The mvLMM GWAS approach 

incorporates data from multiple traits to identify additional associated loci. By employing 

these strategies, we could identify significant associations across the genome. 

 

To facilitate the presentation, we first report the genetic basis of WUE in natural A. 

thaliana populations from CVI and Morocco. Subsequently, we categorize the remaining 

drought-related traits, including WUE, into three groups based on their correlations 

(Figure 4). The first group encompasses stomatal-related traits, such as WUE, SD, and 

SPW. The second group contains rosette growth-related traits, including PRA, RER, and 

compactnessPC. Lastly, the third group includes leaf color-related traits like hue and 

saturation. 

3.3.5.1 Genes underlying the reduced WUE in response to drought in CVI relative 

to Morocco 

In Santo Antão, the top peak is one that we previously reported, G53R in Mitogen-

Activated Protein Kinase12 (MPK12; AT2G46070) (Figure 5a) (Elfarargi et al., 2023). Here, 

we identified additional associations with WUE using MPK12 G53R as a covariate in the 

model to account for its major effect on WUE. We found three additional genomic regions 



Chapter 3 | Genetic Basis of Phenotypic Adaptation Underlying Drought 

 

AHMED ELFARARGI 111 

 

to be significantly associated with average WUE and two additional regions significantly 

associated with the drought response of WUE (Figure 5b-c). A peak in average WUE on 

chromosome 2 contains the gene VQ18 (AT2G44340) (Figure 5b). VQ18 is responsive to 

abscisic acid (ABA), negatively modulating ABA signaling through interaction with ABI5 

(Pan et al., 2018). The second associated region is on chromosome 3 (Figure 5b) and 

contains a variant at DI19-3 (AT3G05700), which encodes a drought-responsive family 

protein and participates in plant response to drought and ABA stress (Qin et al., 2014). 

The third associated region on chromosome 3 (Figure 5b) contains the PYL8 locus 

(AT5G53160), which encodes RCAR3, a regulatory component of the ABA receptor, which 

interacts with protein phosphatase 2Cs ABI1 and ABI2 (Belda-Palazon et al., 2018).  

 

Regarding the drought response of WUE, we found a significant region at the beginning of 

chromosome 4 (Figure 5c), which contains the well-known FRIGIDA (FRI), a major 

determinant of flowering time in A. thaliana (Johanson et al., 2000; Gazzani et al., 2003; 

Shindo et al., 2005; Fulgione et al., 2022). The other highest peak on chromosome 5 

(Figure 5c) contained the NHL26 gene, a member of the NHL (NDR1/HIN1-like) family of 

genes involved in response to abiotic stresses in plants. NHL26 was induced by ABA, a 

plant hormone that plays an important role in stress response and was highly expressed in 

senescent leaves, which mimic dehydration (Bao et al., 2016).  

 

In Fogo, we found that six loci explained 74% (95% CI: 52%-92%) of the genetic variance 

for average WUE (Figure 5d, Table 1), and 16 loci explained 23% (95% CI: 8%-41%) of the 

genetic variance for drought response of WUE (Figure 5e). Loci associated with the 

average WUE include NRAMP2 (AT1G47240), AT5G42490, TOC75-I (AT1G35860), MTP1 

(AT2G46800). NRAMP2 and MTP1 are involved in ion homeostasis. NRAMP2 belongs to a 

gene family of metal ion transporters and is essential for root growth under low Mn 

conditions. On the other hand, MTP1 encodes a zinc transporter and plays a crucial role in 

mediating Zn ion homeostasis. These genes are essential for plant growth and 

development, particularly under stress conditions, as maintaining proper ion homeostasis 

is vital for plant survival in harsh environments. Among the associated candidates with the 



Chapter 3 | Genetic Basis of Phenotypic Adaptation Underlying Drought 

 

AHMED ELFARARGI 112 

 

drought response of WUE, AP2C1 (AT2G30020), a PP2C-type protein phosphatase, is a 

particularly good candidate since it plays an important role in regulating plant stress 

responses by negatively controlling MAPK activation (Ayatollahi et al., 2022).  

 

In Morocco, GWAS did not yield any Bonferroni significant findings for average WUE (see 

Figure 5d). Nevertheless, three genomic regions were significantly associated with the 

drought response of WUE (Figure 5e), and one region was significantly associated with 

well-watered (WW) conditions. Among the identified genes, we identified MYB23 

(AT5G40330), which is a transcription factor implicated in ABA signaling. Previous research 

has demonstrated that MYB23 functions as a transcriptional activator for ABA-responsive 

genes, emphasizing its crucial role in modulating plant reactions to stress and other 

environmental factors (Abe et al., 2003). Regarding WUE under WW conditions, a single 

Bonferroni significant peak was identified at the end of chromosome 3 (see 

Supplementary Figure 3). This peak includes the homeobox 1 (ATHB-1 or HAT5; 

AT3G01470) gene, encoding a homeodomain leucine zipper class I (HD-Zip I) 

transcriptional activator involved in leaf and hypocotyl development. Intriguingly, HAT5 

has been found within transcription factors that exhibit differential expression at the 

beginning and end of guard cell differentiation (Lopez-Anido et al., 2021). These findings 

highlight the importance of genes associated with ion homeostasis, ABA signaling, and 

mitogen-activated protein kinase (MAPK) activation, which are essential for plant growth 

and development under stress conditions. 
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Figure 5. Genomic associations of water use efficiency (WUE) in response to drought in Santo Antão (blue), Fogo 

(orange), and Morocco (green) populations using LMM in GEMMA followed by the local score approach. The y-axis 

represents the Lindley process score from the local score approach. The dashed line in plots corresponds to a genome-

wide Bonferroni significance. 

3.3.5.2 The genetic basis of stomatal trait variation in Santo Antão 

The stomatal traits WUE, SD, and SPW were combined to form a multi-trait set because 

these traits are highly intercorrelated (Figure 4) and represent the leaf stomata as a 
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structural unit. Multivariate GWAS analysis, conducted on the averaged data for each of 

the three traits across both conditions, revealed several signals across the genome (Figure 

6). In addition to the previously identified variant (G53R) in MPK12 (Elfarargi et al., 2023), 

we identified several potentially interesting associations across the genome. One of the 

highest peaks on chromosome 1 (Figure 6) contains Gibberellin (GA) 3-oxidase 2 (GA3OX2; 

AT1G80340), which is a member of the GA3OX class of enzymes. It plays a crucial role in 

regulating the levels of bioactive GAs in plants, which is essential for the modulation of 

plant vegetative growth and development (Mitchum et al., 2006). Further, the GA3OX2 

gene codes for the GA3 activation enzyme, which regulates the steady-state level of DELLA 

proteins, and bioactive GA3 signaling depends on the proteolysis of DELLA proteins 

(Davière and Achard, 2013). It has been shown that the expression of GA3OX2 is down-

regulated in dormant Cvi seeds and thermo-inhibited Col seeds (Cadman et al., 2006). 

Moreover, studies have found that the ga3ox1 ga3ox2 double mutant has a severe dwarf 

phenotype with strongly decreased expression levels of lignin deposition transcription 

factors in the stem and cell wall thickening (Mitchum et al., 2006). Another peak on 

chromosome 3 contained NPF8.1 (AT3G54140) (Figure 6), which plays a critical role in the 

stomatal movement in A. thaliana by mediating the uptake of ABA into guard cells, which 

in turn regulates stomatal closure in response to environmental cues such as drought (Tal 

et al., 2016; Shimizu et al., 2021). Another genomic region on chromosome 5 contains the 

SUVH4 gene (Figure 6), which encodes a histone methyltransferase that catalyzes H3K9 

methylation along with SUVH5 and SUVH6 (Du et al., 2015). The methylation status of 

H3K9 can be modulated in response to drought stress, with decreased H3K9me2 levels 

observed around drought stress-inducible genes (Q., Wang et al., 2021). Although a direct 

role of SUVH4 in drought stress response has not been explicitly shown, its involvement in 

H3K9 methylation suggests that SUVH4, along with other H3K9 methyltransferases and 

demethylases like JMJ27, may contribute to regulating drought stress responses by 

affecting the chromatin landscape around stress-responsive genes (Q., Wang et al., 2021). 

