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Abstract 

Plants respond to various environmental stimuli, including elevated CO₂, by partially closing 
their stomatal pores. This partial closure reduces water loss through transpiration while allow-
ing photosynthesis to continue. Understanding how plants regulate this response is important 
for improving water use efficiency, especially in the context of climate change. However, the 
signalling pathways that control stomatal closure in response to CO₂ are complex, and many 
components are still unknown. 

This study aimed to investigate the genetic basis of CO₂-induced stomatal closure in Arabidop-
sis thaliana using a Multiparent Advanced Generation Inter-Cross (MAGIC) population based 
on 19 founder lines. Gas exchange measurements were taken in 206 RILs, and quantitative trait 
locus (QTL) mapping was used to identify the genome regions linked to stomatal response to 
elevated CO₂ and related traits. A significant QTL was found on chromosome 1 associated with 
the percentage reduction in stomatal conductance in response to elevated CO₂. Further analysis 
of the genes in this region revealed 15 potential candidates. Additionally, a QTL on the same 
chromosome was linked to the speed of the response when CO₂ concentrations increased from 
420 to 800 ppm.  

This study provides a foundation for exploring these QTLs and candidate genes, with the po-
tential to improve plant adaptation to increased CO₂ and enhance water-use efficiency in future 
climates. 

Keywords: stomatal conductance, CO₂, Arabidopsis thaliana, MAGIC population, quantitative 
trait loci  
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1 Introduction 

 
1.1 Leaf gas exchange and the role of stomata 
Leaf gas exchange is vital for photosynthesis and water regulation in plants. It involves the 
uptake of carbon dioxide (CO₂) for photosynthesis and the release of water vapour (H2O) and 
oxygen (O₂). Plants regulate leaf gas exchange by adjusting the turgor pressure of guard cells 
that surround the microscopic pores called stomata (Hetherington & Woodward, 2003; Kollist 
et al., 2014).  

Stomatal conductance (gₛ) quantifies the 
rate at which gases like CO₂ and water va-
pour pass through the stomata. It plays a 
significant role in plant growth, produc-
tivity, and environmental adaptation. The 
number, size, and aperture of stomata in-
fluence how efficiently plants regulate 
gas exchange and balance transpirational 
water loss. Higher stomatal conductance 

often correlates with improved crop yield 
because it enhances CO₂ uptake for pho-
tosynthesis, but this comes at the cost of 
increased water loss (Lu et al., 1998; Ba-
har et al., 2009; Prashar et al., 2013). 
Therefore, understanding how stomata 
function and adapt to environmental 
changes is increasingly important, partic-
ularly as rising atmospheric CO₂ levels in-
fluence plant behaviour, water use effi-
ciency, and agricultural resilience. 

1.2 Regulation of stomatal 
movements 

A complex interaction of internal physio-
logical mechanisms and external environ-
mental signals regulates stomatal opening 
and closing. Environmental factors such as light intensity, humidity, soil water availability, and 
CO2 influence stomatal behaviour (Driesen et al., 2020). Once guard cells sense environmental 
stimuli, they initiate a signalling network. Depending on the nature of the stimulus, the result-
ing pathway either increases or decreases the stomatal aperture. Stomatal regulation is achieved 
by changes in the turgor pressure of guard cells, driven by solute movement across the plasma 
membrane and vacuoles (Lawson & Blatt, 2014). Key solutes in this process include potassium 
(K⁺), chloride (Cl⁻), Nitrate ions (NO3-), malate2- and sucrose. Stomatal opening starts when 
H⁺-ATPases pump protons out of the guard cells, causing membrane hyperpolarisation. This 
causes K⁺ and other ions to enter the cells, lowering the water potential and increasing turgor 
pressure through osmosis. This pressure change causes the guard cells to expand, leading to 

Figure 1. A basic model of ion fluxes regulating stomatal open-
ing and closure. (https://plantstomata.word-
press.com/2015/10/28/how-stomatal-pores-open-and-close/) 
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stomatal pore opening (Figure 1) (Kim et al., 2010; Roux and Leonhardt., 2018). Stomatal 
closure can be triggered by environmental stresses, such as drought, pathogen attack and re-
duced air humidity. During closure, solutes are released from the guard cells, water exits by 
osmosis, and turgor pressure decreases, causing the guard cells to shrink and the stomatal pore 
to close (Kim et al., 2010). 

1.3 Stomatal behaviour under elevated CO₂  
Most plant species respond to elevated CO₂ levels by partial stomatal closure, leading to re-
duced stomatal conductance. This adjustment allows plants to take up sufficient CO₂ for pho-
tosynthesis while minimising transpirational water loss (Ainsworth and Rogers, 2007; Xu et 
al., 2016). The ability to regulate stomatal conductance in response to CO₂ is crucial because 
it affects their water economy and influences plant growth. However, the magnitude of this 
stomatal adjustment varies significantly among and within species, and is strongly influenced 
by environmental conditions, plant functional types, and developmental stages (Takahashi et 
al., 2015; Xu et al., 2016).  

Reducing stomatal conductance under elevated CO₂ allows plants to maintain photosynthesis 
while using less water. Therefore, crops that respond well to elevated CO₂ may save water in 
future climates where water may be limited. Understanding how these responses work is es-
sential for applying this knowledge in crop breeding or biotechnology. Identifying the key fac-
tors behind natural variation in short-term gₛ responses could help select plant species with 
greater potential for improved water use efficiency under elevated CO₂ conditions. 

Numerous studies have investigated stomatal responses to elevated CO₂. Short-term response 
is the change in stomatal conductance that occurs within minutes to hours when exposed to 
changes in CO₂. This involves rapid physiological adjustments, leading to partial stomatal clo-
sure (Morison, 1998; Haworth et al., 2013; Xu et al., 2016). The magnitude responses can vary 
greatly. For example, different A. thaliana accessions show a wide range of reactions, from 
10% to 70% reduction in gₛ, reflecting flexible stomatal behaviour under elevated CO₂ (Monda 
et al., 2016; Takahashi et al., 2015; Zinta et al., 2014). Long-term responses mean the change 
in stomatal conductance over weeks to months of exposure to elevated CO₂ concentration and 
involve structural changes like reduced stomatal density (Medlyn et al., 2001; Haworth et al., 
2013). These longer-term adjustments also differ among plant types. For instance, angiosperms 
are more sensitive to elevated CO2, exhibiting around 36 % reduction in stomatal conductance, 
whereas gymnosperms are far less sensitive, showing only a 3% reduction (Klein and Ramon, 
2019). Although the link between short- and long-term responses is not fully understood, there 
is evidence that early stomatal behaviour may influence long-term adaptation patterns (Hasper 
et al., 2017; Johansson et al., 2020). 

 

1.4  Genetic regulation of stomatal responses to CO₂ 
The molecular mechanisms behind the stomatal response to elevated CO₂ have been exten-
sively studied in the model plant A. thaliana. Its small, rapid life cycle and ease of genetic 
manipulation make it an ideal model organism (Somerville & Koornneef, 2002). It is supported 
by extensive resources such as mapping populations, mutants, and databases containing gene 
function information. In addition, A. thaliana displays significant natural variation across ac-
cessions and shares many genes with economically important crop species, making it valuable 
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for translating findings to agriculture (Alonso-Blanco & Koornneef, 2000; Kover & Schaal, 
2002; Ooka et al., 2003; Stracke et al., 2004). 

Recent advances in genomics have revealed that stomatal regulation under elevated CO₂ is a 
complex trait controlled by multiple genes, each playing distinct roles in CO₂ sensing and sig-
nal transduction. Several genes have been identified as key regulators in this process. Also, 
numerous studies have shown that the CO₂ and abscisic acid pathways for stomatal closure 
merge at points downstream in the signalling cascade (Hsu et al., 2018). The signal transduc-
tion pathway begins when CO₂ enters the guard cells through the aquaporin PIP2 (Plasma 
Membrane Intrinsic Protein 2) channels or by simple transmembrane diffusion (Mori et al., 
2014). Once inside, the carbonic anhydrases, such as βCA1 and βCA4 (Beta Carbonic Anhy-
drase 1 and 4), catalyse the conversion of CO₂ into bicarbonate (HCO₃⁻). This HCO₃⁻ acts as a 
secondary messenger, initiating the CO₂-induced stomatal closure pathway (Hu et al., 2010).  

