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1. Findings resulting from genome-wide association analyses are speculative until 
experimentally validated.  
(this thesis)

2. Environmental stress accelerates adaptive evolution.  
(this thesis)

3. The claim that improving photosynthesis will increase crop yields is based more on  
wishful thinking than on scientific evidence.

4. Conservation biologists should abandon their nativist world views.

5. Open access AI will benefit education by shifting the emphasis towards critical thinking, 
rather than training ‘monkeys’ and ‘parrots’.

6. Any species of animal, besides humans, are suitable as a pet.

7. Fully paved gardens should be prohibited.
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Chapter 1

Plant adaptation to their environment
The environment of a plant encompasses numerous biotic and abiotic factors 
that fluctuate over time. Once these negatively impact plant performance 
or fitness, they can be considered as sources of (a)biotic stress. Herbivory, 
pathogens, and competing plants are common causes of biotic stress 
(Suzuki et al., 2014), and water (drought or flooding), salinity, extreme 
temperatures, light levels, nutrient deficiencies and excesses are examples 
of frequently occurring sources of abiotic stress (Pereira, 2016). It is 
important to note that the use of the term ‘stress’ is context depended 
as conditions that negatively impact one species, population or individual, 
may be optimal to another. As sessile organisms, plants cannot evade most 
sources of stress. The reproductive fitness of an individual plant is thus 
largely dependent on its capability to adapt its responses to best match 
their environment (Figure 1). 
 Broadly speaking, plants can use adaptive phenotypic plasticity to deal 
with immediate stresses that act upon a single generation. Over multiple 
generations, plants can adjust their genotype via adaptive evolution to 
better match their environment or can move, for instance via seed dispersal, 
to better suited environments. The adaptative and evolutionary principles 
of plant adaptation that are at play in a natural setting are also of major 
importance to agriculture. On the one hand, crops may suffer major yield 
losses resulting from different kinds of (a)biotic stresses. On the other 
hand, the environment sets the borders in which a particular species can 
grow and thrive. By developing better-adapted and more resilient crops, 

Figure 1: Plants may adapt through different mechanisms to stress. When exposed to 
stress (indicated with a reddish soil) and no appropriate mechanisms to deal with 
it are present, plants may perish (top left panel). Alternatively, plants may adjust 
their physiology and morphology is such a way to better cope with the particular 
stress, which is known as adaptive phenotypic plasticity (bottom left panel). There 
may be natural genetic variation for the response to stress, where only individuals 
with a particular genotype, that is better suited to deal with the environment, may 
survive (top right panel). Such genotypes can be selected for from standing genetic 
variation, or may arise through spontaneous mutation. Finally, if a genotype cannot 
survive in a particular environment, it may migrate to environments to which it is 
better suited, for instance via seed dispersal (bottom right panel).
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these losses can be mitigated and the environmental compatibility of a crop 
can be expanded. Consequently, the total suitable area for cultivation, as 
well as the yield per unit area, can be increased. Therefore, it is crucial to 
comprehend the mechanisms of adaptation available to plants. 

Shapeshifting as a means to succeed
Throughout a plant’s lifespan, adaptation to the environment occurs 
primarily via adaptive phenotypic plasticity. This refers to the organism’s 
capacity to alter its physiology or morphology in response to changes in 
environmental conditions in ways that enhance the organisms performance 
and fitness (Schlichting, 1986). Phenotypic plasticity encompasses 
various processes, starting from the initial perception of stress, followed 
by signalling, signal integration, and ultimately culminating in a response 
achieved through adjustments in transcriptional and translational processes  
(H. Zhang et al., 2022). Different stressors often elicit specific and 
distinct responses tailored to match those specific stressors. However, 
multiple stresses often co-occur in nature, and they may individually 
induce different or even opposing responses. For instance, photosynthesis 
requires open stomata, which leads to high transpiration, to function 
properly. Therefore, growth is not possible when stomata are closed.
Heat stress prompts plants to open their stomata, thereby increasing 
transpiration to cool the leaves. Conversely, drought stress leads 
plants to close their stomata to prevent transpiration and water loss  
(Rivero et al., 2022). When heat and drought occur together, which is 
common, their combined effect cannot simply be the sum of the two individual 
responses. Instead, it requires prioritization or induction of unique responses  
(Mittler, 2006; Rivero et al., 2022; Suzuki et al., 2014; Thoen et al., 
2017). 
 In addition to dealing with immediate stresses, plants appear to 
possess the ability to utilize environmental cues to anticipate future stresses, 
which further contributes to the complexity of their plastic responses. The  
likely existence of anticipatory adaptative mechanisms in plants is not 
surprising, considering that certain stresses often follow a correlated 
sequential order in nature (Mertens, Boege, et al., 2021). For instance, subtle 
decreases in day-length and temperature near the end of the growth season 
will tightly correlate with further and more stressful decreases of temperature 
that occur during winter. Moreover, the arrival of insect herbivores during  
a season typically adheres to common sequences of arrival of insects that are 
either leaf-chewing (e.g., caterpillars) or phloem-feeding (e.g., aphids). The 
defence response against leaf-chewing insects is predominantly regulated 
through jasmonic acid (JA) signalling, while the response to phloem-
feeding insects is primarily regulated through salicylic acid (SA) signalling  
(J. Wu & Baldwin, 2010). The defence response against either leaf-chewing 
or phloem-feeding insects generally enhances tolerance to subsequent 
attacks from the same feeding type. However, it may also increase 
susceptibility to subsequent attacks from the opposing feeding type due to 
the antagonistic SA-JA crosstalk (Soler et al., 2012; Thaler et al., 2012).  
Nevertheless, a field study conducted by (Mertens, Fernández de Bobadilla,  
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et al., 2021) demonstrates that despite the antagonistic responses to 
these two types of herbivores, plants retain their resistance to consecutive 
herbivore attacks (of both feeding types) when attackers arrive in a common 
sequential order. On the other hand, increased susceptibility is observed 
when rare sequential orders of attack by the same herbivores occurs. Hence, 
signal transduction and integration of both acute and anticipated stresses 
thus play a crucial role in the decision-making process of plastic responses. 
 The initial stages of acclimation involve sensing and signalling 
environmental changes. Early stress sensing primarily occurs through 
physical and chemical alterations that arise as a direct consequence of 
environmental shifts (Baxter et al., 2014). These early sensing mechanisms 
subsequently initiate cellular responses through a range of early signalling 
events, such as the activation of mitogen-activated protein kinases 
(MAPKs), protein phosphorylation and various second messengers including 
Ca2+, phospholipids, nitric oxide and reactive oxygen species (ROS) such 
as superoxide anion, hydrogen peroxide, hydroxyl radical and singlet 
oxygen (Baxter et al., 2014; H. Zhang et al., 2022). Notably, ROS play an 
interesting dual role. They serve as crucial signalling molecules required 
for an effective stress response; however, when their levels exceed the 
plant’s detoxification capacity, they can cause irreversible oxidative damage 
to DNA, RNA, proteins, lipids and numerous small molecules (Miller et al., 
2009). Since ROS also play a vital role in various developmental processes 
such as plant organ morphogenesis, it is essential to maintain a balance 
in their production and quenching (H. Huang et al., 2019). This balance is 
primarily achieved by compartmentalizing ROS production, regulating its  
generation in a spatial and temporal manner and controlling ROS scavenging 
agents (Castro et al., 2021). 
 The ability of plants to adjust their physiology to better suit the 
environment can be influenced by past experiences during their lifetime. 
This phenomenon, known as stress priming, occurs when exposure to 
a specific type of (a)biotic stress earlier in life affects the response to 
subsequent stress later on, often rendering the plant more resistant to the 
latter stress (Bruce et al., 2007; H. Liu et al., 2022). For instance, wheat 
plants whose seeds were pretreated by soaking them in saline solution 
displayed increased tolerance to salinity throughout their growing season  
(Iqbal & Ashraf, 2007). The memory associated with stress priming is thought to 
be regulated epigenetically through DNA methylation, chromatin remodeling, 
histone modifications and small RNAs (Turgut-Kara et al., 2020). Generally, 
these epigenetic marks function in gene expression regulation and influence 
genome stability by silencing transposable elements (TEs) (Law & Jacobsen, 
2010). The duration of these epigenetic modifications can vary, ranging from 
hours to weeks, with some even being transmitted to subsequent generations, 
potentially serving as transgenerational stress memory (Boyko et al., 2006;  
Mladenov et al., 2021). However, it is important to note that only some 
epigenetic modifications are adaptive and the majority of epigenetic 
modifications are erased during meiosis. Those that persist typically 
only endure for a single subsequent generation (Mladenov et al., 2021).  
As a result, no epi-alleles have been reported in plants that confer 
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persistent stress tolerance after the initial application of stress, although 
the evolution of such epi-alleles would be expected if such memory existed  
(H. Zhang et al., 2022). Epigenetic stress memory may be particularly 
important for asexually reproducing plants, as they bypass the epigenetic 
bottleneck of meiosis. 

Shaping success
The second primary mechanism for adaptation is the acquisition of 
beneficial genetic variants through the process of adaptive evolution.  
Three requirements must be met for adaptive evolution to occur:  
(i) there must be variation in traits, (ii) the variation in traits must be 
associated with variable fitness (i.e., selection) and (iii) there must be 
heritability (parent-offspring resemblance) of the trait variation. The factors 
together can result in an increase in the frequency of beneficial alleles 
(associated with higher fitness) at the expense of deleterious alleles in a 
population over successive generations. Since the environment provides the 
context for determining what is advantageous or deleterious, in populations 
that inhabit different environments, different alleles may accumulate that 
confer benefits specific to those environments.

Types of genetic variants
Heritable trait variation is thus crucial for facilitating adaptive evolution. 
Variation can arise through segregation and recombination, where existing 
genetic variants in parental genomes are reshuffled in offspring, or through 
the occurrence of spontaneous mutations. These mutations can be classified 
based on their size, including single nucleotide polymorphisms (SNPs; 1 bp), 
small insertions and deletions (indels; 2– 50 bp), structural variations (SVs; 
>50 bp) such as copy number variants (CNVs), inversions and translocations, 
or even encompass entire chromosomes in the case of aneuploidy or altered 
ploidy levels (Figure 2a). Although the classification of variant types based on 
size is somewhat arbitrary, their relative contributions to (adaptive) evolution 
may vary (Figure 2b). The underlying causes of spontaneous mutations may 
differ for these different types of variants. Most variant types arise from 
common mechanisms and causes, such as DNA replication errors, faulty DNA 
repair, activation of mobile genetic elements, recombination errors during 
mitosis or meiosis and exposure to mutagenic factors such as radiation and 
certain chemicals. However, the predominant causes and mechanisms differ 
between variant types and often depend on the genomic context. For instance, 
at CpG sites (CG dinucleotides where both cytosines are methylated), the 
methylated cytosines are prone to being converted to thymine, leading to a SNP 
if not corrected by mismatch repair (G.-M. Li, 2008). Indels may result from 
strand slippage of the polymerase during DNA replication, which occurs more 
frequently in repetitive sequences such as microsatellites (Campbell & Eichler, 
2013; G.-M. Li, 2008). CNVs are more likely to occur in genomic regions with 
low-copy repeats that facilitate nonallelic homologous recombination (Zhang 
et al., 2009; Żmieńko et al., 2014). Therefore, both the genomic context in  
which spontaneous mutations are more likely to arise and the rate which 
they occur differ for the different variant types.
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The dynamic nature of mutation rates
Currently, there is still much that remains unknown about spontaneous 
mutation rates in plants in general, let alone the rates for each specific 
variant type. Several biological and technical challenges make it difficult 
to accurately measure mutation rates (Quiroz et al., 2023). One of the 
reasons is that the absolute number of spontaneous mutations per 
generation is very low. Early experiments aimed to measure mutation rates 
by observing de novo phenotype generation for easily detectable traits. 
For example, in maize, the R gene was used as a phenotypic marker since 
mutations in this gene would lead to colourless plants and/or colourless 
kernel aleurone   (Stadler, 1946). However, using phenotypes as a marker 
to estimate mutation rates has drawbacks, as it requires screening a large 
number of progeny due to the low occurrence of spontaneous mutations.  
Additionally, the resulting observed mutation rates heavily depend on the 
genetic complexity of the trait under study. For instance, if a change in 
phenotype is generated by a loss-of-function mutation in a specific gene, 
there can be many different mutations (e.g., any frameshift mutations) that 
result in the same phenotype, compared to traits obtained through more 
specific gain-of-function alleles. Furthermore, the obtained estimates only 
provide a gene- or trait-specific mutation rate, which may not accurately 
represent the genome-wide mutation rates, and they do not differentiate 
between the different types of variants that cause the phenotypic changes.  
 Nowadays, the increasing availability of next-generation sequencing 
methods has made it possible to more directly assess mutation rates. One 
approach is to sequence both parents and offspring to identify mutations 
present in the offspring but not in either parent. Another common method is 
to estimate mutation rates through sequencing of individuals from mutation 
accumulation experiments. In mutation accumulation experiments, 
offspring of a single, fully homozygous parental line are grown under 
optimal conditions and are propagated through single-seed descent for 
multiple generations (Halligan & Keightley, 2009; Ossowski et al., 2010; 
Quiroz et al., 2023). The optimal experimental conditions aim to minimize 
selection pressure, while propagation through single-seed descent creates a 
genetic bottleneck, allowing nearly all spontaneous mutations to accumulate 
(Halligan & Keightley, 2009). The use of genetic bottlenecks and minimal 
selection is important because otherwise deleterious mutations could be 
rapidly selected against and lost from the experimental lines, leading to 
an underestimation of the total number of mutations that occurred. Based 
on such experiments, current genome-wide mutation rate estimates 
for plants range roughly between 0.1 and 1 mutation per generation  
(Ossowski et al., 2010; Schoen & Schultz, 2019). These estimates suggest 
relatively low mutation rates, particularly considering that they are obtained 
with minimal selection and would likely be even lower with additional 
selection pressures. These findings together indicate that the process of 
adaptation through the generation of spontaneous mutations is slow.
 Mutation rates themselves are not fixed and can be subject to selection 
and change over time. As the rate at which new variation arises can directly 
impact the rate of adaptive evolution, it is important to understand the 
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Figure 2: Mutations range in various shapes and sizes. a) Single nucleotide 
polymorphisms (SNPs) span, by definition, only one base-pair (bp). Small insertions 
and deletions (indels) span 2 – 50 bp, while larger mutations are considered as 
structural variation, and comprise inversions, translocations and larger gains 
or losses of sequences. Such larger insertions and deletions, along with gene 
duplications (either tandem or dispersed) are known as copy number variation. 
Finally, mutations may also span the entire genome, thus changing the ploidy 
level, or an entire chromosome(s) in case of aneuploidy. b) Hypothetical impact of 
mutation size on the relative fitness effect, where larger mutations such as CNVs 
may more often have larger impacts on fitness compared to smaller mutations 
such as SNPs and InDels. Note, although these distributions are speculative, the 
general shape of the fitness effects of mutations is based on the models by Orr, 
(1998) and a model proposed by Bank et al., (2014). 
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processes that shape mutation rates. For instance, mutations can arise from 
faulty DNA repair and replication. If the genes responsible for these process 
themselves mutate, this can lead to a significant increase in the mutation 
rate. In cases where a population is poorly adapted to its environment, 
hypermutator phenotypes, with significantly elevated mutation rates, can 
be selected for. A well-known example of this phenomenon is the evolution 
of hypermutator phenotypes in several experimental populations of  
E. coli, where mutations in DNA repair mechanism genes resulted in 
mutation rates up to three orders of magnitude higher than the ancestor 
(Sniegowski et al., 1997; Barrick & Lenski, 2013). Although most mutations 
are more likely to be deleterious than beneficial, an increased mutation 
rate also raises the probability of acquiring beneficial mutation. In plants 
such hyper-mutator alleles are not likely playing much importance,  
as sexual reproduction will quickly uncouple it from any beneficial mutations. 
Yet, as long as there is sufficient room for adaptation in the environment, 
the advantages gained from an increased mutation rate in general 
may outweigh the burden of the higher load of deleterious mutations.  
This balance shifts when a population becomes well-adapted, as most 
mutations will then be deleterious. Therefore, mutation rates are likely in a 
constant balance between the ability to adapt (higher mutation rate) and the 
ability to maintain adapted (lower mutation rate) (Ram & Hadany, 2014). 

Stress impacts the rate of adaptive evolution
Stressful environments can have a direct impact on mutation rates, providing 
another avenue for understanding the dynamics of plant adaptation. 
Stressors such as ROS and alkylating agents can cause mutations either by 
directly damaging DNA or by indirectly inhibiting the function of enzymes 
involved in DNA fidelity (Friedberg et al., 2005). The specific role of stress-
induced mutations in plant adaptation is not yet well understood, but 
there are indications that this may be an important mechanism aiding in 
rapid adaptation. A study by (DeBolt, 2010) shed light on this topic using 
Arabidopsis thaliana exposed to different temperatures (16 or 28 ⁰C)  
and salicylic acid sprays (mimicking biotic stress) for five consecutive 
generations while selecting for fecundity. The rapid induction of CNVs  
by stress suggests that the processes leading to these mutations are 
susceptible to environmental stress. Two main mechanisms contribute 
to de novo CNVs: non-allelic homologous recombination and activity of 
transposable elements (TEs). Various (a)biotic stresses have been shown 
to increase homologous recombination frequency in plants, which likely 
also enhance the occurrence of non-allelic homologous recombination and 
directly contribute to de novo CNVs (Boyko et al., 2006; Lucht et al., 2002; 
Yao & Kovalchuk, 2011). Additionally, TE activity is increased in response 
to environmental stresses, partly because certain types of TEs contain 
stress-responsive cis-elements and because the epigenetic machinery that 
normally silence TE activity may be compromised (Grandbastien, 2015; 
Ito et al., 2011; Lanciano & Mirouze, 2018). Taken together, these findings 
suggest that stressful environments may promote the generation of genetic 
variation in the form of CNVs at an accelerated pace. However, further 
research is needed to fully understand the implications of stress-induced 
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mutations for plant adaptation to their environments.
 CNV, particularly gene duplications, are interesting in the context of 
rapid plant adaptation as they may result in quick gain-of-function mutations. 
Higher gene copy numbers can lead to increased gene expression levels 
and subsequent protein abundance. A notable example illustrating this is  
the rapid adaptation of plants to the herbicide glyphosate in a natural setting. 
Glyphosate targets and inhibits the 5-enolypyruvylshikimate-3-phosphate 
synthase (EPSPS) protein, a crucial component of the Shikimate pathway 
required for the biosynthesis of several essential amino acids (Steinrücken 
& Amrhein, 1980). At first, glyphosate tolerance was documented to 
have rapidly evolved through EPSPS gene duplications in Amaranthus 
palmeri (Gaines et al., 2010, 2011; Patterson et al., 2018). The increased  
EPSPS copy numbers result in elevated gene expression levels and higher 
protein abundance. As a result, even after glyphosate application, there  
is enough functional EPSPS protein to sustain the production of vital amino 
acids. This strategy of rapid adaptation to glyphosate through the acquisition 
of higher EPSPS copy numbers evolved in at least seven other plant  
species (Patterson et al., 2018). This demonstrates that such mutations 
can strongly impact plant fitness and rapidly spread in highly selective 
environments. Building upon the study by DeBolt, 2010, these observations 
further suggest that a stressful environment directly influences the  
amount of spontaneous genetic variation that arises and simultaneously 
provides selective pressure on the newly generated variation,  
ultimately impacting the rate of adaptive evolution. Furthermore, this raises 
the question of whether the generation of de novo CNVs disproportionally 
contributes to rapid adaptation to stressful environments.

The challenges of CNV detection
The understanding of the role of CNV in plant adaptation is limited, 
largely due to technical challenges associated with the detection of this 
type of genetic variation. Until recently, array-based methods such as 
array comparative genomic hybridization and SNP arrays were commonly 
used to identify intraspecific CNVs in plants (Żmieńko et al., 2014). While 
these methods are cost-effective for genotyping large populations, they 
have several limitations. Arrays provide no positional information on 
duplications, are not highly sensitive to single copy gains and are better 
suited for detecting deletions (Alkan et al., 2011). Additionally, array-
based methods can only detect sequences present in the reference sample 
used to generate the probes for the array (Kidd et al., 2010). The advent 
of next-generation sequencing (NGS) technologies, particularly short-read 
Illumina sequencing, has revolutionized the study of CNVs in plants and 
opened up new possibilities for investigating their contribution to plant 
adaptation in greater detail. At the start of the research presented in 
this thesis, there were no bioinformatic tools specifically optimized to 
study CNV in plant genomes. To address this, close collaboration with 
the Bioinformatics department, particularly Dr. Raúl Wijfjes, was essential. 
During the project, he developed a bioinformatics tool called ‘Hecaton’ 
with the specific purpose of reliably detecting CNVs in plant genomes 
from short-read sequencing datasets (Wijfjes et al., 2019). Nevertheless, 
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detecting CNVs using short-read sequencing methods remains a technical 
challenge. More recent developments in long-read sequencing technologies 
have overcome this challenge to a large extent. The use of long-read 
sequencing is however not (yet) very feasible to apply on a relatively 
large sample size. Therefore, the collaboration with the Bioinformatics 
department allowed for the generation of genetic resources consisting of 
large sample sizes, their evaluation for CNV prevalence, and attempts to 
assess the relevance of CNV to plant adaptation.

Outline of this thesis
The central theme of this thesis is to investigate the genetic aspects of 
plant adaptive responses to their environment, with a special focus on 
the role of CNV. To this purpose, I study various plant adaptive traits and 
evaluate what types of genetic variation underlie these traits. Additionally, 
I will test whether severe abiotic stresses increase the mutation rate of  
A. thaliana and thereby accelerate the generation of adaptive phenotypes. 
The thesis is organized into chapters that address different aspects of this 
research topic.
 In Chapter 2, I review the current understanding of CNV in plants 
to better understand its significance to plant evolution and adaptation 
to the environment. The review highlights that CNV is a prevalent, yet 
understudied type of genetic variation within and between plant species. I 
discuss that CNV can have strong immediate impacts on traits, for instance 
by strongly affecting gene expression levels, while over longer evolutionary 
timescales allows for the evolution of completely novel genes and traits. 
Additionally, I discuss what kind of genetic mechanisms give rise to CNV 
and what the status and challenges are of CNV detection. Finally, I provide 
various examples of how CNV has played a key role in the evolution of 
plants that are for instance adapted to more extreme environments and 
discuss that CNV also affects many agronomically relevant traits.
 In Chapter 3, I test how stressful environments impact the rate 
of adaptive evolution in plants. An experimental evolution approach is 
employed, which involves studying evolutionary changes in experimental 
populations under controlled conditions imposed by the experimenter  
(Kawecki et al., 2012). Specifically, I test whether A. thaliana can adapt 
rapidly to a stressful and highly selective environment created by severe 
salinity and zinc stress. By using an isogenic population of A. thaliana, 
spontaneous genetic and epigenetic mutations that occurred during the 
experiment are tracked and their impact on plant performance is evaluated. 
I find that severe stress can induce the mutation rate and that one of the 
experimental populations exposed to severe zinc stress has drastically 
improved its performance via a spontaneous genetic mutation within  
only five generations.  
 Chapter 4 adopts a different approach and investigates patterns of 
local adaptation in A. thaliana in the Netherlands. A novel natural variation 
panel is developed, comprising of 192 fully sequenced natural accessions. 
The natural variation panel demonstrates a high genetic diversity despite 
that all plants originate from a relatively small geographical area. By using 



17

General introduction

1

a dense sampling approach, I could examine patterns of local adaptation 
despite the relatively uniform climate in the Netherlands. For instance, by 
using genome-environment association analysis I test whether plants have 
adapted to a subtle cline in climatic variables related to temperature and 
precipitation. I find a QTL associated with this cline and demonstrate that 
allelic variation at this QTL affects the response to drought. Additionally,  
I show that semidwarf accessions, which occur relatively frequently in more 
windy areas of the countries, are more tolerant to high wind velocities and 
report a new gene involved in the response to iron deficiency. Together, 
these examples show that this natural variation panel is suitable to study 
the genetic basis of plant adaptive traits.
 In Chapter 5, the focus shifts to Hirschfeldia incana, a member of 
the Brassicaceae family with unusually high levels of photosynthesis for a  
C3-photosynthesizing plant species. Similar to all members of the Brassiceae 
tribe, this species underwent an ancient whole genome triplication event, 
followed by extensive genome rearrangements and gene loss during the 
process of returning to diploidy. Different species within the Brassiceae 
tribe have experienced variations in gene retention and loss, leading to 
divergence among species and potentially contributed to unique traits and 
characteristics. The hypothesis put forward is that H. incana has retained 
higher copy numbers of genes involved in photosynthesis, which may have 
contributed to its elevated photosynthesis capacity. To test this hypothesis, 
a reference genome of H. incana is generated, and a comparative genomics 
approach is utilized to evaluate the impact of gene duplications associated 
to photosynthesis. In addition, gene expression levels are measured for a 
subset of photosynthesis-related genes that are duplicated in H. incana,  
to further elucidate the role of CNVs in the unique photosynthetic 
characteristics of this species.
 Finally, in Chapter 6, the main topics and results of the thesis are 
discussed in a broader context, providing a comprehensive overview of the 
research findings and their implications to gain further insights into the 
adaptive responses of plants to their environment.
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Abstract
Copy number variation (CNV), a form of intraspecific genetic variation 
involving gain or loss of genomic DNA fragments, typically in the 50 
basepairs (bp) to 100 kilobp (kbp) range, is a major component underlying 
phenotypic variation in many organisms. CNVs are abundant among plants 
and their generation appears to be highly dynamic, altering plant genome 
sequences on a short evolutionary time scale. Initially, CNVs involving gene 
duplications are genetically mostly redundant, largely affecting expression 
of the duplicated gene. Eventually, duplicated genes may evolve altered or 
new functions, and lose their redundancy. CNVs are commonly linked to 
adaptation and evolution of plants in response to suboptimal or adverse 
environmental conditions. Important physiological traits have been impacted 
by CNV in such a way that they contribute to crop domestication, or are 
selected for in crop improvement. CNVs appear to occur more frequently 
than other genetics changes such as single nucleotide polymorphisms, 
insertion-deletions or whole genome duplications. Assessing the mechanisms 
underlying CNV formation is instrumental to understand how this drives 
plant evolution. Detecting CNVs in plant genomes is not trivial, and newly 
developed genome sequencing technologies and high-throughput validation 
methods are needed to aid the detection and interpretation of CNVs in plant 
genomes. Verification of the assumed high frequency of occurrence will add 
to its importance as a source of genetic variation that can be selected for to 
enhance the generation of novel elite cultivars.



21

The role of copy number variation in the evolution of plants

2

Copy number variation, an underestimated source of genetic variation
Over the past decades, the genome sequences of many species have 
become available and further advances in next generation sequencing now 
facilitate large-scale resequencing of thousands of individuals of the same 
species (Alonso-Blanco et al., 2016; Huang et al., 2012; Zhou et al., 2015). 
Comparative genome analysis initially focussed on the identification of 
single nucleotide polymorphisms (SNPs) or very short insertions or deletions 
(indels). With the increased ease of generating (re)sequenced genomes at 
high coverage, it becomes more and more evident that copy number variation 
(CNV) is a prominent additional class of intra-species genetic variation. The 
importance of CNV for plant evolution has been overshadowed by that of 
another type of structural genome sequence information, resulting from 
whole genome duplications (WGD). The consequences of WGD for evolution 
are tremendous (Van de Peer et al., 2017). WGD events are often found at 
branch points of plant phylogenetic trees and are thus likely to be causal 
for the emergence of new species or lineages. Their co-occurrence at the 
boundaries between geological periods suggests they are the evolutionary 
consequence of mass extinction events (Vanneste et al., 2014), providing 
a genetic reservoir of gene redundancy needed for rapid adaptation to the 
changed environmental conditions. Despite their importance for evolution, 
WGD events are relatively rare, e.g. in the evolutionary history of the 
Brassicaceae lineage leading to Arabidopsis thaliana, only two of such events 
have occurred (Van de Peer et al., 2009). In this review we will highlight 
another type of structural genome variation (SV), CNV, which is much more 
common than WGD, but much less studied. We will provide an overview of 
the nature of copy number variation, the ways to identify the occurrence 
of CNV in next generation sequence data, which is not trivial, and we will 
finally discuss the implications of CNV for the evolution of plants, especially 
in the context of rapid adaptation to a changing environment.
 Structural genomic variation (SV) in general is considered to include 
all qualitative genomic differences between individuals, such as inversions, 
translocations, duplications and deletions. CNV acts on the sub-genome 
level. It is a quantitative type of SV that includes insertions, duplications 
and deletions and is usually defined as the occurrence of different numbers 
of a certain DNA segment in at least two individuals of the same species 
(Scherer et al., 2007; Żmieńko et al., 2014). The term CNV can also be 
used when comparing the genomes of closely related species, e.g. the 
occurrence of one copy of a gene in one species and two or more copies 
of the functional orthologue in the related species. Next to CNV, the term 
“presence or absence variation” (PAV) is often used, referring to sequences 
that are either present in a single copy in one genotype and completely 
absent in another. To avoid confusing additional terminology to indicate 
when a sequence is absent or present in one or more copies, we consider 
PAV to be an extreme form of CNV. In the initial operational definition by 
(Scherer et al., 2007), the size range of a CNV was set from 1 kilo base pairs 
(kbp) up to submicroscopic size (sometimes millions of base pairs (bp)). It 
is more practical, however, to set the lower limit at 50 bp (Zarrei et al., 
2015), classifying smaller segments as indels, and to include an arbitrary 



22

Chapter 2

higher limit at 100 kbp. CNV thus can span entire clusters of genes, genes 
may be partially or entirely deleted or duplicated, they may move to new 
positions or acquire novel regulatory elements. Consequently, both changes 
in the number of functional gene copies, as well as differences in regulatory 
sequences due to CNV, can have important effects on gene expression and 
thereby affect phenotypes.

Copy number variation as a driver of plant evolution
In the past decade, the contribution of CNV to phenotypic variation has 
become increasingly clear. The initial interest in this type of polymorphisms 
came from human genetic studies, in which CNV has been associated with a 
number of disease phenotypes (McCarroll & Altshuler, 2007). Human genetics 
also showed that CNVs contribute more to genetic variation than single 
nucleotide polymorphisms (SNPs) in terms of the fraction of the genome 
affected (reviewed by Campbell & Eichler, (2013a)). Despite this, even for 
a well-studied species as human, the phenotypic consequences of CNVs 
are still hardly explored. In plants, the occurrence of CNV is quickly gaining 
attention, particularly in relation to crop domestication (Lye & Purugganan, 
2019). Numerous examples of CNV underlying phenotypic traits in different 
plant species have been reported, many involved in processes related to 
environmental adaptation and evolution, as will be discussed below.
 The most obvious and direct consequence of a change in relative gene 
copy number is a gene dosage effect, which contributes to a change in 
the level of mRNA transcripts corresponding to this copy relative to the 
transcription of the rest of the genes (Ohno, 1970). Although the relation 
between transcript level and protein level is not always as strong as one 
would expect, a change in transcript level is likely to also affect the protein 
level. Such relative gene dosage effects may thereby cause imbalances, 
especially in case of regulatory genes such as transcription factors or genes 
encoding subunits in protein complexes (Papp et al., 2003; Tasdighian et 
al., 2017). Interestingly, these types of genes are preferentially retained 
after whole genome duplication but are rarely found as de novo small scale 
duplications (Tasdighian et al., 2017) which indicates clear evolutionary 
differences (Defoort et al., 2019).
 While the regulatory imbalances resulting from de novo CNVs are 
initially likely to confer negative effects on fitness, or a neutral effect at 
best in case of simple genetic redundancy, in the longer run, they provide 
an important class of genetic variation that can be selected for by providing 
the opportunity to evolve genes with new functions. Arguably, one of 
the copies will be under relaxed selection if at least one other functional 
copy remains active and there are no selective advantages or constraints 
resulting from a gene dosage effect. The most likely outcome for such 
duplicate copies is non-functionalization, thus creation of a pseudogene, 
and eventually loss of one copy. There are two alternative outcomes that 
offer new evolutionary opportunities. One of which is that the redundant 
copy may adapt a new function, a process which is generally referred to 
as neofunctionalization (Ohno, 1970). There are several examples of this, 
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for instance, after the ancient duplication of a KNOX transcription factor 
gene in a common ancestor of land plants, neofunctionalization led to 
antagonistic rather than redundant roles for the two resulting KNOX genes 
(Furumizu et al., 2015). The other option is that after duplication, both gene 
copies divide the ancestral function amongst them (subfunctionalization). 
The regulatory sequences and/or the protein functions of the original gene 
can be partitioned over the duplicate copies in such a way that the gene’s 
ancestral expression pattern and function is covered by the duplicate copies 
(Freeling et al., 2015). For example, subfunctionalization, after a tandem 
gene triplication of LATE MERISTEM IDENTITY 1 (LMI1)-like sequences, 
plays a key role in determining the morphological differences in leaf shape 
between A. thaliana, with simple leaves, and the closely related Cardamine 
hirsuta, with dissected leaves. C. hirsuta has two functional copies: REDUCED 
COMPLEXITY (RCO) and LMI1, whereas A. thaliana has only retained (Vlad et 
al., 2014). RCO and LMI1 have near-complementary expression patterns in 
C. hirsuta, and overexpression of LMI1 in A. thaliana does not increase leaf 
shape complexity. Since the RCO and LMI1 protein functions are equivalent, 
regulatory diversification followed by gene duplication and subsequent gene 
loss in A. thaliana underlies the difference in leaf shape morphology between 
both species (Vlad et al., 2014). Subfunctionalization of duplicated gene 
copies may evolve further to diverge the ancestral function in such a way 
that it is no longer covered. This process encompasses subfunctionalization 
followed by neofunctionalization, and is referred to as specialization or 
subneofunctionalization (X. He & Zhang, 2005). Analysis of young (less than 
5-10 million years ago), retained gene duplicates in A. thaliana and A. lyrata 
showed that their most common evolutionary fates are conservation (in 
which both copies retain their ancestral function), followed by specialization 
and neofunctionalization, with very few examples of subfunctionalization 
(Wang et al., 2016). 
 Each of these evolutionary fates of duplicated genes are observed in 
the MADS-box transcription factor gene family (reviewed by (Airoldi & Davies, 
2012)). MADS-box genes are regulators of the determination of meristems 
and organ identity in developing flowers (Purugganan et al., 1995). This 
multi-gene family has undergone extensive gene duplication events, resulting 
in over a hundred members in A. thaliana (Martínez-Castilla & Alvarez-
Buylla, 2003; Parenicova et al., 2003). Many gene members originated from 
ancient or recent whole genome duplications (WGD) although small-scale 
tandem and dispersed duplications have played an important role in this 
gene family expansion as well (Arora et al., 2007; Nam et al., 2004). Such 
smaller scale duplications often experienced different evolutionary fates, 
with higher rates of non-synonymous mutations than those duplicated by 
WGD, as they resulted in unbalanced polymorphisms that may have caused 
considerable gene dosage effects (Carretero-Paulet & Fares, 2012; Edger & 
Pires, 2009). 
 Despite numerous examples of CNV-related phenotypes (reviewed by 
Dolatabadian et al., (2017)), CNV has received little attention compared 
to single nucleotide polymorphisms (SNPs) and indels. This is undoubtedly 
due to the larger technical complexity of detecting CNV, especially when it 
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involves nearly identical tandem gene duplications. In this review, we first 
discuss the different molecular mechanisms that can lead to CNV and provide 
an overview of the state-of-the-art in detection and validation of CNVs in 
next generation sequencing data, with the advantages and disadvantages 
of different techniques. Next, we explore the contribution of CNV to plant 
adaptation and evolution and provide insights into the frequency and 
distribution of CNV across species. Finally, we argue that CNV is a common 
form of structural variation in plants, more common than previously thought, 
which can be exploited for novel applications in plant breeding.