In conclusion, our findings from the multivariate GWAS analysis on stomatal-related traits 

in Santo Antão highlight the potential involvement of variation in several key genes, such 

as GA3OX2, NPF8.1, and SUVH4, in modulating stomatal responses to drought. 
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Figure 6. Genomic associations in Santo Antão for stomatal-related traits (WUE, SD, and SPW) using the multivariate 

model in GEMMA (upper) followed by the local score approach (bottom). The dashed line in plots corresponds to a 

genome-wide Bonferroni significance. 

3.3.5.3 The genetic basis of rosette growth-related traits in response to drought in 

CVI relative to Morocco 

In Santo Antão, we investigated the genetic basis of projected rosette area (PRA). Our 

findings revealed that 15 loci explained 42% (95% CI: 27%-59%) of the genetic variance for 

average PRA (Figure 7a, Table 1), while 15 loci explained 15% (95% CI: 3%-32%) of the 

genetic variance for drought response of PRA (Figure 7b). We identified three significantly 

associated regions for average PRA (Figure 7a). The first associated region is located on 

chromosome 1, including TPST (AT1G08030), which encodes a tyrosyl protein 

sulfotransferase involved in the auxin pathway. The second significant association is found 

in the disproportionating enzyme 2 (DPE2; AT2G40840) on chromosome 2. This gene 

encodes a cytosolic protein with amylomaltase and transglucosidase activity and plays a 

crucial role in converting starch to sucrose in leaves at night via its signaling pathway (Chia 

et al., 2004). Lastly, on chromosome 5, we identified the same variant in SUVH4 that was 

obtained in the mvLMM analysis of stomatal-related traits (Figure 6), suggesting a 

potential pleiotropic effect of this gene on multiple drought-related phenotypes.  

 

Furthermore, we found five significantly associated regions for the drought response of 

PRA (Figure 7b). Three out of five were located on chromosome 2. The first associated 

region contains ABCG5 (AT2G13610) gene, which encodes the ABC-2 type transporter 

family protein. The second associated region contains the AT2G38995 gene, which 

encodes O-acyltransferase (WSD1-like) family protein. The third associated region 
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contains the MPK12 gene, which we obtained before (Figure 5a, Figure 6), suggesting a 

potential pleiotropic effect of MPK12 on multiple drought-related phenotypes. On 

chromosome 3, we identified two associated regions containing DRE/CRT-binding protein 

2B (DREB2B; AT3G11020) and DNAJ homolog 3 (ATJ3; AT3G44110) (Figure 7b). On the 

other associated region on chromosome 3 (Figure 7b), ATJ3 plays a crucial role in 

regulating flowering time and response to drought in A. thaliana by integrating multiple 

flowering signals and promoting the expression of SOC1 and FT through direct interaction 

with SVP in the nucleus, which in turn prevents SVP binding to their regulatory sequences 

and facilitates the floral transition (Shen and Yu, 2011; Shen et al., 2011).  

 

Subsequently, we investigated the genetic underpinnings of compactness 

(CompactnessPC) in relation to drought in Santo Antão. Our findings revealed that five loci 

explained 76% (95% CI: 63%-88%) of the genetic variance for average compactness (Figure 

7c, Table 1), while eight loci contributed to 11% (95% CI: 6%-28%) of the genetic variance 

in drought response of compactness (Figure 7d). Among the loci identified for both 

average and drought-responsive compactness, a significant association region was found 

on chromosome 3, which includes AtDWARF4 (AtDWF4; AT3G50660) (Figure 7d). Next, we 

examined the genetic basis of RER underlying drought in Santo Antão. Our analysis 

indicated that 17 loci explained 30% (95% CI: 14%-49%) of the genetic variance for 

average RER (Figure 7e, Table 1), while five loci were responsible for 18% (95% CI: 2%-

38%) of the genetic variance in drought response of RER (Figure 7f). We detected a 

significantly associated region on chromosome 1, encompassing AtAHG2 (AT1G55870), 

which encodes a poly(A)-specific ribonuclease (AtPARN). Additionally, we identified 

multiple significant associations for the drought response of RER (Figure 7f). Notably, the 

associated region on chromosome 2 contains the MPK12 gene we previously observed 

(Figure 5a, Figure 6, Figure 7b). This finding implies a potential pleiotropic influence of 

MPK12 on various drought-related phenotypes. 

 

In Fogo, we examined the genetic determinants of PRA in response to drought. Our 

analysis identified 16 loci that explained 41% (95% CI: 20%-63%) of the genetic variance in 
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average PRA (Supplementary Figure 4a, Table 1), while there were 11 loci contributing to 

48% (95% CI: 30%-67%) of the genetic variance in the drought response of PRA 

(Supplementary Figure 4b). Among these associated loci, the most significant region on 

chromosome 5 includes AtDOF5.8 (AT5G66940) (Supplementary Figure 4b). Subsequently, 

we examined the genetic factors contributing to compactness under drought conditions. 

Our study revealed that 44 loci accounted for 57% (95% CI: 29%-82%) of the genetic 

variance in average compactness (Supplementary Figure 4c, Table 1), while 12 loci were 

responsible for 26% (95% CI: 10%-46%) of the genetic variance in drought response of 

compactness (Supplementary Figure 4d, Table 1). For average compactness, we identified 

a significant region on chromosome 4 containing AtUGT79B2 (AT4G27560) 

(Supplementary Figure 4c). In the drought response of compactness, we identified a 

significant region on chromosome 2 containing PHYTOCHROME INTERACTING FACTOR1 

(AtPIF1; AT2G20180) (Supplementary Figure 4d). 

 

Next, we investigated the genetic basis of relative expansion rate (RER) under drought 

conditions. Our study identified 27 loci accounting for 37% (95% CI: 13%-65%) of the 

genetic variance in average RER (Supplementary Figure 4e, Table 1) and eight loci 

responsible for 30% (95% CI: 12%-53%) of the genetic variance in the drought response of 

RER (Supplementary Figure 4f). We discovered a significant region on chromosome 4 

harboring the FOREVER YOUNG (FEY; AT4G27760) gene for average RER (Supplementary 

Figure 4e). FEY is implicated in leaf positioning and meristem maintenance in A. thaliana, 

with the fey mutant displaying disruptions in these developmental processes (Callos et al., 

1994). The predicted FEY protein exhibits similarity to nodulins and specific reductases, 

indicating a potential function in shoot apex communication through modifying a 

regulatory factor in meristem development (Callos et al., 1994). For the drought response 

of RER, we detected a significant region on chromosome 1 encompassing AtPHO1-H10 

(AT1G69480) (Supplementary Figure 4f). 