Bicarbonate has been shown to activate early signalling cascade components, most notably the 
MAPKs (Mitogen-Activated Protein Kinases), including MPK4 and MPK12. Recent studies 
have shown that MPK12 plays a key role in responding to high CO₂ levels and inhibiting 
HT1(High Leaf Temperature 1) (Toldsepp et al., 2018; Takahashi et al., 2022). HT1 is a neg-
ative regulator of CO₂-induced stomatal closure (Hashimoto et al., 2006; Hõrak et al., 2016). 
Once inhibited, HT1 allows the activation of downstream protein kinases such as OST1(Open 
Stomata 1) or GHR1(Guard Cell Hydrogen Peroxide-Resistant 1) (Sierla et al., 2018). OST1 
is the converging component of the CO2 and ABA-induced signal transduction pathway. These 
kinases subsequently activate the SLAC1 (Slow Anion Channel-Associated 1) anion channel, 
a key step in triggering ion efflux from the guard cells and initiating stomatal closure in re-
sponse to elevated CO₂ levels (Hõrak et al., 2016). Recently, the BIG protein in A. thaliana is 
also been identified to be involved in the CO₂-induced stomatal closure signal cascade (Hiyama 
et al., 2017; He et al., 2018). However, the precise interaction between these components has 
yet to be elucidated.  

In addition to these molecular insights, a quantitative trait loci (QTL) mapping in A. thaliana 
identified a genetic locus involved in both short-term stomatal responses to CO₂ and long-term 
regulation of gₛ under elevated CO₂ conditions, suggesting a possible genetic link between these 
responses (Johansson et al., 2020). While these discoveries have advanced our understanding, 
the complete mechanism of stomatal responses to elevated CO₂ remains unresolved. Further 
QTL mapping in A. thaliana Multi Parent Advanced Generation Inter-Cross (MAGIC) popu-
lations offers a promising path to identify additional genetic regulators. 

 

1.5 QTL mapping in MAGIC population 
Quantitative traits are measurable, continuously varying traits controlled by multiple genes 
(Falconer & Mackay, 1996; Holland, 2007). The chromosomal regions associated with these 
traits are known as Quantitative Trait Loci (QTLs). QTLs can be identified through a statistical 
approach known as QTL mapping, which links phenotypic variation with molecular marker 
data (Falconer & Mackay, 1996; Kearsey, 1998). This approach has been applied to map com-
plex traits such as stomatal conductance in plants, providing insights into the genetic basis of 
quantitative traits (Huang et al., 2011). 
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Genetic mapping studies use genetically diverse populations to link genetic markers with phe-
notypic traits (Huang et al., 2011). The most common approaches are biparental mapping with 
populations like recombinant inbred lines (RILs), and Genome Wide Association Studies 
(GWAS) (Huang et al., 2009). Biparental populations are widely used for QTL mapping. They 
are stable lines generated by crossing two parent genotypes, normally with contrasting pheno-
types for the trait of interest, and selfing or inbreeding for a number of generations to generate 
homozygous lines whose genomes are mosaics of the parental genotypes, which will show a 
range in phenotypes for the trait of interest. Once created and genotyped, they are easily repro-
ducible and used for many different types of experiments (Scott et al., 2020). However, bipa-
rental populations have limited genetic diversity, as they only capture allelic variation from 
two parents. This results in lower mapping resolution due to fewer recombination events and a 
restricted number of allelic combinations (Huang et al., 2009; Xu et al., 2017). 

On the other hand, GWAS is well-established and a common method to identify genomic re-
gions associated with complex traits. They utilise a diverse collection of natural variation that 
captures broader genetic diversity. This generally leads to higher mapping resolution. How-
ever, GWAS can be affected by complex population structure, potentially leading to false as-
sociations if not carefully controlled (Myles et al., 2009; Vilhjálmsson & Nordborg, 2013; 
Korte & Farlow, 2013).  

A promising alternative is the Multi-
parent Advanced Generation Inter-
cross (MAGIC) population, which of-
fers a balanced alternative to biparen-
tal RILs and GWAS. MAGIC lines 
are developed by crossing multiple 
parents (normally 4-16) for several 
generations through structured mating 
designs, resulting in multi-parent 
RILs. The resulting lines have diverse 
genomic combinations of all founder 
lines and a higher recombination fre-
quency (Figure 2) (Cavanagh et al., 
2008; Kover et al., 2009; Mackay et 
al., 2014; Stadlmeier et al., 2018). Re-
combination events break up large 
blocks of linked genes and increase 
mapping resolution. This allows for 
narrowing down QTL regions more 
precisely than what might be possible 
in a biparental population (Cavanagh 
et al., 2008; Kover et al., 2009).  

 

 

Figure. 2. MAGIC RIL development. An 8-way cross in 
with 8 founders were inter-crossed for several genera-
tions, resulting in RILs with mosaics of parental genomes 
( dl   l  )  
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In 2009, Kover et al. developed the first MAGIC population in A. thaliana, using 19 founder 
genotypes. The founders were chosen based on their broad geographical distribution or fre-
quent use in genetic research. The Arabidopsis MAGIC population has recently been used to 
map traits such as natural variation in leaf zinc concentration, variation in root number and 
structure, and bolting time (Kover et al., 2009; López-Ruiz et al., 2024; Ricachenevsky et al., 
2025). However, gas exchange-related traits, such as stomatal responses to elevated CO₂, have 
not yet been mapped using this population.  

 

2 Aim and research objective 

The main aim of this study was to identify QTL associated with the short-term stomatal re-
sponse to elevated CO₂.  

Additionally, QTL related to other gas exchange traits, including stomatal conductance at am-
bient (420 ppm) and elevated (800 ppm) CO₂ (Gs_420 and Gs_800 respectively), net photo-
synthesis at both CO₂ levels (P_420 and P_800), magnitude of stomatal conductance response 
to elevated CO₂, and half response time (half-time) were also mapped. To achieve this, the 
stomatal response was measured in a subset of 206 randomly selected recombinant inbred lines 
(RILs) from the MAGIC population of A. thaliana under controlled ambient and elevated CO₂ 
conditions. Specifically, the percentage reduction in stomatal conductance (% reduction in gₛ) 
following CO₂ elevation was calculated and used as the primary trait for short-term stomatal 
response QTL mapping. 

The half-response time, defined as the time taken for gₛ to reach 50% of its total response after 
CO₂ elevation, was calculated and evaluated alongside the magnitude of response. All trait data 
were then used for QTL mapping to identify genomic regions associated with the observed 
phenotypic variation and were followed by candidate gene analysis in the identified loci. 

3 Materials and methods 

 
3.1 Plant materials and growth conditions 

This study utilised the MAGIC RILs of A. thaliana, developed through crossing 19 founder 
accessions as explained by Kover et al., 2009. Seeds were obtained from the European Ara-
bidopsis Stock Centre (NASC, https://arabidopsis.info/). A total of 206 RILs were randomly 
selected from a subset of 527 MAGIC lines using a random number generator 
(https://www.random.org/) to study the short-term response of stomatal conductance. - that is, 
the immediate change in stomatal opening within minutes to hours—under elevated CO₂ (800 
ppm). Additionally, the 15 parental accessions, which were the only ones available from the 
NASC centre, were included in the experiment for comparison. 

The MAGIC lines and their parental accessions were previously genotyped using 1,260 single-
nucleotide polymorphism (SNP) markers, evenly distributed across the five chromosomes with 
an average spacing of approximately 96 kb, as described by Kover et al. (2009). The genotypic 
data are publicly available at http://gscan.well.ox.ac.uk/arabidopsis. 

https://www.random.org/
http://gscan.well.ox.ac.uk/arabidopsis
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Seeds were sown in a peat–perlite mix (S-jord, Hasselfors garden) and cold-stratified at 4°C 
for two days to ensure uniform germination. After two weeks of initial growth, individual 
plants were transplanted into pots compatible with the Li-COR 6400XT gas exchange Ara-
bidopsis chamber (Figure 3b). Three biological replicates were maintained for each RIL. Plants 
were grown in batches of 17–25 lines, with Arabidopsis Columbia-0 (Col-0) included in each 
batch as a control to ensure comparability between batches. 

Plants were grown under controlled conditions in a climate chamber under the following con-
ditions: 21°C day/18 °C night and 8/16 light/dark photoperiod, 70% relative humidity, and 
photosynthetically active radiation (PAR) of 150-200 µmol photons m⁻²s⁻¹. The three replicates 
of each line were distributed randomly across two trays (Figure 3d). The trays were rotated 
180° and moved clockwise on the shelf every two days to account for within-chamber varia-
tion. 