Generation of copy number variation
Unravelling the mechanistic processes underlying CNV formation in plants is 
important to understand how this can drive plant evolution. In this respect 
it is important to distinguish gene duplication due to CNV from those caused 
by WGD events followed by subsequent gene, which can be substantial 
(Qiao et al., 2019). Most information on CNV generating mechanisms has 
been obtained through studies in the model organisms Escherichia coli, 
Saccharomyces cerevisiae and Drosophila melanogaster. Although the 
CNV mechanisms function similarly in plants, the relative contribution of 
a particular mechanism may differ between species. CNV initially arises 
either as a germline or a somatic mutation. While germline CNVs have 
equal implications in terms of stable transmission in plants and animals, 
for somatic mutations these implications are different. Where in animals 
the germline and soma are strictly separated, referred to as the Weismann 
barrier, this is not the case in plants, in which the germline is formed from 
somatic cells. Thus somatic mutations in plants may be transmitted both 
sexually and asexually. Moreover, many plant species, including several 
agronomically important species, rely partially or entirely on asexual 
propagation. The relative impact of molecular mechanisms that are more 
prominent during mitotic cell divisions may therefore be larger in plants than 
in animals, and are also likely to differ among plant species. The relative 
contribution of different mechanisms is best studied if the exact breakpoints, 
size and position of CNVs are determined, which requires detailed genome 
information. The common factor in the generation of CNV is recombination.

Non-allelic homologous recombination
The most common mechanism underlying CNVs in human genomes is non-
allelic homologous recombination (NAHR) occurring during meiosis or during 
DNA repair after a double strand break (DSB) (Gu et al., 2008). Illegitimate 
recombination of highly similar, but non-allelic, sequences may result in a 
rearrangement, deletion or duplication and reciprocal deletion depending 
on the orientation of the homologous sequences and on whether NAHR 
takes place between different or the same chromatids or between different 
chromosomes (Figure 1). Also in plants NAHR seems to be a dominant 
cause of CNV, though the evidence supporting this is limited. Zmienko et 
al., (2016) examined a genomic region in A. thaliana, spanning three genes 
(MSH2, At3g18530 and At3g18535), that showed frequent deletions and 
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duplications. Analysis of the sequences around At3g18530 and At3g18535 
revealed low copy repeats of around 1 kbp, with 99% identical sequences, 
directly flanking these two genes on either side. The breakpoints of many of 
the duplication and deletion events co-localize in the LCR region, providing 
further evidence for an NAHR-based mechanism. Although extensive CNV for 
all three genes residing at this locus was observed, there was no correlation 
between copy number and geographic origin of the accession, and CNV at 
this locus seemed to have occurred multiple times independently from each 
other, across the examined A. thaliana distribution range. This is a strong 
suggestion that regions with LCRs are more prone to induce the occurrence 
of recurrent CNVs.

Figure 1: Non-allelic homologous recombination (NAHR) may result in different types 
of structural variation. Illegitimate inter-chromatidal recombination between two 
low-copy repeats with high sequence homology (differently shaded green arrows) 
results in a duplication and reciprocal deletion of genes (light blue boxes) 2  
and 3 (a). Intra-chromatidal NAHR may result in the deletion of genes 2 and 3, 
which are lost from the genome (b), or alternatively in an inversion (c) depending 
on the relative orientations of the low copy repeats.

DNA repair and replication 
Several molecular mechanisms related to DNA replication and DSB repair 
have been postulated to result in SV (Hastings et al., 2009; Zhang et al., 
2009). These mechanisms rely on homologous recombination (HR) or non-
homologous recombination (NHR). In plants, DSBs are most commonly 
repaired by non-homologous end joining (NHEJ): a process that re-joins 
broken DNA ends and mostly results in accurate DNA repair. However, at 
low frequencies, NHEJ results in small insertions, deletions or even larger 
insertions of ‘free’ DNA such as retrotransposons (Yu & Gabriel, 2003). 
When during DNA replication, a replication fork encounters a nick in the 
DNA, it may stall or collapse. This induces break-induced repair (BIR), 
which uses a HR-based mechanism to repair a collapsed replication fork. 
In the process of BIR, the 5’ end of the broken DNA molecule is resected, 
leaving a 3’ tail. This tail can invade a homologous sequence, usually the 
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sister chromatid, to restore the replication fork. When instead a non-allelic 
homologous sequence is used for invasion, different types of SV may arise, 
depending on the location and orientation of the non-allelic homologous 
sequence (Figure 2 (Carvalho & Lupski, 2016). A collapsed replication fork 
can also be restored based on only a few bp of homology. In this case, 
a microhomology-mediated BIR (MMBIR) mechanism applies to resume 
replication (Hastings et al., 2009). When template switches occur between 
different replication forks, this known as fork stalling and template switching 
(FoSTeS) (Zhang et al., 2009). Complex SV, such as duplications, deletions, 
inversions and combinations of these, may result from these processes, 
depending on the positions of the (micro)homologous sequences used while 
switching templates (reviewed by (Carvalho & Lupski, 2016; Hastings et al., 
2009). 

Figure 2: Break-induced repair model for copy number variation formation. When a 
replication fork encounters a nick (black triangle) (a), it may collapse (b). Resection 
of the 5’ broken DNA molecule leaves a 3’ single strand tail (c). 3’ tail invasion 
is based on sequence homology (depicted as differently shaded green arrows). 
However, when a non-allelic homologous sequence is used for 3’ tail invasion (d), 
the new replication fork is incorrectly positioned (e), which results in this example 
in a duplication of genes 2 and 3 (light blue boxes) (f).



27

The role of copy number variation in the evolution of plants

2

Transposable elements
Transposable elements (TEs) are often highly represented in regions of the 
genome that show CNV (Cardone et al., 2016; Golicz et al., 2016; Hardigan 
et al., 2016; Morgante et al., 2007). Obviously, TEs can directly induce their 
own CNV by self-replication. However, TEs may also directly or indirectly 
lead to CNV of other, non-TE sequences. Indirectly, they may serve as a 
substrate for illegitimate recombination mechanisms such as NAHR (Startek 
et al., 2015). Furthermore, certain classes of TEs, such as retrotransposons, 
helitrons and Mutator-like elements (MULEs), are capable of duplicating gene 
fragments or even entire genes (Brunner et al., 2005; N. Jiang et al., 2004; 
Juretic et al., 2005; Lai et al., 2005). In grasses, the activity of long terminal 
repeat (LTR) retrotransposons has caused extensive genomic variation in this 
manner (Morgante et al., 2007). Gene capture and gene duplication by TEs 
mainly produces pseudogenes, although new, chimeric genes, which consist 
of parts of different genes, may also be formed. For instance, in rice, a 
type of non-autonomous MULE, called Pack-MULE, frequently contains gene 
fragments that originate from a single gene or from chimeric genes. Many 
of these genes containing Pack-MULEs are still transcribed and those that 
contain chimeric gene fragments are more frequently expressed compared 
to those containing fragments originating from a single gene (Hanada et 
al., 2009). Such chimeric genes often bear signs of purifying selection, 
based on the ratio of nonsynonymous and synonymous substitution rates, 
which means they can be functional (Hanada et al., 2009). This process of 
gene fragment duplication can create new functional proteins by fusion of 
inserted genic sequences to existing transcribed sequences.

Translocation and recombination
Translocations, i.e. genomic rearrangements in which genomic DNA 
fragments move to a new location without duplication or deletion, can 
rapidly create CNV after hybridisation. Various mechanisms can mediate 
translocations, such as NAHR, DNA repair through NHEJ or TE transposition. 
The effect of translocations on creating CNV between siblings was best 
observed in a so-called tetrad analysis, examining all four products of one 
meiosis. In A. thaliana, such tetrad analysis makes use of the quartet1 (qrt1) 
mutation, in which all four pollen resulting from one microspore mother cell 
meiosis remain attached to each other as a tetrad (Preuss et al., 1994). (Lu 
et al., 2012) performed a tetrad analysis in A. thaliana based on a cross 
between the four attached pollen of a Col-0/Ler qrt1 hybrid and a wild type 
Col-0. The progenies of two such crosses were analysed by whole-genome 
sequencing, and no less than 21 and 32 CNVs of several 100 bps were 
detected among the progeny due to recombination and assortment of small 
translocations present as highly similar sequences at different locations in 
both genomes. After translocation of a sequence to another position on the 
same chromosome, a cross-over during meiosis is sufficient to generate the 
CNV (Figure 3). If the sequence is translocated to another chromosome, 
random chromosome assortment during meiosis will create the CNV (Lu et 
al., 2012).
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 The relative contribution of each of the above-mentioned CNV-
generating mechanisms in plants remains to be resolved. Differences in 
genome architecture, such as genome size and TE content, will lead to 
differences in the relevance of the CNV-generating mechanisms between 
different species, e.g. the contribution of NAHR is very low in cucumber, 
which is likely due to the low abundance of dispersed repeats in its genome 
(Zhang et al., 2015). The size and new location of a structural variant 
depends on the underlying CNV-generating mechanism. NAHR is likely to 
result in tandem duplications of contiguous copies. Upon duplication, most 
affected genes remain in a similar genomic context, surrounded by the 
same regulatory elements. Consequently, the main short-term effect of 
tandem duplications is an increase in gene dosage, often leading to higher 
expression. NAHR may also lead to segmental duplications, which are large, 
spanning from 1 to 400 kbp in length, and may translocate blocks of genes 

Figure 3: Translocation and subsequent recombination or chromosome assortment 
causes CNV. (a) After translocation (green arrow) of one genomic region (light blue 
box) to another location on the same chromosome (depicted as dark blue or red 
bars), a cross-over during meiosis can result in gametes with either none, one 
or two copies of the genomic region. (b) Similarly, after translocation to another 
chromosome, only random assortment of chromosomes is sufficient to cause copy 
number variation.
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to an unlinked site. These do not necessarily alter gene expression or gene 
function, as their genomic context will remain largely unaltered. Upon 
smaller, dispersed or “ectopic” duplications, spanning only one or a few 
genes at unlinked loci and most likely to be caused by transposon capture, 
genes may lose their original genomic context and acquire new regulatory 
elements, thus altering gene expression and function. 

Improving the detection of copy number variants through novel 
computational and experimental methods
Over the years a variety of methods is used to detect CNV in plants. Initially 
microarrays of oligonucleotide probes were widely used for array-based 
comparative genomic hybridization or aCGH (Beló et al., 2010; DeBolt, 2010; 
Muñoz-Amatriaín et al., 2013; Springer et al., 2009; Swanson-Wagner et 
al., 2010). This was very successful, especially to detect duplications of 
nearly identical sequences, but its resolution relied on the number of probes 
available on the array. Recently CNV detection methods shifted to whole-
genome sequencing (WGS) (Cao et al., 2011; Chia et al., 2012; Hardigan et 
al., 2016). Detecting CNVs through WGS-based methods requires aligning 
reads of the target genomes, typically short reads produced by an Illumina 
sequencing platform, to a well-validated reference genome. Algorithms can 
make use of three types of signals to discover CNVs: discordantly aligned 
read pairs, split-read alignments and read depth (Figure 4) (Alkan et al., 
2011). The most effective way to detect CNVs is to combine multiple 
signals (Lin et al., 2015), as done by several recently developed algorithms 
(Iakovishina et al., 2016; Layer et al., 2014; Rausch et al., 2012), aiming 
at high sensitivity and high precision. 

Figure 4: Overview of the signals used to detect different types of copy number variants. 
Deletions are coloured light-red and duplicated regions are coloured dark red. The 
read pair and split read columns contain alignments of paired-end reads to the 
reference (top) and target genome (bottom) with reads shown in light-blue and 
their orientation depicted by arrows. The red lines in the read depth column depict 
reads mapped to the reference genome. 
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 Short-read sequencing has enabled the extensive study of CNVs in a 
wide variety of plant species, as seen by the many examples given in this 
review. Yet, it has important limitations, including poor detection of CNVs 
in repetitive regions, low sensitivity for CNVs in polyploid genomes, and 
limited ability to detect CNVs between genomes that differ significantly at 
the nucleotide level. Hence, many CNVs present in plant genomes may 
remain hidden (Huddleston & Eichler, 2016). Recent advancements in long-
read sequencing technologies address the technical limitations associated 
with short reads (Goodwin et al., 2016). The increased sequence length 
(ranging from 10 kbp to over 10 Mbp) particularly helps to detect CNVs within 
repetitive elements and segmental duplications. Eventually, the combination 
of long-read sequencing and long-range scaffolding technologies, such as 
optical mapping, Hi-C and 10x Genomics linked-reads, will facilitate full-
chromosome genome assemblies of genomically complex plant species 
(W. B. Jiao & Schneeberger, 2017). Such assemblies will contribute to a 
better detection of CNVs without the need to rely on one (potentially poor) 
reference genome. The costs of long-read sequencing to characterize CNVs 
in large population studies is still prohibitive, but will undoubtedly come 
down soon. A solution to overcome the limitations of short-read technology 
is to exclude repetitive regions from CNV analysis by genome reduction 
methods such as the genotyping-by-sequencing protocol (Elshire et al., 
2011), or to use computational methods that can combine both short-read, 
and long-read technologies (Fan et al., 2017).  
 While the benefits of using long-read sequencing technologies are 
evident, such technologies will only improve the detection of CNVs in plant 
species with the development of novel computational algorithms that are 
specifically tailored for plants. New algorithmic ideas and data structures 
are also needed to assemble, phase, and represent polyploid genomes, 
for which there are virtually no dedicated tools available (Sedlazeck, Lee, 
et al., 2018). Such novel algorithms should be improved regarding their 
sensitivity for allele-specific CNVs, that are present in only a subset of the 
genomic haplotypes. With comparatively low sequence coverage of such 
CNVs compared to CNVs present in all haplotypes, current computational 
methods often fail to detect them. Detection of such allele-specific CNVs is 
important as they can lead to markedly affected haplotypes (VanBuren et 
al., 2018). 
 In view of the stochasticity in detecting CNVs, experimental validation is 
recommended to confirm their presence. Real-time quantitative PCR (qPCR) 
is frequently used, although it has some limitations. First of all, several 
to many replicates are required to accurately quantify small copy number 
differences between the target and the reference genome. Especially when 
several (> 3) copies are present, increasingly more replicates are needed to 
detect single copy differences (Weaver et al., 2010). Secondly, qPCR tends 
to underestimate the true copy number of highly duplicated regions, due 
to differences in kinetics at the early and late stages of PCR amplification 
(Lee & Jeon, 2009). Finally, setting up a successful qPCR assay is not 
straightforward: some steps (e.g. PCR primer design) require extensive 
optimization to prevent amplification of non-target regions. Two recently 
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developed techniques, multiplex ligation-dependent probe amplification 
(MLPA) and droplet digital PCR (ddPCR), offer interesting alternatives: a 
case study using A. thaliana datasets revealed that both can validate CNV 
regions with copy numbers up to 8 (Zmienko et al., 2016).

Biological implications of copy number variation
Gene ontology enrichment analyses in different species, of genes residing 
in CNVs, show remarkably comparable results with respect to the biological 
processes in which these genes are involved. Asides from TEs, which are a 
common class of genes subject to CNV, genes involved in stress-response 
pathways and especially disease resistance are overrepresented in A. 
thaliana (Cao et al., 2011), rice (Bai et al., 2016), common bean (Ariani 
et al., 2016), domesticated apple (Boocock et al., 2015), maize (Chia et 
al., 2012), barley (Muñoz-Amatriaín et al., 2013), potato (Hardigan et al., 
2016), cucumber (Zhang et al., 2015) and grapevine (Cardone et al., 2016). 
Plant disease resistance (R) genes often act in a so-called ‘gene-for-gene’ 
interaction, in which one R gene controls the disease resistance response 
upon expression of an avirulence gene by the pathogen. Pathogens typically 
have a high evolvability, which means that mutations in the avirulence 
gene can quickly render the corresponding R gene ineffective. Plants, in 
turn, harbour many R genes, often encoding receptor-like proteins with 
leucine-rich repeat (LRR) domains, which are also highly polymorphic, and 
often reside in clusters of paralogous gene copies, which typically consist of 
highly similar and repetitive sequences. Such genomic architecture is prone 
to mutagenic processes such as polymerase slippage and NAHR (reviewed 
by (Karasov et al., 2014). Rapid gene duplication followed by mutation is 
thus an important driver of novel R gene variation, that allows plants to co-
evolve with their pathogens. 

Copy number variation underlies plant adaptation to environmental stress
Being unable to evade environmental disturbances, plants require quick and 
effective mechanisms for adaptation to their environment. Copy number 
expansion (CNE) of genes implicated in the response to environmental 
fluctuations may offer an effective way to improve plant fitness within a few 
generations depending on the selection pressure. Application of a herbicide 
such as glyphosate provides a strong selection pressure, adaptation to 
which was achieved by means of CNE in Amaranthus palmeri (Gaines et 
al., 2010, 2011). The action of glyphosate lies in its binding to the enzyme 
5-enolypyruvylshikimate-3-phosphate synthase (EPSPS; EC 2.5.1.19). This 
enzyme in the shikimate pathway, breaks down phosphoenolpyruvate (PEP) 
into aromatic amino acids (phenylalanine, tyrosine and tryptophan) which 
are required for plant growth. Binding of glyphosate to EPSPS forms a dead-
end complex, inhibiting the shikimate pathway, and resulting in plant death 
(Steinrücken & Amrhein, 1980). Originally, the glyphosate susceptible A. 
palmeri only had a single copy of the EPSPS gene, but strong selection pressure 
by herbicide application has resulted in resistant plants which harbour from 
5 to as many as 160 copies of the gene due to CNE (Gaines et al., 2010). This 
increased the expression of EPSPS and saturation of the glyphosate pool, 
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effectively allowing the excess of remaining unbound EPSPS to perform its 
function as normal. The EPSPS copy number and the abundance of functional 
EPSPS correlate very well with the level of herbicide tolerance, exemplifying 
the gene dosage effect of CNE. CNE of EPSPS in A. palmeri must have 
occurred very recently, after the introduction and large-scale application of 
glyphosate, explaining the extremely high sequence similarity of the EPSPS 
gene copies, with even introns showing no DNA polymorphisms (Gaines et 
al., 2013). Resistance to glyphosate can be conferred by SNPs in the EPSPS 
protein coding sequence, though reports of this are rare and the conferred 
resistance is not as strong as that achieved by CNE (Sammons & Gaines, 
2014). CNE-mediated glyphosate resistance has since been reported for 
several other weed species, although the underlying molecular mechanisms 
of CNE are not the same (Dillon et al., 2017; Gaines et al., 2016; Jugulam 
et al., 2014; Molin et al., 2017; Sammons & Gaines, 2014). The A. palmeri 
EPSPS gene copies are distributed across all chromosomes, with a possible 
role in translocation for helitron TEs (Gaines et al., 2010; Molin et al., 2017) 
while in, e.g., Kochia scoparia copies are generally found to be arranged in 
tandem duplications , suggestive of a NAHR-mediated mechanism (Jugulam 
et al., 2014). 
 Similar examples of adaption can be found in extremophiles: plant 
species adapted to highly challenging environments (Oh et al., 2013). 
Genome comparisons between extremophiles and closely related non-
extremophiles often indicate adaptation-related CNE. Thellungiella 
parvula and T. salsuginea, two related Brassicaceae species adapted to 
saline, resource-poor habitats, showed similar genes to be duplicated in 
comparison to the salt-sensitive A. thaliana (Dassanayake et al., 2011; H.-
J. Wu et al., 2012). These mostly tandem duplications were preferentially 
involved in known stress defence responses such as ionic stress protection 
(Dassanayake et al., 2011; H.-J. Wu et al., 2012). For instance, CNE of 
HKT, a locus encoding for a high affinity Na+/K+ transporter associated 
with salinity tolerance in A. thaliana (Baxter et al., 2010), has occurred in 
both species: a duplication in T. parvula and a triplication in T. salsuginea 
(Dassanayake et al., 2011; H.-J. Wu et al., 2012). 
 Adaptive CNEs are also observed in the heavy metal hyper-
accumulating extremophiles Arabidopsis halleri and Noccaea caerulescens. 
These species are able to grow on soils containing excessive, and normally 
toxic, concentrations of heavy metals such as cadmium and zinc, and may 
accumulate these metals to 50-100x higher concentrations than surrounding 
non-hyperaccumulating vegetation (Cappa & Pilon-Smits, 2014). Metal 
homeostasis-related genes were significantly enriched among duplications 
in A. halleri compared to closely related non-hyperaccumulators A. 
thaliana and A. lyrata (Suryawanshi et al., 2016). The importance of gene 
duplication in adaptation to heavy metal contaminated soils is illustrated 
by CNE of the HEAVY METAL ATPASE4 (HMA4) gene that functions in root-
to-shoot Zn/Cd translocation. In A. halleri, three tandem copies of HMA4 
are present (Hanikenne et al., 2008), while in N. caerulescens two to four 
tandem copies can be found (Craciun et al., 2012). This CNV for HMA4 
in N. caerulescens was observed among three different populations with 
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variable levels of cadmium accumulation and tolerance. The accession with 
the lowest number of HMA4 genes also had the lowest expression level of 
this gene and the least cadmium translocation.
 It is important to understand how quickly populations can adapt to 
new environments. One major factor affecting the pace of adaption is the 
frequency of CNV events occurring de novo. DeBolt, (2010) studied the 
effect of different temperatures (16 and 28 °C) and mimicked biotic stress 
(salicylic acid spray) compared to normal growth conditions (22 °C, mock 
assay) on the occurrence of CNV in A. thaliana. Starting from one parent, 
plants were exposed to the different stress treatments for five consecutive 
generations. In each generation, the plant with highest fecundity was 
selected for the next generation. Finally, the genomes of three siblings 
per stress treatment were compared to those of three siblings from the 
reference lineage by aCGH, to detect repetitive and non-repetitive CNV 
between siblings at the end of the fifth generation. The lower temperature 
and salicylic acid treatments resulted in 14, resp. 13 CNV events, spanning 
~400 genes in total in both cases. All of these were deletions. The high 
temperature treatment resulted in 11 CNVs, of which seven were duplication 
events and several were unique among siblings. This illustrates the high 
prevalence of CNV, even within a very small time frame, suggesting very 
rapid evolution. The high temperature treatment imposed most stress on 
the plants (determined based on effects on biomass, germination rate and 
seed set) and was also the treatment with most duplications and most 
unique CNVs among siblings. This raises the question if there may be a 
causal relationship between the level of stress imposed and the frequency 
of CNV events. This is not unrealistic: higher levels of stress will increasingly 
induce the formation of reactive oxygen species, which can lead to more 
DNA damage and thus more errors in repair (Sharma et al., 2012). In 
addition, for several stresses the frequency of homologous recombination 
will be induced (reviewed by Migicovsky & Kovalchuk, (2013a)) and stress 
exposure is known to activate transposons through genome demethylation 
(Hashida et al., 2006; Madlung & Comai, 2004). All of these processes 
can contribute to CNV. In case of strong stresses, this will impose a strong 
selection pressure so that beneficial CNV events can be selected, resulting in 
the amplification of genes moderating the effect of the stress and the loss of 
genes enhancing stress sensitivity. As this seems to happen already within 
a few generations, far quicker than expected based on gradual evolution of 
stress adaptation through SNPs, this appears to be a major driver of the 
evolution of environmental stress tolerance in plants.

Copy number variation contributes to phenotypic variation
CNVs frequently affect phenotypic traits which can have important 
ecological or agronomical implications (Table 1). Qualitative traits due to 
CNV will mostly be found in the case of presence or absence variants. For 
instance, variation in resistance (resistant or susceptible) to Pseudomonas 
syringae in A. thaliana is caused by the presence or absence of a resistance 
gene, RPS5 (Simonich & Innes, 1995; D. Tian et al., 2002). Copy number 
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Table 1: Phenotypic traits affected by CNV. 

variation beyond one copy will however be mostly of a quantitative rather 
than qualitative nature, due to the functional redundancy of additional 
(nearly) identical copies. For instance, Heterodera glycines, the soybean 
cyst nematode, is one of the most damaging pests of soybean (Glycine 
max) (Cook et al., 2014). Different levels of resistance are conferred by 
a 31.2 kbp genomic region, the Rhg1 locus, harbouring three genes that 
contribute to resistance (Cook et al., 2012). Susceptible varieties carry one 
copy of the region at this locus whereas in resistant varieties up to 11 
tandemly duplicated copies are present (Cook et al., 2012; T. G. Lee et al., 
2016). Overexpression of all three genes together confers resistance in a 
susceptible variety, illustrating the quantitative nature of the trait (Cook et 
al., 2012). Interestingly, among the offspring of a single plant of the inbred 
cultivar Fayette the copy number of Rgh1 varied between 9 and 11 copies 
(Lee et al., 2016). This demonstrates that the copy number of Rhg1 is 
unstable, changing already within a few generations, and that it is possible 
to select for resistance through selection on higher copy number.
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 Some of the main features of this nematode resistance illustrate 
key characteristics that return in several quantitative CNV examples: 
an increase in copy number, that can be selected for, leads to increased 
gene expression which underlies phenotypic variation (Díaz et al., 2012; 
Maron et al., 2013; Nitcher et al., 2013; Sutton et al., 2007; Wang et al., 
2015). Similarly, variation in freezing tolerance, an important trait for the 
adaptation of cereals to temperate regions, is mainly caused by CNV at the 
Fr-A2 locus in winter durum wheat (Sieber et al., 2016), wheat (Würschum 
et al., 2017; J. Zhu et al., 2014) and barley (Francia et al., 2016; Knox et 
al., 2010). Increased copy number of C-repeat binding factor (CBF) MADS-
box transcription factors at this locus mediate cold acclimation by controlling 
multiple effector genes. The increased CBF copy number correlates well 
with increased expression and increased cold tolerance (Stockinger et al., 
2007).

Copy number variation affects a large part of the genome
Genome comparisons in bacteria were the first to reveal substantial SV 
between different strains, which led to the introduction of the pan-genome 
concept (Tettelin et al., 2005). The pan-genome describes all the DNA 
sequences present within a certain phylogenetic clade (Vernikos et al., 2015). 
These genome sequences can be divided into a core genome, containing 
sequences shared among all individuals of that particular phylogenetic 
clade, and a dispensable genome, consisting of sequences only present 
in a subset of the phylogenetic clade. The core genome consists of genes 
related to the basic maintenance of the organism and the main phenotypic 
traits, while the dispensable genome includes genes that are not essential 
for survival in general, but may contribute to diversity and local adaptation 
(Tettelin et al., 2005). 
 A common problem during the analysis of resequencing data is that 
newly sequenced plant ecotypes, varieties or individuals harbour sequences 
not found in the reference genome. Flow cytometry and whole-genome 
sequencing showed up to 10% variation in genome size in A. thaliana (Q. 
Long et al., 2013; Schmuths et al., 2004). Also in maize, four randomly 
chosen DNA segments, ranging from 100 to 350 kbp, were sequenced and 
compared between the two inbred lines Mo17 and B73. Surprisingly, ~38% 
of all non-TE genes in these regions were present in one of the inbred lines 
and absent in the other (Brunner et al., 2005). Similar high frequencies of 
SV were also found on a whole genome scale in maize. Initially, hundreds of 
genes affected by CNV and several thousands of presence/absence variants 
were identified with gene-based aCGH when comparing several inbred 
lines (Beló et al., 2010; Lai et al., 2010; Springer et al., 2009; Swanson-
Wagner et al., 2010). This is an underestimate though, as the aCGHs only 
covered the sequences found in the B73 reference genome. Whole genome 
sequencing of ten maize inbred lines later indeed revealed much higher 
numbers of SV (Chia et al., 2012). As these sequences cannot be aligned 
to the reference genome, they are often disregarded and simply put aside 
as repetitive elements or transposons. This underlines the dynamics of 
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genomes and illustrates that the genome sequence of one single reference 
genotype is insufficient to capture all genomic content of a species. It may 
mean though that important genetic information underlying phenotypic 
variation is missed. Given the many CNV events that are found between 
individuals (reviewed by Marroni et al., (2014)) it seems appropriate to also 
apply the concept of a pan-genome to plants (Table 2). 

Table 2: Genome-wide CNV analysis studies in plants.
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 The high prevalence of CNV observed in maize is not common to all 
plants though. Among 14 barley accessions (wild and domesticated), less, 
but still substantial, CNV was found, spanning almost 15% of the genome 
(Muñoz-Amatriaín et al., 2013). Among these CNVs, 46.3% was only found 
in wild barley, 16.8% was unique for cultivated barley, while the remainder 
was present in both. The higher number of CNVs in wild barley is likely 
again an underestimate, as the array used for the analysis was designed 
based on a cultivated accession. In general, CNV will be more frequent in 
wild accessions than cultivated germplasms, as genetic variation will be 
lost during domestication. In other species, the number of CNV events can 
be much lower. For instance, only 343 genes potentially displaying CNV 
were found in a panel of 18 wild and cultivated common bean (Phaseolus 
vulgaris L.) accessions, based on sequence coverage using a genotyping-
by-sequencing approach (Ariani et al., 2016). Similarly, in 30 apple (Malus 
x domestica Borkh) varieties, 876 CNVs, roughly 3.5% of the genome, were 
found by a read-depth-based method (Boocock et al., 2015).
 The comparison of CNV occurrence between species is non-trivial 
and ambiguous, as different numbers of genotypes have been studied and 
different techniques to detect CNV have been employed. Nevertheless, based 
on a few well-studied cases, there are clear species-specific differences. 
Striking is the difference in CNV prevalence between maize and A. thaliana, 
likely influenced by different genome architecture and mode of reproduction. 
The maize genome is estimated to largely consist (85%) of TEs, repetitive 
sequences which will aid in the formation of CNV formation (Springer et al., 
2009). A. thaliana contains far less TEs, and is highly homozygous because 
of its propensity to inbreed. This in contrast to cultivated potato (Solanum 
tuberosum), which is highly heterozygous and propagated asexually 
through tubers, because of which somatic mutations have a high likelihood 
of becoming accumulated. CNV was assessed by sequencing a panel of 12 
related monoploid/doubled monoploid potato clones (Hardigan et al., 2016). 
When comparing the clones, around 30% of the genome was impacted by 
SV, with similar ratios of duplications and deletions among the different 
genotypes. 