 

In the average PRA analysis for Morocco (Supplementary Figure 5a), a significant 

association was identified on chromosome 4, encompassing the AT4G03570 gene, the 
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function of which remains unknown. Conversely, no Bonferroni significant findings were 

observed in the drought response of PRA (Supplementary Figure 5b). Regarding 

compactness, although no Bonferroni significant regions were detected in the average 

trait (Supplementary Figure 5c), several significant associations were found in the drought 

response (Supplementary Figure 5d), including a notable region on chromosome 4 

containing the JMJ28 gene (AT4G21430). JMJ28, an A. thaliana KDM3 group H3K9 

demethylase, interacts with FLOWERING BHLH1 (FBH) transcription factors to facilitate 

the activation of the core flowering regulator CONSTANS (CO) by eliminating the 

repressive H3K9me2 mark (Hung et al., 2021). This interaction uncovers the role of JMJ28 

and FBH transcription factors in the epigenetic regulation of CO, thus promoting flowering 

in A. thaliana (Hung et al., 2021). For RER, no Bonferroni significant regions were found in 

either the average trait (Supplementary Figure 5e) or the drought response 

(Supplementary Figure 5f). 
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Figure 7. Genomic associations of rosette growth-related traits (PRA, compactnessPC, and RER) in Santo Antão using 

LMM in GEMMA followed by the local score approach. The x-axis and y-axis represent the chromosomes and Lindley 

score from the local score approach. The dashed line in plots corresponds to a genome-wide Bonferroni significance. 

3.3.5.4 The genetic basis of leaf color-related traits (hue and saturation) in 

response to drought in CVI relative to Morocco 

In Santo Antão, we investigated the genetic basis of hue (a proxy for chlorophyll content) 

underlying drought. Our findings revealed that 38 loci explained 65% (95% CI: 47%-81%) of 

the genetic variance for average hue (Figure 8a, Table 1), while 30 loci explained 44% 

(95% CI: 27%-63%) of the genetic variance for drought response of hue (Figure 8b). We 

discovered two significant regions on chromosome 3 harboring TMAC2 (AT3G02140) and 

ATG4 (AT3G51820) genes for average hue (Figure 8a). TMAC2 is an ABA-responsive gene 
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in A. thaliana that is highly induced by ABA and NaCl and is targeted to the nucleus (Huang 

and Wu, 2007). Constitutive overexpression of TMAC2 results in insensitivity to ABA and 

salt stress, suggesting that it negatively regulates these responses (Huang and Wu, 2007). 

Additionally, TMAC2 plays a critical role in controlling root elongation, floral initiation, and 

starch degradation, which is evidenced by the altered phenotypes of TMAC2-

overexpressing plants, including short roots, late flowering, and starch excess (Huang and 

Wu, 2007). CHLG, or chlorophyll synthase, plays a crucial role in a salvage pathway for 

chlorophyll biosynthesis by re-esterifying chlorophyllide produced during chlorophyll 

turnover (Lin et al., 2014). This pathway is essential for recycling chlorophyll in A. thaliana 

under heat stress, as demonstrated by the CLD1 (chlorophyll dephytylase 1) and CHLG 

enzymes in chlg and cld1 mutants (Lin et al., 2022). CHLG also interacts with CLD1 and the 

light-harvesting complex-like proteins OHP1 and LIL3, suggesting that auxiliary factors are 

required for the chlorophyll recycling process (Lin et al., 2022). Mutations in CHLG can 

lead to the accumulation of chlorophyllide a and the generation of phototoxic singlet 

oxygen, causing light-dependent, heat-induced cotyledon bleaching in A. thaliana 

seedlings (Lin et al., 2014). Additionally, we identified multiple significant associations for 

the drought response of hue (Figure 8b). The significantly associated region on 

chromosome 5 contains the Clade E Growth-Regulating2 (EGR2, AT5G27930) gene. The 

EGR Type 2C protein phosphatases, including EGR2, act as negative growth regulators to 

restrain plant growth during drought conditions (Bhaskara et al., 2017). EGRs target 

cytoskeleton and plasma membrane-associated proteins, such as Microtubule-Associated 

Stress Protein 1 (MASP1), which binds, bundles, and stabilizes microtubules (Bhaskara et 

al., 2017). The EGR-MASP1 system selectively regulates microtubule recovery and 

stability, allowing plants to adjust their growth and cell expansion in response to drought 

stress (Bhaskara et al., 2017). The significantly associated region on chromosome 1 

contains the AtbZIP62 (AT1G19490) gene. The transcription factor AtbZIP62 plays a role in 

oxidative, nitro-oxidative, and drought stress conditions (Rolly et al., 2020). It appears to 

be involved in the transcriptional regulation of AtPYD1, a gene involved in pyrimidine 

biosynthesis and modulates cellular redox state and photosynthetic processes (Rolly et al., 

2020). AtbZIP62 is suggested to positively regulate drought stress response in A. thaliana, 
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with the knock-out plants showing sensitivity to drought stress and an inability to recover 

after re-watering (Rolly et al., 2020). The associated region at the end of chromosome 2 

contains the MPK12 gene, which we previously observed in other associations.  

 

In Fogo, we explored the genetic basis of hue underlying drought. We identified 33 loci 

that explained 69% (95% CI: 54%-83%) of the genetic variance for average hue (Figure 8c, 

Table 1), while seven loci explained 46% (95% CI: 25%-68%) of the genetic variance for 

drought response of hue (Figure 8d). We found a region on chromosome 1 containing the 

AGP31 (AT1G28290) gene was associated with average hue (Figure 8a). AGP31, a 

nonclassical arabinogalactan protein in A. thaliana, has its mRNA levels decreased in 

response to wounding, methyl jasmonate, and ABA, primarily through transcription 

repression (Liu and Mehdy, 2007). The AGP31 protein is localized to the cell wall and is a 

galactose-rich AGP, with expression found in the vascular bundle throughout the plant, 

except in the flower (Liu and Mehdy, 2007). The preferential expression in vascular tissues 

suggests that AGP31 may play a role in vascular tissue function during defense responses 

and development (Liu and Mehdy, 2007). Regarding the drought response of hue, we 

identified a significant region on chromosome 5 containing the AtU2AF35b (AT5G42820). 

AtU2AF35b functions as a negative regulator of flowering time in A. thaliana and is 

involved in ABA-mediated flowering (Xiong et al., 2019). The atu2af35b mutants exhibit 

early-flowering phenotypes under both long-day and short-day conditions, with reduced 

transcript accumulation of the flowering repressor gene FLOWERING LOCUS C (FLC) (Xiong 

et al., 2019). AtU2AF35b is implicated in the pre-mRNA splicing of FLC and ABI5 in the 

shoot apex, thereby playing a role in ABA-mediated flowering transition in A. thaliana 

(Xiong et al., 2019).  

 

In Morocco, we explored the genetic basis of hue underlying drought. We identified 59 

loci explained 70% (95% CI: 29%-93%) of the genetic variance for average hue (Figure 8c, 

Table 1), while 36 loci explained 66% (95% CI: 34%-88%) of the genetic variance for 

drought response of hue (Figure 8d). A notable region at the end of chromosome 2 

containing the ATHB-4 (AT2G44910) gene was discovered to be associated with average 
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hue. ATHB-4, a member of the class II homeodomain-leucine zipper (HD-ZIPII) 

transcription factor family, plays a crucial role in establishing the dorsoventral axis in 

cotyledons and developing leaves, as well as in responding to shade (Bou-Torrent et al., 

2012). Loss-of-function mutations in ATHB-4 and another HD-ZIPII gene, HAT3, result in 

severely abaxialized and radialized leaves, while overexpression of HAT3 leads to 

adaxialized leaf development (Bou-Torrent et al., 2012). The involvement of the HD-

ZIPII/HD-ZIPIII module in both the dorsoventral patterning of leaves and shade avoidance 

highlights its significance in the intersection of plant patterning and growth promotion 

(Bou-Torrent et al., 2012). Regarding the drought response of hue, no Bonferroni 

significant regions were detected.  