3.2 Gas exchange measurements 
 
Leaf gas exchange was measured in four-week-old A. thaliana rosettes (Figure 3a) using an 
LI-6400XT portable photosynthesis system (LI-COR Biosciences, USA) connected with an 
Arabidopsis chamber (6400-17A) with an RGB (red, green, blue) light source (Figure 4), fol-
lowing the methodology of Johansson et al. (2020). After 4 weeks of growth, a healthy plant 
was selected for each of the 206 RILs, ensuring that it was neither too small nor too large, with 
a rosette size fitting within the circumference of the pot. A single replicate per line was used 
for measurement.  The whole-plant chamber is designed to conduct whole-rosette gas exchange 
measurements and can accommodate plants up to 7 cm in diameter and 1.5 cm in height. Meas-
urements were conducted at an air temperature of 21°C, under a light intensity of 200 µmol 
photons m-²s-¹, matching growth conditions. The airflow rate was set to 400 µmol s⁻¹ and the 
chamber fan to maximum speed. At the beginning of each measurement, once the plant was 
placed in the Arabidopsis chamber, an initial vapour pressure deficit (VPD) of approximately 
1 ± 0.2 kPa is set as the target. This VPD is then maintained throughout the measurement 
process, with only minor variations of about ±0.03 kPa. The soil surface was covered with cling 
film to ensure that moisture loss was primarily from the plant itself, and to prevent additional 
water vapour flux from the soil, which could otherwise affect the accuracy of transpiration 
measurements (Figure 3c).  

In this measurement setup, leaf temperature is estimated indirectly using an energy balance 
equation, as it cannot be measured directly. This equation considers the variables such as light 
intensity and boundary layer conductance, the resistance to gas flow caused by still air around 
the leaf. Since boundary layer conductance could not be measured directly, a standard value of 
4 mol H₂Om⁻²s⁻¹ was used based on previous studies (Johansson et al., 2020). The Li-Cor sys-
tem automatically performs this estimation when using the "energy balance" measurement 
mode, called whole plant chamber RGB_EB (where EB stands for energy balance). The sto-
matal ratio (ratio of number of stomata on the upper and lower leaf surfaces) was also set at 
0.5, as recommended when precise values are unknown (LI-COR Biosciences, 2011). 
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Each plant was first measured at ambient CO₂ (420 ppm) level, and gₛ was recorded after 
steady-state conditions were reached, which was defined as a change in gₛ of less than 2.5% 
over five minutes. Once stable, three consecutive readings were taken at 10-second intervals. 
The CO₂ concentration was then elevated to 800 ppm, and the same procedure was followed to 
measure gₛ at 800 ppm CO₂.  

Gas exchange data are expressed per unit leaf area, meaning that measured values need to be 
normalised to the leaf area of the rosette. To determine the leaf area, the total of each plant was 
carefully excised after measurements were taken, and leaf images were captured using a flatbed 
scanner (Epson, Version: Perfection 3490 photo). The total leaf area of each plant was meas-
ured using the ROI Manager function in ImageJ software (version 1.54 g; Schneider et al., 
2012). 

The stomatal responses were analysed by calculating the percentage reduction in stomatal con-
ductance (gₛ) following CO₂ elevation from 420 ppm to 800 ppm CO2. The percentage reduc-
tion was used to quantify the plant's short-term stomatal response, which was used as the pri-
mary trait for QTL mapping. This method helps to normalise the data across genotypes with 
varying baseline gₛ values, allowing for a fair comparison of how each plant responds to ele-
vated CO₂, regardless of initial stomatal conductance differences. By focusing on the relative 
change, the proportional change in stomatal conductance relative to the initial value was meas-
ured, rather than comparing absolute gₛ values. In addition, other gas exchange variables were 

Figure 3. (a) Individual MAGIC lines were transplanted into pots compatible with the LI-
6400XT whole plant Arabidopsis chamber. (b) Three replicates per line were randomly distrib-
uted across two trays. Trays were rotated 180° and moved clockwise on the shelf every two days 
to reduce positional effects and variation within the growth chamber. (c) Four-week-old Ara-
bidopsis rosettes. (d) Soil surface covered with cling film prevents soil evaporation. 

a b 

c d 
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extracted from the measurement data: gₛ at 420 ppm and 800 ppm CO₂, net photosynthesis at 
both CO₂ levels, the magnitude of the response (absolute gₛ response) that is the total decrease 
in stomatal conductance, calculated as the difference between gₛ at 420 ppm and gₛ at 800 ppm 
CO₂. The half-response time, the time taken to reach half of the magnitude response after CO₂ 
elevation, was also calculated. The half-response time provided insight into how quickly each 
genotype reacted to elevated CO₂, excluding the slower stabilisation phase that occurred at the 
end of the measurement. If the entire reaction time were considered, it would include the pro-
longed stabilisation phase, which is not relevant for assessing the time taken for stomatal re-
sponse. This approach helped to analyse how quickly and how strongly each plant reacted to 
increased CO₂ in a way that made fair comparisons possible. 

 

 

3.3 Trait distribution and regression analysis 
 

Regressions were performed using JMP version 18 Student Edition (SAS Institute, USA). To 
assess data distribution, histograms were created for each trait: % reduction in gₛ, stomatal 
conductance at 420 ppm and 800 ppm CO₂ (Gs_420, Gs_800), net photosynthesis at 420 ppm 
and 800 ppm CO₂ (P_420 and P_800), leaf area, half-response time, and magnitude responses. 
Among these, Gs_420, Gs_800, P_420, and leaf area showed a right-skewed distribution. 
These traits were log-transformed to improve normality before analysis. Additionally, scatter 
plots fitted with linear regression models were used to examine potential relationships between 
physiological traits such as Gs_420 vs P_420, Gs_420 vs half-time, % reduction in gs vs half-
time and magnitude response vs half-time.  

 

Figure 4. Gas exchange measurement setup using the LI-6400XT system fitted with a Whole plant 
Arabidopsis chamber (6400-17/A) and a red, green, blue (RGB) light source. The system was used 
to conduct gas exchange measurements in four-week-old A. thaliana rosettes under controlled con-
ditions. 
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3.4 QTL mapping 
 

QTL mapping and the following analyses, including SNP association scan and QTL support 
interval analysis, were performed using R software (version 4.4.2). The R/qtl2 package (Bro-
man, 2019) was used for the analyses, and data visualisation was performed using ggplot2 
(Wickham, 2016). R/qtl2 is designed to accommodate complex genotypes, such as those found 
in MAGIC populations. QTL mapping was carried out for all traits measured in this study, 
including % reduction in gₛ, Gs_420, Gs_800, P_420 and P_800, leaf area, half-response time, 
and magnitude responses to identify genomic regions associated with these traits.  

The package included an example dataset for 19-way MAGIC QTL mapping. Genotypic and 
phenotypic data files for this study were prepared using these example files as a template. The 
example files were already formatted to meet the requirements of R/qtl2. The genotype file for 
the current study was prepared by filtering to include only the MAGIC lines used in this study, 
and the phenotype file was updated with the measured traits.  

A genome-wide scan for QTLs was conducted using Haley-Knott regression (Haley and Knott, 
1992), a computationally efficient method for detecting associations between genetic markers 
and phenotypic traits. This method provides a fast approximation of standard interval mapping, 
which is a common approach in many QTL mapping studies (Lander et al., 1989). A major 
advantage of this method is that, in addition to testing the association between genetic markers 
and the trait of interest, it also examines the regions between the markers. Genotypes between 
markers are statistically inferred based on the genotypes of surrounding markers and the re-
combination frequency. This allows the method to scan between real markers as well, making 
it possible to estimate the location of a QTL more precisely, even if it is not located directly on 
a known marker (Lander et al., 1989; Xu, 2013). A basic QTL mapping method uses single-
QTL models that test one phenotypic trait at a time for associations with genetic markers. Ad-
vanced models can analyse multiple traits simultaneously and detect interactions between 
QTLs across traits. However, due to the complexity of MAGIC RIL populations, the R package 
currently used for this analysis, R/qtl2, supports only single-QTL models and does not allow 
for multi-trait analysis or detection of epistatic interactions. Therefore, each trait must be ana-
lysed separately (Broman et al., 2019). 

To measure the strength of the association between genetic markers and a trait across the ge-
nome, the Logarithm of Odds (LOD) score is calculated at each position in the genome. Higher 
LOD scores indicate stronger evidence for a QTL at that position. To determine whether the 
observed LOD scores are statistically significant, a permutation test with 1,000 permutations 
of the phenotypic data was done while keeping the genotypic data intact. This test helps to 
generate a threshold value for the LOD score (Churchill and Doerge,1994; Broman et al., 
2019). Significant QTL peaks were identified by comparing observed LOD scores against per-
mutation-derived thresholds. The peak exceeding the significance threshold was further ana-
lysed to identify the genomic regions associated with the trait of interest.  

The position of QTL obtained through this analysis carries some uncertainty. Therefore, it is 
important to define a support interval around the peak position to indicate the range within 
which the true genomic region may be present. Two methods were used to narrow down the 
QTL region: the 1.5-LOD support interval and the Bayesian Credible Interval (BCI). The 1.5-
LOD support interval defines the region around the peak of the LOD score where the value 

javascript:;
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remains within 1.5 units of the highest LOD score. This range represents the most likely loca-
tion of the QTL, with flanking markers that are genetically linked to the trait (Broman & Sen, 
2009). 