Genome-wide distribution of copy number variation events
The frequency of CNV events is not equally distributed across the genome. In 
potato, it is highest in the pericentromeric regions, and lowest in gene-dense 
euchromatic arms (Hardigan et al., 2016). Especially large CNVs (larger than 
100 kbp) are more prevalent in pericentromeric regions in potato (Hardigan 
et al., 2016). Intuitively this makes sense, since large CNVs in gene-dense 
euchromatic arms will affect multiple genes and such SV is therefore likely 
to confer a strong selective disadvantage. Even when a large CNV, spanning 
multiple genes, has a selective advantage, recombination and selection 
are likely to break down the CNV into a much smaller region carrying 
the SV conferring the selective advantage. Closer to the centromere, the 
recombination rate and the gene density decrease, and larger CNVs are thus 
more likely to remain in the pericentromeric regions than elsewhere. This 
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was confirmed in maize, which showed that CNVs occurred most frequently 
in the pericentromeric regions, and that the occurrence was negatively 
correlated with recombination rate and gene density (Hirsch et al., 2016; 
F. Lu et al., 2015). In contrast, the CNV frequency in barley was highest 
towards the chromosome ends, and presence was positively correlated with 
the recombination rate (Muñoz-Amatriaín et al., 2013). However, this study 
was performed using aCGH, which favours detection of small CNVs, with 
about 60% of all CNVs found to be smaller than 200 bp. The discrepancy 
between CNV frequencies in potato and barley could therefore also be due 
to the high frequency of small-scale CNVs found in barley. Many CNVs are 
shared among different genotypes of the same species, also between wild 
and domesticated varieties and even between closely related species (Bai et 
al., 2016; Muñoz-Amatriaín et al., 2013; Pinosio et al., 2016). For instance, 
1.1% of the SV between the closely related poplar species Populus nigra 
(four genotypes), P. deltoides (two genotypes) and P. trichocarpa (one 
genotype) is at least shared between two species (Pinosio et al., 2016). 
This means such SVs are ancient, and are probably maintained by selection 
over a long period of time. 

Exploring copy number variation for plant breeding
The dynamics of CNV, with rapid change in copy number already within 
a few generations, and its contribution to favourable traits, opens up the 
possibility to incorporate the generation of genetic variation due to CNV into 
plant breeding programs. This means that prior to selection of favourable 
genotypes, CNV events will be allowed to occur, either without prior 
knowledge on target loci, or, in a targeted approach, to occur at loci known 
to be perceptive to CNV, i.e. surrounded by sequences prone to NAHR or TEs. 
Favourable new variants can then be selected based on molecular analysis 
or on phenotype. The maintenance and detection of favourable CNVs will 
be expedited by imposing selective pressure. For example, exposure to the 
target pathogen may help in selecting the new genotypes carrying new 
CNV-derived resistance genes. The duration or scale of the generation of 
genetic variation dsue to CNV is likely to depend on the molecular mechanism 
underlying CNV generation, which will need to be tested experimentally 
to come to a practical approach. The obvious downside of selecting for 
CNV-derived genetic variation contributing to new traits is that continued 
instability of the locus in the absence of strong selection could lead to genetic 
heterogeneity and even loss of the trait, which will need to be monitored.
 With the increasing awareness of the phenotypic implications of CNV, 
incorporating the detection of CNV into genetic mapping studies seems a 
logical next step. Building detailed CNV maps for populations that are used 
in genome wide association mapping and family F2, recombinant inbred 
line (RIL) or near-isogenic line (NIL) mapping could aid in this. The first 
study in plants that mapped SVs to detect quantitative trait loci (QTLs) in 
a segregating population was recently published. Imprialou et al., (2017) 
used ultra-low-coverage (0.3x) population sequencing in an A. thaliana 
Multiparent Advanced Generation Inter-Cross (MAGIC) RIL population, to 
detect SVs based on read-mapping anomalies. These SVs were mapped to 
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the genome and used as quantitative traits to investigate their association 
to nine physiological phenotypes. Despite some inevitable limitations posed 
by the very low coverage, their method detected SVs potentially causal for 
QTLs affecting germination time, bolting time and resistance to the fungal 
pathogen Albugo laibachii. Alongside genetic mapping, the authors linked 
transcriptome analysis to the obtained SV, revealing that genes residing 
within large SV regions are more likely to become silenced or dysregulated. 

Conclusion
In this review, we have shown that CNV is a frequent and common class of 
genetic mutations, found in every plant species. There are several examples 
of loci displaying CNV associated with variation in phenotypic traits. Whole-
genome analyses indicate similar CNV signatures in adaptation-related 
traits in various wild plant species. Currently, not much is known about 
the different molecular mechanisms that contribute to the generation and 
(in)stability of CNV. To gain more insights into the relative contributions of 
different mechanisms, detailed and systematic surveys employing accurate 
CNV detection and validation tools are necessary. 
 Such research will open doors to answer many open questions. It 
will allow a much better understanding of the generation frequency of CNV 
occurrence in different plant species. This is especially interesting when 
studying adaptation to unfavourable environmental conditions, in which 
the occurrence of CNV at selected loci appears to be a strong evolutionary 
driving force. Obtaining high resolution CNV maps will aid in the detection of 
QTLs caused by CNV, as is exemplified in the approach of Imprialou et al., 
(2017) as an interesting first step in this direction. Combining low-coverage, 
low-cost sequencing with accurate CNV maps will provide the much needed 
insights into the actual contribution of CNV to important agronomical traits. 
Dedicated molecular or phenotypic selection procedures may be designed 
to speed up the detection of de novo generated favourable CNV events and 
develop this as a practical contribution to the improvement of plant varieties 
by CNV-breeding.
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Rapid adaptation of Arabidopsis 
thaliana to excess zinc stress
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Abstract
Heritable mutations are a fundamental source to generate adaptive 
phenotypes. The rate at which heritable de novo (epi)genetic variation arises 
influences how rapid plants can adapt to adverse environmental conditions. 
However, if and how mutation rates are affected by stress perceived by 
plants remains mostly uncertain. Here, we examined Arabidopsis thaliana 
populations grown under moderate and severe salinity and excess zinc 
stress for five generations using an experimental evolution approach. 
Based on whole-genome sequencing, we test if these specific stresses 
affect mutation rates, and observe a twofold increased accumulation of 
mutations in plants exposed to severe excess zinc stress, but no increases 
to moderate or severe salinity stress. Additionally, we demonstrate that one 
of the experimental populations exposed to severe zinc excess stress has 
significantly improved its performance and fitness after five generations 
of excess zinc exposure. Adaptation in this excess zinc-tolerant genotype 
most likely occurred due to a de novo mutation causing a premature stop 
codon in the RBOHF gene, encoding an NADPH oxidase, involved in reactive 
oxygen species (ROS) formation. Our results suggest that A. thaliana can 
rapidly adapt to environmental stress through de novo mutations of strong 
effect.
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Introduction
Plants are frequently exposed to unfavourable environmental conditions, 
that impose stress on the plant, which hinders their development and even 
proves lethal in extreme cases. Understanding how plants adapt to such 
stress is a fundamental question in evolutionary biology and plays a crucial 
role in addressing the increasing demands on crops in the face of climate 
change (Zaidem et al., 2019). The acute responses to stress involve various 
processes, starting from the initial perception of stress, followed by signalling, 
signal integratiown, and ultimately resulting in a response achieved through 
adjustments in transcriptional, translational and biochemical/physiological 
processes (H. Zhang et al., 2022). Additionally, epigenetic changes, such 
as DNA/histon (de)methylation, may occur that can be inherited for a few 
generations in the form of “stress memory”, but these are typically reverted 
once the stress subsides (Lämke & Bäurle, 2017). Over multiple generations, 
beneficial mutations may be acquired through adaptive evolution to better 
match the environmental conditions. Nevertheless, there is still much 
unknown about how various stresses influence mutation rates in plant and 
the significance of these mutations in generating adaptive phenotypes. 
 This process can be directly investigated using experimental evolution, 
where populations derived from a single genotype are propagated in a 
controlled and selective environment (Kawecki et al., 2012). Assuming 
that the chosen environment requires an adaptive response, one can 
observe which de novo beneficial mutations are generated and selected 
within the evolving populations in real-time. As it may take many, often 
hundreds of generations before the first beneficial mutations rise to fixation  
(Lenski et al., 1991), most adaptive evolution experiments have been 
conducted using microbial species. Those experiments have revealed that 
the genetic architecture of stress adaptation is dependent on the rate at 
which beneficial mutations accumulate, the fitness effects of such mutations, 
and the strength of selection (Barrick & Lenski, 2013; Conrad et al., 2011).
 A limited number of multi-generational growth experiments have been 
conducted to investigate the genetic mechanisms of stress adaptation in 
plants. However, practical constraints have limited these experiments to a 
few tens of generations, in contrast to the thousands of generations typically 
studied in microbial experiments. Mutation accumulation experiments 
of Arabidopsis thaliana exposed to salinity (C. Jiang et al., 2014) and  
high-temperature stress (Belfield et al., 2021; Z. Lu et al., 2021) 
indicate that stress increases the rate of spontaneous accumulation of  
single-nucleotide polymorphisms (SNPs) and small insertions/deletions 
(indels). However, these studies did not directly address whether such 
mutations contribute to adaptation. In addition to genetic mutations, there 
is evidence that heritable changes in DNA methylation may also contribute to 
generating a rapid adaptive response (Schmid et al., 2018; X. Zheng, Chen, 
et al., 2017). Nevertheless, it remains unclear whether these epimutations 
are stable or represent transient stress memory, as distinguishing between 
the two is challenging (Johannes & Schmitz, 2019). Consequently, the 
relative contribution and speed at which genetic and epigenetic mutations 
contribute to stress adaptation in plants remain mostly unclear.
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 One particularly underexplored aspect is the contribution of copy 
number variation (CNV), defined here as deletions, insertions, and 
duplications of at least 50 base pairs (bp). CNVs have the potential to make 
significant contributions to adaptation, as demonstrated by experimental 
evolution studies in yeast grown under highly selective conditions  
(Gorter et al., 2017; Oud et al., 2013). In natural yeast populations, 
CNVs can be highly dynamic, segregating even within very closely related 
populations differing only by few SNPs (Jeffares et al., 2017), and beneficial 
CNVs can quickly revert in the absence of a strongly selective environment  
(S.-L. Chang et al., 2013). This suggests that CNV serves as a genetic 
mechanism for rapid response and adaptation to environmental changes.
 There is evidence to suggest that CNV can facilitate rapid adaptation 
in plants as well. CNV is prevalent within natural and domesticated 
plant populations (Lye & Purugganan, 2019; Zmienko et al., 2020) and 
can have a significant impact on gene expression, and consequently 
phenotypic variation, when it overlaps with genes or regulatory elements  
(Alonge et al., 2020). For example, a natural population of the weed species 
Amaranthus palmeri developed resistance to the herbicide glyphosate within 
10 years through amplification of the EPSPS gene (Gaines et al., 2010). 
Additionally, an experimental evolution study in A. thaliana found CNVs 
occurred at significantly higher rates in lines exposed to high temperature 
stress (28 °C) compared to a non-stressed lines (22 °C), and that one of the 
duplications identified in the stressed lines overlapped with genes involved 
in response to temperature stress (DeBolt, 2010). However, a more recent 
mutation accumulation study in A. thaliana grown under high temperature 
stress failed to detect such CNVs (Belfield et al., 2021). Further adaptive 
evolution studies focusing on the role of CNVs with regards to short-term 
stress adaptation in plants have been lacking, in part due to the challenges 
associated with identifying CNVs using short read sequencing approaches 
(Ho et al., 2020). Therefore, it is unclear whether short-term adaptation 
through CNV is a rare occurrence or a more general phenomenon.
 Here, we leverage the experimental evolution framework and recent 
advancements in computational variant detection methods (Wijfjes et al., 
2019) to investigate the genetic architecture of short-term stress adaptation 
in plants. We employed whole genome sequencing (WGS) to detect de novo 
CNVs, SNPs, small indels, and changes in methylation in A. thaliana lines 
grown for five generations under salinity and zinc stress. Although long-
read sequencing is better suited for detecting large variants such as CNVs 
(Sedlazeck, Rescheneder, et al., 2018), we opted for short-read sequencing 
platforms due to their lower cost, allowing for a larger number of individual 
plants to be analysed in each treatment. Salinity and zinc stress were 
specifically chosen as treatments because genes involved in conferring 
tolerance to these two types of stress were found to be multiplicated in plant 
species closely related to A. thaliana that are adapted to high levels of salt 
(Dassanayake et al., 2011; H.-J. Wu et al., 2012) and zinc (Hanikenne et al., 
2008; Lochlainn et al., 2011). This study aims to elucidate the rate at which  
A. thaliana develops an adaptive response to salinity and zinc stress, the rate 
at which different types of genetic and epigenetic mutations accumulate during 
this process, and the contribution of these mutations to stress adaptation.
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Results
Effect of experimental treatments on plant performance
We tested the effect of two distinct types of challenging abiotic 
conditions, salinity and excess zinc, on plant growth. Plants were grown 
for five consecutive generations under two different abiotic stress 
inducing treatment regimes that differed in their severity (Figure 1a). In  
the ‘moderate stress’ treatments the concentration of salt/zinc  
remained constant across generations, and we will refer to experimental 
populations from these treatments as either salt stress constant (SSC)  
or zinc stress constant (ZSC). The first generation of the ‘severe 
stress’ treatments started at the same salt/zinc concentration as in the  
moderate stress treatments, but the concentrations increased by 10% at  
each subsequent generation. The ‘severe stress’ experimental populations 
will be referred to as salt stress increasing (SSI) or zinc stress  
increasing (ZSI). Finally, we used separate ‘control’ treatments for salt and 
zinc, and these experimental populations are referred to as salt control 
(SC) or zinc control (ZC). These conditions were established in a pilot  
study where a range of different excess zinc and salinity concentrations  
were tested on a subset of five A. thaliana accessions. The accession 
Köln-5 (Kl-5) was chosen for this study as it is relatively susceptible  
to the salinity and excess zinc treatments compared to the other  
accessions tested, it flowered relatively early on all experimental 
treatments, the seed germination was close to 100% on all experimental  
treatments and there was resequencing data available at the start of  
the experiment.
 Experimental populations growing under moderate and severe 
stress treatments had reduced growth compared to their matching  
control treatments, with the effect of both zinc stress treatments being  
more pronounced, as shown by the occurrence of chlorotic plants  
(Figure 1b-e) and the reduced seed yield (Figure 1f). For both salt 
stress treatments, the reduced seed yield could be attributed to reduced  
survivability of seedlings, especially during the first week after the  
application of the high salinity solution. The decrease in total seed yield 
in the zinc stress treatments instead resulted from a strongly reduced 
production of seeds per individual plant. Plants in the ZC treatment obtained  
higher total seed yields compared to the SC treatment (Figure 1f),  
underlining the importance of defining separate control treatments for the 
two stress regimes.
 We measured seed ionome profiles of progeny from the fifth 
experimental generations and explored variation in ionome profile  
through principal component analysis (Figure 2a). The largest degree  
of variation in ionome profile (PC1 in Figure 2a) is due to differences in 
growth substrate: rockwool for the salinity treatments (SC, SSC, and 
SSI) and a peat-based soil mixture for the zinc treatments (ZC, ZSC, and 
ZSI). Additionally, the seed ionome profile for both zinc stress treatments  
mainly differs in PC2 from its respective control, while for salinity all  
three treatments group together (Figure 2a). Although there is overall  
no strong variation along PC1 and PC2 between replicates of the SC and SSC/
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SSI treatments, they do show significant differences in the concentration of  
some individual elements, with the largest differences in sodium (Na) 
concentration (Figure 2b). Similarly, the seed zinc concentration is 
significantly higher in both zinc stress treatments (Figure 2c), where in total 
14 out of the 3 elemental concentrations significantly differ between control 
and two stress treatments (Table S2). 

Figure 1: Effects of experimental treatments on plant growth and total seed yield.  
(a) Schematic overview of the experimental setup. Offspring from a single ancestor 
were used to provide the starting population for the six experimental populations 
that received a control, moderate or severe stress treatment (ZC, ZSC, ZSI, SC, 
SSC, SSI). Six independent replicate populations were maintained per treatment. 
Photograph of one replicate population of SC (b), SSC (c), ZC (d), ZSC (e), 12 days 
after sowing. (f) Total seed yield collected from six replicate populations such as 
depicted in (b)-(e), for each of the five generations (rounds) of the experimental 
treatments.
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Experimental adaptation to zinc stress
To test if the experimental populations have adapted to their stress 
treatments, we evaluated the relative performance of offspring from the 
fifth generations in both the control and moderate stress treatment. We 
decided to focus our phenotypic evaluations exclusively on the progeny of the  
zinc-related treatments as the zinc stress treatments induced a larger degree 
of physiological stress response symptoms (e.g. plants showing strongly 
reduced growth and seed production) and we had only noted potential 
signs of adaptations in some of these replicate populations. We measured 
fresh weight and flowering time of progeny from the fifth generation on 
both the zinc control and moderate stress treatment (Figure 3a-d). Under 
zinc control conditions, both ZSC and ZSI populations had slightly, but 
significantly higher fresh weight than the ZC populations (Figure 3b) and 
flowered on average a few days earlier (Figure 3d). Under the moderate 
zinc stress conditions, there were no differences in fresh weight or flowering 

Figure 2: Seed ionome profiles of progeny from the fifth experimental generation. (a) 
Principal component analysis of ionome profiles from pools of seeds of each 
treatment. Seeds of each of the six replicate populations per treatment were 
included, with the exception of one replicate population from the severe zinc stress 
treatment (ZSI1). (b-c) Sodium (Na) (b) and zinc (Zn) (c) concentration of seeds. 
Differences were assessed using a one-way ANOVA, in which only differences within 
either the salt or zinc related treatments are considered. Error bars represent the 
standard deviation of the mean. 
*p < 0.05; **p < 0.01; ***p < 0.001.
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time between the ZC and ZSC/ZSI populations, except for one replicate 
population from the severe zinc stress, namely ZSI2 (Figure 3b-d). Under 
moderate zinc stress conditions, ZSI2 has significantly higher fresh weight 
than any other population (Figure 3b-c) and flowers significantly earlier 
(Figure 3d). The much higher fitness also results in more seeds that are 
produced, but as plants shattered seeds easily, seed production could not be 
reliably determined. Thus, overall we observe a small but noticeable effect 
of the zinc stress treatments on the growth of progeny in the subsequent 
generation under control conditions, and we find one replicate population 
(ZSI2) with drastically improved performance under zinc stress conditions.
 Besides the increased excess zinc tolerance in replicate population 
ZSI2, we observed a limited number of plants with increased performance 
under moderate zinc stress in other ZSC and ZSI replicate populations 
during their fifth experimental generation. When we evaluated the growth 
performance of a random subset of progeny from each replicate population 
under the moderate zinc stress treatment, we observed one individual plant 
with increased zinc tolerance in replicate population ZSC3 (Figure 3e). 

Limited evidence of changes in DNA methylation contributing to adaptation to 
zinc stress
Besides genetic variation, previous work indicated that rapid adaptation of  
A. thaliana may involve changes in cytosine methylation levels maintained for 
at least two to three generations in the absence of the selective environment 
(Schmid et al., 2018). We used bisulfite sequencing to investigate changes 
in DNA methylation between plants of stress and control treatments and 
compared these to changes in DNA methylation found between plants 
within the same control treatment. DNA was also isolated from progeny of 
plants from the fifth generation grown under control conditions, to exclude 
transient epimutations.
 Differentially methylated sites were observed almost exclusively in the 
CpG context as opposed to the CHG and CHH context (Figures 4 and S1), 
consistent with previous work (Schmid et al., 2018). The number of CpG 
sites differentially methylated between plants grown under stress treatments 
versus those grown under control treatments did not significantly differ 
from the numbers observed between plants of the same control treatment 
(Figure 4a), nor did the genomic context in which such sites were found 
(Figure 4b). Nevertheless, plants grown under severe zinc stress treatment 
have greater variation in the number of differentially methylated CpG sites 
compared to plants grown under control conditions (Figure 4a), with one 
plant of the ZSI6 population containing the most differentially methylated 
sites (1554) of all sequenced plants. The plant from the ZSI2 population did 
not contain a significantly different number of differentially methylated sites 
relative to ZC plants. 
 We found 78 promoters (Figure 4c) and 300 transcribed regions, or 
‘gene bodies’ (Figure 4d) that overlapped with differentially methylated sites 
exclusively in ZSI plants, suggesting that these may be involved with the 
treatment. Given the elusive function of gene body methylation in plants 
(Bewick & Schmitz, 2017), we hypothesize that epimutations that are 
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Figure 3: Response of progeny after five experimental generations to control and moderate 
zinc stress. (a) Tray containing progeny from ZC1 and ZSC1 replicate populations 
when grown together on the zinc control treatment. (b) Fresh weight of above 
ground tissue measured of 50 plants from the six replicate populations for each of 
the three treatments (control, moderate and severe zinc stress), grown under zinc 
control (left panel) or moderate zinc stress (right panel) conditions. Significance 
of differences was assessed using two-sample t-tests. (c) Tray containing progeny 
from ZC2 and ZSI2 replicate populations grown under the moderate zinc stress 
treatment. (d) Flowering time of offspring of different treatments grown under ZC 
(left panel) or ZSC (right panel) conditions. (e) Progeny from replicate population 
ZSC3 grown under moderate zinc stress treatment, with one offspring that is more 
excess zinc tolerant. Significance of differences was calculated by one-way ANOVA 
with a Tukey HSD posthoc test.  All ZC offspring, except for ZC2.  All ZSI 
offspring, except for ZSI2. *p < 0.05; **p < 0.01; ***p < 0.001.
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the most likely to affect phenotype are those that cluster inside promoter 
regions of genes with a known function in stress response. Based on these 
assumptions, the ZSI-specific differential methylation of the promoter 
of the GLYCINE-RICH PROTEIN 3 (GRP3) gene is the most likely to have 
contributed to stress adaptation, as it contains four differentially methylated 
sites and the associated gene has been implicated in mediating aluminium 
tolerance (Mangeon et al., 2016). However, the epigenetic modifications  
to this gene, or any other, do not seem to have contributed to enhanced  
zinc excess tolerance, as aside from the ZSI2 population no general 
phenotypic differentiation or adaptive response has been observed in the 
replicate ZSI populations. 

Figure 4: Differentially methylated CpG sites in progeny of the fifth generation when 
grown on the zinc control treatment. (a) The number of differentially methylated CpG 
sites in individual samples of each treatment. (b) Genomic context of differentially 
methylated sites found in the individual samples of each treatment. (c-d) The 
number of promoters (c), defined here as the 500 bp regions upstream of genes, 
and gene bodies (d) that overlap with differentially methylated CpG sites found 
in samples of the ZSI populations. Promoters are categorized as “Unique to ZSI” 
if they only overlap with differentially methylated sites of the ZSI treatment or 
“Shared with...” if they overlap with sites of other treatments as well. The x-axis 
depicts the minimum number of differentially methylated sites overlapping with 
the promoter resp. gene body in an individual sample.
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Plants grown under increasing zinc stress contain putative adaptive genetic 
mutations
We set out to characterize whether the physiological and phenotypic 
response of plants to salinity and zinc stress affected the accumulation of 
spontaneous genetic mutations. Therefore, we sequenced five randomly 
selected progeny from each replicate population. 
 Plants from the ZSI treatments contained on average about a twofold 
higher total number of spontaneous mutations compared those from the 
zinc control treatment (p = 0.03, Mann-Whitney U test). Moreover, both 
SNPs and InDels were accumulated roughly twofold higher on average in 
the ZSI populations compared to the ZC populations. For plants grown 
under moderate zinc stress the average number of accumulated mutations 
is in between the ZC and ZSI populations, but that does not significantly 
differ from either. Plants from the SSC populations contained about 
25% fewer mutations than those grown under the salt control treatment  
(p = 0.022, Mann-Whitney U test). This difference is predominantly due to 
a lower number of SNPs, but not of indels (Figure 5a).
 Aside from the higher number of mutation observed in the ZSI 
populations, also a relatively larger fraction of genetic variants are shared 
by multiple plants from the severe zinc stress compared to the control 
(Figure 5b). We examined whether the mutations observed in ZSI plants 
likely affect gene functioning and consequently plant phenotype using 
variant effect prediction. A small set of SNPs and indels are predicted to 
have moderate to high impact (Figure 5c) and these could have a possible 
role in stress adaptation. The SNP predicted to have the strongest effect 
is a variant observed in all sequenced plants of the ZSI2 population. This 
variant introduces a premature stop codon in the first exon of the gene  
RESPIRATORY BURST OXIDASE HOMOLOG F (RBOHF), known to be 
involved in stress-induced production of reactive oxygen species (ROS)  
(Kwak et al., 2003; Torres et al., 2002). This mutation likely results in a 
knock-out, as it severely truncates the translated protein, resulting in the 
loss of all its membrane-spanning domains and calcium-binding regions 
that are considered vital for its function in signal transduction. Besides this 
variant, we found three other variants shared by multiple plants in the ZSI2 
population: a 1 bp deletion in the stop codon of the gene ZINC FINGER 
OF ARABIDOPSIS THALIANA 7 (ZAT7), a transcription factor involved in 
oxidative stress response and salinity stress (Xie et al., 2019), and two non-
synonymous SNPs; one in the gene At2g18560 (a UDP-glycosyltransferase 
superfamily protein) and one in MITOCHONDRIAL SINGLE-STRANDED 
BINDING PROTEIN 2 (SSB2), which acts as a regulator of mitochondrial 
replication and homologous recombination (Qian et al., 2022). 
 Very few CNVs were detected overall (Table 1) with no significant 
difference between different treatments, similar to mutation accumulation 
lines grown under high temperature stress (Belfield et al., 2021). One 
of the CNVs found in a SSC plant completely overlapped with the gene 
SENESCENCE-ASSOCIATED GENE 13 (SAG13), which is an oxidoreductase 
linked to senescence and previously found to be upregulated in leaves of an 
early-aging A. thaliana mutant (Schippers et al., 2008).
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Figure 5: Spontaneous mutations in 
plants from all six replicate populations 
per treatment after five generations of 
growth under the different treatments. 
(a) Distribution of the mutation 
rate of all homozygous variants, 
SNPs and indels per treatment. 
(b) Number of samples containing 
variants found in each treatment. 
(c) Impact of SNPs and indels in 
each treatment, as computed by 
variant effect prediction (VEP).

Table 1: Number of CNVs detected in generation 5 of plants grown under each population. 

 As the founder accession used in all experiments (Kl-5) is different 
from the one used to generate the A. thaliana reference genome (Col-0), we 
verified that using Col-0 as a reference genome to detect de novo variants 
did not result in missing putative adaptive variants. 98% of the reads of 
two offspring samples of the founder accession (generation 1) mapped to 
the Col-0 reference genome (Table S3). Of the unmapped reads, 41 to 
51% could be aligned to chromosome-level assemblies of seven different  
A. thaliana accessions, covering a small number of genes of each (Table S3). 
These genes are associated with various Gene Ontology terms, although 
none directly involved with adaptation to high salinity or zinc adaptation  
(Table S4). They could be grouped into 136 homology groups, each 
representing a gene of Kl-5 missing from the Col-0 reference genome. Given 
this small number of homology groups, the limited number of generations 
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propagated in all experiments, and the observed low spontaneous de novo 
mutation rate, it is unlikely that we missed putative adaptive variants by 
mapping to the Col-0 reference genome only.

The genetic basis of zinc tolerance in the ZSI2 population maps to a premature 
stop codon in RBOHF
To further establish the (epi)genetic cause of zinc-tolerance in the ZSI2 
replicate population, we tested if all plants from the ZSI2 population were 
zinc-tolerant by growing a random sample on the moderate zinc stress 
treatment in a grid format to evaluate individual performances. This 
demonstrated the presence of two phenotypically distinct classes, with 
approximately 15% of plants appearing equally excess zinc-sensitive 
as other ZC, ZSC and ZSI populations, and about 85% of progeny that 
are significantly more tolerant to the moderate zinc stress treatment  
(Figure 6a). Next, we evaluated the performance of progeny from individual 
zinc-tolerant ZSI2 lines under moderate zinc stress treatment and observed 
that all their progeny are equally zinc-tolerant as their parent. Moreover, 
when zinc-tolerant ZSI2 lines were propagated for two consecutive 
generations under zinc control conditions, and then tested to moderate zinc 
stress, their progeny remained zinc-tolerant. Together this demonstrates a 
genetic, rather than epigenetic or physiological, cause of zinc-tolerance.
 To determine the genetic cause of zinc-tolerance, we crossed a 
zinc tolerant ZSI2 line (as a father) with Col-0, which is sensitive to the 
moderate zinc stress treatment, to produce an F1. This F1 exhibited similar 
sensitivity to the moderate zinc stress treatment as Col-0, indicating the 
trait is genetically recessive. The F2 progeny segregated for zinc-tolerance 
in a ratio most close to 5:1 sensitive to tolerant (1168 sensitive vs  
238 tolerant plants). This ratio best resembles may point to a single locus 
as it is quite close to a 3:1 segregation ratio, or may point to a segregation 
of two genetically linked genes that are jointly required for zinc-tolerance. 
Bulked segregant analysis was performed, comparing pools of DNA obtained 
from zinc-sensitive and zinc-tolerant plants, in order to map the genetic 
locus responsible for zinc tolerance. One quantitative trait locus (QTL) is 
mapped at Chr. 1 (Figure 6b). The top of the peak of this QTL mapped just 
over 1100 bp away from the de novo mutation which causes a premature 
stop codon in the RBOHF gene, and which is shared by all five sequenced 
ZSI2 plants. Additionally, the QTL spanned two other de novo mutations 
that were shared among respectively three and five of the sequenced ZSI2 
individuals. The first of these mutations is located at approximately 16 
Mb in the intergenic space between two pseudogenes, while the second is 
located near 26 Mb and 395 bp upstream of the start codon of At1g69060 
(Chaperone DnaJ-domain superfamily protein) (Figure 6b). The de novo 
mutation in RBOHF appears as the most likely mutation affecting the zinc 
tolerance, as this loss-of-function mutation has the highest predicted impact 
on gene function and completely co-segregates with the phenotype. 
 To validate if a loss-of-function mutation of the RBOHF gene could 
increase zinc tolerance we tested the Col-0 RBOHF-F3 knockout line  
(Torres et al., 2002) for its response to moderate zinc stress treatment. 
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Col-0 RBOHF-F3 does not exhibit increased zinc tolerance and is equally 
sensitive to zinc stress as Col-0 and ZC plants (Figure 6c). 
 Whole rosette ionome analysis was conducted on plants grown on 
the control and moderate zinc stress treatment. The average rosette Zn 
concentration ranged between 20 to 36 µg/g DW under the zinc control 
treatment (Figure 6d), and between 1133 and 1557 µg/g DW under the 
moderate zinc treatment (Figure 6e). The Zn concentration in ZSI2 was 
significantly lower compared to ZC1 (on average 1133 versus 1486 µg/g DW 
respectively, p = 0.037) on the moderate zinc stress treatment, but did not 
differ significantly on the zinc control treatment. In contrast, no significant 
differences are observed between Col-0 and Col-0 RBOHF. Together, this 
indicates that a loss-of-function mutation in RBOHF is either not causal or 
this mutation is not sufficient on its own to cause zinc tolerance. 