 

Figure 8. Genomic associations of hue (a proxy for chlorophyll content) in response to drought in Santo Antão (blue), 

Fogo (orange), and Morocco (green) populations using LMM in GEMMA followed by the local score approach. The y-axis 
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represents the Lindley process score from the local score approach. The dashed line in plots corresponds to a genome-

wide Bonferroni significance. 

We next investigated the genetic basis of saturation (color intensity) under drought 

conditions in Santo Antão. We found that 21 loci explained 72% (95% CI: 59%-84%) of the 

genetic variance for average saturation (Figure 9a, Table 1), while 16 loci contributed to 

36% (95% CI: 16%-60%) of the genetic variance for drought-induced saturation response 

(Figure 9b). A significant region at the beginning of chromosome 4 (Figure 9a) 

encompassed the well-known FRIGIDA (FRI), a key regulator in determining flowering time 

in A. thaliana (Johanson et al., 2000; Gazzani et al., 2003; Shindo et al., 2005; Fulgione et 

al., 2022). Another region on chromosome 5 (Figure 9a) harbored the NHL26 gene. 

Interestingly, both FRI and NHL26 were also detected in the genetic basis of the drought 

response of WUE when MPK12 was included as a covariate in the model (Figure 5c), 

highlighting the shared genetic components across different traits. For the drought 

response of saturation, we discovered a significant region on chromosome 5 containing 

the CONSTANS-LIKE1 (COL1, AT5G15850) gene, homologous to the A. thaliana flowering-

time gene CONSTANS. Recent research has revealed that a soybean homolog of COL1, 

GmCOL1a, plays a crucial role in enhancing soybean stress tolerance (Xu et al., 2023). 

Under salt and drought stress, mRNA levels of GmCOL1a increased, and the protein was 

stabilized, resulting in enhanced stress tolerance (Xu et al., 2023). GmCOL1a promotes the 

expression of genes related to salt tolerance, ultimately reducing the Na+/K+ ratio in 

soybean plants and contributing to their survival under harsh conditions (Xu et al., 2023). 

 

In Fogo, we investigated the genetic basis of saturation underlying drought. We identified 

48 loci explained 81% (95% CI: 69%-90%) of the genetic variance for average saturation 

(Figure 9c, Table 1), while 23 loci explained 42% (95% CI: 25%-60%) of the genetic 

variance for drought response of saturation (Figure 9d). A notable region at chromosome 

3 containing the MIR169F (AT3G14385) gene was discovered to be associated with 

average saturation (Figure 9c). The MIR169 gene plays a crucial role in drought resistance 

by regulating the nuclear factor Y (NF-Y) transcription factor in A. thaliana. Specifically, 

NFYA5, a subunit of NF-Y, is induced by drought stress in an ABA-dependent manner, 
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while MIR169 is downregulated under the same conditions (Li et al., 2008). Similarly, in 

tomato plants, the accumulation of Sly-miR169 is induced by drought stress, leading to the 

downregulation of its target genes, including three nuclear factor Y subunit genes (SlNF-

YA1/2/3) and one multidrug resistance-associated protein gene (SlMRP1) (Zhang et al., 

2011). Overexpression of Sly-miR169c in tomato plants results in reduced stomatal 

opening, decreased transpiration rate, lower leaf water loss, and enhanced drought 

tolerance (Zhang et al., 2011). With the drought response of saturation, our analysis 

revealed a significant region on chromosome 3 containing the CYSTEINE-RICH REPEAT 

SECRETORY PROTEIN 38 (CRRSP38, AT3G22060) gene. Previous research has 

demonstrated that the CRRSP38 gene may serve as a novel regulator of leaf growth 

(Nikonorova et al., 2018). 
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Figure 9. Genomic associations of saturation (color intensity) in response to drought in Santo Antão (blue), Fogo (orange), 

and Morocco (green) populations using LMM in GEMMA followed by the local score approach. The y-axis represents the 

Lindley process score from the local score approach. The dashed line in plots corresponds to a genome-wide Bonferroni 

significance. 
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3.4 Discussion 

We utilized the Phenoscope (high-throughput phenotyping robot) platform to investigate 

the genetic basis of rosette growth, leaf color, and stomatal traits under precisely 

controlled drought conditions in Santo Antão, where the accession Cvi-0 was collected, 

and Fogo populations, comparing these to the closest outgroup population originating 

from Morocco. We focused on several traits describing the dynamic rosette growth, 

including projected rosette area (PRA), relative growth rate (RER), and compactness. 

Rosette growth-related traits exhibit different genetic architectures throughout the plant 

lifecycle, with individual loci contributing variably to cumulative or age-specific traits. 

Previous research has demonstrated that heritabilities for growth-related traits change 

over time, potentially due to QTLs (quantitative trait loci) acting more or less likely at 

specific time points (Zhang et al., 2012; Flood et al., 2016). Studying growth dynamics at 

different time resolutions has allowed for identifying genotype-phenotype associations 

not detectable by considering only cumulative traits at a single time point (Moore et al., 

2013; Muraya et al., 2017; Zhang et al., 2017).  

 

While the number of identified genes responsible for the natural variation of individual 

traits continues to grow (e.g., (Alonso-Blanco et al., 2005; Loudet et al., 2007; Baxter et al., 

2010; Kronholm et al., 2012; Brachi et al., 2015; Vidigal et al., 2016)), these studies 

primarily focus on specific types of adaptation with relatively simple genetic architectures 

in the investigated populations. Our study aims to address the knowledge gap in 

understanding genetic constraints affecting organism adaptation. By dissecting the genetic 

basis of complex and/or correlated traits related to drought stress in a colonizing A. 

thaliana lineage, we provide insights into the genetic underpinnings of drought adaptation 

in more intricate contexts. 

 

Here, we investigated the genetic basis of water use efficiency (WUE) in response to 

drought across three distinct regions: Santo Antão, Fogo, and Morocco, utilizing several 

different GWAS models. Several GWAS candidate genes were associated with the ABA 

signaling pathway, which plays a crucial role in plant responses to drought stress. ABA 
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concentration in leaf tissues influences transpiration via stomatal closure and modulates 

water uptake by regulating the root-to-shoot biomass ratio (Tuberosa, 2012). Moreover, 

ABA contributes to proline accumulation in plants under abiotic stress conditions (Sharma 

et al., 2011). Proline and antioxidants such as ascorbic acid, anthocyanins, and tocopherol 

serve as a scavenger for Reactive Oxygen Species (ROS). These compounds, in conjunction 

with enzymes like superoxide dismutase and catalases that degrade ROS, help mitigate 

ROS-induced damage to the cellular structures of stressed plants (Bhatt et al., 2011; 

Setter, 2012; Bhargava and Sawant, 2013; Liang et al., 2013). 

 

We previously showed that a phenotypic shift towards higher stomatal conductance and 

lower WUE on Santo Antão island was due largely to a nonsynonymous variant in the 

MPK12 gene (Elfarargi et al., 2023). In this study, by including the MPK12 G53R variant as 

a covariate in the model, we uncovered additional significant associations, all of which are 

implicated in the abscisic acid (ABA) signaling pathway. Subsequently, we integrated 

stomatal density and stomatal pore width with WUE to create a multitrait set, as these 

traits are highly intercorrelated (Figure 4) and represent the leaf stomatal as a structural 

unit. Multivariate GWAS (Zhou and Stephens, 2014) analysis of the average data for these 

three traits uncovered several signals across the genome (Figure 6). Among the associated 

loci, we found the NPF8.1 gene, which plays a crucial role in the stomatal movement in A. 

thaliana by facilitating ABA uptake into guard cells and, consequently, modulating 

stomatal closure in response to drought (Tal et al., 2016; Shimizu et al., 2021). 