The BCI provides an alternative way to estimate the possible location of a QTL, which uses 
Bayesian principles to generate a probability distribution for where the QTL might be located. 
While both methods are commonly used, BCI has been shown to be more consistent (Broman 
& Sen, 2009). 

3.5 Candidate gene analysis 

To identify potential candidate genes within the region of the QTL associated with percentage 
gₛ reduction in response to elevated CO₂, two approaches were employed: 

First, a SNP association scan was conducted throughout the genome using a R/qtl2 function to 
detect SNP markers strongly associated with the trait. Within the QTL interval of % reduction 
in gs trait, SNPs were ranked based on their LOD scores, where higher scores indicate a stronger 
association with the trait. This helped prioritise markers most likely linked to genetic variation 
affecting gs responses. Secondly, all annotated loci within the BCI interval (21.94–29.89 Mbp 
on chromosome 1) were retrieved from The Arabidopsis Information Resource (TAIR) data-
base (https://www.arabidopsis.org). The initial list was filtered to include only protein-coding 
genes. Genes were evaluated based on known functions, involvement in stomatal regulation, 
CO₂ signalling, ABA pathways, or general stress responses. To further prioritise candidates, 
functional annotations and published mutant phenotype data were reviewed. To assess the rel-
evance of the shortlisted genes to stomatal function, their expression in guard cells was also 
examined using TAIR. 

3.6 Data cleaning and transformation 
After obtaining the initial mapping results, data were re-assessed for potential outliers. During 
this process, two outliers were identified. Based on a careful review of the sample history and 
measurement methods, these outliers were removed to improve data reliability. Following this, 
the distributions of all traits were again analysed using histograms. All the traits except for “% 
reduction in gₛ” showed a right-skewed distribution; they were therefore log-transformed to 
improve normality. The transformed dataset was then used for a second round of QTL map-
ping. 

 

 

 

 

 

 

 

 

https://www.arabidopsis.org/
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4 Result 

 

4.1 Descriptive statistics of gas exchange traits 
 

Gas exchange parameters were recorded from four-week-old Arabidopsis rosettes using an LI-
6400XT portable photosynthesis system fitted with an Arabidopsis whole-plant chamber and a 
RGB light source. Short-term responses to elevated CO2 were measured continuously, begin-
ning at ambient CO₂ level (420 ppm) and transitioning to elevated CO₂ level (800 ppm) for 
both parent lines and the MAGIC lines. The gₛ was recorded after steady-state conditions were 
achieved at both CO₂ levels, showing an overall reduction in gₛ across all RILs (Figure 5) and 
parents. 

At ambient CO₂ (420 ppm), the gₛ 
across the 206 MAGIC lines 
ranged from 0.08 to 0.43 mol 
H2Om-2s-1, while at elevated CO₂ 
(800 ppm), values ranged from 
0.05–0.24 mol H2Om-2s-1. The 
percentage reduction in gs follow-
ing CO₂ elevation varied between 
7% and 54%, with a mean reduc-
tion of 29%.   The magnitude of gs 

response ranged from 0.006- 0.19 
mol H2Om-2s-1, while the half-re-
sponse time (time until half the 
magnitude of the response was 
achieved) ranged from 7 to 16 
minutes. Photosynthesis rates at 
ambient and elevated CO₂ also 
varied, spanning 4.32 to 11.33 
μmol CO2 m-2s-1  and 5.56–15.22 
μmol CO2m-2s-1, respectively.  Figure 5. A decline in stomatal conductance (gs) was observed 

in MAGIC RILs when exposed to short-term elevation of CO2 
from ambient levels (420 ppm) to 800 ppm during gas ex-
change measurements.  
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Data distribution for all traits was analysed 
using histograms (Figure 6), including sto-
matal conductance at 420 ppm (Gs_420) 
and 800 ppm (Gs_800) of CO₂, % reduction 
in gₛ, half-response time, magnitude re-
sponse and net photosynthesis at 420 ppm 
(P_420) and 800 ppm (P_800). These his-
tograms illustrate the frequency distribu-
tions of trait values observed across 206 
plant samples. % reduction in gs showed a 
near normal distribution and was therefor 
not transformed throughout the analysis 
(Figure 6). The traits Gs_420, Gs_800, 
P_420, P_800, half-time, and magnitude 
response displayed a right-skewed distribu-
tion. To improve normality before QTL 
analysis, these six variables were log-trans-
formed (Figure 7). 

Gas exchange measurements were also conducted with 15 parental lines to assess variability 
among the parents. The parental lines showed considerable variation across all measured traits 
(Table 1). % reduction in gₛ ranged from 19.80% to 36.86%. Gs_420 values ranged from 0.11 
to 0.20 mol H₂Om⁻²s⁻¹, and Gs_800 from 0.07 to 0.14 mol H₂Om⁻²s⁻¹. P_420 ranged from 5.64 
to 7.14 μmol CO₂ m⁻²s⁻¹, and P_800 from 7.60 to 9.36 μmol CO₂m⁻²s⁻¹. Half-time ranged from 
4.14 to 10.02 minutes. These values demonstrate significant variability in trait performance 
among the parental lines. Stomatal conductance was also measured in the control line Col-0, 
one of the parent lines. It was grown alongside each batch to ensure comparability.                   

Table 1. The 15 parent lines exhibit differences in trait values across the various traits assessed, re-
flecting the diversity in performance among the lines. 

Percent 
reduc-
tion  in 
gₛ (%) 

Gs_420 

(molH2Om-2s-1) 
Gs_800 

(molH2Om-2s-1) 
P_420 

(μmolCO2m-2s-1 ) 
P_800 

(μmolCO2 m-2s-1) 

1Half-re-
sponse 
time 

(minute) 

19.80 – 
36.86 

 
0.11- 0.20 0.07- 0.14 5.64-7.14 7.60-9.36 4.14-

10.02 

1time until half the magnitude of the response was achieved (minutes) 

 

Figure 6. The data obtained for the variable “percent 
reduction in stomatal conductance (gₛ)” (%) in 
MAGIC lines (n= 206) under elevated CO₂ follows a 
near normal distribution. 
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Col-0 from different batches showed a consistent response of gs to elevated CO2 (ranging from 
31.6% to 36.5%). 

a)                                                                                     b) 

  

Figure 7. a) The original data distribution for the traits: stomatal conductance at 420 and 800 ppm 
CO₂ (Gs_420 and Gs_800), photosynthesis at 420 and 800 ppm CO₂ (P_420 and P_800), leaf area, 
half-time (the time required to reach half of the total stomatal response after CO₂ elevation), and 
magnitude of response (the total stomatal response to elevated CO₂ at 800 ppm), measured for 206 
samples (n = 206). Panel b shows the distribution of the same traits after log-transformation 
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4.2 Correlation of different gas exchange traits 
 

Relationships between key physiological traits were analysed using scatter plots. First, the rel-
ative response in gₛ (% reduction) was compared with the time taken to reach half of the gₛ 
response to increased CO2 (Figure 8). This was done to check if the size of the response has 
any link with how fast the response happens. However, no clear relationship was found. One 
possible reason is that if the starting gₛ is very low, a small change in gs can look like a big 
response when expressed as a percentage change. Next, the actual magnitude of the gₛ response 
(the difference between gₛ at 420 ppm and 800 ppm) was compared with the half-response time 
(Figure 9). This also did not show any correlation. 

Lastly, the relationship between the gs and P_420 at 420 ppm CO₂ (Gs_420 and P_420) was 
tested using linear regression. The result showed a significant relationship (F₁,₂₀₄ = 28.6; P < 
0.0001; R² = 0.12) (Figure 10). However, the low R² means that only 12% of the variation in 
photosynthesis is explained by gₛ. This result suggests that gₛ and photosynthesis are co-regu-
lated to some extent, but a large part of the variation in photosynthesis is not caused by stomatal 
conductance. 

  

 

 

 
 

Figure 8. Relationship between the percentage reduction in stomatal conductance (%) at elevated CO2 

and the half-time (s) required to achieve 50% of the gₛ response following CO₂ elevationfrom420 ppm 
to 800 ppm among MAGIC lines. Each point represents an individual plant measurement (n = 206). 
The data show no significant correlation between the percentage of stomatal conductance reduction 
and the response timing. 
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Figure 10. Relationship between stomatal conductance (G_420 units: mol H₂O m⁻² s⁻¹) at am-
bient CO₂ (420 ppm) and photosynthesis rate (P_420; units:μmol CO₂ m⁻² s⁻¹) at 420 ppm CO₂ 
among MAGIC lines. Each point represents an individual plant measurement (n = 206).  