Figure 6: Mapping of the causal mutation(s) underlying excess zinc-tolerance. (a) Plants 
from the ZC1 and ZSI2 replicate populations grown on moderate zinc stress. The 
tray containing ZC1 individuals serves as a control and comparison to evaluate the 
phenotypic effects of the moderate zinc stress treatment. (b) Bulked segregant 
analysis reveals one QTL for the association with zinc tolerance among the F2 
progeny of the cross between Col-0 and ZSI2. Green lines with a number (1-3) 
refer to three de novo mutations that were detected in the ZSI2 population and 
were shared by at least three out of five sequenced individuals. Mutation (1) is 
located between two pseudogenes, mutation (2) confers a premature stop codon 
in RBOHF and mutation (3) is located just upstream of At1g69060. (c) Validation 
experiment to test the Col-0 rbohf mutant, grown on moderate zinc stress, with 
ZC1, ZSI2 and Col-0 as positive controls. Rosette Zn concentration for the same 
four genotypes when grown under (d) control treatment and (e) moderate zinc 
stress treatment.
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Discussion
Certain types of environmental conditions imposing stress on plants have 
been shown to affect the frequency and spectrum of spontaneous mutations 
in plants (Belfield et al., 2021; C. Jiang et al., 2014; Z. Lu et al., 2021). 
However, the speed at which plant populations can adapt to stress and 
the genetic mechanisms underlying such adaptation are poorly understood. 
Little is known about the contribution of copy number variants, a class of 
genetic variants previously implicated with rapid stress adaptation of plants 
(DeBolt, 2010; Gaines et al., 2010), in particular. Therefore, we assessed the 
extent to which A. thaliana can adapt to salinity and zinc stress within a few 
generations and the genetic mutations underlying such adaptation. Plants 
showed an obviously visible physiological and phenotypic response after 
being exposed to salinity or excess zinc stress for five generations and seeds 
of such plants had respectively a higher sodium or zinc concentration. One 
particular replicate population grown on the severe zinc stress treatment, 
ZSI2, showed strong adaptation, while in independent replicate populations 
we observed a limited number of individual plants with increased zinc 
tolerance. Although these have not yet been followed up, it demonstrates 
that populations of A. thaliana can rapidly become tolerant to this treatment.
 Contrary to previous mutation accumulation (MA) experiments using 
A. thaliana (Belfield et al., 2021; C. Jiang et al., 2014; Z. Lu et al., 2021), 
we do not find an overall trend of stress increasing the rate of spontaneous 
mutations. Compared to the control treatment, plants under severe zinc 
stress treatment acquired, on average, slightly more than a twofold increase 
in the numbers of mutations. In contrast, the intermediately stressed plants 
accumulated, on average, approximately 40% more mutations, but this 
difference is not statistically significant from plants growing under control 
conditions. For plants from the zinc-adapted ZSI2 replicate population, the 
number of de novo mutations ranged from roughly 3.5 to 5.5 times higher 
than the average of the zinc control, which is primarily due to the strong 
selection on fitness, in this case of a single genotype containing a relatively 
high number of mutations. In contrast, no increase in mutation rate is 
observed in response to the salinity treatments. In fact, the total number of 
mutations was slightly lower in the intermediate salinity treatment compared 
to its control. In a similar study, Jiang et al. (2014) applied salinity stress  
(125 µM NaCl) for 10 consecutive generations to generate mutation 
accumulation (MA) lines (3 in control and 3 in high salinity) and reported a 
twofold higher mutation rate and increased levels of epimutations in the salt-
treated lines. These observations by Jiang et al. (2014) align with findings 
of increased mutation rates in A. thaliana suspension cultured plant cells 
when cultured under high salinity conditions (X. Zhu et al., 2021).  
 The discrepancies in response to salinity stress between our study 
and those of Jiang et al. (2014), and to a lesser degree Zhu et al. (2021), 
are challenging to explain. The MA approach used by Jiang et al. (2014) 
should be more effective at observing all spontaneous mutations, whereas 
in our experimental setup, selection against deleterious mutations may 
have reduced the total number of observed mutations. Additionally, 
our experimental design introduces some complexities as the level of 
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selection is not solely dependent on higher salinity or zinc levels, but is 
also influenced by several other experimental factors, some of which are  
treatment-specific. For instance, due to the reduced seed production of 
plants under the highest levels of stress, the population size was adjusted in 
the severe-stress treatments to ensure enough seeds to start a subsequent 
generation. As every treatment was initiated with the same population size, 
the faster growth and larger size of plants in the control treatment resulted 
in greater competition for light and other resources compared to any stress 
treatment. It is uncertain how these differences in selective pressure have 
affected the results in the salinity treatments, as such effects would also be 
expected to influence the zinc treatments.
 Overall, when comparing the effects of treatment on fitness in  
Figure 1f with the mutation rates in Figure 5a, the results suggest that 
mutation rates may only increase once a certain threshold level of stress 
is reached. It is possible that the salinity treatments we applied were not 
sufficiently stressful to reach that level. A study on A. thaliana MA lines 
exposed to three temperature treatments (control, moderate warming and 
high temperature) for 22 consecutive generations yielded similar results 
as our zinc treatments, with significantly higher mutation rates at the 
highest level of temperature stress and intermediate mutation rates at the 
moderate warming (Z. Lu et al., 2021). Two separate A. thaliana MA studies 
also confirmed higher mutation rates in response to high temperatures  
(up to 29 ⁰C and 33 ⁰C) (Belfield et al., 2021; Yadav et al., 2022), but not 
to low temperatures (16 ⁰C) (Belfield et al., 2021). Although the impact 
of multigenerational stresses on mutation rates in plants has not been 
extensively studied, a general trend is observed where stress increases the 
mutation rate once it reaches a certain minimal threshold level.
 The validation of the causal gene(s) that confer zinc tolerance is 
still a work in progress. The loss-of-function mutation in RBOHF is likely 
to be involved, in zinc tolerance, but does not completely explain the 
tolerant phenotype. Only very few spontaneous mutations that occurred on 
chromosome 1 are shared between tolerant plants. Among these mutations, 
only the one in RBOHF shows a perfect correlation with zinc tolerance, as 
100% of the sequencing reads from the tolerant pool in the BSA contained 
this mutation. Furthermore, the segregation ratio among F2 progeny either 
suggests the involvement of one single recessive locus (in the case of a  
3:1 segregation ratio), which aligns well with the loss-of-function RBOHF 
allele. Alternatively, the ratio of 5:1 suggests the involvement of two linked 
genes with an estimated genetic distance of approximately 10 cM. In this case 
it is highly likely that RBOHF is one of those genes involved. The presumed 
knockout mutant of RBOHF in Col-0 did not confirm the hypothesis that a 
loss-of-function allele of RBOHF by itself can directly improve zinc tolerance. 
Currently, several possible explanations for the lack of validation are being 
considered. Firstly, the Col-0 RBOHF mutant we used may not be a complete 
knock-out mutant. The mutant used in the validation experiment is a  
dSpm transposon insertion line with an insertion in the first exon  
(Torres et al., 2002). Although RNA gel blot analysis and RT-PCR suggest 
that this line is a knockout, the authors also reported the presence of several 
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different chimeric transcripts transposon parts and part of the gene and 
noted that these ‘presumable would give rise to nonfunctional proteins’ 
(Torres et al., 2002). Therefore, the tested Col-0 RBOHF may not represent 
a full knockout mutant, contrary to the mutant RBOHF allele in Kl-5. 
 Secondly, there may be a second gene genetically linked to RBOHF 
that is involved, and allelic variation between Col-0 and Kl-5 exists for this 
gene. If Kl-5 has a different allele that is a prerequisite for zinc tolerance, 
loss-of-function of RBOHF alone may not confer zinc tolerance in the  
Col-0 background. To address these possibilities, CRISPR-Cas9 knockouts 
of RBOHF are currently being generated in both the Col-0 and Kl-5 
backgrounds. This mutant analysis should help determine whether loss-
of-function of RBOHF alone is sufficient for increased zinc tolerance in Kl-5 
or if a second (or even more) gene(s) is/are involved. If a second gene is 
involved, it should be located on chromosome 1 nearby RBOHF because of 
the segregation ratio observed among the F2 progeny derived from the cross 
between ZSI2 and Col-0, and because the BSA only detected a single QTL. 
To further examine this potential second gene, a BSA will be performed on 
the F2 progeny resulting from a cross made between Col-0 RBOHF and ZSI2. 
In this case, only the second locus should segregate among the F2 progeny. 
 Thirdly, the most challenging possibility to resolve would be if the 
peak in the BSA has indicated RBOHF by chance, but in reality, an unknown 
spontaneous mutation located nearby is the causal factor and has evaded 
detection by the variant calling approach. Therefore, if the other approaches 
suggest that RBOHF is not involved, a long-read de novo assembly of a zinc 
tolerant line should be constructed and compared to the ancestor to identify 
previously undetected genetic variations.
 The mutation in RBOHF may be beneficial under excess zinc stress 
conditions, as it has been proposed that different ROS signatures help 
to tailor stress acclimation responses of plants to the specific stress 
they encounter (Choudhury et al., 2017). ROS can be generated in the 
apoplast by cell wall peroxidases and plasma membrane-localized flavin-
containing NADPH oxidases (NOX), which belong to the RESPIRATORY 
BURST OXIDASE HOMOLOG (RBOH) family in plants (H. Huang et al., 2019;  
Kadota et al., 2015). Plants possess multiple members of this family, 
each serving mostly dedicated functions (Torres & Dangl, 2005). RBOHF is 
involved in fine-tuning ROS levels in response to various (a)biotic stresses 
and plays a pivotal role in plant plastic responses to their environment  
(Kaur et al., 2014). The effects of ROS signalling can extend over long 
distances through the propagation of ROS waves, leading to systemic 
responses throughout the entire plant (Fichman & Mittler, 2020). These ROS 
waves are self-propagating and rely on the activity of RBOHD and RBOHF 
proteins (Fichman & Mittler, 2020; Zandalinas et al., 2020). In response 
to specific types of stress, apoplastic calcium ions (Ca2+) activate RBOHD 
and RBOHF proteins, resulting in the production of hydrogen peroxide in 
the apoplast (Mhamdi & Van Breusegem, 2018; Mohanta et al., 2018; 
Zandalinas et al., 2020). Hydrogen peroxide, being relatively stable, can 
accumulate in the apoplast and then be transported from cell to cell via 
aquaporins located in the cell membrane (Bienert et al., 2007; Mhamdi & 
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Van Breusegem, 2018). As neighbouring cells detect the influx of hydrogen 
peroxide, they respond in a similar manner, allowing the signal to propagate 
as an auto-propagating wave throughout the entire plant (Mhamdi &  
Van Breusegem, 2018). ROS waves can be induced by various types of abiotic 
and biotic stress, and they are considered a general yet essential signal 
that alerts cells and tissues to impending stress, rather than a signal that 
triggers specific responses based on the specific type of stress (Fichman & 
Mittler, 2020). RBOHF is thus a central hub in a complex regulatory network 
of stress signalling pathways (J. Han et al., 2019). However, the specific 
role of RBOHF to zinc tolerance has to be assessed further.  
 If RBOHF is indeed involved in the zinc tolerant phenotype of ZSI2, 
this may indicate that zinc tolerance results from a lack of ROS signalling 
along with a slight reduction in zinc accumulation. In one of the experiments, 
accidentally fifty times higher concentrations of certain components 
(KI, Na2MoO4*2H2O, CoCl2 and CuSO4*5H2O) were added to MS medium 
when preparing vertical agar plates. Zinc-tolerant ZSI2 plants exhibited 
increased levels of tolerance to these components as well (Figure 7). These 
results suggest that the tolerance observed is not specific to zinc but likely 
represents a more general stress response that is affected, and that can have 
beneficial and deleterious effects depending on the specific environment.  
A. thaliana may sense the high soil zinc concentration as an imminent stress 
and react with a systemic stress response that signals the plant to stop 
growth. Such a systemic stress response may follow from ROS waves, or 
may involve jasmonic acid (JA) signalling. Many (a)biotic stresses, including 
several heavy metals increase JA levels (Fonseca et al., 2009; Maksymiec 
et al., 2005). Increased JA levels inhibit plant growth by suppressing cell 
division and proliferation (Noir et al., 2013; Y. I. Zhang & Turner, 2008), 
but the activity of JA signalling depends on the activity of RBOHD and 
RBOHF (Maruta et al., 2011). By removing a key regulator in the form of 
RBOHF, this response may be abolished. That would then also imply that 
the ‘real’ phytotoxic effects of zinc would be lower than is currently known, 
as zinc tolerant ZSI2 plants still accumulate zinc concentrations, averaging 
around 1100 µg g-1 dry weight. Although the zinc-tolerant ZSI2 genotype 
accumulated approximately 25% lower zinc concentration compared to the 
ZC1 population, it seems unlikely that this reduction in zinc concentration can 
explain the significantly improved performance and fitness. The observed 
zinc concentration in ZSI2 is well above the phytotoxic threshold of 300 µg 
Zn g-1 dry weight, which is considered harmful to most plants (Broadley et 
al., 2007). Transcriptomic analysis may further elucidate what processes 
are changed in the ZSI2 plants and may aid in detecting the causal gene(s) 
as well. 
 We conclude that A. thaliana can rapidly adapt to environmental stress 
through de novo mutations within a short amount of time, given a highly 
selective environment. Importantly, it strengthens this phenomenon beyond 
earlier examples involving herbicide resistance (Gaines et al., 2010) and 
tolerance to high temperature (DeBolt, 2010). In contrast to the experiment 
by DeBolt, 2010), we did not find evidence that rapid generation of de novo 
CNV has played an important contribution to rapid adaptation. We expect 
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our findings to be of immediate interest for conservation biology and crop 
breeding, as they imply that de novo mutations can quickly introduce the 
phenotypic divergence necessary to facilitate adaptation of plants to harsh 
environments and the generation of elite crop cultivars through breeding.

Figure 7: Vertical plate essay using Col-0, zinc tolerant ZSI2 and progeny from a population 
adapted to the zinc control treatment (ZC1). Plate on the left is a control, with ½ 
strength MS agar. The plate in the middle and right contain ½ strength MS agar 
with 50x times higher concentrations of KI, Na2MoO4 ·2H2O, CoCl2 and CuSO4·5H2O.

Materials and Methods
Growth of control and stressed lines
For each treatment, the experiment was initiated using seeds from a well-
fertilised single plant of the Kl-5 accession (germplasm ID: CS76528). 
To start the treatment, 50 mg of seeds (approximately 2500 seeds  
(Jako et al., 2001)) per replicate population were sown and then stratified 
at 4 °C in a climate-controlled chamber for 3 days. Following stratification, 
the plants were grown in a climate controlled greenhouse with ambient 
CO2 levels, with temperatures set at 20/18 °C (day/night), 70% relative 
humidity, and providing natural light supplemented to a minimum of 16h 
of light at 125 µmol·m−2·s−1. Six replicate populations were used for each 
experimental treatment. The seeds were collectively harvested and stored 
for each experimental replicate once all plants within that replicate had 
completed their life cycle. After harvesting the seeds, the total seed yield 
per experimental replicate was mixed, and 50 mg of the seed mixture was 
used to initiate the next generation.
 For the salinity control and stress treatments, rockwool slabs  
(Grodan Rockwool Group, L 100 cm × W 15 cm × H 7 cm) were used and cut 
in half. Both halves were placed directly adjacent to each other in a plastic 
tray, providing a growth surface of 50 cm × 30 cm. Slabs were pre-soaked 
in a nutrient solution designed for A. thaliana (1.7 mM NH4

+, 4.5 mM K+, 
0.4 mM Na+, 2.3 mM Ca2+, 1.5 mM Mg2+, 4.4 mM NO3

–, 0.2 mM Cl–, 3.5 mM 
SO4

2–, 0.6 mM HCO3
–, 1.12 mM PO4

3–, 0.23 mM SiO3
2–, 21 µM Fe2+ (chelated 
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with 3% diethylene triaminopentaacetic acid), 3.4 µM Mn2+, 4.7 µM Zn2+,  
14 µM BO3

3– and 6.9 µM Cu2+ at pH 7, EC 1.4 mS cm-1) which will be referred 
to as Hyponex solution. Three different treatments were applied: 

1: Salt control treatment: plants were watered with the regular Hyponex 
solution throughout the experiment. Replicate populations originating from 
this treatment are referred to as Salt Control (SC).
2: Moderate salt stress treatment: plants were allowed to germinate on 
the regular Hyponex solution, after which, one week after sowing, 1 L of 
Hyponex with an increased concentration of NaCl was added to the tray, 
raising the NaCl concentration to 175 mM. Replicate populations originating 
from this treatment are referred to as Salt Stress Constant (SSC). 
3: Severe salt stress treatment: This treatment was identical to the moderate 
salt stress treatment in the first generation, but after the first generation, the 
NaCl concentration was increased by 10% in each consecutive generation. 
Replicate populations originating from this treatment are referred to as  
Salt Stress Increasing (SSI).

A fertilised peat-based soil mixture was used as a substrate for the zinc 
control and zinc stress treatments. Seeds were sown directly on treated 
soil. We used plastic growing tray with a surface area of 37 × 56 cm. Plants 
were watered with tap water. Treatments were prepared using 15 L of the 
potting mixture to which 5 L of treatment solution was added and thoroughly 
mixed. Three different treatments were applied:
1: Zinc control treatment: Plants were grown on the peat-based soil mixture, 
to which 5 L of demi water was added. Replicate populations originating 
from this treatment are referred to as Zinc Control (ZC).
2: Moderate zinc stress treatment: Plants were grown on the peat-based soil 
mixture, to which 10 g of ZnSO4·7 H2O was dissolved into 5 L of demi water, 
and added to the peat-based soil mixture. Replicate populations originating 
from this treatment are referred to as Zinc Stress Constant (ZSC).
3: Severe zinc stress treatment: This treatment was identical to the moderate 
zinc stress treatment in the first generation, but after the first generation, 
the amount of Zn dissolved into the 5 L demi water was increased by 10% 
in each consecutive generation. Replicate populations originating from this 
treatment are referred to as Zinc Stress Increasing (ZSI).

Determination of phenotypes
Total seed yield. After each generation in each treatment, the total  
seed yield from all plants in a tray was weighed. The seeds were harvested 
from all the plants in the tray at a single time point when they had fully 
ripened. Before weighing, the seeds were thoroughly cleaned to remove 
debris.

Fresh weight. Fresh weight was measured of offspring from the fifth 
generation of each zinc treatment. The same experimental setup was used 
as described for the zinc control and moderate zinc stress treatments, with 
two adjustments. Firstly, the trays with treatment soil were divided into 
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two equal halves, each measuring 37 × 28 cm. One half contained the  
progeny from ZC populations, while the other half contained the progeny 
from either ZSC or ZSI populations. The second adjustment involved using 
half of the number of seeds (25 mg) compared to the original experimental 
setup to achieve the same growing density as in the five treatment 
generations. Fresh weight was measured for 50 plants from the control 
and stress treatments. This measurement was done using a systematic  
sampling approach, where ten uniformly distributed sampling positions were 
marked, with five plants per position. The fresh weights were measured 20 
days after sowing, at a stage where all of the measured plants were bolting.

Flowering time. Flowering time was measured for progeny from the fifth 
generation of three replicate populations of each zinc treatment: ZC1,  
ZC2, ZC3, ZSC1, ZSC2, ZSC3 and ZSI1, ZSI2, ZSI3. Flowering time 
measurements were taken as the day when the first flower of each individual 
plant was completely opened. Flowering time measurements were taken for 
plants grown on both zinc control and moderate zinc stress treatment soils. 
For the zinc control treatment, flowering time was measured by growing 
individual plants (N = 104 per replicate population) in separate pots, using 
the same peat-based potting mixture as used in the zinc control treatment. 
For the moderate zinc stress treatment, flowering time was measured in the 
same conditions as the moderate zinc stress treatment. However, plants 
were sown in a grid format, with 128 plants per tray. Two replicate trays 
were used to phenotype the progeny from each of the replicate populations. 

Ionome analysis. Total elemental concentrations (ionome profile) was 
measured by inductively coupled plasma mass spectrometry (ICP-MS) 
from either seeds, and in a separate experiment from 3-week-old rosettes, 
as described by Pauli et al. (2018). Principal component analysis of seed 
ionome profiles was performed using the prcomp function in R. Results  
were visualized using ggplot2 (Wickham, 2016) (v3.3.2).

DNA extraction, library preparation, and sequencing 
Genomic DNA was extracted from progeny of the fifth generation of 
the experimental treatment, and from two offspring plants of the Kl5 
plant used to initiate all treatments. Plants were grown hydroponically 
on rockwool blocks (Grodan Rockwool Group, 40 × 40 mm in size)  
pre-soaked in Hyponex. Genomic DNA was extracted from inflorescences  
(open flowers and above) of single plants. Material was frozen in liquid  
nitrogen, ground to a fine dust, and incubated in 300 µL 2x CTAB buffer 
(2 % CTAB, 1.4 M NaCl, 100 mM Tris, 20 mM EDTA, pH 8) for 30 minutes  
at 65 °C. An equal volume of chloroform was added, mixed, centrifuged 
(3250 rpm for 15 min), and supernatant was collected. DNA was precipitated 
by adding an equal volume of ice-cold isopropanol, incubated overnight  
at -20 °C, followed by centrifugation (3250 rpm for 15 min). The  
precipitate was washed twice with 70 % ethanol and air dried. DNA was 
dissolved in milliQ water and treated with RNase (Promega) for 30 minutes 
at 37 °C.
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 DNA library preparation and sequencing were performed at Novogene 
(Cambridge, United Kingdom). After discarding samples that failed to 
pass quality control checks, regular DNA sequencing was performed of at 
least 30 samples per treatment and bisulfite sequencing was performed of  
six samples per treatment (Table S1). Illumina short-read libraries for 
regular DNA sequencing were prepared using the NEBNext Ultra II DNA 
Library Prep Kit for Illumina. The same kit was used to prepare libraries 
for bisulfite sequencing, after treating DNA samples with bisulfite (EZ DNA 
Methylation Gold Kit of Zymo Research). All libraries were sequenced using 
the Illumina Novaseq 6000 platform, yielding at least 5.2 Gb of paired-end 
(2x150 bp) data per sample.

Trimming and aligning reads of regular DNA sequencing libraries
Reads of the regular DNA sequencing libraries were trimmed using  
Trim Galore (version 0.6.5), a wrapper of Cutadapt (Martin, 2011) 
(version 1.18), with default parameters. This step clipped sequences that 
matched at least 90% of the total length of the standard Illumina adapter 
AGATCGGAAGAGC. In addition, it trimmed bases from the 5’ and 3’ ends 
of reads if they had a Phred score of 20 or lower. Reads shorter than 20 bp 
after trimming were discarded.
 Trimmed reads were aligned to a modified version of the  
A. thaliana Col-0 reference genome (TAIR10, European Nucleotide Accession 
number: GCA_000001735.2), which contains an improved assembly of 
the mitochondrial sequence (Sequence Read Archive accession number: 
BK010421) (Sloan et al., 2018), using bwa mem (H. Li, 2013) (version 
0.7.17) with default parameters. The resulting alignment files were sorted 
and indexed using samtools (H. Li et al., 2009) (version 1.9). Alignment 
files of libraries generated from the same line were merged using Picard 
MarkDuplicates (https://broadinstitute.github.io/picard/) (version 2.22.2). 
Picard MarkDuplicates was also used to mark duplicate read pairs, using an 
optical duplicate pixel distance of 2500, which is appropriate when working 
with the patterned Illumina flowcells of the Novaseq 6000 platform.

Single nucleotide polymorphism (SNPs) and small indel calling
SNPs and small indels were called in each sample using GATK  
(Van der Auwera et al., 2013) (version 4.0.2.1) HaplotypeCaller, allowing 
a maximum of three alternate alleles at each site. Samples were jointly 
genotyped using the GATK modules GenomicsDBImport, CombineGVCFs, 
and GenotypeGVCFs with default parameters. This step generated three 
different VCF files: one containing the calls of the nuclear genome, one 
containing calls of the mitochondrial genome, and one containing calls of 
the chloroplast genome. We implemented a custom filtering pipeline to filter 
these sets to a high-confidence set of SNP and indel calls (see Supplementary 
Methods). Calls were considered to correspond to de novo mutations if they 
were found within plants of a single treatment only and absent from the two 
plants of generation 1. Otherwise, it was assumed that the mutations were 
already in the Kl-5 accession from which all lines were derived.
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Copy number variation calling
We called CNVs, defined here as deletions, duplications, and insertions of at 
least 50 bp, by applying the Hecaton workflow (Wijfjes et al., 2019) (version 
0.5.0) with default parameters to the alignment files of each sample. CNVs 
called in each individual sample were genotyped and combined into a 
single VCF file (see Supplementary Methods for details). CNV calls were 
considered de novo mutations if they were only found in lines of a single 
treatment, had a read depth lower than 0.5 (deletions) or higher than 1.5 
(tandem and dispersed duplications) in such lines, had a read depth lower 
than 0.7 (deletions) or higher than 1.3 (tandem and dispersed duplications) 
in maximally three lines of other treatments, and were not called in the 
two plants of generation 1. While these filters are stringent, we believe 
them necessary to reduce the number of false positive de novo CNV calls, 
as regions are known to show changes in read depth even in the absence 
of CNV (Pedersen & Quinlan, 2019). Insertions were not further taken into 
account in downstream analyses, as they are difficult to reliably detect 
using our workflow (Wijfjes et al., 2019) and with short reads in general  
(Ho et al., 2020).

Calculation and comparison of mutation rates
Mutation rates of variants were computed in each sample by dividing the 
total number of homozygous variants by the number of bases having a 
coverage between 5x and 150x, assuming that variants could be reliably 
called at such positions. This mutation rate was then divided by the number 
of generations to compute the mutation rate per bp per generation. The 
coverage of each base in each sample was computed using mosdepth 
(Pedersen & Quinlan, 2018) (version 0.2.9). Differences between 
mutational rates were tested for statistical significance by applying the  
Mann-Whitney U test to the distributions of the number of variants found in 
samples of two different treatments. We considered rates to be significantly 
different if tests yielded a p-value below 0.05.

Inspecting non-reference genomic content of the founder accession
Reads of two offspring plants of the Kl-5 founder accession were mapped 
to the Col-0 reference genome and seven chromosome-level assemblies of 
different A. thaliana accessions representing the plant’s global distribution 
(W.-B. Jiao & Schneeberger, 2020) using PanTools (Sheikhizadeh et al., 2016) 
(branch “pantools_v3” from https://git.wur.nl/bioinformatics/pantools; 
command: “pantools map -am 2”). Reads that did not map against the Col-0 
assembly were extracted and realigned to the other seven assemblies using 
the same parameters. Genes of non-reference assemblies were considered 
“covered” if they had an average read coverage of at least 10 and at least 
90% of their length had a coverage of at least 1. Protein sequences of 
covered genes were assigned Gene Ontology terms using InterProScan 
5.50-84.0 (Jones et al., 2014). Genes of all 8 genomes were grouped into 
homology groups with the command “pantools optimal_grouping”, using a 
similarity score of 75%.
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Differential methylation calling
Bisulfite reads were trimmed using Trim Galore with default parameters. 
The methylseq workflow (https://github.com/nf-core/methylseq) was used 
to align the trimmed reads to the same modified A. thaliana Col-0 reference 
genome as the one used for the regular DNA sequencing reads and to call 
methylated sites with Bismark (Krueger & Andrews, 2011) (version 0.22.3). 
The generated coverage files were converted to cytosine reports for all three 
sequence contexts (CpG, CHG, CHH) using the coverage2cytosine script of 
Bismark. These reports were provided as input to the R package methylKit 
(Akalin et al., 2012) (version 1.16.0) to test whether sites were significantly 
differentially methylated between individual lines using Fisher’s exact test 
with default parameters of methylKit. Sites were only tested if they had a 
coverage of at least 10x in all sequenced lines.
 To identify changes in DNA methylation potentially involved in stress 
adaptation, we tested, for each site in each sample grown under a stress 
treatment, whether it was differentially methylated compared to all of the 
samples of the matching control treatment, performing separate tests for 
each pair (e.g. stress-1 vs. control-1, stress-1 vs. control-2 etc.). We used 
the same procedure to test whether sites were significantly differentially 
methylated in a control sample compared to all other samples of the same 
control treatment, to get an idea of the number of differential methylated 
sites within a single sample that can be expected under standard conditions 
(e.g. control-1 vs. control-2, control-1 vs. control-3 etc.). In both cases, 
p-values of separate pairwise tests were combined using Stouffer’s 
method, resulting in a single one-vs-all p-value for each site in each sample  
(e.g. stress-1 vs. all control samples). Combined p-values were separately 
corrected for multiple testing in each of the three sequencing contexts  
(CpG, CHG, CHH) using the Benjamini-Hochberg method  
(Benjamini & Hochberg, 1995). Sites in individual samples were considered 
differentially methylated if they had a p-value below 0.01 and a median 
methylation difference of at least 50% relative to the sites in all of the 
samples they were compared to.

Assessing the biological impact of genetic and epigenetic mutations
The biological impact of SNPs and small indels was assessed using VEP 
(McLaren et al., 2016) (version 102). Genes were obtained from the 
TAIR10 genomic annotation of Ensembl Plants (release version 40) and 
from the annotation of the improved A. thaliana mitochondrial assembly 
(BK010421.1). In addition, we intersected genetic and epigenetic variants 
with protein-coding genes, the 500 bp upstream of such genes, and 
transposable elements annotated in the A. thaliana genome using bedtools 
(Quinlan & Hall, 2010) (version 2.27.1) intersect, keeping hits with an 
overlap of at least 1 bp.

Bulked segregant analysis (BSA)
F2 progeny obtained from an F1 generated from a cross between Col-0 
(mother) and a zinc tolerant ZSI2 (father) plant were grown under moderate 
zinc stress until several inflorescences had formed. Plants were then grouped 
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into two phenotypic categories, tolerant or sensitive, for their response to 
the high zinc concentration based on their growth and visual signs of stress 
(i.e. chlorosis). Flower heads were sampled and pooled of approximately 
70 plants a per phenotypic group. DNA was isolated using the same CTAB 
method as described before.
 Library preparation was done using the Hackflex protocol  
(Gaio et al., 2022). Samples were pooled, and the fraction showing reads 
between 300 and 500 bp in size were selected and sequenced for on average 
40X whole genome coverage sequencing with Novogene (UK) Ltd. The 
SNP and indel calling workflow consists of four steps: (1) read trimming,  
(2) read alignment, and (3) variant calling. Step 1: Reads were trimmed 
using Cutadapt (Martin, 2011) (version 1.18). This step clipped sequences 
that matched at least 90% of the total length of one of the adapter sequences 
provided in the NEBNext Multiplex Oligos for Illumina (Index Primers  
Set 1). In addition, it trimmed bases from the 5’ and 3’ ends of reads if 
they had a Phred score of 20 or lower. Reads shorter than 70 bp after 
trimming were discarded. Step 2: Trimmed reads were aligned to a modified 
version of the A. thaliana Col-0 reference genome (TAIR10, European 
Nucleotide Accession number: GCA_000001735.2) which contained an 
improved assembly of the mitochondrial sequence (Sequence Read Archive 
accession number: BK010421) (Sloan et al., 2018) using bwa mem  
(version 0.7.10-r789) (H. Li, 2013) with default parameters. The resulting 
alignment files were sorted and indexed using samtools (version 1.3.1) (H. Li 
et al., 2009) Alignment files of libraries generated from the same accession 
were merged using Picard MarkDuplicates (https://broadinstitute.github.io/
picard/), called through the GATK suite (version 4.0.2.1) (McKenna et al., 
2010). Picard MarkDuplicates was also used to mark duplicate read pairs, 
using an optical duplicate pixel distance of 2500, which is appropriate when 
working with patterned Illumina flow cells. Step 3: SNPs and indels were 
called by running FreeBayes (Garrison & Marth, 2012) (version 1.3.1-dirty) 
with alignment files of all samples as input, using default parameters.  
Step 4: the two most abundant alleles of a variant taken and 
variants with a quality score below 1 were excluded using VcfFilter.  
Step 5: the VariantsToTable function from the GATK suite was used to 
generate a tabular format that can be used in subsequent bulked segregant 
analyses. 
 Bulked segregant analysis was done using QTLseqr (Mansfeld  
& Grumet, 2018) (version 0.7.5.2) for all possible pairs between the four 
phenotypic classes. Variants that occurred less than 20% in both pools 
and extremely low and high coverage SNPs, with a minimum of 30 and 
maximum of 100, were excluded. A sliding window size of 300 kb was 
used. Other steps were used in default mode, and as a false discovery rate  
q = 0.01 was used. 
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Supplementary Figures

Figure S1: Differentially methylated CHG and CHH sites in plans of the fifth generation 
grown under different treatments. (a) The number of differentially methylated CHG 
sites in individual plants of each treatment. (b) The number of differentially 
methylated CHH sites in individual plants of each treatment.