Additionally, we found an association with SUVH4 (Figure 6), which has also been shown 

to be influenced by ABA modulation (Zheng et al., 2012). Interestingly, we identified 

SUVH4 in association with the average PRA (Figure 7a), suggesting that SUVH4 has 

potential pleiotropic effects on several traits underlying drought. 

 

Furthermore, we identified several candidate genes associated with rosette growth-

related traits underlying drought stress in Santo Antão. Our findings revealed genes 

involved in various pathways, such as auxin signaling (TPST), starch metabolism (DPE2), 

cuticle formation (ABCG5), wax ester accumulation (WSD1-like), and stress-responsive 
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signaling (MPK12, DREB2B, ATJ3). Loss-of-function tpst mutants exhibit a pronounced 

dwarf phenotype, early senescence, and a reduced number of flowers and siliques 

(Komori et al., 2009). For DPE2, a previous study reported a significant decrease in both 

leaf and rosette area for dpe2 mutants under drought stress compared to control 

conditions (Massonnet et al., 2015). A recent study has shown that ABCG5 plays a crucial 

role in promoting proper seedling development under drought conditions by forming a 

dense cuticle layer, which helps maintain air spaces within and on the plant, thereby 

preventing excessive water absorption and ensuring normal growth (Lee et al., 2021). It 

has been shown that WSD1 plays a key role in drought tolerance by contributing to the 

accumulation of wax esters on A. thaliana leaves and stems, thereby reducing water loss 

and maintaining plant growth and relative water content under water deficit conditions 

(Patwari et al., 2019). The expression of DREB2B is induced by drought stress and hence 

regulates the transcription of the drought-responsive genes via recognizing and binding to 

the DRE/CRT sequence (Liu et al., 2019). It has been known that the dehydration-

responsive element (DRE) has an essential trans-acting function for the regulation of 

abiotic responsive genes induced in the ABA-independent downstream signaling pathway 

in response to drought, salinity, and cold (Yamaguchi-Shinozaki and Shinozaki, 1994). All 

DRE binding proteins, including DREB2B, showed a significant sequence similarity in the 

ERF/AP2 DNA binding region (77 – 134 amino acid). In A. thaliana, DREB2B has seven 

homologs, and it has a higher expression level with DREB2A compared to the low 

expression level of the remaining six DREB2-type proteins under drought stress 

(Nakashima et al., 2000). A previous study showed that the overexpressing DREB2A, the 

homolog to DREB2B, has an impact on growth under normal conditions, and this 

constitutive active form improved tolerance to drought stress via regulation of drought 

stress-responsive gene expression (Sakuma et al., 2006). ATJ3 is a member of the A. 

thaliana cytosolic HSP40 family, which plays a vital role in protecting plants against 

prolonged heat stress by interacting with HSP70-4 and participating in heat stress 

granules, with its chaperone function being regulated by protein farnesylation, essential 

for heat tolerance in plants (T.,-Y., Wang et al., 2021). 
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Furthermore, we detected associations with genes involved in brassinosteroid 

biosynthesis (AtDWF4) and ABA hypersensitivity and stress responses (AtAHG2/AtPARN). 

Overexpression of AtDWF4 in Brassica napus has demonstrated enhanced tolerance to 

abiotic and biotic stress, as well as increased plant productivity (Sahni et al., 2016). 

Similarly, transgenic A. thaliana plants overexpressing BdDWF4, a homolog from 

Brachypodium distachyon, displayed elongated and slender phenotypes (Corvalán and 

Choe, 2017). The ahg2-1 mutant plants exhibit higher ABA accumulation compared to 

wild-type plants, resulting in increased ABA sensitivity during germination and later 

developmental stages, as well as modified responses to various stressors (Nishimura et al., 

2005). The rosette growth rate in ahg2-1 plants is reduced by over half, although the 

number of rosette leaves is not significantly impacted (Nishimura et al., 2005). Lastly, 

AtPARN expression is induced by ABA, high salinity, and osmotic stress, implying that the 

mRNA-destabilizing activity of AtPARN is essential for regulating ABA, salicylic acid, and 

stress responses in plants (Nishimura et al., 2005). 

 

In Fogo, we identified several genes associated with rosette growth-related traits 

underlying drought. Our findings revealed genes involved in abiotic stress responses, such 

as AtDOF5.8, AtUGT79B2, AtPIF1, FEY, and AtPHO1-H10. The AtDOF5.8 transcription 

factor has been implicated in the regulation of the ANAC069 gene, which plays a role in 

integrating auxin and salt signals to modulate A. thaliana seed germination (He et al., 

2015). Both AtDOF5.8 and ANAC069 share similar expression profiles in response to salt, 

drought, and ABA exposure, indicating their participation in a regulatory network that 

mediates abiotic stress responses in plants (He et al., 2015). The AtUGT79B2 has been 

shown to be strongly induced by various abiotic stresses, including cold, salt, and drought 

(Li et al., 2017). Overexpression of AtUGT79B2 enhances plant tolerance to these stresses, 

while double mutants with Atugt79b3 show increased susceptibility, suggesting that these 

anthocyanin rhamnosyltransferase genes play a role in abiotic stress tolerance through 

modulating anthocyanin accumulation (Li et al., 2017). AtPIF1 influences ABA biosynthesis 

and signaling component genes (Oh et al., 2007), while FEY is implicated in leaf positioning 

and meristem maintenance (Callos et al., 1994). Lastly, AtPHO1-H10 is involved in 
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phosphate homeostasis and is upregulated during Pi deficiency (Ribot et al., 2008). 

Additionally, its expression is modulated by abscisic acid, which increases AtPHO1-H10 

expression in both Pi-sufficient and Pi-deficient situations, implying a potential role in 

drought stress response due to the involvement of abscisic acid in plant stress responses 

(Ribot et al., 2008). 

 

Hue and saturation are an alternative representation of the RGB (Red Green Blue) color 

model extracted from visual images of plant rosettes (Sass et al., 2012). The Hue value 

represents the color range and saturation the color intensity (Walter et al., 2007). It was 

reported that hue values have a highly positive correlation with chlorophyll content and 

were suitable for photochemical yield estimation of photosystem II (Faragó et al., 2018). 

Therefore, since the hue values represent the chlorophyll content, the saturation values 

represent the intensities of chlorophyll content. Although previous research has indicated 

that the saturation parameter, a proxy for chlorophyll intensity, is less important than hue 

values (De Vylder et al., 2012), our research discovered an association between average 

saturation and the FRIGIDA (FRI) gene located on chromosome 4 (Figure 9a). The FRI gene 

is known to influence a range of traits, such as flowering, water use efficiency, 

photosynthesis, and plant growth (Lovell et al., 2013). Consistently, we identified the FRI 

gene for the drought response of WUE through incorporating the MPK12 G53R variant as 

a covariate in the model (Figure 5c), suggesting potential pleiotropic effects of FRI in leaf 

color together with WUE underlying drought stress. 

 

A connection between flowering time and vegetative growth dynamics in A. thaliana has 

been previously established (Bac-Molenaar et al., 2016). The role of pleiotropy in drought 

adaptation has also been explored by examining correlated physiological traits in nature, 

like WUE and flowering time (McKay et al., 2003). Additionally, hue and saturation traits 

were used in a prior study examining natural variation in an A. thaliana population derived 

from a Can-0 x Col-0 cross (Hanemian et al., 2020). This study identified a QTL involving 

the FLM (FLOWERING LOCUS M) gene, which regulates pleiotropic aspects of plant growth 

and leaf color (Hanemian et al., 2020). Considering these findings, we propose that leaf 
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color traits (hue and saturation) may be linked to the transition from the vegetative to the 

flowering stage, a critical adaptive process that significantly contributes to reproductive 

success. 