Figure 9. Relationship between the magnitude of stomatal conductance (gₛ) reduction following 
CO₂ elevation and the half-time(s) required to reach 50% of the total gₛ response among MAGIC 
lines. Each point represents an individual plant measurement (n=206). The magnitude of the re-
sponse reflects the extent of stomatal closure when CO₂ concentration increased from ambient 
(420 ppm) to elevated levels (800 ppm). The data show no significant correlation between the 
degree of stomatal conductance reduction and the speed of the response. 
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4.3 QTL mapping for gas exchange traits 
 

Genome-wide QTL scans were performed with Haley-Knott regression separately for all seven 
traits using the R/qtl2 package (Broman et al., 2019). Significance of QTLs was determined 
using LOD thresholds derived from 1,000 permutations at α = 0.05. 

In the first round of analysis, using the original data (without removal of outliers), a significant 
QTL was identified for the trait % reduction in gₛ on chromosome 1 at 26.40 Mega-base pairs 
(Mbp) (Table 3). The threshold cut-off was LOD = 10.2, and the maximum LOD was 10.3, 
meaning the QTL peak exceeded the threshold (Figure 11). All the other traits were analysed 
with their respective LOD plots and thresholds to check for any potential QTLs. No other traits 
showed significant QTLs, although minor peaks were observed (Figure 12). A summary of 
threshold values for all traits is provided in Table 2. 

A second round of QTL mapping was conducted using a cleaned version of dataset. During 
this step, two outliers were identified and removed after a thorough review. Following removal 
of these outliers and reassessment of the distribution of data for all traits, the data for half-
response time was found to require log transformation to improve normality. Using this up-
dated dataset, a significant QTL was detected for half-response time (maximum LOD = 10.6, 
significant LOD = 10.4), one that had not been identified in the original analysis (Figure 11). 
The QTL detected is located at the end of chromosome 1 at 29.32 Mbp (Table 3).  

Additionally, the magnitude of the response also showed a peak just below the significance 
threshold (peak LOD = 10.6, LOD threshold = 10.9), on the same chromosome at 23.88 Mbp. 
The QTLs for the magnitude and speed of the response share their support intervals with the 
QTL for the % reduction in gs. Notably, the QTL for % reduction in gₛ remained consistent 
before and after removal of outliers. As the additional significant QTL (for half-response time) 
was detected at a later stage in the project, candidate genes in the region that did not overlap 
with the QTL for percent reduction could not be investigated within the scope of this project. 

 

.  

Table 2. Significant thresholds for each phenotypic trait in MAGIC lines, determined through 1000 per-
mutations. Any QTL peak with a LOD score above this cut-off value is considered significant                  

Percent reduc-
tion in gₛ 

1Gs _420 2Gs _800 3P_420 4P_800 
5Half-re-
sponse 
time 

6Magnitude 
response 

 
10.2 

 
11 10.6 11.1 11.6 10.4 10.9 

1Stomatal conductance at 420 ppm CO2, 2Stomatal conductance at 800 ppm CO2, 3Net photosynthesis at 
420 ppm CO2, 4Net photosynthesis at 800 ppm CO2, 

5time required for the stomata to give half of the 
total response when CO2 is elevated from 420 ppm to 800 ppm, 6the total amount of response shown by 
stomata when CO2 is elevated from 420 ppm to 800 ppm   
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Figure 11.  LOD score plots of physiological traits percent reduction and half-time in MAGIC lines 
using Haley-Knott regression with the R/qtl2 package. A significant QTL was identified for the traits 
percent reduction in stomatal conductance (gₛ) (%) at elevated CO₂  and the half-time (s) required to 
achieve 50% of the gₛ response following CO₂ elevation to 800 ppm at the end of chromosome 1 (posi-
tion: 26.41 mega-base pair and 29.32 mega-base pair, respectively). The horizontal red dashed line 
represents the cut-off (significant LOD), with LOD = 10.2 and 10.4, and the maximum LOD scores of 
10.3 and 10.6 for both traits, respectively. 

 

Table 3.Two significant QTLs detected on chromosome 1 in MAGIC lines for two physiological traits; the 
trait percent reduction in stomatal conductance (% reduction) at elevated CO₂ and the half-time (s) re-
quired to reach 50% of the gₛ response after CO₂ was increased to 800 ppm 

 

Variable Chromosome Position (Mbp)* Maximum LOD Significant 
LOD 

Percent reduction 1 26.405130 10.3 10.2 

Half-time 
 1 29.321880 10.6 10.4 

         *Mega-base pair 

 



20 
 

 

Figure 12. Genome-wide QTL scans for six physiological traits in MAGIC lines using Haley-Knott 
regression with the R/qtl2 package. LOD score plots are shown for the following traits: stomatal 
conductance at 420 ppm CO₂ (Gs_420), stomatal conductance at 800 ppm CO₂ (Gs_800), photo-
synthesis at 420 ppm CO₂ (P_420) and 800 ppm CO₂ (P_800) and magnitude response, the amount 
of stomatal conductance reduction following CO₂ elevation from 420 ppm to 800 ppm. Each sub-
plot includes a horizontal reference line indicating the trait-specific permutation-derived LOD 
significance threshold (α = 0.05). No significant QTLs were detected for these traits. However, a 
notable peak was observed for magnitude response near the end of chromosome 1. The respective 
significance thresholds were: Gs 420: LOD = 11, Gs 800: LOD = 10.6, P_420: LOD = 11.1, 
P_800: LOD = 11.6, Magnitude response: LOD = 10.9. 
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4.4 QTL support interval 
 

To assess the range of the QTLs detected for % reduction in gₛ and half-response time, both the 
1.5-LOD support interval and the Bayesian credible interval (BCI) were used. The 1.5-LOD 
interval for the percent reduction significant QTL ranged from 22.29 Mbp to 28.83 Mbp, while 
the BCI spanned from 22.35 Mbp to 28.66 Mbp, with the QTL peak located at 26.41 Mbp 
(Figure 13). For half-response time, the 1.5-LOD interval ranged from 27.65 Mbp to 29.81 
Mbp, and the BCI ranged from 27.85 Mbp to 29.69 Mbp, with the peak positioned at 29.32 
Mbp (Figure 14). These intervals help narrow down the regions for identifying flanking mark-
ers. 

 

 

 

 

 

 

 

 

 

Figure 13. The 1.5-LOD support interval (the range where the LOD score is within 1.5 units of 
the maximum) and the Bayesian Credible Interval (BCI) (to give the range of QTL peak in the 
genome area) of a detected QTL for percent reduction in stomatal conductance (gs) at elevated 
CO2 (800 ppm) on chromosome 1. The blue line represents the LOD score across all genomic 
positions with a maximum LOD of 10.3. The 1.5-LOD support interval (red dotted lines) defines 
the most likely QTL region (22.35 Mbp (Mega-base pair) to 28.66 Mbp) for 1.5 support interval, 
while the BCI (green dotted lines) spanned from 22.28 to 28.83 Mbp. A significance threshold of 
LOD = 10.2 (black horizontal line) is applied to assess statistical relevance. The peak LOD score 
is observed at 26.41 Mbp (black vertical line), marking this position as the most probable QTL 
location. 
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4.5 SNP association scan 
 

To identify the SNP most strongly linked to the QTL for % reduction in gₛ, a genome-wide 
SNP association scan was performed (Figure 15). From this, SNPs located within the BCI  in-
terval (22.35–28.66 Mbp) on chromosome 1 were prioritised based on their LOD scores. This 
was done to find which SNPs in the QTL region have the strongest association with the trait. 
Higher LOD scores mean stronger associations. The top five SNPs within this interval showing 
the highest LOD scores were shortlisted for further analysis (Table 4). Among them, the SNP 
marker MN1_26787727, located about 377 kb downstream of the QTL peak, showed the high-
est association (LOD = 3.28). Since this SNP is close to the peak at 26.41 Mbp and falls within 
both the 1.5-LOD support interval and the BCI range, it was considered a strong candidate. 

Figure 14. The 1.5-LOD support interval (the range where the LOD score is within 1.5 units 
of the maximum) and the Bayesian Credible Interval (BCI) (to give the range of QTL peak in 
the genome area) of a detected QTL for half-response time (time for stomata to show 50% of 
total reaction when exposed to elevated CO2) on chromosome 1. The blue line represents the 
LOD score across all genomic positions with maximum LOD=10.6. The 1.5-LOD support 
interval (red dotted lines) defines the most likely QTL region (27.64 Mbp (Mega-base pair) 
to 29.81 Mbp) for 1.5 support interval, while the BCI (green dotted lines) spanned from 27.85 
to 29.69 Mbp. A significance threshold of LOD = 10.4 (black horizontal line) is applied to 
assess statistical relevance. The peak LOD score is observed at 29.32 Mbp (black vertical 
line), marking this position as the most probable QTL location. 
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Figure 15. SNP association scan for the physiological trait percent reduction in stomatal con-
ductance (gₛ) in response to elevated CO2. The plot combines the genome-wide QTL scan for 
percent reduction in gₛ, with SNP association results shown as green dots. The Y-axis represents 
LOD scores, and the X-axis denotes chromosomal positions across all five chromosomes. The red 
dashed line indicates the significance threshold for this trait (LOD = 10.2).  