Figure S2: Quality control of SNPs and small indels. (a-d) Density plots of the variant 
annotations quality normalized by read depth (QD) (a), Fisher’s exact test of strand 
bias (FS) (b), symmetric odds ratio test of strand bias (SOR) (c), and mapping 
quality (MQ) (d) of nuclear SNPs and small indels. Thresholds used to filter putative 
false positives are shown in red. Similar plots were used to filter mitochondrial and 
chloroplast variants.
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3Figure S3: Mean SNP mutation rates at different thresholds for genotype quality (GQ) 
and the percentage of missing genotypes. Although absolute rates change between 
different minimum GQ (a) and maximum allowed percentages of missing genotypes 
(b), relative differences between mutation rates are retained. Error bars depict 
standard errors of the mean. The same trends were seen when computing mutation 
rates of small insertions and deletions.
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Abstract
Natural populations of Arabidopsis thaliana provide powerful systems to 
study adaptation of wild plant species. Previous research has predominantly 
focused on global populations or accessions collected from regions with 
diverse climates. However, little is known about the genetics underlying 
adaptation in regions with mild environmental clines. We have examined a 
diversity panel consisting of 192 A. thaliana accessions collected from the 
Netherlands, a region with limited climatic variation. Despite the relatively 
uniform climate, we identified compelling evidence of local adaptation within 
this population. Notably, semidwarf accessions occur at a relatively high 
frequency near the coast and these displayed enhanced tolerance to high 
wind velocities. Additionally, we evaluated the performance of the population 
under iron deficiency conditions and found that allelic variation in the FSD3 
gene affects tolerance to low iron levels. Moreover, we explored patterns of 
local adaptation to environmental clines in temperature and precipitation, 
observing that allelic variation at LARP1c likely affects drought tolerance. 
Not only is the genetic variation observed in a diversity panel of A. thaliana 
collected in a region with mild environmental clines comparable to that in 
collections sampled over larger geographic ranges, it is also sufficiently rich 
to elucidate the genetic and environmental factors underlying natural plant 
adaptation.
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Introduction
Adaptation is defined as the process through which a population attains 
higher fitness in its native environment than non-native populations sampled 
from different sites (Kawecki & Ebert, 2004). Unraveling the genomic and 
physiological basis of adaptation in plants is a central question in modern 
plant biology. From an evolutionary perspective, linking plant genotypes to 
adaptive traits helps to clarify how environmental gradients drive natural 
selection of both standing and novel variation, which ultimately may result 
in speciation (Sobel et al., 2010). It also enables us to model whether 
natural populations are able to adapt to future environmental conditions 
(Bay et al., 2017; Exposito-Alonso et al., 2019) and provides insights on 
processes or even genes to focus on when breeding crops for enhanced 
abiotic stress tolerance (Huang & Han, 2014).
 The model plant species Arabidopsis thaliana provides an excellent 
system to study natural plant adaptation (Weigel & Nordborg, 2015). Recent 
studies of this species have shifted from the global HapMap population  
(Li et al., 2010), traditionally used for genome-wide association studies 
(GWAS), to populations sampled from regions containing a range of 
contrasting climates, including Sweden (Long et al., 2013), the Iberian 
Peninsula (Tabas-Madrid et al., 2018), and the south-west of France 
(Frachon et al., 2018), as these local populations are expected to minimize 
genetic heterogeneity and thus provide more statistical power for detecting 
quantitative trait loci (QTLs) (Brachi et al., 2013; Korte & Farlow, 2013). 
While studies on such regional populations have successfully identified 
several adaptive loci (Frachon et al., 2018; Tabas-Madrid et al., 2018), we 
know comparatively little about the loci driving adaptation in regions having 
a milder diversity in environmental conditions.
 The Netherlands, a region which has remained largely under-
sampled so far, provides an excellent opportunity to address this issue. 
This region covers an area comparable in size to the south-west of France, 
but much smaller than Sweden and the Iberian Peninsula. Compared to 
the other three regions, the Netherlands has only mild climatic clines  
(https://www.knmi.nl/klimaat-viewer), but past work indicated that local 
adaptation of A. thaliana may still be expected (Barboza et al., 2013). 
The Netherlands contains a moderate frequency of accessions with short 
inflorescences, mediated by the same loss-of-function allele of the GA5 gene that  
managed to spread over more than 100 kilometres in the western part 
of the country (Barboza et al., 2013). There is reason to believe that 
more such signatures of local adaptation can be found, for instance 
based on the small differences in average temperature and annual 
precipitation, or the soil type on which A. thaliana grows in the Netherlands  
(De Vries et al., 2003). While it can be found on the clay and peat regions 
in the west and north of the country, it mainly grows on sandy soils, which 
largely occur in the east and south, and in the coastal dunes. It is often 
found in roadsides and gardens in which substantial movement of soils and 
seeds from other regions has occurred in the past.
 To comprehensively address the contribution of genetic variation 
to plant adaptation in the Netherlands, we generated the Dutch 
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Arabidopsis thaliana Map (DartMap) panel, a collection of 192 A. thaliana  
accessions sampled from different sites in the country. We show that this 
panel contains a surprisingly high level of genetic diversity and provide 
evidence of local adaptation to mild climatic clines. Moreover, we present 
strong evidence that variation at two loci is involved in mediating adaptation 
to wind tolerance and iron deficiency. Our work demonstrates that plant 
populations sampled in small geographic regions with a low diversity in 
environmental conditions can contain a level of genetic variation that is 
sufficiently rich to facilitate local adaptation.

Results
The degree of genetic diversity in the Netherlands is typical of that of most 
European regions
The global A. thaliana collection of the 1001 Genomes (1001G) Project 
(Alonso-Blanco et al., 2016) includes only 11 lines from the Netherlands, 
which likely represents only a small portion of the region’s genetic variation 
due to limited dispersal of minor alleles (Tabas-Madrid et al., 2018). 
Therefore, we used the DartMap panel and the Dutch 1001G accessions 
to characterize the overall degree of genetic diversity of A. thaliana in the 
Netherlands. In total, we identified 2,712,612 SNPs and 353,974 indels in 
the DartMap panel and the Dutch 1001G accessions (collectively referred 
to as DartMap + 1001G panel for brevity) relative to the A. thaliana Col-0 
nuclear genome reference sequence. Moreover, we detected 487 SNPs and 
209 indels in the chloroplast sequence, and 137 SNPs and 15 indels in the 
mitochondrial sequence.
 Furthermore, we examined copy number variation in the DartMap 
panel, excluding the Dutch 1001G accessions because they were sequenced 
with a different sequencing platform. We detected 29,155 copy number 
variants (CNVs) relative to the Col-0 reference genome. Most of these 
are less than 500 bp (Figure S1a) and are deletions (Figure S1b), which 
is in line with the distribution of structural variants found in an earlier 
study on the full 1001G collection (Göktay et al., 2021). We found that  
448 genes overlap with CNVs predicted to disrupt gene function and present 
at moderate frequencies within the DartMap panel (Table S1) (considering 
deletions only, as we could confirm that these were called with high precision 
(Figure S2)). The 448 genes are significantly enriched for genes involved in 
disease resistance (P = 4.39×10-6).
 To contextualize the degree of genetic diversity of the DartMap + 
1001G panel, we compared it to similarly sized collections from Sweden  
(Long et al., 2013) and the Iberian peninsula (Tabas-Madrid et al., 2018), 
using the same SNP and indel calling approach. Considering only SNPs and 
indels that are polymorphic in the DartMap + 1001G panel (i.e. at least one 
accession contains a reference allele), the Swedish collection contains a 
similar number of variants, while the Iberian one is more diverse (Table 1). 
This disparity can be attributed to the presence of “relict” accessions in the 
Iberian collection, which originated from A. thaliana populations in Europe 
before the last ice age and are genetically distinct from the more recent “non-
relict” group that repopulated Europe thereafter (Alonso-Blanco et al., 2016). 
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 Most SNPs and indels detected in the DartMap + 1001G panel are 
shared among multiple accessions and the distribution of their minor allele 
frequencies is similar to that of the Swedish collection (Figure 1a). In 
contrast, the Iberian collection contains a relatively larger fraction of rare 
variants (Figure 1a), possibly because the mountain systems in this region 
strongly limit the spread of minor alleles (Tabas-Madrid et al., 2018).
 To assess the genetic diversity of the DartMap + 1001G panel,  
we calculated pairwise genetic distances between individual accessions. Most 
pairs of accessions differ at approximately 320,000-340,000 variant sites, 
similar to the Swedish collection and most pairs of the Iberian collection 
(Figure 1b). However, the Iberian collection shows a right-skewed distribution 
of pairwise genetic distances, indicating the presence of accessions that 
are genetically more distant from each other compared to the majority  
(Figure 1b). This tail in the distribution aligns with previous findings of 
genetic distance between Iberian accessions and attributed to the presence 
of the relict accessions in this region (Alonso-Blanco et al., 2016). Taken 
together, our analyses indicate that genomic variation of A. thaliana in 
the Netherlands predominantly originated from the post-glacial expansion 
event from which most A. thaliana accessions in Europe descended  
(C.-R. Lee et al., 2017).

Genetic diversity of A. thaliana in the Netherlands was shaped by ancient and 
contemporary forces
 We explored the demographic and evolutionary history of the 
DartMap + 1001G panel using population structure analyses based on the 
genetic distance between individual accessions, which have proven useful 
for this purpose in previous studies of A. thaliana (Alonso-Blanco et al., 
2016; Tabas-Madrid et al., 2018). We computed population structure of the 
DartMap + 1001G panel through hierarchical clustering based on pairwise 
organellar (Figure 2a) and nuclear (Figure 2b) genome-wide similarity, 
including all accessions of the 1001G collection sampled in Belgium, France, 
Germany, and the United Kingdom to evaluate relatedness between Dutch 
A. thaliana accessions and those of nearby countries. The dendrograms 
based on chloroplast and mitochondrial variation consist of three nearly 
equidistant groups (Figure S3) with identical spatial distributions across the 
Netherlands (Figure 2a), as expected for organellar sequences that are both 
predominantly maternally inherited.

Table 1: The number of polymorphic bi-allelic SNPs and indels (“Variants”) found in 
regional A. thaliana populations.
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Figure 2: Population structure of A. thaliana in the Netherlands. (a-b) Geographical 
location of Dutch accessions clustered based on organellar (a) and nuclear (b) 
genome-wide similarity. Colours are used to distinguish accessions of different 
clusters. The main rivers of the Netherlands are depicted by blue lines. (c) Principal 
component analysis of chloroplast variants in Dutch accessions and the global 
collection of A. thaliana analysed in a previous study (Hsu et al., 2019). (d) Samples 
in (c) coloured according to the chloroplast haplogroups reported in a previous 
study (Hsu et al., 2019).

Figure 1: Comparing the genetic diversity of three regional populations. (a) Minor allele 
frequency of bi-allelic SNPs and indels. (b) Genome-wide similarity between pairs 
of samples (bars are overlapping).
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 A previous study showed that European accessions contain several 
highly diverged chloroplast haplogroups of which the estimated time 
of divergence considerably predates the post-glacial expansion event 
(Hsu et al., 2019). A principal component analysis based on chloroplast 
variation between individual accessions of the DartMap + 1001G panel 
and of a global collection of A. thaliana separate Dutch accessions in 
three different groups (Figure 2c) that correspond to different subsets 
of chloroplast haplogroups identified in that same study (Figure 2d). 
This implies that the distinct organellar groups of the DartMap + 1001G 
panel represent ancient variation, while the nuclear groups reflect more 
recent genomic differentiation, explaining the limited overlap in spatial 
distribution between the two (Figure 2a and b).
 The spatial distribution of the nuclear groups provides insights into 
the factors that shaped genomic variation in the DartMap + 1001G panel 
following the postglacial expansion event. Based on nuclear variation, the 
panel can be divided into two main groups, predominantly separated by 
the central Rhine and Waal rivers (group 1 to the north and group 2 to the 
south) (Figure 2b). The rivers likely acted as natural dispersion barriers  
(Pico et al., 2008), restricting genetic flow between the two groups.  
It is worth noting that A. thaliana is generally not found in clay soil 
accompanying the rivers, except in residential areas where it has been 
introduced through human-induced transport of soil from other regions.  
Group 1 can be further divided into three subgroups (Figure 2b), of which  
two contain accessions that are closely related to each other (subgroups  
1a and 1b) and less related to the rest of the population (Figure S4).  
Subgroup 1a contains nine accessions with short inflorescences, referred to 
as “semidwarfs”, mainly concentrated in the western part of the Netherlands 
(Figure 2b). Subgroup 1b is predominantly found on the Dutch islands in 
the north, implying that these islands were colonized by a limited number 
of founder accessions, mostly from group 1. Group 2 consists of accessions 
that are genetically similar to accessions from Germany (subgroup 2a)  
respectively France and the United Kingdom (subgroup 2b)  
(Figure S5), suggesting that these are part of a large genetic group 
spread over Northwestern Europe.
 Besides large clusters, we identified 27 pairs of accessions that 
are near duplicates in terms of nuclear similarity (Table S2), with 
differences of fewer than 50,000 sites between them. This level of 
similarity is significantly lower than the median pairwise similarity of 
354,388 sites (Figure 1a). Strikingly, they include 8 out of 9 pairs of 
the semidwarf accessions of group 1a, which are separated by more 
than 100 km (Table S2). The widespread geographical distribution of 
highly identical genotypes that all have the same semidwarf phenotype 
suggests there may be a selective advantage to this trait, similar to the 
near-identical and widespread atrazine-resistant genotypes distributed 
along the United Kingdom railway system, which we identified previously  
(Flood, Van Heerwaarden, et al., 2016).
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Semidwarf ga5 mutants display tolerance to windy conditions
A previous study indicated a higher frequency of semidwarfs in the Netherlands 
compared to the global estimated frequency of at least 1% (Barboza et al., 
2013). In our analysis, we identified ten semidwarf accessions in the DartMap 
panel, three of which overlapped with those from the previous study(Barboza 
et al., 2013). Almost all examined semidwarf accessions are loss-of-function 
mutants at the GA5 locus, which encodes the GIBBERELLIN 20-OXIDASE 1 
(GA20OX1) gene (Barboza et al., 2013).Further investigation of the genomic 
sequences of GA5 revealed that eight semidwarf accessions are genotypically 
nearly identical and share a previously described ga5 splice site mutation 
specific to Dutch semidwarfs (Barboza et al., 2013). Of the remaining two 
accessions, one contains an undescribed 52 bp deletion in the last exon of 
GA5, while the other contains no mutations in the GA5 coding region.
 The eight near-identical semidwarfs that share the same splice site 
mutation are part of nuclear subgroup 1a (Figure 2b), whereas the semidwarf 
accession without GA5 coding sequence mutations is genetically distinct and 
part of subgroup 1b (Figure 2b). Subgroup 1b consists of five accessions 
found exclusively on the Dutch islands in the North, with four of them 
displaying relatively short inflorescence lengths (among the top 15% shortest 
inflorescence length in the DartMap). These four accessions share a unique 
25 bp insertion at 557 bp upstream of the GA5 transcription start, while 
the fifth accession in this subgroup has an average inflorescence length and 
lacks this mutation. Both subgroups (1a and 1b) are genetically most related 
to each other and both are found in the West of the Netherlands (Figure 
2b). The appearance of two distinct ga5 mutations in accessions with short 
inflorescences dispersed across the Netherlands suggests that semidwarfism 
provides an adaptive advantage.
 Dwarfism in plants is a common adaptation to high altitude (Billings 
& Mooney, 1968; Grace, 1988; Luo et al., 2015), although it remains 
unclear which aspect of high altitude causes this. The majority of the Dutch 
semidwarfs are collected within 15 km of the coast, often only a few meters 
above sea level, so there is no association with high altitude. However, these 
semidwarfs share a characteristic with their original collection locations, 
namely the presence of high wind speeds, particularly between December 
and March (Figure 3a). Given that high wind speeds are also a characteristic 
of high-altitude environments, we aimed to investigate whether the presence 
of high wind speeds could potentially create a selective environment favoring 
semidwarf A. thaliana. 
 We grew six Dutch semidwarf accessions and five tall accessions, in 
a climate chamber equipped to provide controlled wind speeds typically 
experienced in coastal areas of the Netherlands in March/April. Moreover, 
we included Col-0, Ler and the ga5 loss-of-function mutants in Col-0 and Ler 
backgrounds for a direct comparison of near isogenic lines differing only at 
the GA5 locus. Despite our preselection for similar flowering time (Table S3), 
based on greenhouse data, the semidwarfs flowered significantly later than 
the taller accessions (Figure 3b), and the wind treatment therefore affected 
the semidwarfs for a shorter period while bolting and flowering than the 
tall accessions. This likely had little effect on our final results though, as all 
accessions were exposed to windy conditions for the same time and all plants 
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started to flower before the end of the experiment. The tall accessions are 
strongly affected by the wind, as evidenced by a significant reduction in stem 
length (approximately 30% on average) and fresh weight (approximately 
36% on average) (Figure 3c and 3d). In contrast, the semidwarfs also 
showed a significant reduction in stem length, but the average reduction was 
only around 10% and no significant decrease in fresh weight was observed 
(Figure 3d). Similar effects were observed for Col-0 and Ler, where the wind 
treatment significantly decreased their stem length and fresh weight, whereas 
the respective ga5 loss-of-function mutants remained unaffected (Figure 3c 
and d). Collectively, these results strongly suggest that the presence of the 
ga5 mutation contributes to wind tolerance.

Figure 3: Phenotypic response to windy conditions. (a) Average annual wind speed 
(between 1981-2010) in the Netherlands as measured at ground level. Green 
circles indicate semidwarf accessions that share the same splice site mutation, 
black triangles indicate all other DartMap accessions. Figure adapted from 
https://www.knmi.nl/klimaat-viewer/kaarten/wind/gemiddelde-windsnelheid/
jaar/Periode_1981-2010. (b-d) Plant responses to absence or presence of windy 
conditions (grey and orange respectively) for (b) flowering time, (c) inflorescence 
length one week after the first flower opened, (d) fresh weight at flowering *P < 
0.05; **P < 0.01; ***P < 0.001, two-tailed Student’s t-test.
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Flowering time variants display a latitudinal cline
The transition from vegetative to reproductive stage is a key life history 
trait in A. thaliana, influenced by seasonal cues like day length and 
temperature(Andrés & Coupland, 2012). Previous GWA analyses of flowering 
time yielded few significant associations, mainly due to allelic heterogeneity 
(Atwell et al., 2010; Tabas-Madrid et al., 2018; L. Zhang & Jiménez-Gómez, 
2020). We expect this should be less of a problem in a regional population 
with more closely related individuals. Therefore, we performed GWA analysis 
of flowering time, with and without vernalization, using the DartMap panel. 
We discovered a highly significant association between flowering time and 
a 16 bp indel near the end of the first exon of the FRIGIDA (FRI) gene 
(position 269960 on chromosome 4 of Col-0), irrespective of vernalization 
treatment (Figure 4a). This indel is known to cause a premature stop 
codon in the FRI coding sequence, leading to a non-functional FRI allele  
(Andrés & Coupland, 2012; Johanson et al., 2000; Koornneef et al., 1994). 
 FRI is a key regulator of flowering time in A. thaliana and  
loss-of-function alleles are widespread in nature (L. Zhang & Jiménez-
Gómez, 2020). As the variant we picked up by GWA analysis is unlikely 
to be the only loss-of-function mutation to occur in the Netherlands,  
we examined all polymorphisms in the FRI coding sequences in the DartMap 
and found a total of 41 FRI alleles. When compared to the FRI-H51 allele, 
that encodes a fully functional protein and is regarded as the ancestral  
FRI allele based on sequence comparisons with A. lyrata (Le Corre et al., 2002;  
L. Zhang & Jiménez-Gómez, 2020), another 11 loss-of-function  
fri alleles are identified across 88 accessions. Nearly all of the accessions 
with a loss-of-function allele are early flowering (Figure 4b). Although 
the Netherlands has a small latitudinal range, we examined if there is a 
latitudinal cline in the diversity panel regarding flowering time, consistent 
with previous findings in Northern European and Mediterranean accessions  
(Stinchcombe et al., 2004). While we did not observe such a cline 
when considering the entire population, excluding accessions with  
fri loss-of-function alleles revealed a latitudinal cline (Figure 4c),  
suggesting the involvement of other loci, apart from FRI, in controlling 
flowering time. These analyses collectively demonstrate the suitability of 
the DartMap panel for conducting GWA analyses on phenotypic variation 
relevant to local adaptation.
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Local adaptation to the Dutch climate
The Dutch climate is characterized as a temperate maritime climate, which 
is relatively uniform across the Netherlands. However, there are mild and 
gradual clines in environmental variables, with slightly higher temperatures 
and less precipitation in inland areas compared to coastal areas.  
One advantage of having a densely and uniformly sampled population is the 
potential to detect whether local adaptation to these gradual environmental 
clines has influenced genetic diversity. To test this hypothesis, we conducted 
a genome-environment association (GEA) analysis on 19 quantitative 
climatic variables related to temperature and precipitation (Table S4 and  
Figure 5a as example). We identified multiple QTLs for these variables, but 
the most notable QTL is located on Chr. 4 (Figure 5b), which we named qDPT  

Figure 4: GWA analysis of flowering time in the DartMap panel upon vernalization. (a) 
Manhattan plot for days until flowering after a six-week vernalization treatment, 
identifying one highly associated polymorphism located in the FRIGIDA gene 
(arrow). The red line corresponds to a permutation-based threshold level of 
significance at P < 0.05. (b) Flowering time distribution of three FRIGIDA variants 
in the DartMap panel. The Col-0 variant corresponds to a 16 bp deletion causing 
a premature stop codon in the FRIGIDA coding sequence. (c) Average days until 
flowering for DartMap accessions relative to their latitudinal site of origin with 
linear fit for accessions with a predicted loss-of-function fri allele (red, R2 = 0.016, 
P = 0.128) or a functional FRI allele (blue, R2 = 0.082, P = 0.002).
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(QTL for the Dutch Precipitation and Temperature climatic variables). This 
QTL is associated with seven climatic variables (Table S4).
 Further examination of qDPT reveals that it appears to consist of two 
separate QTLs, approximately 230,000 base pairs apart (Figure S6a). The 
SNPs that are found most frequently with the highest association in each 
QTL are SNP 416770900 and SNP 417000635 with minor allele frequencies (MAF) 
of 14.2% and 17.5%, respectively. To determine whether the -log(P) peaks 
represent distinct QTLs or a single one, we calculated pairwise r2 values 
between SNP 416770900 and all other biallelic SNPs in the selected genomic 
region (16,700,000–17,200,000 bp). This analysis revealed only weak 
evidence of linkage disequilibrium (LD) (pairwise r2 = 0.52) between the 
two SNPs most strongly associated with the trait (Figure S6b). Hence, we 
consider these to be two separate QTLs. For convenience, we will refer to 
them as ‘qDPT-A’ and ‘qDPT-B’, with their corresponding SNPs labelled as 
A/a for SNP 416770900 and B/b for SNP 417000635. 
 The GEA analyses provide insights into whether specific alleles are 
correlated with particular climatic variables. A strong association at a specific 
locus can indicate that allelic variation at that locus is important for local 
adaptation (Ferrero-Serrano & Assmann, 2019). However, it is important to 
note that a strong correlation could also arise if the climatic variable aligns 
with the population structure, potentially resulting in a statistical artifact. 
We confirmed that this is not the case. First of all, kinship correction is used 
to perform the GEA analyses, and this should drastically reduce the chance 
of finding loci that strongly link to the population structure. Secondly, 
we observe that the geographical distribution of the population structure 
appears to be mostly affected by the river systems (Figure 2b), which can 
be regarded as a South – North cline. The climatic variables that map at 
qDPT follow a mostly East – West cline. Moreover, the minor allele of qDPT-A 
is found in five out of six nuclear subclusters (the common allele is found 
in all subclusters), and for qDPT-B both alleles are found all subclusters. In 
conclusion, identification of these QTLs is not an artifact due to the general 
population structure and is likely to represent a locus associated with plant 
adaptation to the environment. 
 It is not immediately apparent to which specific climatic variable(s) 
this locus contributes. In the Netherlands, the climate is primarily 
influenced by the North Sea, which affects various environmental factors 
such as temperature, wind speed and precipitation patterns and variability. 
Therefore, it is not surprising that the same peak is consistently observed, 
given the high correlation between climatic variables associated with qDPT. 
Consequently, unravelling the particular climatic variable or combination 
of variables to which this specific locus may be adaptive is challenging. 
However, it is worth noting that the climatic variables associated to qDPT 
are all connected to seasonality, while annual means in precipitation and 
temperature are not associated. This suggests that the adaptation may be 
related to conditions that prevail during certain parts of the year, such as 
one or two seasons, or to adaptations that enable the plant to effectively 
tolerate greater variability. To explore which climatic factor may be involved 
in this regard, we tested if allelic variation at qDPT resulted in a differential 
response to a gradual decrease in water availability.
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 As qDPT-A and qDPT-B are in close proximity, we selected a set of 
accessions with combinations of alleles for these QTLs (13 accessions with 
‘AB’, 7 with ‘Ab’, 1 with ‘aB’ and 7 with ‘ab’; Table S5) aiming to disentangle 
the individual contributions of the QTLs. Initially, all accessions were grown 
under well-watered conditions. Subsequently, after two weeks, half of the 
replicates for each accession were no longer watered for eleven days. We 
regularly measured the response in projected leaf area (PLA) during this 
period. Due to an uneven distribution of accessions across the genotypic 
combinations for these QTLs, we compared accessions with ‘Ab’ genotypes 
against those with ‘ab’ genotypes (7 accessions per group) to assess 
the effect of qDPT-A. For qDPT-B, all 28 accessions (14 accessions per  
qDPT-B/b allele) were included in the analysis. Our results indicate a significant 
effect of qDPT-B on the PLA response to drought (two-way ANOVA with 
qDPT-B/b allele and days post drought treatment as variables; P = 0.003)  
(Figure 5c and 5d). However, we did not observe a significant effect for 
qDPT-A. Subsequently, we examined the distribution of qDPT-B alleles 
across the Netherlands and the 1001G panel. We found that SNP 417000635 
(qDPT-B) has a much higher MAF in the Netherlands (MAF = 17.5%)  
(Figure 5e) compared to 1001G panel (MAF = 3.1%) (Figure 5f). The 
association scores at qDPT-B varied considerably depending on the specific 
climatic factor being analysed. 
 We propose that the region encompassing the genomic locus with 
a LOD > 6, which is consistently observed across different mappings, 
is the most likely location for the causal gene(s). This region comprises  
13 genes spanning from At4g35820 to At4g35940 (Table S6). Within this 
region, there are a few genetic variants that are in linkage (r2 > 0.4) with  
SNP 417000635 and potentially impact the protein. Particularly noteworthy 
are two non-synonymous variants in OSCA4.1 (At4g35870), also 
known as early-responsive to dehydration stress protein (ERD4). The 
first variant constitutes a change from methionine (neutral-polar) to 
isoleucine (hydrophobic) at the 10th position, while the second variant 
changes an isoleucine to leucine (both hydrophobic) at the 641st position.  
Presently, it is unknown whether these changes affect functionality of this 
gene. We tested T-DNA insertion lines for 11 of these candidate genes in 
response to control and drought treatments and measured Fv/Fm as a  
proxy of plant stress (Maxwell & Johnson, 2000) (Figure 5g). For the 
remaining two genes, At4g35930 and At4g35940, no T-DNA insertion lines 
were available. The mutant of LARP1c (At4g35890) has significantly lower 
Fv/Fm values in the drought treatment compared to Col-0, while it does 
not differ from Col-0 in the control treatment (Figure 5g). Additionally, the 
mutant performance does not differ significantly from Col-0 in PLA under the 
control treatment, but is significantly impaired under the drought treatment 
(Figure 5h). These results pinpoint LARP1c as the most prominent candidate 
gene to underly the difference in response to drought. 
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Figure 5: Genome-environment association (GEA) analysis on climatic variables related 
to precipitation and temperature. (a) Geographical distribution of precipitation 
seasonality (coefficient of variation) expressed in Seasonality Index (SI) units for 
the DartMap. SI values < 0.19 are defined as ‘precipitation throughout the year’, 
whereas values between 0.20 and 0.39 are defined as ‘precipitation throughout 
the year, but with a definite wetter season’. (b) Manhattan plot for the GEA related 
to precipitation seasonality (coefficient of variation). (c) Response to drought 
treatment for accessions differing at their qDPT-B allele. Boxplots represent the 
normalised projected leaf area (PLA) calculated per accession by dividing the 
PLA in the drought treatment over the PLA in the control treatment for a set of  
14 randomly chosen accessions per allele (depicted as an adenine (A) or guanine 
(G) nucleotide at SNP 417000635). (d) Pictures of six representative accessions per 
qDPT-B allele in the control and drought treatment, taken 11 days after the start 
of the drought treatment. (e) Geographical distribution of the two alleles (‘A’ and 
‘G’) across the Netherlands and (f) Europe. (g) ) Fv/Fm as a proxy of plant stress 
of Col-0 and candidate gene T-DNA insertion lines. (f) The response of PLA of Col-0 
and the larp1c mutant. 
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Natural allelic variation for FSD3 affects iron deficiency tolerance
Although the Netherlands is relatively uniform in climate, the soil type 
composition differs substantially across the country, with clay, peat and 
sand forming the major types (Hartemink & Sonneveld, 2013). This  
could be an important driver for local adaptation in the Netherlands, 
as nutrient composition and particularly nutrient availability (Veer, 
2006), differs between soil types. Iron (Fe) in particular is known to 
vary in availability and shortage of Fe will severely limit plant growth  
(Hell & Stephan, 2003). We determined the light-use efficiency of 
photosystem II (PSII) electron transport (ΦPSII) of the DartMap diversity 
panel grown under control and Fe-deficient conditions, through chlorophyll 
fluorescence measurements. Low ΦPSII can serve as an early indicator 
of Fe deficiency (Terry, 1980), as Fe is an essential component of 
ironsulphur, and heme proteins that play pivotal roles in photosynthesis 
and respiration(Hänsch & Mendel, 2009).
 The low Fe supply leads to only mild visible symptoms, such 
as reduced plant growth and mild leaf chlorosis, but causes extensive 
variation for ΦPSII, much more than in the control condition (Figure 6a). 
GWA mapping identified a single associated region, on chromosome 5, 
with the most significantly associated SNP located at position 7,856,132 
(Figure 6b). The same locus, and the same SNP, is also found when the 
average ΦPSII values in the Fe-deficient condition, and the ratio between 
ΦPSII in Fe deficiency versus control, are used as traits for GWA mapping 
(Figure S7). To identify candidate genes for the causal allelic variant,  
we limited the associated region to 22 kb, based on the genome  
positions of SNPs that are in linkage disequilibrium (LD) (r2 > 0.55) with 
the most significantly associated SNP. This region is predicted to contain 
10 genes (Figure 6c).
 We identified three common haplotypes for this genomic region in 
the DartMap panel. Accessions that share the haplotype with the reference 
variant associated with SNP57856132 will be referred to as haplotype 1, 
whereas accessions containing the non-reference variant can be further 
distinguished into two haplotypes that will be referred to as haplotypes 
2 and 3 (Table S7). Haplotype 1 associates with higher ΦPSII in  
Fe-deficient conditions relative to the non-reference haplotypes, which 
do not significantly differ in ΦPSII (Figure 6d). The higher ΦPSII of  
accessions with haplotype 1 correlates with a significantly higher 
projected leaf area in Fe-deficient conditions than haplotypes 2 and 3  
(Figure 6e), while both contain no significant differences in projected leaf area  
between each other.
 In total, 40 sequence variants are in LD with SNP57856132 at a cut-
off of r2 > 0.55, of which 27 are intergenic, 7 intronic and 6 exonic  
(Table S8). Only two of the exonic variants encode a non-synonymous 
amino acid substitution, but in both cases the substitutions are from 
a leucine to an isoleucine or vice versa. These are very similar amino 
acids, and neither of these substitutions, one in RIBF1 (At5g23330), the 
other in DUF789 (At5g23380), change the domains predicted by InterPro  
(Mitchell et al., 2019). 
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 We thus hypothesized that non-coding variants that affect either 
levels or timing of gene expression should be causing the observed QTL. 
We measured expression of each candidate gene by means of RT-qPCR  
in both control and Fe-deficient conditions in shoots of six accessions of  
each haplotype (Table S8). Two known marker genes for Fe deficiency 
in leaves, FSD1 and FRO3 (Waters et al., 2012), indeed showed the  
expected lower (FSD1) or higher (FRO3) expression under the Fe 
deficiency treatment compared to control (Figure S8a). Two of the 10  
candidate genes, FSD3 and STE14A (At5g23320), are about 2-fold 
higher expressed in accessions with haplotype 1 compared to accessions  
with either of the other two haplotypes (Figure 6f and S8b). The ΦPSII  
in Fe deficiency correlates well with expression of these genes  
(Figure 6g). None of the eight other candidate genes showed such response 
of expression between haplotypes and correlation with the ΦPSII in  
Fe deficiency (Figure S8b).
 Since the absolute expression levels of STE14A are very low,  
we focused on FSD3 as the most likely candidate to underlie the QTL.  
Two distinct splice variants are described for this gene that influence 
functionality regarding chloroplast development (S. Lee et al., 2019). 
We measured the relative gene expression of each splice variant 
independently, but found highly similar splice variant ratios between the 
different haplotypes (Figure S8c), indicating that natural variation affects 
gene expression of FSD3 only quantitatively and not through altering 
differential splicing. Analysis of the non-coding sequences surrounding 
FSD3 identified a variable (TTC)n/(GAA)n microsatellite repeat directly 
downstream of the FSD3 3’ UTR, which lacks either two or four of such 
repeats in haplotypes 2 and 3 relative to haplotype 1. As there are no 
differences in either ΦPSII or FSD3 expression between haplotype 2  
and 3 accessions we distinguished two alleles for the FSD3 locus based 
on their functionality in Fe deficiency: an Fe deficiency tolerant allele, 
which has the Col-0 reference sequence, and a sensitive allele lacking 
two or four (TTC)n/(GAA)n repeats. We subsequently confirmed the causal 
nature of the allelic variation at FSD3 to explain the QTL using quantitative 
complementation, in which we test if the difference in ΦPSII between  
F1 progeny derived from crosses between accessions with a tolerant allele 
crossed with both Col-0 and the fsd3 mutant, and F1 progeny derived from 
similar crosses with accessions carrying the sensitive allele. In Fe-deficient 
conditions, the F1 progeny derived from the fsd3 mutant and accessions 
with a tolerant FSD3 allele significantly outperform the F1 progeny derived 
from accessions with a sensitive FSD3 allele (P = 0.046) (Figure 6h),  
but not under control conditions (Figure 6i).
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Figure 6: Genome Wide Association (GWA) analysis of the response of photosynthesis 
efficiency to iron deficiency. (a) Distribution of ΦPSII, the light-use efficiency of 
photosystem II (PSII) electron transport, when grown in control (21 µM Fe2+, grey) 
and low iron supply (1 µM Fe2+), orange). (b) Manhattan plot of the SNP variant 
associations [-log(P) > 2] when using the residual values of the linear regression 
of ΦPSII in control conditions versus iron deficiency conditions as trait for GWA 
analysis. The red line indicates a permutation-based threshold level of significance 
of P < 0.05. (c) The genomic region surrounding the significantly associated 
region on chromosome 5 (green box in (b)). Red dotted lines demarcate the 
area in linkage disequilibrium with the most significant SNP, containing candidate 
genes depicted below (in grey). (d-e) Phenotypic distributions for ΦPSII (d) and 
projected leaf area (e) per haplotype. (f) Relative gene expression levels per 
haplotype for FSD3. (g) Photosynthesis efficiency relative to the average relative 
FSD3 expression level per accession with a linear fit (FSD3: R2 = 0.74, P = 2.94 
× 10-6). (h-i) ΦPSII of F1 progeny of crosses between Col-0 (tolerant FSD3 allele) 
or the fsd3 knockout mutant with accessions homozygous for the tolerant allele  
(N = 5) (blue) and similarly with accessions homozygous for the sensitive allele  
(N = 9) (red) in iron deficiency (h) and control conditions (i). Error bars represent SE.  
*P < 0.05; **P < 0.01; ***P < 0.001, two-tailed Student’s t-test.
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Discussion
Here we present the DartMap panel, consisting of 192 Dutch A. thaliana 
accessions and demonstrate its potential for detecting local adaptation. The 
genetic variation observed in this panel largely falls within the reported 
diversity of the 1001G collection, which is expected for accessions collected 
in Northwestern Europe outside the European relict regions (Alonso-Blanco 
et al., 2016). However, the genetic diversity is surprisingly high considering 
the relatively small geographical area without remarkable environmental 
clines. It illustrates the high level of standing genetic variation that exists 
among local populations of this predominantly self-pollinating species.
 Despite, or perhaps due to, the absence of strong environmental 
clines, the DartMap panel is very suitable for conducting GWAS. The 
genetic architecture underlying natural adaptation is strongly dependent 
on the local environment (Brachi et al., 2013; Fournier-Level et al., 2013). 
Consequently, adaptive loci may exhibit genetic or allelic heterogeneity in 
regions with contrasting climates, which hampers their detection through 
GWAS. A milder diversity in environmental conditions can help to alleviate 
this limitation, as exemplified by the successful identification of the well-
known FRI gene, which controls flowering time variation. This gene was 
not previously detected by GWAS in other collections such as the Iberian 
collection (Tabas-Madrid et al., 2018) or the large 1001G panel (Alonso-
Blanco et al., 2016), primarily due to allelic heterogeneity. As such, the 
DartMap should be regarded as a valuable complement to collections 
sampled from regions with contrasting climates, and not a replacement. 
With the availability of several regional diversity panels, it will be easier to 
identify such adaptive loci when taking into account that each region may 
favour its own adaptive variation. 
 Our finding that genes involved in disease resistance are  
overrepresented among those impacted by CNV is consistent with 
previous work. A similar phenomenon was found for defense-response 
genes in a global set of 1,301 natural A. thaliana accessions (Göktay et 
al., 2021) and this same category of genes was found to be enriched in 
regions highly rearranged between seven diverse A. thaliana genomes  
(Jiao & Schneeberger, 2020). These observations suggest that CNVs may act 
as a genomic response to biotic stress. The next step would be to investigate 
whether such structural variants correlate to variation in the prevalence and 
abundance of known pathogens of A. thaliana (Bartoli et al., 2018).
 The prevalence of plants with short inflorescences and the 
predominance of a near-isogenic genotype at various dispersed locations, 
strongly indicate an adaptive advantage for ga5 mutants in the coastal 
regions of the Netherlands. Allelic heterogeneity and strong selection of 
one successful, near-isogenic genotype represented multiple times in the 
DartMap panel was the reason we could not identify the GA5 locus through 
GWAS, but only based on prior knowledge on possible causal loci determining 
plant semidwarfism (Barboza et al., 2013). Signatures of selection were 
previously identified in GA5 among A. thaliana accessions collected 
globally (Barboza et al., 2013), but the environmental cue driving such 
selection remained elusive. Later, Luo et al., (2015) identified several ga5  
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loss-of-function plants in two Alpine populations of A. thaliana (Luo et al., 
2015) and noted a decrease in plant height with increasing altitude although 
the adaptive advantage to high altitude environments specifically was not 
conclusively demonstrated (Luo et al., 2015). Our findings demonstrate that 
high-wind treatment significantly impacts the growth vigour of tall Dutch 
A. thaliana accessions, whereas it has no significant effect on the vigour of 
predominantly coastally located semidwarf plants.
 Arguably, these are plants growing under optimal water and nutrient 
supply. Under natural circumstances, with additional growth-limiting factors 
and probably periods with much stronger winds, this reduction in vigour 
in the tall accessions is likely to be more detrimental, and also likely to 
affect their fitness (Younginger et al., 2017), which we could not establish 
under our artificial windy conditions. The observed phenotypic responses in 
terms of biomass and stem length to windy conditions are similar between 
the natural Dutch accessions and the Col-0 and Ler reference strains, 
as well as their corresponding ga5 loss-of-function lines. Considering 
that wind speed generally increases with altitude in mountainous areas  
(https://map.neweuropeanwindatlas.eu), the selective advantage of 
the Alpine semidwarfs is also likely to be due to tolerance to wind 
speed. The selective pressure seems high, given the many independent 
ga5 alleles found in the Netherlands, and elsewhere in the world  
(Barboza et al., 2013; Luo et al., 2015). It is remarkable that the  
near-isogenic genotype collected at several Dutch sites spread over such 
large distances, without any obvious means of transport. This is in contrast 
to a previous case of whole-genome hitchhiking, due to selection on 
herbicide tolerance, where the spread was clearly linked to transportation 
along railway tracks (Flood, Van Heerwaarden, et al., 2016).
 The presence of a North-South cline in flowering time and the 
association between windy conditions and inflorescence height both highlight 
the importance of relatively mild environmental clines for local adaptation. 
These patterns can be detected in a uniformly and densely sampled population 
like the DartMap. This is further exemplified by the strong association on 
chromosome 4 related to the mild cline in seasonality, where the alternative 
allele of qDPT-B is only found at a high local abundance in the West of 
the Netherlands. However, it should be noted that such associations do 
not necessarily provide evidence of causality. Demographic processes or 
genetic drift can produce similar patterns to those created by selection  
(Rellstab et al., 2015). To further investigate whether this 
association represents a case of local adaptation, common garden 
experiments or reciprocal transplanting experiments can be conducted  
(de Villemereuil et al., 2016; Hancock et al., 2011; Rellstab et al., 2015; 
Terés et al., 2019). Nonetheless, the high local relative abundance observed 
in the West of the Netherlands compared to rest of the world, along with 
the differential sensitivity to drought, suggests the presence of an adaptive 
locus. However, it seems unlikely that this adaptation is solely attributed 
to the drought response measured in our experiments, as similar climate 
characteristics in other regions would also be expected to exhibit a higher 
relative abundance. Therefore, it is more plausible that a combination 
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of different climatic factors and/or other unconsidered factors such as 
urbanization contribute to this adaptation. 
 Identifying the causal gene in genotype-environment association 
analysis can be challenging because allelic variation may affect tolerance to 
an experimentally measured trait that may not necessarily reflect the trait 
under natural selection. However, in our study we found that the mutant of 
La-RELATED PROTEIN 1c (LARP1c) is more sensitive to drought compared 
to other tested mutants and Col-0. LARP1c encodes a protein with a 
conserved La-motif domain, which is associated with RNA recognition and 
is widely found among eukaryotes (Bayfield et al., 2010). In A. thaliana, 
LARP1c is known to be involved in seed germination and the regulation of 
leaf senescence, which can be induced by various environmental stresses 
(Yan et al., 2023; B. Zhang et al., 2012). Additionally, each of the three  
LARP1 (1a, 1b, 1c) proteins in A. thaliana localise at the processing bodies 
(Yan et al., 2023; B. Zhang et al., 2012) and are proposed to play a role in 
RNA processes in response to environmental perturbations. For instance, 
LARP1a is required for thermotolerance of A. thaliana to long exposure 
of moderately high temperatures, where it is involved in regulating the 
RNA decay machinery together with the cytoplasmic exoribonuclease XRN4 
(Merret et al., 2013). However, the specific functions of LARP1c in plants are 
still relatively understudied, and there may be other roles yet to be explored 
(Yan et al., 2023). LARP1c may thus also be involved in the response to 
drought and possibly also other environmental factors. 
 In addition to the mild and gradual environmental clines, we also 
examined the panel for sensitivity to low iron availability, as we expected to 
find variation for this trait given the distinct differences in soil type across 
the Netherlands. This identified non-coding variation at FSD3 to cause a 
major QTL affecting sensitivity to low iron supply. FSD3 is long known to 
encode an essential chloroplast-localized iron superoxide dismutase. Its 
function is to protect developing chloroplasts against excessive damage 
by superoxide (Myouga et al., 2008). However, natural genetic variation 
in FSD3 has not been previously observed. The QTL affecting sensitivity 
to low iron supply is influenced by subtle allelic variation in FSD3, 
specifically related to the number of repeats in a microsatellite region 
directly downstream of the transcribed region. This variation results in a 
two-fold difference in gene expression between contrasting alleles, which 
strongly correlates with photosynthesis efficiency under iron-deficient 
conditions. When plants are supplied with sufficient iron, there is no 
phenotypic difference between contrasting haplotypes. FSD3 is one of two 
chloroplast-localized iron superoxide dismutases, the other being FSD2  
(Myouga et al., 2008). While both can form heterocomplexes and 
FSD3 overexpression can partly complement the fsd2 mutant 
phenotype (Gallie & Chen, 2019), they are not genetically 
redundant. The fsd2 loss-of-function mutant displays a compact 
rosette phenotype, with pale green leaves, and the fsd3  
loss-of-function mutant is barely viable, with a very small and pale rosette  
(Myouga et al., 2008). Since iron is an essential co-factor for iron superoxide 
dismutases, a decrease in iron supply is likely to affect their function. Under 
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the mild iron deficiency conditions we tested, this decrease in function was 
apparently just enough to affect photosynthesis efficiency significantly more 
in the genotypes with lower FSD3 expression.
 We found no reason to suggest strong selection for either of the two 
alleles. Since FSD3 function is essential for proper chloroplast development 
and tolerance to reactive oxygen species generated by photosynthesis, 
lower FSD3 expression is likely disadvantageous. The impact of lower 
FSD3 expression may even extent beyond chloroplast development and 
photosynthesis efficiency. For instance, hydrogen peroxide, which is  
produced when superoxides are converted by superoxide dismutases, can 
function as a signaling molecule in the systemic response to iron deficiency 
(Le et al., 2016). Therefore, plants with lower FSD3 expression may have 
a delayed response in detecting iron deficiency. Nevertheless, a large 
ionome survey of 1135 global A. thaliana accessions did not reveal any clear 
indications of local adaptation to iron deficiency (Campos et al., 2021). This 
suggests that establishing a direct link between allelic variation and local 
adaptation to iron deficiency may be challenging. Factors such seasonal 
variation in iron availability depending on precipitation or limited distribution 
and heterogeneity of the allelic variation could contribute to the difficulty in 
establishing such a link.
 In conclusion, our work demonstrates that regions with relatively 
mild environmental clines can still harbor a wide range of adaptive genetic 
variants. This highlights the value of establishing regional collections 
as excellent tools for studying local adaptation of A. thaliana. Such a 
collection does not need to be limited to regions with strong environmental 
clines as were put forward in previous studies (Brachi et al., 2013;  
Frachon et al., 2018). Even a diversity panel from a relatively small 
geographic region with mild environmental clines, such as the Netherlands, 
provides enough variation to pick up small differences in flowering time 
and sensitivity to iron deficiency. Given the decreasing costs of whole  
genome sequencing, it becomes increasingly easier to characterize the 
genetic variation in such populations in great detail. Our study may serve 
as a blueprint of this approach, supporting the view that collections of  
wild plant species can be powerful systems to determine the genomic 
basis of natural adaptation (Monnahan et al., 2019; Sollars et al., 2017;  
Weigel & Nordborg, 2015).