 

Upon a sudden shift to an extreme climate in CVI, adaptation must be fast enough to 

modulate alleles with major effects for simple traits or alleles with pleiotropic functions 

for complex traits. An optimal balance exists between loci with targeted function and loci 

with pleiotropic effects for accelerated adaptation to manage complex traits. Here, we 

showed that MPK12 is associated with WUE, stomatal traits, plant growth, and leaf color 

underlying drought, suggesting pleiotropic effects of the MPK12 gene in a much wider role 

than initially described. 

 

This study sheds light on the genetic underpinnings of drought-related traits and their 

potential involvement in plant adaptation to drought environments. Moreover, identifying 

genomic associations sets the stage for future investigations to decipher the molecular 

mechanisms underlying plant responses to drought stress. While we have uncovered 

promising links between genes and drought-related traits, further validation of these 

candidate genes as drivers of observed phenotypic variation require additional studies 

employing knockout lines, reciprocal transformations, and analyses of differential gene 

expression and co-expression networks. Once validated, this knowledge could deepen our 

understanding of the roles these genes play in A. thaliana's drought response and might 

potentially be leveraged to improve drought tolerance in crop plants. 
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3.5 Materials and methods 

3.5.1 Whole-Genome Sequencing 

We sequenced 15 new Santo Antão accessions using Illumina HiSeq3000 machines. 

Genomic DNA was extracted using the DNeasy Plant Mini kits (Qiagen), fragmented using 

sonication (Covaris S2), and libraries were prepared with Illumina TruSeq DNA sample 

prep kits (Illumina), NEBNext Ultra II FS DNA Library Prep Kit (New England Biolabs) and 

NEBNext Ultra II DNA Library Prep Kit (New England Biolabs). Libraries were sequenced 

with 2x 100-150 bp paired-end reads. We assessed DNA quality and quantity via capillary 

electrophoresis (TapeStation, Agilent Technologies) and fluorometry (Qubit and 

Nanodrop, Thermo Fisher Scientific).  

3.5.2 Variant identification and genotyping 

Here, we called variants from the newly sequenced 15 Santo Antão accessions together 

with the previously released whole-genome short-read data for 189 Santo Antão 

accessions (ENA: PRJEB39079 (ERP122550)) (Fulgione et al., 2022). We aligned the raw 

Illumina sequence for the whole data to the Arabidopsis TAIR10 reference genome. 

Further, we used SHORE (Ossowski et al., 2008) to identify SNP variants following a 

pipeline described here (https://github.com/HancockLab/SNP_calling_Arabidopsis). 

Furthermore, the obtained variant call format (VCF) file was filtered to minimize variant 

calling bias and to retain only high-quality variants: (1) retain only bi-allelic variants; (2) 

convert heterozygous sites to missing data to mask possible false positives; (3) retain 

variants with coverage greater than 3 and base quality greater than 25. 

3.5.3 Study populations  

In this study, we used 350 lines from CVI, including 189 accessions (Fulgione et al., 2022) 

together with 15 new accessions collected from 26 different locations in Santo Antão 

(Figure 1), 146 accessions collected from 18  different locations in Fogo (Tergemina et al., 

2022; Fulgione et al., 2022), and 61 Moroccan accessions (Durvasula et al., 2017) for 

genetic analysis.  

https://github.com/HancockLab/SNP_calling_Arabidopsis
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All maps were conducted using R v. 3.4.4 (R Development Core Team, 2008), and the 

ggmap (Kahle and Wickham, 2013) and ggplot2 (Wickham, 2016) libraries were used for 

plotting. 

3.5.4 Phenoscope drought experiment and phenotyping 

Trait measurement was performed using the high throughput phenotyping Phenoscope 

platform (https://phenoscope.versailles.inra.fr/) as previously described (Tisné et al., 

2013). Santo Antão (n=152), Fogo (n=146) (Tergemina et al., 2022; Fulgione et al., 2022) 

and Moroccan (n=61) A. thaliana accessions (Brennan et al., 2014) were grown under 

standard environmental conditions (8-h day/16-h night, 21°C day/17°C night, 65% relative 

humidity, and 230 µmol m-2 s-1 light intensity). Phenoscope experimental setup and 

sample collection for WUE and its measurements can be found here (Elfarargi et al., 

2023). Different phenotypic traits were extracted from images taken daily at the same 

time throughout 23 days on Phenoscope. The image-based traits were defined as follows: 

projected rosette area (PRA), hue and saturation (converted from RGB color component), 

compactnessPC: (ratio of PRA (P) to surface of convex hull area (C)), and relative 

expansion rate (RER) over time window from day 8 to day 32. 

 

In this study, we measured further leaf stomatal density and stomatal pore width in the 

Santo Antão population. We adapted a previously published protocol, "Microscopy-Based 

Stomata Analyses" (Eisele et al., 2016), using a small piece of Scotch tape. The tape was 

applied firmly onto the abaxial surface of a detached fully developed leaf per accession 

and per treatment of each genotype. Then, we gently peeled off the tape from the leaf 

surface, not tearing it. We transferred the tape immediately to a petri dish containing 4% 

formaldehyde solution for 10-20 minutes at room temperature to fix the status of 

stomatal guard cells and prevent their responses to subsequent signals. Next, we put the 

samples (tapes with epidermal peels) into a clean tissue and added 50 µl of 1 mg/ml 

propidium iodide solution to each sample and incubated them for 5-10 minutes in the 

dark. Then we placed the tape on a microscope slide and gently pressed it to remove any 

air bubbles. As a final step, we examined for stomatal densities and stomatal apertures 

https://phenoscope.versailles.inra.fr/
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using confocal images of epidermal peels taken with a confocal microscope (LSM 700, 

ZEISS). The images were captured and analyzed using ImageJ software 

(https://imagej.nih.gov/ij/). The measurements were performed across several days (29-

32 DAS) around mid-day. 

3.5.5 Phenotype data analysis 

To assess differences in phenotype distributions, we employed both parametric and non-

parametric tests. Wilcoxon rank sum tests were conducted using the wilcox.test function 

in the ‘ggpubr’ package (Kassambara, 2020). Linear models were also used to determine 

the fixed effects of treatment, geographic region, and their interaction on the measured 

phenotypic traits. The ‘lme4’ package in R (Bates et al., 2014) was utilized to run a model 

for each phenotype with the following equation: 

𝑌𝑖𝑗𝑘 =  𝜇 + 𝛼𝑖 + 𝛽𝑗 + 𝛾𝑖𝑗 +  𝜀𝑖𝑗𝑘  

Where 𝑌𝑖𝑗𝑘 represents the phenotypic value, 𝜇 is the overall mean, 𝛼𝑖 is the effect of 

treatment, 𝛽𝑗  is the effect of geographic region, 𝛾𝑖𝑗  is the interaction between treatment 

and region, and 𝜀𝑖𝑗𝑘 is the residuals.  

Pearson correlations were calculated in R using the cor.test function to assess the 

correlations between phenotypes in both treatments. The significance of the correlations 

was evaluated with the t-test implemented in the cor.test function. 

3.5.6 Genome-wide association study 

3.5.6.1 Univariate and Multivariate GWAS 

To perform the association analysis, we used the SNP data. We first filtered out non-

biallelic variants from the VCF. We considered only variants with read coverage DP>=3 and 

quality GQ>=25. We then applied a 5% cutoff for the minor allele frequency (MAF). 

Subsequently, we carried out the association analyses between genomic variants and 

studied traits using the univariate linear mixed model implemented in GEMMA (Zhou and 

Stephens, 2012), separately for well-watered and drought conditions as well as the 

average for each trait across both conditions and the drought response (difference 

between conditions: WW-WD). For stomatal traits, we utilized a multivariate linear mixed 

https://imagej.nih.gov/ij/
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model (mvLMM) in GEMMA (Zhou and Stephens, 2014), which jointly models the 

relationships between the traits. 