Table 4. Top five SNP markers associated with the QTL for percent reduction in gₛ. 
These SNPs were identified based on their LOD scores from SNP association analysis within the 
1.5-LOD support interval on chromosome 1. Genomic positions are given in mega base pairs 
(Mbp). The top SNP, MN1_26787727, had the highest LOD score (3.28) and was selected for 
further analysis of candidate genes 

SNP Marker LOD score Physical position in chromo-
some (Mbp) 

MN1_26787727 3.27 26.784065 

FT_3485 2.71 24.333548 

NMSNP1_29898175 2.21 29.893282 

MN1_29326678 2.09 29.321713 

PERL0235052 2.04 25.849927 
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4.6 Candidate Gene Analysis 
 

Candidate genes for the QTL associated with % reduction in gₛ were identified by combining 
results from the SNP association scan and functional gene annotations within the QTL sup-
port interval, retrieved from TAIR.  

 

4.6.1 SNP-Associated Gene 
The SNPs MN1_26787727, was considered the strongest candidate based on its high LOD 
score and close position to the QTL peak. This SNP falls within the gene called FAB1C (For-
mation of Aploid and Binucleate Cell 1C), which codes for a protein phosphatidylinositol-3-
phosphate 5-kinase (PI3P5K) involved in the synthesis of phosphatidylinositol 3,5-bisphos-
phate (PtdIns(3,5)P₂). 

In A. thaliana, loss-of-function mutants of PI3P5Ks, including FAB1C, showed delayed sto-
matal closure in response to abscisic acid (ABA), due to impaired vacuolar acidification and 
morphological changes in guard cells that are essential for rapid volume reduction during sto-
matal closure (Bak et al., 2013). Further studies revealed that PtdIns(3,5)P₂ does not directly 
stimulate vacuolar proton pumps; instead, it regulates ion channels such as Chloride Channel 
a (CLC-a) on the vacuolar membrane, critical for vacuolar acidification and the stomatal re-
sponse (Carpaneto et al., 2017). 

4.6.2 1.5-LOD Support Interval Linked Genes 
The 1.5-LOD support interval region spanning from 21.94 Mbp to 29.89 Mbp contains approx-
imately 2,000 protein-coding genes. To identify potential candidate genes, a keyword-based 
search was performed in the annotation information downloaded from TAIR. The search in-
cluded keywords relevant to stress responses, stomatal regulation and signalling, such as sto-
mata, stomatal conductance, guard cell, kinase, CO₂, carbonic anhydrase, plasma membrane, 
environmental stress, abiotic stress, stress responses, ABA signalling, and ion channel, recog-
nizing that ABA and CO₂ signalling pathways converge downstream. This resulted in a list of 
14 genes, in addition to the SNP-associated gene FAB1C, (Table 5).  

The shortlisted genes (in bold) within the QTL interval fall into three broad functional catego-
ries based on their annotations and known or predicted involvement in stomatal regulation and 
stress signaling. 

The first group includes three well-characterized genes directly linked to CO₂-induced stomatal 
closure. βCA4 is located approximately 120 kb upstream of the identified QTL peak, plays a 
key role in catalysing the conversion of CO₂ into HCO₃⁻, a key early step in CO₂ signal trans-
duction (Hu et al., 2010). In contrast, βCA6, although homologous, play only a minor role in 
this process. Last gene in this group is HT1, a kinase which works as a negative regulator of 
stomatal closure in response to elevated CO₂ (Tõldsepp et al., 2018; Takahashi et al., 2022). 
HT1 lies about 3.31 Mb downstream of the QTL peak. 

The second category includes six kinases that might be involved in stress signalling and sto-
matal regulation. a) VPS34 (Vacuolar Protein Sorting 34), a phosphatidylinositol 3-kinase 
(PI3K) involved in dark-induced stomatal closure (Takahashi et al., 2017), b) PI4P5Ks (Phos-
phatidylinositol 4-Phosphate 5-Kinases), which helps in integrating environmental and 
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hormonal signals based on gene expression studies in A. thaliana (Lin et al., 2004). c) 
SnRK2.10 (Snf1-Related Protein Kinase 2.10) belongs to the SnRK2 kinase family, which 
includes SnRK2.6 (OST1)—a key component of the abscisic acid (ABA)- and CO₂-induced 
stomatal closure pathway. However, the specific role of the candidate gene SnRK2.10 in this 
signalling context remains unclear (Wang et al., 2023). d) MAPK15 (Mitogen-Activated Pro-
tein Kinase 15) is a member of the MAP kinase family, which is involved in plant signalling 
responses to various biotic and abiotic stimuli, including ABA. While MAPKs such as MAPK4 
and MAPK12 are already known to play key roles in CO₂-induced stomatal closure, MAPK15 
emerges as a candidate gene whose specific function in this pathway remains to be determined 
(Tõldsepp et al., 2018). e) SK42 (Shaggy-Like Kinase 42), which is also known as plant GSK3 
(Glycogen synthase kinase), is involved in various stress responses (Song et al., 2023), and f) 
MPK2 (Mitogen-Activated Protein Kinase 2), which responds to various abiotic stress signals 
(Ortiz-Masia et al., 2007). 

The third group includes a variety of functionally diverse genes related to stress responses and 
stomatal behaviour. JAC1 (J-Domain Protein Required for Chloroplast Accumulation Re-
sponse 1), primarily functioning in chloroplast movement, also affects photosynthetic effi-
ciency, stomatal aperture, water vapor conductance, and CO₂ uptake, in addition to takes part 
in photooxidative stress signaling (Czarnocka et al., 2020). WDL7 (Wave-Dampened2-Like 
7) encodes a protein that stabilises microtubules and is targeted for degradation during drought 
or ABA treatment by the E3 ubiquitin ligase MREL57 (Microtubule-Related E3 Ligase 57). 
This regulated degradation of WDL7 enables microtubule disassembly, facilitating stomatal 
closure (Dou et al., 2021). Another key gene is JMJ17 (Jumonji Domain-Containing Protein 
17), a histone demethylase involved in dehydration stress response by modulating the expres-
sion of OST1, a central kinase involved in ABA and CO2 signalling (Huang et al., 2019). 
Lastly, SLAC1 HOMOLOGUE 1 (SLAH1) and SLAC1 HOMOLOGUE 4 (SLAH4) are anion 
channel proteins similar to SLAC1, which mediates ion efflux from guard cells to trigger sto-
matal closure in response to ABA and elevated CO₂ (Negi et al., 2008; Xue et al., 2011; Hõrak 
et al., 2016). Each gene was selected based on its function and what is known in the literature 
about its role in CO₂-induced stomatal movement.  

 

Table 5. Candidate genes identified from SNP association scan and within the 1.5-LOD support interval 
(21.94–29.89 Mbp) on chromosome 1. These genes are linked to the QTL for % reduction in gₛ and are 
prioritized based on their proximity to SNP markers within the identified region 

 

Gene 
ID Gene Name Gene Function Biological Relevance References 

SNP marker associated gene 

AT1G
71010 

FAB1C (For-
mation of 

Aploid and Bi-
nucleate Cell 

1C) 

Encodes a phospha-
tidylinositol-3p 5-ki-
nase (PI3P5K), in-
volved in synthesis 

of PtdIns(3,5)P₂. 