Materials and Methods
Plant material
A set of 192 lines was selected from a large collection of around 2,000 
natural accessions sampled throughout the Netherlands, with the aim to 
obtain a uniform geographical spread of accessions and generate a local 
diversity panel, the DartMap panel, suitable for GWAS (Supplementary 
Table 9). While accessions were selected from a larger set of about 2,000 
collected individuals, the selected panel has a relatively lower density of 
accessions in the north of the Netherlands and in the very south, due to 
limited availability or collector capacity. Seeds collected from individual 
plants in the field were used to propagate each accession as a line for 
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two generations through single-seed-descent upon self-fertilization in a 
greenhouse, before DNA isolation.

DNA isolation
Genomic DNA was extracted from one or more inflorescences (open flowers 
and above) from a single plant per accession. The material was frozen in 
liquid nitrogen, ground to a fine dust and incubated in 300 µL 2x CTAB buffer 
(2% CTAB, 1.4m NaCl, 100mm Tris, 20mm EDTA, pH 8) for 30 minutes 
at 65 °C. An equal volume of chloroform was added, mixed, centrifuged 
(3250 rpm for 15 min) and the supernatant was collected. The DNA was 
precipitated by adding an equal volume of ice-cold isopropanol, incubated 
overnight at -20 °C and centrifuged (3250 rpm for 15 min). The precipitate 
was washed twice with 70% ethanol and air dried. DNA was dissolved in 
milliQ water and treated with RNase (Promega) for 30 minutes at 37 °C.

Genomic DNA sequence data
Genomic DNA of the DartMap panel was sequenced at GenomeScan B.V., 
Leiden. Libraries were prepared using the NEBNext Ultra DNA Library Prep 
kit for Illumina, according to described procedures. 500-700 bp insert size 
fragments were sequenced using a Illumina Hiseq 4000 device, aiming for 
at least 30x coverage of paired-end reads (2x151 bp) of each accession, 
and used to generate the alignment files necessary for calling genomic 
variants (see Supplementary Methods for details). We additionally generated 
alignments for the DartMap panel combined with 11 Dutch accessions 
included in the 1,001 Genomes (1001G) Project (Alonso-Blanco et al., 2016) 
(Sequence Read Archive ID: SRP056687). This combined set of samples will 
be referred to as the “DartMap + 1001G panel”, to clearly distinguish it 
from the DartMap panel containing accessions collected in this study only.

Single nucleotide polymorphism (SNP) and indel calling
Genetic variants were called using a workflow based on the Genome 
Analysis Toolkit (GATK) Best Practices (Van der Auwera et al., 2013). Base 
quality scores of aligned reads were recalibrated using GATK (version 
4.0.2.1) BaseRecalibrator with default parameters, using a set of variants 
called in a world-wide panel of 1135 A. thaliana accessions as known sites  
(Alonso-Blanco et al., 2016) (obtained from ftp.ensemblgenomes.org/pub/
plants/release-37/vcf/arabidopsis_ thaliana). SNPs and short insertions/
deletions (indels) were called in each sample using GATK HaplotypeCaller, 
allowing a maximum of three alternate alleles at each site. Samples were 
jointly genotyped using GATK GenomicsDBImport and GATK GenotypeGVCFs 
with default parameters. This last step generated three different VCF files 
containing calls for the nuclear genome, the mitochondrial genome, and the 
chloroplast genome respectively. We filtered these sets to remove putative 
false positive calls (see Supplementary Methods for details).

Copy number variation (CNV) calling
We called CNVs in the DartMap panel, defined here as deletions, 
duplications, and insertions of at least 50 bp, by applying the Hecaton  
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workflow (Wijfjes et al., 2019) to the alignment files of each accession. 
Accessions of the 1001G were excluded from this analysis, as they were 
sequenced using a different sequencing platform, which can strongly affect 
CNV calling: a linear model of genetic distance between accessions based 
on CNVs as a function of differences in coverage, sequencing technology, 
insert size, and read length (see Supplementary Methods for details) 
explained 30% of the variation in the number of CNVs found in each sample  
(R2 = 0.3). CNVs called in each accession were genotyped and 
merged to generate a single VCF file as output (see Supplementary  
Methods for details).

Characterizing the impact of deletions
We detected deletions overlapping protein-coding genes (by at least 1 bp) 
using bedtools intersect. Genes were obtained from the TAIR10 genomic 
annotation of Ensembl Plants (release 40) and from the annotation  
of the improved A. thaliana mitochondrial assembly (BK010421.1).  
Gene function was considered disrupted if the associated gene overlapped 
with a deletion and at least 76 bp (more than half the length of a read) 
of the coding sequence lacked read coverage. Deletions were defined  
as having a moderate frequency if they were present in at least 48 samples 
(25%) of the DartMap panel. We defined disease resistance genes by 
first collecting all Uniprot entries linked to all A. thaliana reference genes 
using the Retrieve/ID mapping tool (https://www.uniprot.org/uploadlists/), 
excluding a small number of genes (53) for which no corresponding  
entries could be found. Genes were labeled as involved in disease 
resistance if the name of their protein product contained the terms “disease 
resistance” or “Disease resistance”. Enrichment tests were performed using  
Fisher’s exact test as implemented in the Python SciPy library (Virtanen et 
al., 2020) (version 1.3.1).

Population structure analysis
We clustered samples based on bi-allelic sites missing calls in fewer than 
10% of the samples and having a non-reference allele in at least 10 of 
them, to ensure that accessions are grouped on variation at the population 
level, rather than rare variants found in few individuals. For clusters based 
on mitochondrial and chloroplast variants, this criterium was relaxed to a 
minimum of two samples, as a relatively large number of sites would have 
been discarded otherwise. To generate a distance metric, we computed 
the Hamming distance between samples represented by binary vectors 
with 1s for homozygous variants and 0 for all other cases, using the dist.
gene function of the R package ape (v5.3) (Paradis & Schliep, 2019). 
Samples were clustered with the hclust function in R (R Core Team, 
2013), using complete linkage as the agglomeration method, similar 
to analyses on the Swedish and Iberian collection (Long et al., 2013;  
Tabas-Madrid et al., 2018) (Figure S9). We cut trees into different numbers 
of groups using the R function cutree, to explore the geographical distribution 
of clusters formed at various hierarchical levels. Geographical distance 
between accessions was computed using the distance function of the geopy 
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library (https://github.com/geopy/geopy) (v2.0.0) with default parameters 
and their geographical locations were plotted using the basemap library 
(https://matplotlib.org/basemap/) (v1.2.2).

Principal component analysis
Principal component analysis of chloroplast variants called in the Dutch 
and global collection was performed using the SeqArray (v1.28.0)  
(Zheng et al., 2017) and SNPrelate (v1.22.0) (Zheng et al., 2012) libraries 
in R. To remove putative false positive calls, variants were excluded if they 
had a quality-by-depth (QD) score lower than 25, leaving a total of 4095 
sites. Furthermore, we removed 10 accessions in which at least 50% of 
the variants were called as heterozygous, suggesting DNA contamination 
of the samples used for sequencing. Results were visualized using ggplot2 
(v3.3.2) (Wickham, 2016). Three outlier accessions were excluded from the 
final figures to improve the visualization of Dutch accessions with respect to 
the global collection. Accessions were coloured based on their chloroplast 
haplogroup assigned in a previous study (Hsu et al., 2019). Haplogroups 
of accessions that were not included in that paper (i.e. the DartMap panel) 
were predicted with a 1-nearest neighbour classifier on the accessions that 
were, using the first two principal components as features.

Phenotyping flowering time and stem length
For all experiments, seeds were sown on wet filter paper and stratified 
for 3 days at 4 °C before they were germinated. Seedlings were grown 
hydroponically on rockwool blocks (Grodan Rockwool Group, 40 x 40 mm in 
size) pre-soaked in a nutrient solution designed for A. thaliana (1.7 mM NH4

+, 
4.5 mM K+, 0.4 mM Na+, 2.3 mM Ca2+, 1.5 mM Mg2+, 4.4 mM NO3

–, 0.2 mM Cl–,  
3.5 mM SO4

2–, 0.6 mM HCO3
–, 1.12 mM PO4

3–, 0.23 mM SiO3
2–, 21 µM Fe2+  

(chelated with 3% diethylene triaminopentaacetic acid), 3.4 µM Mn2+,  
4.7 µM Zn2+, 14 µM BO3

3– and 6.9 µM Cu2+ at pH 7, EC 1.4 mS cm-1). 
Plants were grown in a greenhouse until 97 days after sowing. For 
each treatment, plants were equally divided over 20 plastic trays, with  
76-78 plants per tray. Eight replicates per genotype per treatment were used, 
randomly assigned over four separate trays with two replicates per tray per 
genotype. Each tray consisted of a unique, randomly generated combination 
of genotypes. Trays were placed in a random order in the greenhouse, 
and were moved once every two weeks to a new position to minimize 
possible spatial effects in the greenhouse. A vernalisation treatment of six 
weeks was performed in a climate-controlled growth chamber set at 4 °C,  
with 12h/12h light/dark period, 70 µm · m−2 · s−1 irradiance and 70% 
humidity starting at day 20 after sowing. After vernalisation, plants were 
returned to the greenhouse. Flowering time and height up to the first silique 
were scored in the greenhouse, either with or without a vernalisation period 
of six weeks. Flowering time was determined as the day when the first 
flower had opened. Stem length up to the first silique was measured one 
week after the first flower had opened, as this trait remains stable thereafter 
(Barboza et al., 2013). To obtain the set of phenotypes for further analysis, 
we calculated the average phenotypic values per accession per treatment.
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Wind simulation treatment
In a separate experiment, plants of six semidwarf accessions and five tall 
accessions of the DartMap panel, with similar flowering time, as well as the 
accessions Col-0 and Ler, and their respective loss-of-function ga5 mutants 
(Supplementary Table 3) were grown for the first 14 days after sowing 
in a climate-controlled growth chamber, set at 20/18 °C (day/night) with  
10 h light (from 08:00 - 18:00) and 70% humidity at an irradiance of  
200 µm · m−2 · s−1 at ambient CO2 levels. The growth chamber contained two 
treatment basins. The treatment basins have the same design as described 
in a previous study (Flood, Kruijer, et al., 2016), with the distinction that the 
two treatment basins are physically separated and are on either side of the 
climate chamber. Each treatment basin was divided into five equally sized 
blocks to hold plants. Accessions were grown in a randomized complete 
block design with six replicates per block. Wind was simulated with two 
fans that were positioned at either end of one of the treatment basins.  
The fans were set to provide a wind speed that varied around 5.6 m/s  
for the majority of the treatment basin. The wind speed varied depending 
on the distance of the plant to the fan, with plants closest to the  
fan experiencing wind speeds up to 7 m/s and plants furthest away of  
the fan and at the edge of the treatment basin experiencing 3.5 m/s wind. 
The wind speed for the control treatment basin varied between 0.5 and  
1.0 m/s. Wind speeds were measured with a TSI Velocalc  
(model: 8347-M-GB) air velocity monitor. Wind treatment was simulated  
by alternating patterns of six hours with wind by six hours without wind  
and was terminated when the first plants in the wind treatment basin had 
fully ripened siliques.

Extraction of climatic variables
Climatic variables were obtained from google earth engine using  
R and RGEE (Aybar et al., 2020). All bands from Worldclim BIO data  
(Hijmans et al., 2005) selected from 250m-by-250m squares using the 
coordinates from the collection site for each accession as input.

Drought treatment
To test which of the two nearby QTLs at qDPT affected drought tolerance, 
plants were grown in a greenhouse on ceramic-based granular soil.  
For the first two weeks, all plants were watered three times a week with the 
nutrient solution described previously. This watering regime was continued 
for the control treatment while for the drought treatment excess nutrient 
solution was removed and watering was ceased. Accessions (Table S5) 
were grown in a randomised complete block design with five replicates per 
treatment. Photographs were taken with a Nikon D3000 with the same 
settings, zoom and distance to the plants and were subsequently analysed 
to obtain the projected leaf area (PLA) with ImageJ (settings Hue 26-114, 
Saturation 58-218 and Brightness 121-255). The PLA was then normalised 
per accession by dividing the PLA in the drought treatment by the PLA in 
the control treatment to correct for innate differences in size of different 
accessions. For candidate gene validation T-DNA insertion lines were used 
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(Table S6). Plants were grown in our phenotyping growth chamber, the 
Phenovator (Flood, Kruijer, et al., 2016), with the same conditions in the 
growth chamber as described for the wind simulation treatment. The drought 
treatment was induced in a similar way, by using ceramic-based granular 
soil. In contrast to the experiment in the greenhouse, the growth substrate 
was covered with black plastic cover to prevent algal growth that might 
interfere with high throughput phenotyping. Moreover, we watered plants in 
the drought treatment only once at the start, as there was less evaporation 
in this setup compared to the greenhouse. Starting at 10 days after sowing, 
we measured projected leaf area based on near infrared reflectance (NIR) 
imaging as described by Flood, Kruijer, et al., 2016 et al., (2016)  four times 
per day, and Fv/Fm using chlorophyll fluorescence once per day. 

Iron deficiency treatment
In a separate experiment, plants were grown as described for the wind 
simulation experiment, but in this case, seven rather than five blocks per 
treatment basin were used. Plants in the control treatment were watered 
with the nutrient solution described above, while those under iron deficiency 
treatment received an adjusted solution with only 1 µM Fe2+ instead of  
21 µM Fe2+. Either three or four replicates were used per accession per 
treatment, with half of the accessions having four replicates in control 
condition and three replicates in the iron deficiency treatment and vice versa 
for the other half of the accessions. On day 15, plants were transferred 
to our phenotyping growth chamber, the Phenovator (Flood, Kruijer, 
et al., 2016), with the same conditions. We measured the steady state 
quantum yield of photosystem II electron transport (ΦPSII), as a proxy for 
photosynthesis efficiency, and the projected leaf area, based on near infrared 
reflectance (NIR) imaging as described by Flood, Kruijer et al., (2016),  
at five resp. seven time points per day. We discarded outlier samples with 
NIR values smaller than the mean minus two standard deviations per 
treatment. We corrected the raw phenotypic data (ΦPSII and projected leaf 
area) for block effects by fitting the following linear mixed model in which 
random terms are underlined:

Y = Genotype + Treatment + (Genotype x Treatment) + Block + ε

The model was analysed using the restricted maximum likelihood procedure 
with the lme4 package in R (Bates et al., 2014). For the GWAS, we calculated 
the average ΦPSII per accession per treatment. To obtain a single phenotypic 
value representing a measure of tolerance per accession, we then plotted 
ΦPSII for each accession under the iron deficient condition versus control 
condition and fitted a linear regression through the entire population.  
We calculated the residuals of each accession relative to this linear regression 
to be used as the phenotypic value for GWA analysis. Additionally, we used 
the average ΦPSII values in the iron deficient condition and the calculated 
ratio between ΦPSII in iron deficiency versus control as alternative  
traits for GWAS.
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Plant material for expression analysis
Plants that were used for gene expression analysis were grown in 
the greenhouse on rockwool blocks that were watered with either the 
control nutrient solution (21 µM Fe2+) or the adjusted low iron solution  
(1 µM Fe2+). For both treatments we used five plastic trays to contain the 
nutrient solution. Two replicate plants per accession were distributed over 
trays in a complete randomised block design. Whole shoots of two replicate 
plants per accession originating from the same tray were pooled and 
harvested as one sample for RNA isolation 21 days after germination, while 
five such samples per accession per treatment were harvested in total. 
The material was snapfrozen in liquid nitrogen immediately after harvesting 
and stored at -80 °C until RNA isolation. Accessions were selected for gene 
expression analysis (Supplementary Table 7) based on their haplotype for 
the region with the highest association in the GWAS.

Quantitative complementation
Quantitative complementation was used to test if the difference in ΦPSII 
between the F1’s of Columbia-0 (Col-0) and the knockout mutant fsd3 in 
Col-0 background crossed with accessions homozygous for the tolerant 
allele was significantly different from the response in ΦPSII for F1’s of  
Col-0 and fsd3 crossed with accessions homozygous for the sensitive allele. 
Five accessions with a tolerant, and nine accessions with a sensitive allele 
for FSD3 were crossed to both Col-0 and fsd3 (Table S7). Col-0 and fsd3 
were used as pollen donor in all crosses. The fsd3 T-DNA insertion knockout 
mutant, SALK_103228, was ordered from the Arabidopsis Biological  
Resource Center and insertion of the T-DNA was validated by PCR as 
earlier described (Myouga et al., 2008). This T-DNA insertion line has no  
FSD3 transcript (Myouga et al., 2008), and we could only grow it beyond the 
seedling stage on a 0.3% gel-rite medium supplemented with 3% sucrose.
 Plants (N = 10 per cross per treatment) were grown as described in the 
section “Plant material for expression analysis”. Plants were phenotyped for 
ΦPSII from 21 DAS onwards as described by Baker and Oxborough, 2004 with 
the PlantScreenTM SC System (Photosystems Instruments). Phenotyping 
was done for twenty plants per run and lasted for three consecutive days 
overall. We phenotyped crosses with the tolerant allele and the sensitive 
allele equally spread out over the three days to prevent possible phenotypic 
differences caused by the delay between measurements. Moreover, in 
each measurement of twenty plants we included F1’s from both the cross  
between a given accession with Col-0 and with fsd3 in a single measurement. 
We included one reference tray that was measured each day in the morning, 
at the start of the afternoon and at the end of the afternoon to test for 
possible differences in ΦPSII during the day, but no significant differences 
were found. We corrected the phenotypic data for possible block effects by 
fitting a linear model, with random terms underlined:

Y = (FSD3 allele group x Pollen donor) + Block + ε

The model was analysed using the restricted maximum likelihood procedure 
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with the lme4 package in R (Bates et al., 2014). We tested interaction 
between the FSD3 allele group (natural tolerant or sensitive allele) and 
the pollen donor (Col-0 or the fsd3 mutant) with a two-way ANOVA, for  
which a Kenward-Roger approximation for the degrees of freedom was 
used. Tukey’s post-hoc multiple comparison test (α = 0.05) was used to  
assess significance.

RNA isolation and gene expression analysis
Total RNA was extracted with the Direct-zol RNA mini-prep kit  
(Zymo Research) according to the company’s instructions and then 
subjected to a DNAse (Promega) treatment at 37 °C for one hour. Total 
removal of DNA was validated by means of a no-reverse-transcriptase PCR 
reaction on a few mixtures of samples. The RNA quality was assessed for 
purity (A260/A280) with a spectrophotometer (Thermo scientific Nanodrop 
2000) and for possible RNA degradation by means of a visual inspection of  
the RNA on a 1% agarose gel. cDNA was then synthesized from 1 µg total 
RNA (measured by spectrophotometer) with the iScriptTM cDNA synthesis kit 
(Bio-RAD) according to the company’s instructions. Reverse transcriptase 
quantitative PCR (RT-qPCR) reactions were performed with the SensiFast 
SYBR Green Mastermix (Bioline) on a Bio-RAD cfx96 machine. For each 
RT-qPCR primer set used, we first validated its efficiency by means of a 
standard curve and only used primer sets with efficiencies ranging between 
90% and 110%. Gene expression was normalized, using the delta cycling 
threshold (∆Ct) method (Livak & Schmittgen, 2001), to three reference 
genes, SAND, YLS8, and TIP41-like as earlier described by Han et al., 
2013. Differential expression was assessed by two-sample t-tests on the 
∆Ct values. All primer sequences can be found in Supplementary Table 10.  
We included FSD1 and FRO3 in the expression analysis as marker genes for 
iron deficiency in shoots (Waters et al., 2012).

Genome-wide association (GWA) and genome-environment association (GEA) 
analyses
GWA and GEA mapping were performed in GEMMA (Zhou & Stephens, 2012) 
(version 0.98) with a univariate linear mixed model and the minor allele 
frequency cut-off set at 0.05. A kinship matrix was constructed in GEMMA 
to correct for population structure. CNVs were included in the analysis in 
a similar fashion as SNPs and indels by converting them into a reference 
variant, an alternative variant or heterozygous. To estimate a suitable 
genome-wide p-value threshold, we performed 1,000 permutations of the 
phenotype values. For each permutation we performed association analysis 
and extracted the highest association score. The distribution of these 
1,000 highest association scores was then used to determine the empirical 
threshold value of p < 0.05.