 

According to Shim et al. 2015 (Shim et al., 2015) and based on the GEMMA outputs, we 

calculated the proportion of variance in each trait explained by a given variant (PVE) using 

the following equation: 

𝑃𝑉𝐸 =
2β̂2𝑀𝐴𝐹(1 − 𝑀𝐴𝐹)

2β̂2𝑀𝐴𝐹(1 − 𝑀𝐴𝐹) + (𝑠𝑒(β̂))22𝑁𝑀𝐴𝐹(1 − 𝑀𝐴𝐹)
 

where �̂� is the effect size estimate, 𝑠𝑒(�̂�) is the standard error of effect size for the 

variant, 𝑀𝐴𝐹 is the minor allele frequency for the variant, and 𝑁 is the sample size.  

 

Next, we applied a local score approach to the output of p-values provided by LMM and 

mvLMM in GEMMA. This local score approach, which takes LD into account when 

estimating associations, increases the power of detecting significant genomic regions 

associated with trait variation and is subsequently converted into scores (Bonhomme et 

al., 2019). Scripts used to calculate the Lindley scores are available here (https://forge-

dga.jouy.inra.fr/documents/940). 

 

3.5.6.2 Inference of genetic architecture 

To infer the genetic architecture of the traits, we used a polygenic GWA Bayesian Sparse Linear 

Mixed Model (BSLMM) implemented in GEMMA (Zhou and Stephens, 2012), which models the 

polygenic architecture as a mixture of large and small effects. BSLMM accounts for the relatedness 

among individuals by including a genomic kinship matrix as a random effect in the model. 

Furthermore, the approach accounts for the LD between variants by inferring locus effect sizes (β) 

while controlling for other variants included in the model. Using this approach, we modeled two 

effect hyperparameters: a basal effect (β), which captures small-effect loci contributing to the 

studied trait, and an additional effect (γ), which captures a subset of loci with the most potent 

effects. To estimate the effects of all variants, the sparse effect size for each locus was calculated 

by multiplying (β) by (γ). We used the 1% variants (> 99% quantile) distribution of locus effects to 

identify which genes with the highest sparse effects on the studied trait.  

https://forge-dga.jouy.inra.fr/documents/940
https://forge-dga.jouy.inra.fr/documents/940
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3.5.7 Population structure analysis 

In a pre-processing step before population structure analysis, we used PLINK v1.9 to prune 

our SNP sets for linkage disequilibrium by removing any variables with correlation 

coefficients (r2) greater than 0.1 across windows of 50 Kb with a step size of 10 bp. Then, 

we removed variants with missing data by setting the parameter –geno to 0. 

To conduct the principal component analysis (PCA), we used the --pca option in PLINK v1.9 

(Purcell et al., 2007). We produced the whole-genome neighbor-joining tree in R v3.3.4 (R 

Development Core Team, 2008) using the packages “APE” v5.5 (Paradis and Schliep, 

2019), and “adegenet” v2.1.4 (Jombart, 2008). 
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3.9 Supplementary figures 

 

Supplementary Figure  1. Images of representative accessions on time-points (13, 18, 23, 28, and 31 Days After Sowing 

(DAS)) of Phenoscope drought experiment in well-watered (WW) and water deficit (WD) conditions. (a) Col-0, (b) Cvi-0, 

(c) S15-3 as a representative accession from Santo Antão, (b) Cvi-0 from Santo Antão, and (d) Elh-2 as a representative 

accession from Morocco. 
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Supplementary Figure 1. Phenotypic plasticity among Santo Antão, Fogo, and Morocco A. thaliana population under well-

watered (WW) and water deficit (WD) conditions. (a) Water Use Efficiency (WUE) is measured as carbon isotope 

discrimination (δ13C), and the carbon isotope ratio is expressed per mil, ‰. (b) Stomatal density (SD). (c) Stomatal pore 

width (SPW). (d) projected rosette area (PRA). (e) compactnessPC (ratio of PRA (P) to surface of convex hull area (C)). (f) 

relative expansion rate (RER), the growth rate of PRA; integrated over the 18-31 Days’ time window. (g-h) Hue is a proxy 

for the chlorophyll content and saturation its color intensity. The points represent the means, and the whiskers represent 

the 95% CI. 
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Supplementary Figure 2. Pairwise Pearson genetic correlation of the average phenotypic traits in (a) Fogo and (b) 

Morocco. PRA, projected rosette area; WUE, water use efficiency; SD, stomatal density; SPW, stomatal pore width; RER, 

relative expansion rate. The color spectrum, dark red to dark blue, represents highly negative to highly positive 

correlations, and the number represents the correlation values. 
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Supplementary Figure 3. Genetic basis of WUE in Morocco in well-watered condition. Manhattan 

plot for WUE in Morocco in well-watered condition. The x-axis and y-axis represent the 

chromosomes and Lindley score from the local score approach. The dashed line corresponds to a 

genome-wide Bonferroni significance. 
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Supplementary Figure 4. Genomic associations of rosette growth-related traits (PRA, compactnessPC, and RER) in Fogo 

Antão using LMM in GEMMA followed by the local score approach. The x-axis and y-axis represent the chromosomes and 

Lindley score from the local score approach. The dashed line in plots corresponds to a genome-wide Bonferroni 

significance. 
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Supplementary Figure 5. Genomic associations of rosette growth-related traits (PRA, compactnessPC, and RER) in 

Morocco using LMM in GEMMA followed by the local score approach. The x-axis and y-axis represent the chromosomes 

and Lindley score from the local score approach. The dashed line in plots corresponds to a genome-wide Bonferroni 

significance. 
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In this thesis, the aim was to investigate the genetic basis and adaptive relevance of 

drought response in Cape Verdean Arabidopsis thaliana populations by using a genome-

wide association (GWA) mapping approach, which utilizes natural variation to identify 

genes that account for natural variation in plant performance (morphological and 

physiological traits) under drought conditions. In this general discussion, I will present the 

key findings of the study and compare them to previous work in the fields of plant 

phenotyping, quantitative genetics, and evolutionary biology. Further, I will focus on the 

strong associations detected by GWA mapping and the candidate genes identified and 

understand their ecological roles. 

4.1 Decoding adaptation strategies in Cape Verde Arabidopsis 

populations 

The physiological and molecular mechanisms underlying the adaptation of natural 

populations to novel environments are poorly understood (Scheffers et al., 2016). One 

possibility for natural populations to adapt to new environments is by relying on the 

emergence of new mutations (Hermisson and Pennings, 2005; Przeworski et al., 2005). 