Involved in vacuolar 
acidification and FAB1C 

mutants show delayed 
stomatal closure in re-

sponse to ABA 

Bak et al., 
2013;Car-
paneto et 
al., 2017 
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QTL peak 1.5 LOD interval associated genes 

AT1G
70410 

βCA4 (Beta 
Carbonic An-

hydrase 4) 

Encodes the β-car-
bonic anhydrase 4 
involved in CO₂ 

sensing 

Known upstream regula-
tor in CO₂-induced sto-

matal closure 

Hu et al., 
2015; Wang 
et al., 2016; 

Hu, 2009 

AT1G
58180 

βCA6 (Beta 
Carbonic An-

hydrase 6) 

Encodes β-carbonic 
anhydrase 6 

Minor role in CO₂ sens-
ing among carbonic an-

hydrases 

Hu et al., 
2010 

AT1G
62400 

HT1 (high leaf 
temperature 1) Protein kinase 

Key negative regulator of 
the CO₂-induced stomatal 

response 

Hashimoto 
et al., 2006; 
Hõrak et al., 

2016 

AT1G
62262 

SLAH1 (Slac1 
Homologue 1) 

SLAC1-like anion 
transporter 

Involved in ion homeo-
stasis; plasma membrane 

localised 

Negi et al., 
2008 

AT1G
62280 

SLAH4 (Slac1 
Homologue 4) 

SLAC1-like anion 
channel in guard 

cells 

Possible role in CO₂-in-
duced stomatal conduct-
ance via ion regulation, 
given its similarity to 

SLAC1 

Negi et al., 
2008 

AT1G
75100 

JAC1(J-Do-
main Protein 
Required for 
Chloroplast 

Accumulation 
Response) 

J-domain protein re-
quired for chloro-
plast accumulation 

and movement 

Important for chloroplast 
movement. Affects sto-
matal aperture and CO2 

uptake, and is involved in 
oxidative stress re-

sponses 

Czarnocka 
et al., 2020 

AT1G
70950 

 

WDL7 (Wave-
Dampened2-

Like 7) 

A microtubule-stabi-
lising protein 

Part of microtubule deg-
radation in ABA induced 

stomatal closure 

Dou et al., 
2021 

AT1G
63490 

JMJ17 
(Jumonji Do-
main-Contain-
ing Protein17) 

Histone demethylase 

Modulates OST1 expres-
sion and thereby affects 
stomatal closure in the 

ABA response 

Huang et 
al., 2019 

AT1G
60490 

VPS34 (Vacu-
olar Protein 
Sorting34) 

Vacuolar protein 
sorting 34; phospha-
tidylinositol 3-kinase 

Implicated in CO₂ signal-
ling via phosphoinositide 
pathways affecting sto-

matal closure 

Takahashi 
et al., 2017 
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AT1G
73670 

MPK15 (Mito-
gen-Activated 

Protein Ki-
nase15) 

Mitogen-activated 
protein kinase 

Possible involvement in 
stress signalling; no di-

rect CO₂ link yet 

Kazuya 
Ichimura et 

al.,2002 

AT1G
59580 

MPK2 (Mito-
gen-Activated 
Protein Kinase 

2) 

Mitogen-activated 
protein kinase 

Stress-activated kinase 
with possible overlap to 

ABA signalling 

Ortiz-Masia 
et al., 2007 

AT1G
60890 

 

PI4P5Ks 
(Phosphatidyl-

inositol 4-
Phosphate 5-

Kinases) 

Phosphatidylinosi-
tol-4-phosphate 5-ki-
nase family protein 

Associated with integrat-
ing environmental and 

hormonal signals 

Lin et al., 
2004 

AT1G
60940 

SnRK2.10 
(Snf1-Related 
Protein Kinase 

2.10) 

Encodes protein a ki-
nases SnRK2 

Part of a kinase family 
involved in abscisic acid 
(ABA) and CO2 medi-
ated stress signaling 

Wang et al., 
2023. 

AT1G
57870 

SK42 
(Shaggy-Like 
Kinase 42 ) 

A glycogen synthase 
kinase 3 

Involved in diverse stress 
responses 

Li et al., 
2021 

 

5 Discussion 

This study investigated the genetic basis underlying natural variations in the stomatal response 
to elevated CO₂ concentration in A. thaliana MAGIC RILs. There was considerable variation 
in the short-term stomatal responses to elevated CO₂ across genotypes in the mapping popula-
tion, with gₛ reductions ranging from 7% to 54%, consistent with earlier studies in A. thaliana 
and other species (Morison, 1998; Haworth et al., 2013; Medlyn et al., 2001). The genetic basis 
of this variation was explored through QTL mapping, which resulted in the identification of a 
QTL at the end of chromosome 1. A previous QTL mapping study of stomatal regulation in 
response to elevated CO2 by Johansson et al. (2020) reported multiple QTLs on different chro-
mosomes, but none of them overlapped with those found in this study. This suggests that addi-
tional loci contribute to natural variation in CO₂ responses, and that further QTLs could poten-
tially be revealed under different experimental conditions or with expanded populations. 

A SNP association scan and a gene search within the QTL region revealed 15 candidate genes. 
Interestingly, the SNP marker that showed strong association with the QTL peak for short-term 
CO₂-induced % reduction in gₛ was linked to the gene FAB1C, located approximately 377 kb 
downstream of the QTL peak. FAB1C encodes PI3P5K, an enzyme involved in the biosynthe-
sis of PI(3,5)P₂, a signalling lipid that contributes to vacuolar acidification, which is essential 
for guard cell turgor regulation during ABA-induced stomatal closure. Loss-of-function 
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mutants of FAB1C exhibit delayed stomatal responses to ABA, likely due to reduced vacuolar 
acidification and delay in stomatal closure (Bak et al., 2013). It is known that PI(3,5)P₂, in-
volved in vacuolar acidification, does not directly affect vacuolar proton pumps but instead 
regulates vacuolar ion channels like CLC-a (Chloride Channel A) (Carpaneto et al., 2017). 
CLC-a is a NO3⁻/H⁺ exchanger that contributes to vacuolar ion homeostasis, and its inhibition 
by PI(3,5)P₂ enhances vacuolar acidification, leading to stomatal closure. Additionally, CLC-
a is activated by OST1, a key kinase involved in both ABA and CO₂ signalling pathways, fur-
ther linking FAB1C activity to stomatal regulation under both conditions. Since the regulation 
of the CLC-a ion exchanger is already influenced by a component shared by both pathways, it 
underlines the importance of examining the role of PI(3,5)P₂-mediated CLC-a regulation in 
this context (Wege et al., 2014).  

Stomatal closure in response to elevated CO₂ converges downstream with the ABA-induced 
stomatal closure pathway. Current models indicate that CO₂-induced signalling merges with 
ABA signalling at or upstream of OST1, a key kinase that activates the SLAC1 anion channel 
and mediates guard cell turgor changes (Mustilli et al., 2002; Fujii et al., 2009). The reduction 
of guard cell volume during stomatal closure depends on regulation of ion and water fluxes 
across both plasma and vacuolar membranes (Vahisalu et al., 2008; Mirasole et al., 2023). 
Notably, recent studies have highlighted the importance of vacuolar membrane regulation in 
stomatal responses to environmental stimuli such as ABA and CO2 (Isner et al., 2018; Zhang 
et al., 2018). 

Moving on to the other genes identified from the QTL region, two well-known genes, βCA4 
and HT1, both are key components involved in CO₂-induced stomatal closure. βCA4, along 
with βCA1, plays an early role in CO₂ sensing by converting CO₂ to bicarbonate, which acts 
as a second messenger in the signalling cascade (Hu et al., 2010). HT1 is a protein kinase that 
negatively regulates CO₂-induced stomatal closure. It is also part of the broader signalling net-
work that responds to environmental cues (Hashimoto et al., 2006; Hashimoto-Sugimoto et al., 
2016; Hõrak et al., 2016). Recent studies show that HT1 forms a complex with MAP kinases 
MPK4 and MPK12, acting as an early bicarbonate sensor in the CO₂-induced pathway. Under 
high CO₂, βCA1/4 enhances CO₂-to-bicarbonate conversion, triggering MPK4/12 binding to 
HT1 (Hõrak et al., 2016; Jakobson et al., 2016; Tõldsepp et al., 2018; Takahashi et al., 2022). 
This inhibits HT1 kinase activity, downregulating CBC1 (Convergence of Blue Light and CO2 

1) kinase and allowing kinases like OST1 and GHR1 to activate the SLAC1 anion channel. 
This leads to ion efflux from guard cells, resulting in stomatal closure (Vahisalu et al., 2008; 
Sierla et al., 2018; Hiyama et al., 2017). 

In addition to the previously mentioned genes, the region has twelve other candidate genes that 
are potential targets for further functional analysis. These genes fall into two broad categories: 
kinases involved in various signal transduction pathways and genes associated with stress re-
sponses and the ABA signalling pathway. Because CO₂ and ABA signalling pathways overlap 
at several points, genes involved in ABA-induced stomatal closure may also contribute to CO₂ 
responses. Similarly, genes linked to general stress responses may also play a role, warranting 
further investigation. 

Since QTL mapping identifies genomic regions rather than exact causal genes, examining all 
potential candidates in the interval is important. Functional validation will be necessary to de-
termine the underlying relationship. 



29 
 

During the final stages of analysis, some unusual values were noticed in the data visualisation. 
After the removal of these outliers, a final round of QTL mapping led to the discovery of an 
additional QTL associated with half response time. A major portion of the QTL support interval 
for half-response time overlaps with that of the QTL peak for % reduction in gₛ. However, since 
correlation analysis showed no relationship between these two traits, it suggests they may be 
controlled by different genes. Alternatively, it remains possible that a shared genetic region 
could influence both traits through separate mechanisms, or that two closely linked genes may 
be acting in coordination. Further detailed investigation is needed to clarify these possibilities.  