Data availability
Raw sequencing data of the DartMap panel can be found on the repository 
of the National Center for Biotechnology Information (NCBI) (BioProject ID: 
PRJNA727738).
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Supplementary Figures

Figure S1: CNVs in the DartMap panel. (a) Size distribution of CNVs. CNVs below  
50 bp are excluded, as these are considered indels. (b) Type distribution of CNVs: 
deletions (DEL), insertions (INS), tandem duplications (DUP:TAN), or dispersed 
duplications (DUP:DIS).

Figure S2: Deletions in the DartMap panel were called with high precision. The y-axis 
shows the percentage of genotype calls supported by a matching decrease 
(non-reference allele) or no change (reference allele) in read depth. Deletion 
variant sites are stratified along the x-axis by frequency of the non-reference  
(deletion) allele.
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Figure S3: Dendrograms based on organellar variation. (a-b) Dendrograms constructed 
based on pairwise similarity of chloroplast (a) and mitochondrial (b) variants 
between Dutch accessions and those of nearby countries.
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Figure S4: Dendrogram of group 1 based on nuclear variation. At its highest level, the 
dendrogram constructed based on pairwise similarity of nuclear variants between 
Dutch accessions and those of nearby countries can be split into two groups.  
Group 1 and its three subgroups (1a, 1b, and 1c) are depicted here.
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Figure S5: Dendrogram of group 2 based on nuclear variation. At its highest level, the 
dendrogram constructed based on pairwise similarity of nuclear variants between 
Dutch accessions and those of nearby countries can be split into two groups.  
Group 2 and its three subgroups (2a, 2b, and 2c) are depicted here.
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Figure S7: Iron deficiency GWAS time series. Summary data of the GWA results over 
10 time points, measured during days 17 and 18 after sowing for three different 
phenotypes: [1] the average ΦPSII per accession in iron deficient conditions 
(grey), [2] the ratio between ΦPSII in iron deficient conditions and ΦPSII in control 
conditions (orange), and [3] the residuals (blue). The dots on the graph represent 
the highest LOD scores in a 25 kb window size above a LOD threshold of 6.  
The * represents the data from the Manhattan plot in Figure 6b.

Figure S6: Genomic region surrounding the chromosome 4 peak that was mapped for 
multiple climatic variables. (a) Zoomed in section of the Chr. 4 peak of the mapping 
of precipitation seasonality (figure 5b) shows that there appear to be two nearby 
QTLs. The two SNPs that were found most frequently with the highest LOD score 
among the different mappings are depicted with a blue and yellow dot. b) Linkage 
analysis (expressed as the pairwise R2) of SNPs in the Chr. 4 peak area relative to 
SNP 416770900 (blue dot) reveals that the two QTLs are not in strong LD.
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Figure S8: Gene expression levels per haplotype group as measured by RT-qPCR. 
The average gene expression levels at (21 µM Fe2+ (Control, depicted in dark 
grey) and (1 µM Fe2+) (Low iron, depicted in orange) per haplotype group for 
two iron deficiency marker genes (a), nine candidate genes from the GWAS 
(b) and two splice variants of FSD3 (c). Average gene expression levels were 
taken from six natural accessions (with 5 replicates per accession per treatment) 
and normalized relative to three reference genes (SAND, YLS8, and TIP41-
like). Significance of differences was assessed using two-sample t-tests on 
all Ct values from both treatments per haplotype. Error bars represent SE. 
*p < 0.05; **p < 0.01; ***p < 0.001.
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Figure S9: Population structure of A. thaliana in Sweden and the Iberian peninsula.  
(a) Dendrogram of Swedish accessions. (b) Dendrogram of Iberian accessions.  
(c) Geographical location of groups of Swedish accessions after cutting 
the dendrogram into two clusters. Groups correspond to accessions 
sampled in the north and south, as previously reported (Long et al., 2013).  
(d) Geographical location of groups of Iberian accessions after cutting the 
dendrogram into three clusters. The two outgroups of that are distinct from 
the majority correspond to relicts and accessions sampled in mountains, as  
previously reported (Tabas-Madrid et al., 2018).
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Figure S12: Number and types of CNV detected at different cut-offs of Hecaton.  
Insertions were not reported at high cut-offs, as Hecaton generally considers them 
to be inaccurate.

Figure S11: Effect of filtering steps on number of retained SNPs for each sample.  
The percentage of filtered SNPs is shown for the mitochondrial (a), chloroplast 
(b), and nuclear (c) callsets. The y-axes show the number of samples in which a 
particular percentage of SNPs (x-axes) were filtered.

Figure S10: Genomic coverage of each DartMap accession after pre-processing. All 
samples have at least 28x coverage.
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Summary
Photosynthesis is a key process in sustaining plant and human life. Improving 
the photosynthetic capacity of agricultural crops is an attractive means to 
increase their yields. While the core mechanisms of photosynthesis are 
highly conserved in C3 plants, these mechanisms are very flexible, allowing 
considerable diversity in photosynthetic properties. Amongst this diversity is 
the maintenance of high photosynthetic light-use efficiency at high irradiance 
as identified in a small number of exceptional C3 species. Hirschfeldia incana, 
a member of the Brassicaceae family, is such an exceptional species, and 
because it is easy to grow, is an excellent model for studying the genetic 
and physiological basis of this trait. Here, we present a reference genome of 
H. incana and confirm its high photosynthetic light-use efficiency. While H. 
incana has the highest photosynthetic rates found so far in the Brassicaceae, 
the light-saturated assimilation rates of closely related Brassica rapa 
and Brassica nigra are also high. The H. incana genome has extensively 
diversified from that of B. rapa and B. nigra through large chromosomal 
rearrangements, species-specific transposon activity, and differential 
retention of duplicated genes. Duplicated genes in H. incana, B. rapa and 
B. nigra that are involved in photosynthesis and/or photoprotection show a 
positive correlation between copy number and gene expression, providing 
leads into the mechanisms underlying the high photosynthetic efficiency of 
these species. Our work demonstrates that the H. incana genome serves as 
a valuable resource for studying the evolution of high photosynthetic light-
use efficiency and enhancing photosynthetic rates in crop species.
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Introduction
Photosynthesis is the biophysical and biochemical process that sustains most 
life on planet Earth. The most common form of photosynthesis, oxygenic 
photosynthesis, uses solar energy to convert the inorganic carbon dioxide 
(CO2) to organic carbon, typically represented as a carbohydrate, releasing 
molecular oxygen (O2) from water in the process. Terrestrial plants provide 
by far the most conspicuous example of oxygenic photosynthesis (referred 
to as photosynthesis from now on for brevity) and are responsible for about 
50% of the primary production of oxygen in the biosphere, with marine 
production by eukaryotic algae and cyanobacteria comprising the other 
50%. Agriculture depends on primary production by plants, so expanding 
our knowledge of photosynthesis is crucial if we are to meet many of the 
pressing global challenges faced by mankind.
 One of these challenges is the need to substantially increase the yield 
of agricultural crops to meet the increasing demand not only for food and 
fodder, but also for fibers and similar plant products, and organic precursors 
for the chemical industry as it transitions away from fossil carbon sources. 
A major yield-related trait is the conversion efficiency of absorbed solar 
irradiance to biomass (εc (S. P. Long et al., 2006)), a parameter which is 
strongly influenced by the light-use efficiency of photosynthesis. As light 
intensity, or irradiance, increases, the photosynthetic light-use efficiency of 
leaves and other photosynthetic organs decreases, which leads ultimately to 
the light-saturation of photosynthesis (Genty & Harbinson, 1996; Gitelson 
et al., 2015; J. Gu et al., 2017; Monneveux et al., 2003; Murchie et al., 
1999; Turner et al., 2003). Once light-saturation is reached, any additional 
light will not lead to a further increase in the photosynthetic rate and may 
even be detrimental to photosynthesis. The threshold for light saturation 
generally lies far below the maximum level of irradiance experienced in the 
field or greenhouse (X.-G. Zhu et al., 2010) and for most C3 crops this light-
saturation phenomenon is an aspect of their photosynthesis which remains 
to be increased in order to increase yield. Improving the photosynthetic 
light-use efficiency of crop plants thus paves the way towards increasing 
their εc and ultimately their yield (Flood et al., 2011; Furbank et al., 2019; 
Lawson et al., 2012; von Caemmerer & Evans, 2010; X.-G. Zhu et al., 
2010), as recently shown in soybean (De Souza et al., 2022).
 The means with which to reduce the loss of photosynthetic light-use 
efficiency in crop plants with increasing irradiance already exists in nature. 
Most temperate zone crop species, alongside tropical crops species like rice, 
make use of the C3 photosynthetic pathway, which is the original and ancestral 
photosynthetic pathway in higher plants, with the alternative CAM and  
C4 pathways having evolved as an adaptation to heat and drought, and low 
CO2 levels. Due to several issues associated with the C3 pathway compared 
to the C4 pathway, the maximum photosynthesis rates commonly observed 
among C3 species are generally lower than those of C4 ones. Although the 
core mechanisms of photosynthesis are highly conserved (Leister, 2019;  
Shi et al., 2005), natural variation in photosynthesis rates has been observed 
for major crops such as wheat (Driever et al., 2014), rice (J. Gu et al., 
2012, 2014), maize (Strigens et al., 2013), soybean (Gilbert et al., 2011), 
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sorghum (Ortiz et al., 2017), as well as for the model species Arabidopsis 
thaliana (van Rooijen et al., 2015; Van Rooijen et al., 2017). Much higher 
photosynthesis rates can be expected in species that are more ecologically 
specialized (van Bezouw et al., 2019). Exceptionally high light-use efficiencies 
(and high assimilation rates) at high irradiance has been found previously 
in species growing in the Sonoran Desert, such as Amaranthus palmeri,  
Chylismia claviformis, Eremalche rotundifolia, and Palafoxia linearis 
(Ehleringer, 1985; Werk et al., 1983). Although data collected on these 
species provided clues about the anatomical and physiological basis of their 
high photosynthesis rates (Gibson, 1998; Werk et al., 1983), a comprehensive 
ecophysiological explanation of their phenotypes is still missing.
 To understand the physiological and genetic basis of this more efficient 
photosynthesis at high irradiance, a suitable model species is needed. To 
date, of the handful of species showing high light-use efficiency that have 
been described (Ehleringer, 1985; Werk et al., 1983), none would qualify as 
a model species due to a combination of complex genetics and difficulties 
in growing in laboratory conditions (e.g. difficult seed germination). Taking 
inspiration from A. thaliana, an attractive model species for high light-use 
efficiency would need to be easily grown in either regular irradiance (typically 
up to 600 µmol m−2 · s−1) and high-light laboratory conditions; have a  
high-quality reference genome; be a diploid species capable of producing 
a large number of progeny (hundreds of seeds from a single mother plant) 
with a short generation time; germinate easily and have easily stored seed; 
and allow for both inbreeding and outcrossing (Koornneef & Meinke, 2010; 
Somerville & Koornneef, 2002).
 Hirschfeldia incana (L.) Lagr.-Foss. is an excellent candidate that 
fulfils these requirements. H. incana is a thermophilous and nitrophilous 
annual species native to the Mediterranean basin and the Middle-East, 
but currently widespread in most warm-temperate regions of the world  
(Kole, 2011). It is generally self-incompatible and thus allogamous, but 
a degree of self-compatibility has been observed in natural populations  
(P. L. M. Lee et al., 2004). Although it makes use of the C3 pathway, H. incana 
has a very high photosynthesis rate at high irradiance (Canvin et al., 1980), 
much higher than that of the C3 crop species wheat (Driever et al., 2014) and 
rice (J. Gu et al., 2012), more in the range of C4 species (Crafts-Brandner 
& Salvucci, 2002; Leakey et al., 2006). Besides its exceptional physiological 
properties, H. incana is also an attractive model species for practical and 
genetic reasons. It shows fast and sustained growth in laboratory conditions 
and is a member of the Brassiceae tribe within the well-studied Brassicaceae 
family, allowing the use of many genetic and genomic resources developed 
for the model species A. thaliana and its close relatives Brassica rapa  
(Belser et al., 2018; Choi et al., 2007; Brassica rapa Genome Sequencing 
Project Consortium et al., 2011; Kim et al., 2009; Zhang et al., 2018), 
Brassica nigra (Paritosh et al., 2020; Perumal et al., 2020), Brassica 
oleracea (Belser et al., 2018; S. Liu et al., 2014; X. Wang et al., 2011), 
and Brassica napus (Bancroft et al., 2011; Chalhoub et al., 2014). Yet, 
H. incana has received little attention from the research community so 
far, being recognised mainly as a possible lead (Pb) hyperaccumulator  
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(Auguy et al., 2013, 2016; Fahr et al., 2015) and for the ecological 
implications of its occurrence as a weed (Darmency & Fleury, 
2000; P. L. M. Lee et al., 2004; Y. Liu et al., 2013; Mira et al., 2019;  
Sánchez-Yélamo, 2009).
 Here we present a genomic assembly and gene set of H. incana. We 
expect these data to lay the foundation for studying photosynthetic light-
use efficiency and improving this trait in crop species, through a process 
of candidate gene identification followed by phenotypic validation using 
genetic modification and/or gene editing. First, we directly compare the 
photosynthetic rate of H. incana at high irradiance to that of the Brassicaceae 
species B. rapa, B. nigra, and A. thaliana to affirm its high light-use 
efficiency. Second, we characterize how the H. incana genome differs from 
that of other members of the Brassicaceae family, specifically focusing on 
differences in numbers of gene copies. Finally, we report on whether such 
differences translate to differential expression of genes expected to mediate 
high light-use efficiency. Our work demonstrates how the genome assembly 
of H. incana serves as a valuable resource to elucidate the genetic basis of 
high photosynthetic performance and for studying the evolution of this trait 
in the Brassicaceae family.

Results
Hirschfeldia incana has an exceptionally high rate of photosynthesis
High photosynthesis rates have been reported for H. incana in 1980  
(Canvin et al., 1980). We performed new measurements in order to 
compare the performance of H. incana with that of close relatives and the 
well-established model species Arabidopsis thaliana (Figure 1, Table S1). 
Gross CO2 assimilation rates differed significantly between these species 
(Table S2). The two H. incana accessions had the highest average gross CO2 
assimilation rates above an irradiance of 550 µmol m−2 · s−1 (PAR), although 
only ‘Burgos’ had a statistically significant higher rate than the other species 
(Table S3). Gross assimilation rates are independent of CO2 release by 
mitochondrial respiration and therefore a better indication of photosynthetic 
capacity than net photosynthesis rates, however, net photosynthesis 
rates showed a similar trend, but with larger differences between the two  
H. incana genotypes (Figure S1, Table S3), attributed to differences in rates 
of daytime dark respiration (Rd, Table S4).

A reference genome of H. incana
We assembled a scaffold-level reference genome of H. incana based on 
one genotype of the ‘Nijmegen’ accession. H. incana is a predominantly 
self-incompatible species, but ‘Nijmegen’ produces, nonetheless, some 100 
seeds per plant upon self-pollination, which is much more than ‘Burgos’, 
so inbreeding is possible. Inbred genotypes are expected to be much 
more homozygous than open-pollinated genotypes, which is preferred for 
genome sequencing. Therefore, the ‘Nijmegen’ accession was inbred for 
six generations, prior to whole-genome sequencing. Its haploid genome 
size was estimated to be 487 Mb, based on flow cytometry (Table S5). This 
estimate is smaller than the previously reported genome size estimates of  
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B. rapa (529 Mb) and B. nigra (632 Mb) (Johnston et al., 2005). 
Chromosome counts from root tip squashes showed seven pairs of 
chromosomes (2n=14) (Figure S2), consistent with previous reports  
(Anderson & Warwick, 1999; Kole, 2011).
 We generated DNA sequencing data consisting of 56 Gb of PacBio long 
reads (115-fold genome coverage, based on the genome size estimate), 
46 Gb of 10X Genomics synthetic long reads (94-fold coverage, referred 
to as “10X” from now on for brevity), and 33 Gb of Illumina paired-end 
short reads (68-fold coverage). In addition, we generated 7.5 Gb of RNA 
sequencing (RNA-seq) data from leaf tissue for annotation purposes. 
Summary statistics and accession numbers can be found in Table S6. A 
k-mer analysis of Illumina data resulted in a haploid genome size estimate 
of 325 Mb, with a low level of heterozygosity (1.2%).
 Using a hybrid assembly strategy, we produced a nuclear 
genome assembly of 399 Mb of sequence in 384 scaffolds with an N50 
of 5.1 Mb (Table 1, see Table S7 for the full report generated by QUAST  
(Gurevich et al., 2013)). The assembly size is slightly larger than the 
genome size estimated from Illumina read k-mers (325 Mb), but smaller 

Figure 1: Two H. incana genotypes have a higher gross CO2 assimilation at high irradiance 
than genotypes of close relatives. Light-response curves for H. incana, B. rapa, B. 
nigra, and A. thaliana accessions adapted to high levels of irradiance. Each point 
represents the mean gross CO2 assimilation value of three (B. rapa) or four leaves 
coming from independent plants. Ribbons represent the standard error of the 
means. The lines indicate trends in gross assimilation for the various species and 
were obtained via LOESS smoothing.
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than the typical overestimate (Sun et al., 2018) based on flow cytometry 
(487 Mb). Besides the nuclear genome, we assembled the mitochondrial 
and chloroplast genomes of H. incana into single sequences of 253 and 
153 kb, and annotated the latter. The chloroplast assembly is typical for a 
Brassicaceae species, as it is nearly identical to chloroplast assemblies of  
A. thaliana, B. rapa, and B. nigra in terms of length and number of annotated 
genes (Table S8), and thus very useful for phylogenetic comparison of  
H. incana with other Brassicaceae.
 The nuclear genome assembly is near-complete and structurally 
consistent with the underlying read data of H. incana ‘Nijmegen’  
(Table S9). The high mapping rate of Illumina and 10X reads (>93%) 
suggest completeness, while the lower mapping rate of PacBio reads (81.5%) 
suggests some misassemblies or missing regions, likely repeats. The high 
mapping rate of RNA-seq reads (93.6%) also shows the gene space is near 
complete. We estimated the base-level error rate of the assembly to be 
1 per 50 kb at most, based on variant calling using the mapped reads, 
resulting in 8,374 and 4,166 homozygous variants from the Illumina and 
10X read alignments respectively.

Table 1: Genomic properties of assemblies generated of H. incana ‘Nijmegen’ (this study), 
B. rapa Chiifu 401-42 (Zhang et al., 2018) and B. nigra Ni100 (Perumal et al., 2020).
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 We have annotated 32,313 gene models and 38,706 transcripts 
in the H. incana assembly (Table 1). This is a conservative annotation, 
based on filtering 64,546 initial gene models resulting from ab initio protein 
alignment, and RNA-seq based predictions. Our filtering approach is more 
stringent than those used to generate the B. rapa and B. nigra annotations, 
which explains why we report a lower number of genes and transcripts for  
H. incana (Table 1) than for both Brassica species. The annotation is expected 
to cover the large majority of the H. incana gene space. It contains 95.1% of 
1,440 single-copy orthologs (BUSCOs) conserved in the Embryophyta plant 
clade, comparable to the percentages found for B. rapa and B. nigra (both 
97.2%) (Table 1). The ratio of single to multiple copies is similar to that of 
B. rapa and B. nigra (Table 1), suggesting that the 14.9% of the BUSCOs 
present in multiple copies are true gene duplications shared by several 
species of the Brassiceae tribe. We additionally evaluated the completeness 
of the annotation by aligning protein sequences of B. rapa to the assembly 
and determining overlap between protein alignments and annotated 
genes. 30,552 out of the 37,387 protein alignments (81.7%) corroborate 
the annotation, as they completely or partially overlap with an annotated 
protein-coding gene. 2,570 (6.9%) of the protein alignments completely 
or partially overlap with an annotated repeat, suggesting that the aligned  
B. rapa proteins correspond to transposable elements. The remainder of the 
B. rapa proteins completely or partially overlap with gene models that were 
filtered (3,945 or 10.6%) or do not overlap with any annotated element at 
all (320 or 0.9%), indicating a small number of genes that are potentially 
missing from the annotation. Based on these observations, we conclude that 
the H. incana assembly is mostly contiguous, correct, and complete, making 
it a solid foundation for comparative analyses with other Brassicaceae.

The genome of H. incana extensively diversified from that of B. rapa and B. nigra
We utilized our assembly to explore the genomic divergence between  
H. incana, B. rapa, and B. nigra, all members of the same Brassiceae tribe. 
A substantial degree of divergence is expected between the three species 
due to different processes of post-polyploid diploidization, i.e. the process 
in which polyploid genomes get extensively rearranged as they return to a 
diploid state (Mandáková & Lysak, 2018), following the ancient two-step 
genome triplication event shared by all Brassiceae (Brassica rapa Genome 
Sequencing Project Consortium et al., 2011; He et al., 2021; Lysak et al., 
2005). Part of this divergence may have facilitated the evolution of the 
exceptionally high rate of photosynthesis at high irradiance in H. incana.
 We first assessed the phylogenetic relationship between H. incana,  
B. rapa, and B. nigra by constructing phylogenetic trees based on homologous 
nuclear and chloroplast genes, using A. thaliana as the outgroup. Both trees 
are congruent with each other and suggest that H. incana is more closely 
related to B. nigra than B. rapa (Figures 2a and 2b). This is corroborated by 
the median rate of synonymous substitutions between the syntenic orthologs 
(Ks) of the three species, which correspond to speciation events with an 
estimated time of 10.4 (H. incana - B. nigra) and 11.6 (H. incana - B. rapa) 
million years ago (mya) (Figure 2c) as obtained by dividing the median Ks 
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of each curve by the rate of 8.22 × 10−9 synonymous substitutions per year 
established for Brassicaceae species (Beilstein et al., 2010). Our results are 
consistent with a previous phylogenetic analysis based on four intergenic 
chloroplast regions (Arias & Pires, 2012), but slightly differ from a more 
recently constructed phylogeny of the Brassicaceae, which was only based 
on 113 nuclear genes (C.-H. Huang et al., 2016), while we consider many 
more.

Figure 2: Hirschfeldia incana is more closely related to Brassica nigra than Brassica 
rapa. (a-b) Phylogenetic trees of H. incana, B. rapa, B. nigra, and A. thaliana 
(outgroup), based on nuclear (a) and chloroplast (b) genes. Branch lengths 
(black) and bootstrap values (red) are displayed above and below each branch, 
respectively. (c) Distributions of the rates of synonymous substitutions between 
25,127 and 26,137 orthologous gene pairs of H. incana - B. rapa and H. incana 
- B. nigra, respectively. Both distributions show a single peak corresponding to 
speciation events with an estimated time of 11.6 (H. incana - B. rapa) and 10.4  
(H. incana - B. nigra) million years ago (mya).

 We determined rearrangements between the genomes of H. incana 
- B. rapa and H. incana - B. nigra by comparing the order of syntenic 
orthologs between their assemblies. On a small scale, most genomic regions 
of H. incana are syntenic (not rearranged) with B. rapa and B. nigra, as 
77.7% and 81.0% of the genes of H. incana could be clustered in collinear 
blocks containing a minimum of four orthologous pairs of H. incana - B. rapa 
and H. incana - B. nigra, respectively. Gene order is less conserved when 
comparing larger blocks, indicating several rearrangements between the 
twenty largest scaffolds of H. incana (covering 43.6% of the assembly) and 
the chromosomes of the other two species (Figures 3a and S3). For example, 
the two largest scaffolds of the H. incana assembly both contain inversions 
and/or translocations relative to their homologous chromosomes in B. rapa 
and B. nigra. A similar pattern of rearrangements of small collinear blocks 
was observed between the genomes of B. rapa and B. nigra in previous 
work (Z. He et al., 2021).
 We further examined genomic differentiation between the three 
species by comparing their transposable element (TE) content. Of the 
assembly of H. incana, 49.4% consists of repetitive elements (Table 1), of 
which most are long terminal repeat retrotransposons (LTR-RTs) (25.3% 
of the genome). These numbers are consistent with previous work that 
investigated the repeat content of the H. incana genome using genome 
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skimming, and which reported a repeat content of 46.5% and LTR-RT 
content of 31.6% (Beric et al., 2021). We specifically focused our analyses 
on LTR-RTs, as LTR-RT expansion and contraction has been previously 
identified as a major driver of genomic differentiation between Brassiceae 
(Xu et al., 2018), even between different ecotypes of the same species 
(Cai et al., 2020). The composition of LTR-RTs in the H. incana assembly 
differs from that of the B. rapa and B. nigra assembly, as the majority of 
LTR-RTs consist of Gypsy elements in H. incana, consistent with earlier work  
(Beric et al., 2021), while Copia retrotransposons form the majority of LTR-
RTs in the others (Figure 3b). Furthermore, the estimated insertion times of  
LTR-RTs vary between the three assemblies, as Gypsy and Copia elements in  
H. incana and B. rapa are predicted to have proliferated recently (< 1 mya)  
(Figure 3c-d), while Gypsy elements in B. nigra show a more varied 
distribution of insertion times (Figure 3c). A possible explanation of this 
shift could be that the B. nigra assembly was generated using longer reads 
than those used for the assemblies of H. incana and B. rapa, enabling it 
to capture a larger proportion of the centromeric regions, but we found no 
evidence that this introduced a bias towards longer insertion times of Gypsy 
elements (Figure 3c).
 Taken together, the breakdown of genomic synteny and divergence of 
LTR-RT content indicate that the genome of H. incana extensively diversified 
from that of B. rapa and B. nigra following their shared genome triplication 
event.

Gene copy number expansion may contribute to high photosynthetic rates
Genomic differentiation can result in species-specific gains and losses 
of genes, and these may explain the differences in photosynthetic light-
use efficiency between H. incana, B. rapa, and B. nigra. Given that the 
three species all share the same ancient genome triplication event  
(Z. He et al., 2021; Schranz et al., 2006), it is reasonable to assume that 
most differences originated through differential retention of duplicated genes, 
particularly those located in genomic blocks showing evidence of extensive 
fractionation since that event (Z. He et al., 2021). We investigated gene copy 
number variation between the three species, by clustering their annotated 
protein-coding genes with those of five other Brassicaceae species within  
(Raphanus raphanistrum and Raphanus sativus) and outside (Aethionema 
arabicum, A. thaliana, and Sisymbrium irio) the Brassiceae tribe into 
homology groups. The inclusion of A. thaliana allowed us to use its extensive 
genomic resources to functionally annotate the genes of the other species. 
The other four species were included to put the analysis into a broader 
phylogenetic context. A. arabicum is part of the Aethionema tribe which 
diverged from the core group of the Brassicaceae family, thus allowing us 
to identify highly conserved genes. S. irio is part of a different tribe than 
A. thaliana (Sisymbrieae) that is more closely related to the Brassiceae 
tribe (C.-H. Huang et al., 2016), but did not undergo the ancient genome 
triplication. R. raphanistrum and R. sativus are part of the Raphanistrum 
genus within the Brassiceae tribe and thus represent another set of species 
that underwent the genome triplication event shared by the whole tribe.
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 Our analysis resulted in 20,331 groups containing at least one  
H. incana gene (Table S10). The composition of the homology groups 
agrees with the currently established phylogeny of the Brassicaceae  
(C.-H. Huang et al., 2016) as groups containing H. incana genes share the 
least number genes with A. arabicum (58.2%) and the greatest number 
of genes with species that are part of the Brassiceae tribe (86.3-95.6%). 
H. incana has a low fraction of species-specific homology groups (3.4%) 
compared to the seven other species, which can be attributed to the stringent 
filtering of the predicted gene models.

Figure 3: The genome of Hirschfeldia incana extensively diversified from that of  
Brassica rapa and Brassica nigra. (a) Orthologous syntenic blocks between the  
genomes of H. incana and B. nigra. Dots indicate pairs of syntenic orthologs that  
are found in the same order in both genomes according to sequence positions. Only 
 the twenty largest scaffolds of H. incana (43.6% of the assembly) are shown for 
 clarity. Axes labels correspond to the total number of genes annotated on  
the sequences (left and bottom) and identifiers of the scaffolds (top) or  
chromosomes (right). A dot plot visualizing orthologous syntenic blocks  
between H. incana and B. rapa, showing similar patterns, is found in  
Figure S3. (b) Frequency distribution of Long Terminal Repeat Retrotransposon 
(LTR-RT) families. LTR-RTs are classified as unknown if they contained 
elements of both Gypsy and Copia sequences and could thus not be 
reliably assigned to either of these families. (c) Frequency polygon  
(bin width = 0.2 mya) of the insertion times of Gypsy elements. (d) Frequency 
polygon (bin width = 0.2 mya) of insertion times of Copia elements.
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 We focused on a subset of 15,097 groups containing at least one gene 
of A. thaliana and one of H. incana, as these could be extensively annotated 
through the transfer of Gene Ontology (GO) terms from A. thaliana genes 
to their respective groups. Consistent with the expectation that most genes 
quickly return to single-copy status following a whole genome duplication 
event (Z. Li et al., 2016), 70.2% of these groups contain a single gene of 
both A. thaliana and H. incana. Focusing on groups containing A. thaliana 
genes involved in photosynthesis (260 in total, Table S11), most contain a 
higher number of genes of H. incana, B. rapa, and B. nigra, compared to A. 
thaliana (Figure 4), consistent with the relatively higher photosynthetic light-
use efficiency of H. incana, B. rapa, and B. nigra (Figure 1). That H. incana 
should have the highest efficiency of all the four species is not apparent 
from the gene copy number data because for most groups of genes, H. 
incana contains the same or a lower number of copies, relative to B. rapa 
and B. nigra. This is not a result of our conservative filtering approach, 
as we explicitly retained putative photosynthesis-related genes during our 
filtering procedure (Methods S1). Besides photosynthesis-related genes, we 
also analysed copy numbers of a more general set. 4,901 homology groups 
contain genes of which the copy number in H. incana is higher than in A. 
thaliana, and equal to or higher than those of B. rapa and B. nigra (Table 
S12). We estimate that 74.5 % of the duplicated gene pairs in H. incana 
(16,788 of the 22,535 analysed pairs) were duplicated through whole-
genome duplication, 1.8% through tandem duplication, and the remaining 
23.6% through another mode of duplication. Given that the increased 
photosynthetic light-use efficiency of H. incana, relative to A. thaliana, B. 
rapa and B. nigra, is particularly pronounced at high levels of irradiance 
(Figure 1), genes annotated with GO terms associated with photosynthesis 
and/or photoprotection are of particular interest. The 4,901 homology 
groups contain ample examples of such genes (Table S12), although the 
groups are not significantly enriched for any GO term specifically linked to 
photosynthesis and/or photoprotection (Table S13).
 As gene copy number variation can considerably affect expression 
levels (Żmieńko et al., 2014), we hypothesized that retained copy number 
expansions of photosynthesis and photoprotection-associated genes in H. 
incana, B. rapa and B. nigra may aid the high photosynthetic capacities of 
these species (Figure 1). We therefore measured gene expression levels 
of nine genes for which there is inter-species copy number variation in 
two contrasting light conditions (200 µmol m−2 · s−1 and 1800 µmol m−2 
· s−1), selecting genes with a function related to photosynthesis and/
or photoprotection (Table 2). A. thaliana, the species with the lowest 
photosynthesis rates measured in this study, contains a single copy of each 
of the tested genes. For six genes, we observed a statistically significant 
positive correlation between gene expression level and gene copy number 
(Figure 5), with species showing higher or equal expression with an 
increasing number of copies (Figure S4). No such correlation was observed 
for the remaining three genes.
 To test if the observed differences in gene expression are due to 
photosynthesis-related genes being more frequently more highly expressed 
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Figure 4: Hirschfeldia incana 
retained fewer duplicated copies of  
photosynthesis-associated genes than 
Brassica rapa and Brassica nigra. 
Bars show counts of homology 
groups containing genes associated 
with photosynthesis with different 
distributions of copy numbers (CN) 
in the four species (260 groups 
in total). For groups that contain 
a higher number of copies in  
H. incana, B. rapa, and B. nigra than in  
A. thaliana, it has been indicated 
whether the same number of 
copies is found in all three species  
(equal CN), whether there are two or 
more species that contain a higher 

number of copies than the other(s) (highest CN in ≥2 species), or whether there 
is a single species containing the highest number of copies.