Natural island populations provide robust systems to explore the biological significance of 

genetic variations in adaptation. A single A. thaliana line was collected from the Cape 

Verde Islands (Cvi-0) 40 years ago (Lobin W, 1983) and has been an enigma to the A. 

thaliana community due to its phenotypic and climatic divergence as well as its surprising 

location far from Eurasia. A recently discovered A. thaliana population from CVI is 

confined to the islands of Santo Antão and Fogo (Fulgione et al., 2022). Previous 

evolutionary reconstructions, combined with environmental data, suggest that A. thaliana 

colonized Santo Antão approximately 5-7 thousand years ago (kya) before adapting to 

Fogo, an active stratovolcano with a challenging edaphic environment, around 3-5 kya 

(Fulgione et al., 2022). Upon colonizing both islands, A. thaliana plants encountered a 

sudden shift to extreme climate conditions characterized by a long dry season where 

moisture is delivered primarily from humid tradewinds, reduced photoperiod and growing 

season, and altered edaphic factors (Fulgione et al., 2022). 
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4.2 Polygenic basis of drought-related traits 

In this thesis, GWA analyses revealed that drought-related traits possess a polygenic 

nature ((Elfarargi et al., 2023), Chapter 3). Similar findings have been observed in other 

GWA studies focusing on various traits in plants (Rasamivelona et al., 1995; Marwede et 

al., 2004; Atwell et al., 2010; Alonso-Blanco et al., 2016; Bartoli and Roux, 2017; Mayer et 

al., 2020; Sun et al., 2020; Wang et al., 2020; Saini et al., 2022; Xiong et al., 2023), as well 

as in animals, including humans (Hirschhorn et al., 2002; Goddard and Hayes, 2009; Vink 

et al., 2014; Escott-Price et al., 2015; Loh et al., 2015; Field et al., 2016; Boyle et al., 2017; 

Bosse et al., 2017; Martin et al., 2017; Zeng et al., 2021). These studies indicate that 

multiple genes contribute to the majority of traits. Considering the highly polygenic nature 

of many traits, adaptive responses to changing selective pressures often necessitate shifts 

in these traits, facilitated by alterations in allele frequencies at multiple underlying loci. As 

a result, polygenic adaptation in complex traits is expected to be widespread. This 

hypothesis is supported by over a century of research on the response to artificial 

selection for various traits in plants and animals. 

 

Polygenic adaptation at the edges in populations facing extreme drought is a critical 

mechanism for species to persist in challenging environments. These adaptations involve 

multiple genes working together to enable organisms to cope with environmental 

stressors. In A. thaliana, populations at the edge of their range, such as those in the CVI 

islands, have shown evidence of rapid adaptation and evolutionary rescue in response to 

extreme drought conditions (Fulgione et al., 2022). The adaptation in these populations is 

likely to be polygenic, involving multiple genes that contribute to physiological and 

developmental traits associated with drought response ((Elfarargi et al., 2023), Chapter 3). 

Such adaptations may include adjustments in water-use strategies, root architecture 

optimization, and alterations in reproductive timing (Franks et al., 2009; Nicotra et al., 

2010; Yeh and Price, 2004). 

 

Overall, polygenic adaptation at the edges in populations facing extreme drought is an 

essential mechanism for plant species to cope with environmental stressors. Studying 
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these adaptations in A. thaliana and other plant species can provide valuable insights into 

the genetic and phenotypic factors contributing to resilience and persistence in changing 

environments. 

4.3 Dissecting complex traits 

We previously showed that a phenotypic shift towards higher stomatal conductance and 

lower WUE on Santo Antão island was due largely to a nonsynonymous variant in the 

MPK12 gene (Elfarargi et al., 2023). In this study, by including the MPK12 G53R variant as 

a covariate in the model, we uncovered additional significant associations with VQ18, 

DI19-3, and PYL8 genes, all of which are implicated in the abscisic acid (ABA) signaling 

pathway. Previous research has established that MPK12 exhibits pleiotropic effects on 

guard cell size and ABA response in A. thaliana (Des Marais et al., 2014). Moreover, a 

single amino acid substitution in MPK12 has been shown to result in constitutively larger 

stomata and altered responses to hormonal inhibition of stomatal opening, as well as 

short-term changes in vapor pressure deficit, ultimately leading to lower WUE and 

decreased fitness under water-limited conditions (Des Marais et al., 2014). The expression 

of ABA receptors PYL12, a close relative to PYL8, and RCAR6 have been reported to 

enhance WUE and growth rate in A. thaliana (Yang et al., 2016). In both CVI islands and 

Morocco, we found several genes associated with ion homeostasis, ABA signaling, and 

mitogen-activated protein kinase (MAPK) activation, which are essential for plant growth 

and development under stress conditions. 

 

Furthermore, several candidate genes associated with rosette growth-related traits 

underlying drought stress were identified in Santo Antão. These genes are involved in 

auxin signaling (TPST), starch metabolism (DPE2), cuticle formation (ABCG5), wax ester 

accumulation (WSD1-like), and stress-responsive signaling (MPK12, DREB2B, ATJ3). 

Additionally, associations were detected with genes involved in brassinosteroid 

biosynthesis (AtDWF4) and ABA hypersensitivity and stress responses (AtAHG2/AtPARN). 

In Fogo, we found several genes associated with rosette growth-related traits underlying 

drought. These genes include AtDOF5.8, AtUGT79B2, AtPIF1, FEY, and AtPHO1-H10, which 

are involved in abiotic stress responses. AtDOF5.8 and ANAC069 participate in a regulatory 
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network mediating abiotic stress responses, AtUGT79B2 enhances plant tolerance to 

various stresses, AtPIF1 influences ABA biosynthesis and signaling component genes, FEY 

plays a role in leaf positioning and meristem maintenance, and AtPHO1-H10 is involved in 

phosphate homeostasis and ABA modulation. 

4.4 Genetic complexity and pleiotropy 

Pleiotropy refers to a single gene affecting multiple traits, which can lead to complex 

genetic architectures and relationships among traits (Paaby and Rockman, 2013). In this 

thesis, we showed that some genes such as MPK12, SUVH4, FRI, and NHL26 have potential 

pleiotropic effects on water use efficiency, stomatal patterning, leaf color, and rosette 

growth underlying drought in CVI populations ((Elfarargi et al., 2023), Chapter 3). 

Pleiotropy has been observed in various studies, and it plays a significant role in the 

adaptation to environmental changes, including drought stress. In A. thaliana, pleiotropy 

has been observed in multiple studies investigating the genetic basis of various traits, such 

as flowering time, disease resistance, and response to abiotic stresses, including drought 

(Juenger et al., 2005; Atwell et al., 2010). For example, genes involved in drought 

tolerance have also been found to affect other traits like water use efficiency, flowering 

time, plant growth, and photosynthesis (McKay et al., 2003; Lovell et al., 2013; Hanemian 

et al., 2020). The presence of pleiotropy in drought-related traits implies that adaptation 

to drought may involve complex genetic networks and trade-offs among various traits.  

 

In other plant species, pleiotropy has been reported in the context of drought stress. For 

instance, in rice, a single gene called DRO1 has been shown to affect both root growth 

angle and drought avoidance (Uga et al., 2013). In maize, pleiotropy has been observed in 

genes that contribute to both flowering time and drought tolerance (Buckler et al., 2009; 

Wallace et al., 2014). In animals, pleiotropy is also common, with genes influencing 

multiple traits like body size, fecundity, and life history traits (Hau, 2007; Wright et al., 

2010; Bolormaa et al., 2014). In humans, pleiotropy has been observed in genes 

associated with complex traits and diseases, such as obesity, type 2 diabetes, and 

cardiovascular disease (Sivakumaran et al., 2011; Solovieff et al., 2013). 
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In conclusion, this work uncovered several significant associations between genetic loci 

and traits related to drought stress adaptation in A. thaliana populations on the Cape 

Verde Islands. Considering the previously identified MPK12 G53R variant, we have 

identified additional associations with genes involved in the ABA signaling pathway, ion 

homeostasis, and MAPK activation. Additionally, our findings revealed candidate genes 

associated with rosette growth-related traits and leaf color traits in Santo Antão and Fogo, 

which play crucial roles in auxin signaling, starch metabolism, cuticle formation, wax ester 

accumulation, stress-responsive signaling, brassinosteroid biosynthesis, and ABA 

hypersensitivity. These results shed light on the complex genetic architecture underlying 

plant adaptation to drought stress and highlight the potential pleiotropic functions of 

some identified genes, which need further investigation to elucidate their precise roles in 

plant adaptation to challenging environmental conditions. 
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