Another noteworthy observation was the weak correlation between gₛ and photosynthesis. One 
possible explanation could be the diverse genetic makeup within the MAGIC population, which 
was generated through a large number of recombination events. As a next step, it could be 
valuable to investigate the factors influencing photosynthesis variation more deeply, poten-
tially through mapping photosynthetic capacity or exploring this variance using MAGIC pop-
ulations. 

Interestingly, some genotypes displayed low stomatal conductance alongside relatively high 
photosynthetic rates. This combination indicates high water use efficiency, implying reduced 
water loss without compromising carbon assimilation. These genotypes could be promising 
candidates for further exploration, particularly in mapping loci linked to water use efficiency. 
Investigating this trait could reveal genetic mechanisms that enable plants to optimise gas ex-
change under elevated CO₂ or water-limiting conditions, which has direct implications for im-
proving crop performance in the face of climate change. 

5.1 Next steps 

The QTL identified for % reduction in gs in this study is significant; however, its support in-
terval is quite broad, ranging from 22.94–28.89 Mbp. One possible reason for this could be the 
limited number of genotypes (206 MAGIC RILs) used in the analysis. While this number is 
larger than what is generally used in biparental populations, it might still be insufficient con-
sidering the complexity and allelic diversity within a MAGIC population. Increasing the num-
ber of lines would not just strengthen the power of the analysis but also help narrow down the 
QTL region by improving mapping precision (Kover et al., 2009; Keele et al., 2019). This is 
especially important in a highly diverse population like MAGIC, where the frequency of some 
alleles may be low (Keele et al., 2019). Although replication within lines can reduce environ-
mental noise and improve trait accuracy, it does not increase the proportion of genetic variance 
a QTL explains. Therefore, adding more genotypes to the QTL analysis is generally more val-
uable than increasing the number of replicates per line. Even so, replicates of individual lines 
are useful to reduce background noise and environmental variation, which can improve the 
quality of the phenotypic data (Kearsey, 1998; Kover et al., 2009; Keele et al., 2019). The 
decision to prioritise the number of lines over the number of replicates was relevant in this 
study, as the phenotype being measured is time-consuming and labour-intensive. Therefore, 
priority was given to increasing the number of lines, rather than replicates, to maximise the 
power and resolution of QTL detection. One of the immediate steps is to add more samples to 
the current study by growing more batches of MAGIC lines under similar conditions and make 
sure the phenotype is consistent across the batches using control lines with each batch. 

Another key step is to examine the effect of parental alleles. This will help determine which 
parents contribute positively, negatively, or neutrally to traits such as the % reduction in sto-
matal conductance. Once the positive-effect parents are identified, they can be backcrossed 
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with negative or neutral lines to develop Near Isogenic Lines (NILs). NILs are nearly identical 
except for the QTL region, which allows for confirmation of the effect of the QTL (Li et al., 
2020). A detailed look at allele distribution across the full set of 527 MAGIC RILs (Kover et 
al., 2009) will also help identify additional lines that carry favourable alleles, which can be 
prioritised for NIL development or functional studies.  

Finally, functional validation of the candidate genes within the QTL interval could be carried 
out using T-DNA knockout mutants. A T-DNA knockout mutant is a plant line where a specific 
gene has been disrupted by the insertion of a large DNA fragment (T-DNA) through transfor-
mation using the bacterium Agrobacterium tumefaciens. This insertion can interrupt the ex-
pression of the gene, allowing researchers to study the effects of its loss of function (Sangwan 
et al., 2012; O'Malley et al., 2015). By comparing the stomatal response of mutants to that of 
wild-type plants, we can investigate if the gene affects stomatal closure under elevated CO₂. 
However, since the MAGIC lines have a complex genetic background derived from 19 differ-
ent parents, any findings from T-DNA mutants, which are usually in the Col-0 background, 
should be interpreted with care. It may be necessary to consider that some variation may be 
related to gain-of-function mutations in some parent lines relative to Col-0. 

6 Conclusion 

This study is an initial step towards investigating genetic components involved in CO₂-induced 
stomatal closure among a diverse set of Arabidopsis genotypes. While a significant QTL region 
on chromosome 1 was identified, further research is needed to narrow down the QTL location 
by increasing the sample size and investigating parental allele effects. Functionals analysis of 
key candidate genes such as FAB1C, which may play a role in vacuolar regulation during sto-
matal closure, will also be an important next step. Ultimately, advancing our understanding of 
the genetic regulation of stomatal conductance at elevated CO₂ levels will bring us closer to 
developing strategies for improving drought resistance and water-use efficiency in crops, con-
tributing to food security in a future with increasing CO₂ concentrations. 
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Appendix 1  

Popular science summary 

How plants adapt in a CO₂-increasing world: connecting the genetic puzzle 

Did you know that stomata—the tiny breathing pores on the surface of plant leaves—are changing their 
behaviour in response to climate change? These shifts could reshape agriculture, water use, and food 
security in the future. 

Stomata: small openings, big impact 

As carbon dioxide (CO₂) in the atmos-
phere continues to rise, plants are al-
ready starting to respond. One of the key 
changes happens in their leaves, specifi-
cally in the tiny pores called stomata. 
These act like gatekeepers: they open to 
let CO₂ in for photosynthesis and release 
oxygen and water vapour through tran-
spiration. Under elevated CO₂, many 
plants don’t need to open their stomata 
fully because they get sufficient CO₂ to 
perform normal photosynthesis. With 
smaller openings, plants lose less water 
while still maintaining normal growth 
and productivity. The degree of this stomatal opening is quantified by stomatal conductance 
(gₛ), which measures the rate of gas exchange through the stomata. Studies have shown that 
elevated CO₂ can reduce stomatal conductance by approximately 5–60% in many plant species, 
depending on genotype, growth conditions, and developmental stage. This may sound like a 
small adjustment, but in a drier, more water-limited future, it could make a big difference for 
plant survival—and for the crops we rely on. 

So, how do plants actually "know" when to close their stomata as CO₂ levels rise? What are 
the genetic components that detect and transmit this signal inside the guard cells, the specialised 
cells that control stomatal opening and closing? 

We know this response isn’t regulated by a single gene, but rather by a complex signalling 
network involving multiple genetic components. Some of the key elements have already been 
identified, but the full picture is still far from complete. 

Looking for missing components 

In this study, we searched to find some of those missing or connecting pieces in the genetic 
puzzle. To achieve this, we utilised the MAGIC (Multiparent Advanced Generation Inter-
Cross) population of Arabidopsis thaliana. These plants carry a rich mix of genes from differ-
ent parent plants, making them ideal for genetic studies. 

 

 

 

 

 

Under elevated CO₂, plants close these stomata to con-
serve water—an adaptive shift in a changing climate  
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We studied the stomatal conductance response in MAGIC of Arabidopsis plants grown under 
controlled conditions. For each plant, we first measured stomatal conductance at ambient CO₂ 
(420 ppm) until steady-state was reached. Then, we raised the CO₂ to 800 ppm and recorded gₛ 
again to assess the short-term response (response shown within minutes to hours). We calcu-
lated the percentage reduction in gₛ to quantify how each plant reacted to elevated CO₂. Using 
this response data, we scanned the plants' chromosomes with a genetic mapping tool to identify 
DNA regions strongly linked to this stomatal behaviour. 

 

 

A clue on chromosome 1 

What we found was a promising QTL (Quantitative Trait Locus) at the end of chromosome 1. 
A QTL is a region on the chromosome where we can look for genes that might be linked to a 
measurable trait—in this case, the stomatal response to elevated CO₂. This QTL represents a 
promising target for further investigation. We have also shortlisted approximately 15 genes 
that may be functionally linked to the trait from the QTL region. These genes represent poten-
tial regulators of the stomatal response to high CO₂ and may include previously unidentified 
components of the underlying signalling network. 

Why these matters 

As droughts become more common and CO₂ levels continue to rise, helping crops use water 
more efficiently is more important than ever. One way plants manage this is by partially closing 
their stomata under high CO₂, saving water while maintaining productivity. Identifying the 
genetic regions behind this response is the first step toward discovering the specific genes in-
volved. This knowledge lays the foundation for plant breeders to develop new crop varieties, 
selecting the best-performing traits to build crops better adapted to a hotter, drier, CO₂-rich 
future. 

 

 

 

Did you know.. 

The MAGIC population of Arabidopsis tha-
liana is created by crossing 19 different 
parent plants. Each offspring is a unique 
mix of all those parents. Scientists can more 
easily zoom in to exact bits of DNA linked 
to important traits-like how plants respond 
to rising CO₂. Figure showing an example 
of the MAGIC cross with 8 parents 
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