Figure 5: Copy numbers of photosynthesis- and photoprotection-associated genes 
correlate with expression level. Boxplots depict gene expression levels of  
A. thaliana, B. rapa, B. nigra and H. incana grown in 200 µmol m−2 · s−1 and 
1500 µmol m−2 · s−1 . Gene expression levels were normalized against H. incana 
grown at 200 µmol m−2 · s−1 and subsequently grouped per gene copy number. 
Titles of graphs indicate gene names based on the A. thaliana gene nomenclature.  
*p < 0.05; **p < 0.01; ***p < 0.001.
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Table 2: Genes with inter-specific copy number variation of which expression was measured. 
All genes are annotated to function in photosynthesis and/or photoprotection.

in general in B. rapa, B. nigra and H. incana, compared to A. thaliana, we 
included nine additional genes in our experiment that are present in a single 
copy in all four species and involved in similar processes as the multi-copy 
genes. Although we find species-specific differences in expression for this 
set of genes, no consistently higher gene expression levels are found in  
B. rapa, B. nigra and H. incana compared to A. thaliana (Figure S5). Overall, 
our analyses suggest that the increased copy numbers of photosynthesis 
and photoprotection-associated genes in H. incana, B. rapa and B. nigra, 
relative to the A. thaliana, may contribute to their high photosynthetic 
efficiency, although this effect appears to not be specific to a particular 
species or level of irradiance.
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Discussion
In this study, we generated a reference genome of H. incana to establish this 
species as a model for exceptional photosynthetic light-use efficiency at high 
irradiance. We find substantial differences in light-use efficiency, genomic 
structure, and gene content between H. incana and its close relatives. We 
discuss these results in terms of how they contributed to the evolution of 
the remarkable phenotype of H. incana.
 Our results show an even higher photosynthetic light-use efficiency 
at high irradiance than previously reported for H. incana (Canvin et al., 
1980), with photosynthesis rates varying marginally between both 
accessions. Examination of a wider set of H. incana accessions may identify 
genotypes with larger differences in photosynthesis rates, that would 
allow a quantitative genetic approach to identify alleles conferring high 
photosynthesis rates. Our measurements imply that the photosynthesis 
rates of this C3 species are higher than those of the C4 crop maize (Crafts-
Brandner & Salvucci, 2002; Leakey et al., 2006) and almost two times 
higher than those typically reported from key cereal crop species with a  
C3 photosynthetic metabolism, such as wheat (Driever et al., 2014) and 
rice (J. Gu et al., 2012), respectively. Furthermore, these rates are higher 
than those of closely related Brassicaceae species B. rapa, B. nigra, and the 
more distantly related A. thaliana. The photosynthesis rates we measured in  
B. rapa are also higher than previously reported (Pleban et al., 2018; Taylor 
et al., 2020). Although the rates presented in this study were obtained 
from plants grown in controlled, favourable conditions and thus could be 
an overestimation of rates in natural environments, the magnitude of the 
differences suggests that the H. incana genome holds essential information 
for the improvement of photosynthetic light-use efficiency in crops.
 The reference genome of H. incana generated in this study provides 
the means to elucidate the genetic basis of this plant’s exceptional rate 
of photosynthesis and how it evolved in this species. We estimate that  
H. incana diverged 11.6 and 10.4 mya from B. rapa and B. nigra, 
respectively, consistent with an earlier study that used a smaller set of 
nuclear genes (C.-H. Huang et al., 2016). These time points are close to 
the reported time at which B. rapa and B. nigra (Perumal et al., 2020) 
diverged from each other (11.5 mya) and the time at which the whole 
Brassicaceae family underwent a rapid radiation event (Franzke et al., 2009). 
This event may have been mediated by the expansion of grass-dominated 
ecosystems in the region inhabited by Brassicaceae family members at that 
time, which created new open habitats that favoured rapid diversification  
(Franzke et al., 2009). This expansion of grasslands is thought to have been 
driven by decreasing atmospheric CO2 levels, and increasing aridity, which 
favoured the displacement of the then dominant C3 plants by C4 grasses 
(Edwards et al., 2010). We argue that climatic changes also drove the 
evolution of the high photosynthetic rates observed in H. incana; grassland, 
i.e. non-forested ecosystems may have provided the ephemeral niches with 
high irradiances that favoured the evolution of high photosynthetic rates. 
Species with high photosynthetic rates are currently found in Mediterranean 
and desert ecosystems (Ehleringer, 1985; Werk et al., 1983). The evolution 
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of high rates of C3 photosynthesis could therefore have paralleled the 
expansion of the C4 photosynthesis pathway as an adaptation to low  
CO2 levels and drought.
 Our analyses suggest that the genome of H. incana extensively 
differentiated from the genomes of B. rapa and B. nigra since their time of 
divergence, through large genomic arrangements and differences in LTR-RT 
content. Previous analyses of natural A. thaliana accessions indicated that 
specific LTR-RT families show increased rates of proliferation in response 
to particular types of environmental stress (Baduel et al., 2021), which 
may explain the species-specific amplification of Gypsy elements that we 
observed in H. incana. Such elements may have been retained because 
this particular LTR-RT family generally inserts outside of exons (Baduel et 
al., 2021). We hypothesize that the differences in LTR-RT content between  
H. incana, B. rapa, and B. nigra were caused in part by Gypsy elements being 
less efficiently purged from the genome of B. nigra than from the others.  
An increased rate of LTR-RT removal, based on the ratio of solo LTRs to intact 
LTR-RTs, has also been observed in B. rapa relative to B. oleracea and it was 
speculated that this is caused by the increased rate of genetic recombination 
in the former (Zhao et al., 2013). Given that a similar negative correlation 
between local recombination rate and LTR-RT content was found in rice  
(Z. Tian et al., 2009), soybean (Du et al., 2012), and eukaryotes in general 
(Kent et al., 2017), the differences in predicted insertion times of Gypsy 
elements in H. incana, B. rapa, and B. nigra observed in this study may thus 
reflect different rates of genetic recombination in the three species. While 
it has been suggested that changes in recombination rate can be adaptive, 
there is little empirical evidence that supports this (Ritz et al., 2017).  
It would therefore be interesting to directly measure genome-wide rates of 
recombination of H. incana, B. rapa, and B. nigra and explore whether these 
are correlated with their rates of photosynthesis.
 Further comparative analyses between the genomes of H. incana,  
B. rapa, B. nigra, and A. thaliana revealed numerous species-specific gains 
and losses of genes. For dosage-sensitive genes, such as those involved 
in transcriptional regulation, differences may not necessarily reflect 
adaptive selection. This category of genes was found to be consistently 
retained in multiple copies following polyploidy events across the 
Brassicaceae (Mandakova et al., 2017) and a wide group of angiosperms  
(Z. Li et al., 2016), which is hypothesized to be due to dosage constraints 
(Edger & Pires, 2009). Differences in copy number of such genes may 
thus reflect different rates of relaxation of dosage balance constraints and 
subsequent loss of duplicates through time, which is a neutral process.
 On the other hand, there is reason to believe that gene duplications 
contributed to the evolution of the high light-use efficiency of H. incana. 
Gene duplications have been identified as important drivers of plant 
evolution and differences in gene copy number between species are often 
enriched for adaptive evolutionary traits (Dassanayake et al., 2011;  
Oh et al., 2013; Rizzon et al., 2006; Suryawanshi et al., 2016). Moreover, 
RT-qPCR analysis of nine duplicated genes associated with photosynthesis 
and/or photoprotection showed that the expression levels of six of them 
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correlate with gene copy number. In contrast, nine photosynthetic genes 
present in a single copy in all species did not show significantly increased 
expression in H. incana, B. nigra, and B. rapa compared to A. thaliana, 
indicating that photosynthetic genes are not overexpressed in the 
former three species in general. This supports a putative role for gene  
duplications in mediating the high light-use efficiency achieved by H. incana, 
B. nigra and B. rapa.
 The most striking genes of which copy number correlated with 
gene expression are LHCA6 and ELIP1, involved in response to high 
light and having the highest expression in H. incana growing under high 
light (Figure S4). LHCA6 encodes a light-harvesting complex I (LHCI) 
protein of photosystem I (PSI), that together with LHCA5 is required 
to form a full-size NAD(P)H dehydrogenase (NDH)-PSI supercomplex  
(L. Peng et al., 2009). Higher expression of LHCA6 might help the formation 
of the NDH-PSI complex, thought to help stabilise NDH under high irradiance 
conditions. In turn, NDH has proposed roles supporting the Calvin-Benson 
cycle’s activity (Harbinson et al., 2022) and photoprotection by preventing 
overreduction at high light intensities (Munekage et al., 2004). ELIP1  
encodes for proteins with a proposed role in photoprotection, which is 
associated with high light stress (Heddad et al., 2006; Norén et al., 2003; 
Youssef et al., 2010). Increased expression of this gene is expected to make 
the photosynthetic apparatus of H. incana more resistant to photoinhibition 
at high levels of irradiance. While the H. incana genome harboured the 
highest number of copies of LHCA6 when compared to the genomes of  
A. thaliana, B. rapa, and B. nigra, this is not the case for ELIP1, for which  
H. incana, B. nigra and B. rapa all have three copies as opposed to the single 
copy of A. thaliana. Therefore, although we can propose a role for gene 
duplications in achieving higher light-use efficiency, the exact nature of this 
role still remains unclear as it appears to not be completely dependent on 
species or light treatment.
 While our gene expression analysis provides several promising leads, 
it only offers a glimpse of what may contribute to the high photosynthetic 
light-use efficiency of H. incana. Besides the nine genes included in this 
analysis, we identified many more genes with a high copy number in  
H. incana that warrant further investigations on a whole transcriptome level. 
Such investigations should not limit themselves to core photosynthetic 
genes, as H. incana can only attain high photosynthetic light-use efficiency 
through changes in many other traits that are outside the chloroplast, such 
as leaf architecture affecting mesophyll conductance to CO2, the synthesis 
of carbohydrates in the cytosol, the transport of carbohydrates from the 
leaf, the uptake from the soil and the supply of nitrogen and other minerals 
to the leaf, the abundance and distribution of different leaf pigments, and 
(photo)respiration. Nor should they include duplicated genes only, as it is 
striking that H. incana shows a better high light-use efficiency than B. rapa 
and B. nigra, though it contains fewer photosynthesis-related genes than 
the latter two species. This points towards alternative scenarios in which 
adaptation of H. incana photosynthesis to high levels of irradiance occurred 
through regulation of expression of one copy of the photosynthesis-related 
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genes, which relaxed selection on duplicate retention or even encouraged 
loss of duplicate copies, or through other traits, as described above.
 To elucidate the exact genetic mechanisms underlying the high light-
use efficiency of H. incana, a natural follow-up to this study is to perform 
comparative transcriptomic analyses of leaves of H. incana, B. rapa, and 
B. nigra under a range of different levels of irradiance and at different 
developmental stages. Genes that show copy number variation and are 
differentially expressed between H. incana and the latter two species, such 
as LHCA6, would then be prime candidates to further test for potential 
causality through e.g. knock-out mutant analysis. As previous work has 
shown that it is possible to cross distantly related Brassicaceae species 
(Katche et al., 2019), a useful approach to further pinpoint the causal 
genes is to establish a genetic mapping population between H. incana 
and a Brassicaceae species with regular light-use efficiency and perform 
quantitative trait locus analyses of photosynthetic traits segregating within 
the population. It would also be useful to expand comparative genome 
and transcriptome analyses to plant species outside of the Brassicaceae 
family that show high photosynthetic light-use efficiency, such as the 
aforementioned A. palmeri, C. claviformis, E. rotundifolia, and P. linearis. 
Such expanded analyses could be informative, for instance to investigate 
amino acid substitutions or lateral gene transfer specific to species with 
high photosynthetic light-use efficiency. Furthermore, transcriptome data 
may indicate genes showing differences in expression between such species 
and those that are less efficient, providing further insight into which genes 
contribute to the evolution of this trait.

Conclusions
H. incana has an exceptional rate of photosynthesis at high irradiance. We 
generated a near-complete reference genome of this species and found 
evidence suggesting that its exceptional rate evolved through differential 
retention of duplicated genes. Taken together, our work provides several 
promising leads that may explain the high photosynthetic light-use efficiency 
of H. incana and we expect the reference genome generated in this study to 
be a valuable resource for improving this efficiency in crop cultivars.

Materials and Methods
Plant material
Hirschfeldia incana accessions ‘Nijmegen’ and ‘Burgos’ were used. 
‘Nijmegen’ is an inbred line (> six rounds of inbreeding) originally 
collected in Nijmegen, The Netherlands. Seeds of ‘Burgos’ were originally 
collected near Burgos, Spain. Furthermore, Brassica nigra accession ‘DG2’, 
sampled from a natural population near Wageningen, The Netherlands, the  
Brassica rapa inbred line ‘R-o-18’ (Bagheri et al., 2012; Stephenson et al., 
2010), and the Arabidopsis thaliana Col-0 accession were used.

Measurements of photosynthesis rates
Seeds of H. incana ‘Nijmegen’, H. incana ‘Burgos’, B. rapa ‘R-o-18’, B. nigra 
‘DG2’, and A. thaliana Col-0 were sown in 3-L pots filled with a peat-based 
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potting mixture. Plants were grown in a climate chamber with a photoperiod 
of 12 hours and day and night temperatures of 23 and 20 °C, respectively. 
Humidity and CO2 levels were set at 70% and 400 ppm. The chamber was 
equipped with high-output LED light modules (VYPR2p, Fluence by OSRAM). 
Plants were watered daily with a custom nutrient solution (0.6 mM NH4

+,  
3.6 mM K+, 2 mM Ca2+, 0.91 mM Mg2+, 6.2 mM NO3

-, 1.66 mM SO4
2-, 

 0.5 mM P, 35 µM Fe3+, 8 µM Mn2+, 5 µM Zn2+, 20 µM B, 0.5 µM Cu2+,  
0.5 µM Mo4+). The seeds were germinated at an irradiance of  
300 µmol m−2 · s−1, and the same irradiance was maintained to let seedlings 
establish. On day 14, 21, and 25 after sowing, the irradiance was raised to 
600, 1200, and 1800 µmol m−2 · s−1, respectively.
 The photosynthetic metabolism of young, fully expanded leaves 
developed under 1800 µmol · m−2 · s−1 of light was measured with a LI-COR 
6400xt portable gas exchange system (LI-COR Biosciences) equipped with a 
2 cm2 fluorescence chamber head. “Rapid” descending light-response curves 
were measured between 30 and 35 days after sowing to accommodate 
differences in growth rates of the different species on one leaf from four  
H. incana ‘Nijmegen’, H. incana ‘Burgos’, B. nigra ‘DG2’, and A. thaliana 
Col-0 plants, and three B. rapa ‘R-o-18’ plants. The net assimilation rates of 
the plants were measured at thirteen different levels of irradiance ranging 
from 0 to 2200 µmol · m−2 · s−1. During measurements, leaf temperature 
was kept constant at 25 °C and reference CO2 concentration was kept at 
400 µmol mol−1. Water in the reference air flux was regulated in order to 
achieve vapour-pressure deficit values comprised between 0.8 and 1.2 kPa.
Light response curve parameters (Amax: net CO2 assimilation at saturating 
irradiance, φ: apparent quantum yield of CO2 assimilation, Rd: daytime 
dark respiration rate, and θ: curve convexity) were estimated for each 
species through non-linear least squares regression of a non-rectangular 
hyperbola (Marshall & Biscoe, 1980) with the R package “photosynthesis” 
(version 2.0.0) (Stinziano et al., 2020). An indication of gross assimilation 
rates for each species was subsequently generated by adding the daytime 
dark respiration rate (Rd) estimated for each species to the species’ net 
assimilation rates.
 Differences in net and gross assimilation rates were tested at each light 
level of the light-response curve with a one-way ANOVA on the “genotype” 
experimental factor. Pairwise comparisons between the assimilation rates 
of the different genotypes at each light level were subsequently performed 
and tested with the Tukey-Kramer extension of Tukey’s range test. The 
p-value threshold for statistical significance was set at α = 0.05.

Flow cytometry
Leaf samples of the H. incana genotypes ‘Burgos’ and ‘Nijmegen’ and  
A. thaliana Col-0 were analysed for nuclear DNA content by flow cytometry 
(Plant Cytometry Services B.V., Didam, the Netherlands). Seven, three 
and five biological replicates were measured over separate rounds of 
analysis for H. incana ‘Nijmegen’ H. incana ‘Burgos’, and A. thaliana 
Col-0, respectively. Nuclei were extracted from leaf samples following 
the method by (Arumuganathan & Earle, 1991), and stained with  
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4′,6-diamidino-2-phenylindole (DAPI). The DNA content of nuclei relative 
to that of the reference species Monstera deliciosa was determined on a 
CyFlow Ploidy Analyser machine (Sysmex Corporation, Kobe, Japan). 
A haploid flow cytometry estimate of 157 Mb was used for A. thaliana, 
resulting from comparisons of nuclear DNA content of this species and 
other model organisms (Bennett et al., 2003). Haploid genome size 
estimates for the H. incana genotypes were obtained by multiplying the  
H. incana-to-M. deliciosa ratio by the haploid A. thaliana estimate and 
dividing this product by the average A. thaliana-to-M. deliciosa ratio.

Chromosome counting
Root tips (approximately 1 cm long) were collected from young, fast-
growing rootlets of multiple H. incana ‘Nijmegen’ plants and pre-treated for 
3 h at room temperature with a 0.2 mM 8-hydroxyquinoline solution. After 
pre-treatment, the 8-hydroxyquinoline solution was replaced with freshly 
prepared Carnoy fixative (1:3 (v/v) acetic acid - ethanol solution) and 
maintained at room temperature for half a day. Root tips were then rinsed 
with 70% ethanol for three times to remove remaining fixative and stored 
in 70% ethanol at 4 °C until further use. Prior to slide preparation, root 
tips were rinsed twice in Milli-Q (MQ) water before adding 1:1 solution of 
a pectolytic enzymatic digestion solution (1% Cellulase from Trichoderma,  
1% Cytohelicase from Helix Promatia, 1% Pecolyase from Aspergillus 
japonicus) and 10 M citric buffer. After one hour incubation at 37 °C,  
the enzymatic digestion solution was replaced by MQ water. The digested 
root tips were spread in 45% acetic acid over microscopy slides on a hot 
plate set at 45 °C, cells were fixed with freshly prepared Carnoy fixative, 
dried, and stained with 4′,6-diamidino-2-phenylindole (DAPI) dissolved in 
Vectashield mounting medium (Vector Laboratories Inc., Burlingame, US). 
Slides were imaged with an Axio Imager.Z2 fluorescence optical microscope 
coupled with an Axiocam 506 microscope camera (Carl Zeiss AG, Oberkochen, 
Germany) at 63x magnification. Chromosome numbers were counted in 
metaphase mitotic cells and averaged to obtain the reported number.

DNA and RNA isolation
Genomic DNA was extracted from H. incana ‘Nijmegen’ samples using a 
protocol modified from (S. Chang et al., 1993). The modifications consisted 
of adding 300 µL β-mercaptoethanol to the extraction buffer just before use. 
We added 0.7% isopropanol to the supernatant instead of 10 M LiCl and then 
divided the total volume into 1 mL aliquots for subsequent extractions. The 
pellet was dissolved in 500 µL of SSTE which was preheated to 50 °C before 
use. The final pellets were dissolved in 50 µL MQ water and then pooled at 
the end of the extraction process. DNA used for Illumina and 10X Genomics 
sequencing was extracted from flower material, while leaf material was used 
for the PacBio sequencing, all originating from the same plant.
 Total RNA was extracted from leaf material of H. incana ‘Nijmegen’ from 
a different plant than the one used for the DNA isolations with the Direct-zol 
RNA mini-prep kit (Zymo Research) according to the company’s instructions 
and then subjected to a DNAse (Promega) treatment at 37 °C for one hour.
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Generation of sequencing data
Sequencing of total-cellular DNA of H. incana ‘Nijmegen’ was performed 
by GenomeScan B.V., Leiden. A total of seven SMRT cells were used 
for sequencing on the Pacific Biosciences Sequel platform. Short read 
Illumina and 10X Genomics libraries with an insert size of approximately  
500-700 bp were prepared with the NEBNext Ultra DNA Library Prep kit for 
Illumina and 10X Genomics ChromiumTM Genome v1 kit, respectively. These 
libraries were sequenced using the Illumina X10 platform (2 x 151 bp). RNA  
paired-end sequencing libraries with an average insert size of 254 bp 
were prepared using the Illumina TruSeq RNA sample prep kit with polyA 
mRNA selection and sequenced using the Illumina HiSeq 2500 platform  
(2 x 125 bp).

k-mer analysis
A histogram of k-mer frequencies of Illumina reads predicted to be of nuclear 
origin (see Methods S1) was generated using Jellyfish (v2.2.6) (Marçais 
& Kingsford, 2011), using a k-mer length of 21. The resulting histogram 
was provided as input to Genomescope (v1.0.0) (Vurture et al., 2017) to 
estimate genome size and heterozygosity.

Genomic assembly and annotation
The genome assembly and annotation process is more extensively described 
in Methods S1. In short, we generated an initial assembly based on the 
PacBio data only with Canu (Koren et al., 2017) and used it to bin the 
PacBio, 10X, and Illumina reads according to whether they originated from 
nuclear, organellar, or contaminant DNA. The bins were used to separately 
assemble the nuclear and organellar genomes, yielding a nuclear assembly 
consisting of hundreds of contigs and mitochondrial and chloroplast 
assemblies that were both represented by a single sequence. Nuclear 
contigs representing alternative haplotypes were removed using purge_dups  
(Guan et al., 2020), after which ARKS (Coombe et al., 2018) was used to 
scaffold the remaining contigs using the 10X data. Scaffolds were polished 
using Arrow (https://github. com/PacificBiosciences/gcpp) and Freebayes 
(Garrison & Marth, 2012), followed by a manual filtering step to obtain the 
final nuclear assembly.
 Repeats in the assembly were masked using RepeatMasker  
(Smit et al., 2015) in combination with RepeatModeler2 (Flynn et al., 2020) 
before starting the annotation procedure. Nuclear genes were annotated by 
using EvidenceModeler (Haas et al., 2008) to generate consensus models of 
ab initio gene predictions, alignments of proteins from closely and distantly 
related plant species, and transcripts assembled from RNA-seq data. These 
models were manually filtered to obtain a final set of protein-coding genes.

Used datasets for comparative genome analyses
We mainly focused the comparative genome analyses on H. incana, B. nigra, 
and B. rapa, three species of the Brassiceae tribe of which all members 
underwent an ancient genome triplication (Brassica rapa Genome Sequencing 
Project Consortium et al., 2011; Lysak et al., 2005). For comparative 



128

Chapter 5

gene analyses, we extended this group with the Brassicaceae species  
Arabidopsis thaliana, Aethionema arabicum, Sisymbrium irio,  
Raphanus raphanistrum, and Raphanus sativus. The latter two Raphanus 
species are also part of the Brassiceae tribe. Version numbers and locations 
of all genomes are listed in Table S14.

Analysis of pairwise gene synteny and long terminal repeat retrotransposons 
(LTR-RTs) in H. incana, B. rapa, and B. nigra
Analyses of pairwise gene synteny between scaffolds of H. incana 
and chromosomes of B. rapa and B. nigra were performed using the 
JCVI library (https://github.com/tanghaibao/jcvi) (v1.0.5) in Python. 
Orthologs were identified through all-vs-all alignment of genes with LAST  
(Kiełbasa et al., 2011), retaining reciprocal best hits only (C-score of at 
least 0.99). Hits were filtered for tandem duplicates (hits located within  
10 genes from each other) and chained using the Python implementation 
of MCScan (Tang et al., 2008) to obtain collinear blocks containing at least 
four pairs of syntenic genes. Visualizations of collinearity between genomic 
assemblies were generated using custom scripts of JCVI.
 Ks values of syntenic gene pairs were computed using the ks 
module of JCVI. Protein sequences of pairs were aligned against each 
other using MUSCLE (v3.8.1) (Edgar, 2004), after which PAL2NAL (v14)  
(Suyama et al., 2006) was used to convert protein alignments to nucleotide 
ones. Ks values for each pair were computed from the nucleotide alignments 
using the method of Yang and Nielsen, 2000 implemented in PAML  
(Yang, 2007) (v4.9). Times of divergence between species were estimated 
by dividing the median of the distributions of their Ks values by the rate of 
8.22 × 10−9 synonymous substitutions per year that was established for 
Brassicaceae species based on extrapolation from the ancient triplication 
event in the Brassica clade (Beilstein et al., 2010).
 Putative LTR-RTs were identified using LTRharvest (v1.6.1)  
(Ellinghaus et al., 2008) and LTR_finder (v1.1) (Z. Xu & Wang, 2007), 
after which LTR_retriever (v2.9.0) (Ou & Jiang, 2018) was run with default 
parameters to filter and combine the output of both tools into a high 
confidence set. LTR_retriever was also used to provide estimates of the 
insertion time of each LTR-RT. Parameters of LTRharvest and LTR_finder 
were set as recommended in the LTR_retriever documentation. Centromeric 
regions of the B. nigra assembly were obtained from Table S21 of the 
manuscript describing the assembly (Perumal et al., 2020).

Phylogenetic analysis of H. incana, B. rapa, and B. nigra
The longest isoforms of the nuclear genes of H. incana, B. rapa, B. nigra, 
and A. thaliana (outgroup) were provided to Orthofinder (version 2.3.11) 
(Emms & Kelly, 2019) to generate phylogenetic species trees. Orthofinder 
was run using the multiple sequence alignment (MSA) workflow with default 
parameters. The same analysis was performed using chloroplast genes. 
Trees were visualized using iTOL (version 6.3) (Letunic & Bork, 2021).
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Comparative gene ontology analysis of eight Brassicaceae species
The longest isoforms of the genes of all eight Brassicaceae species described 
in the section “Used datasets for comparative genome analyses” were 
extracted using AGAT (version 0.2.3) (https://github.com/NBISweden/ 
AGAT) and clustered into homology groups using the “group” function 
of Pantools version 2 (Sheikhizadeh Anari et al., 2018) with a relaxation 
parameter of 4. Groups were assigned GO slim terms of their associated 
A. thaliana genes (obtained from https://www.arabidopsis.org/download_
files/GO_and_PO_Annotations/Gene_Ontology_Annotations/TAIR_GO_
slim_categories.txt (last updated on 2020-07-01)) and GO terms assigned 
to protein domains of associated H. incana, B. rapa, and B. nigra genes 
using InterProScan (version 5.45-72.0) (Jones et al., 2014) (ran using 
the Pfam and Panther databases only). GO term enrichment tests were 
performed using the Fisher Exact test and the Benjamini-Hochberg method 
for multiple testing correction (Benjamini & Hochberg, 1995). A. thaliana 
genes were considered to be involved in photosynthesis, if they fulfilled one 
of the following conditions:
• Annotated with one of the following GO terms: “photosynthesis”, 

“electron transporter, transferring electrons within the cyclic electron 
transport pathway of photosynthesis activity”, or “electron transporter, 
transferring electrons within the noncyclic electron transport pathway of 
photosynthesis activity”;

• Included in the KEGG pathways ath00195 (Photosynthesis), ath00710 
(Carbon fixation in photosynthetic organisms), and ath00196 
(Photosynthesis - Antenna Proteins);

• Protein products have been assigned the keyword “Photosynthesis” in 
the Swiss-Prot database;

The same criteria were used to retain photosynthesis-related genes of  
H. incana while filtering the gene annotation of the assembly (see Methods 
S1).

Investigating the mode of duplicated genes in H. incana
Dupgen_finder (Github commit hash 8001838) (Qiao et al., 2019) was run 
with default parameters to determine the mode of duplication for duplicated 
gene pairs in H. incana, using the genome of A. thaliana as an outgroup 
to detect pairs duplicated through whole-genome duplication. Pairs were 
allowed to be assigned to a single category only. Input files containing 
alignments of the protein sequences of H. incana aligned to themselves 
and those of A. thaliana were prepared using DIAMOND (version 0.9.14) 
(Buchfink et al., 2015).

Analysis of gene expression under high and low irradiance
Seeds of H. incana ‘Nijmegen’, B. nigra ‘DG2’, B. rapa ‘R-o-18’, and  
A. thaliana Col-0 were germinated on a peat-based potting mixture for 
nine days under an irradiance of 200 µmol · m−2 · s−1. Twelve seedlings per 
species were then transferred to 2L pots filled with a peat-based potting 
mixture enriched with perlite and 2.5 g/L Osmocote ®Exact Standard 5-6M  
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slow-release fertiliser (ICL Specialty Fertilizers, Geldermalsen, The 
Netherlands).
Plants were germinated and grown in a climate chamber with a 
photoperiod of 12 hours and day and night temperatures of 23 and 20 
°C, respectively. Humidity and CO2 levels were set at 70% and 400 ppm. 
The chamber was equipped with high-output LED light modules (VYPR2p,  
Fluence by OSRAM, Austin, USA). Six plants per species were assigned to 
a high light (HL) treatment of 1800 µmol · m−2 · s−1 and the remaining six 
to a low light (LL) treatment of 200 µmol · m−2 · s−1. Irradiance uniformity 
was very high for both HL and LL treatments, with a U2 value of 0.93.  
Plant positions were randomised across growing areas. Plants were watered 
with the same custom nutrient solution as the one used in the measurements 
of photosynthesis rates, daily for the LL treatment and twice a day for the 
HL treatment.
 Twenty-eight days after sowing, one young fully adapted leaf from 
each plant was selected, excised, and snap-frozen in liquid nitrogen. Leaf 
samples were crushed with a mortar and pestle cooled with liquid nitrogen 
and further homogenised with glass beads for 2min at 30Hz in a MM300 
Mixer Mill (Retsch GmbH, Haan, Germany). Total RNA was extracted with 
the RNeasy Plant Mini Kit (QIAGEN N.V., Venlo, The Netherlands) according 
to manufacturer’s instructions and then subjected to a RQ1 DNAse 
treatment (Promega Corporation, Madison, U.S.) at 37 °C for 30 minutes.  
We validated the total removal of DNA by means of a no-reverse transcriptase 
PCR reaction on all RNA samples. The RNA quality was assessed for purity 
(A260/A280) with a Nanodrop 2000 spectrophotometer (Thermo Fisher 
Scientific Inc., Waltham, U.S.) and for possible RNA degradation by means 
of a visual inspection of the RNA on a 1% agarose gel. cDNA was then 
synthesized from 2 µg total RNA (measured by spectrophotometer) with 
the SensiFAST™ cDNA Synthesis Kit (Meridian Bioscience, Cincinnati, U.S.) 
according to manufacturer’s instructions.
 To examine the expression of both single-copy and multi-copy 
photosynthesis and/or photoprotection-related genes (Table S15),  
species-specific RT-qPCR primers were designed with the following criteria: 
the PCR fragment size had to range between 80 and 120 bp, the maximum 
difference in melting temperature between primers of the same pair had 
to be 0.5 °C, and overall melting temperatures had to be comprised 
between 58 and 62 °C. Primers were designed to target a region of the 
gene as similar as possible in all species. Additionally, for multi-copy genes,  
the primer pair had to bind to all copies of a particular gene in one species. 
RT-qPCR reactions were performed with SYBR green on a CFX96 Real-Time 
PCR Detection System (Bio-Rad Laboratories Inc., Hercules, U.S.). The 
efficiency of each designed primer set was assessed by means of a standard 
curve, and only primer sets with efficiencies ranging between 90% and 
110% were used. All primer sequences can be found in Table S16.
 Gene expression was normalized to the reference genes ACT2, PGK, 
UBQ7 and APR (Joseph et al., 2018; Løvdal & Lillo, 2009) using the delta-
Ct (dCt) method (Livak & Schmittgen, 2001). Normalized gene expression 
values were calculated as 2-dCt. For the statistical analysis, we performed 
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two-way ANOVA on the dCt values with the copy number and light treatment 
as grouping variables for the multi-copy genes and species, and light 
treatment as grouping variables for the single copy genes. A Kenward-Roger 
approximation for the degrees of freedom was used and a post-hoc test 
was subsequently performed with Tukey’s range test, with the significance 
threshold set at (α = 0.05).

Availability of data and material
Raw sequencing data of H. incana can be found on the repository of the 
National Center for Biotechnology Information (NCBI) (BioProject ID: 
PRJNA612790). The genome assembly of H. incana has been deposited at 
DDBJ/ENA/GenBank under the accession JABCMI000000000. The version 
described in this manuscript is version JABCMI010000000. The genome 
assembly and annotation files, as well as a Jbrowse instance of the genome, 
can be accessed at https://www.bioinformatics.nl/hirschfeldia.

Supplementary Figures

Figure S1: Net CO2 assimilation rates as measured with the LiCor 6400XT. Light-response 
curves for Hirschfeldia incana, Brassica rapa, Brassica nigra, and Arabidopsis 
thaliana accessions adapted to high levels of irradiance. Each point represents 
the mean net CO2 assimilation value of three (B. rapa) or four leaves coming 
from independent plants. The lines represent non-rectangular hyperbolas fitted on 
the raw data to estimate daytime dark respiration (Rd). Error bars represent the 
standard error of the means.
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Figure S2: Root tip smears of Hirschfeldia incana. An example of 4′,6-diamidino-
2-phenylindole (DAPI)-stained chromosomes from one metaphase mitotic cell. 
Fourteen chromosomes can be observed, meaning that H. incana has a haploid 
chromosome number of n = 7.

Figure S3: Orthologous syntenic blocks between the genomes of Hirschfeldia incana and 
Brassica rapa. Dots indicate pairs of syntenic orthologous that are found in the same 
order in both genomes according to sequence position. Only the twenty largest 
scaffolds of H. incana (43.6% of the assembly) are shown for clarity. Axes labels 
correspond to the total number of genes annotated on the sequences (left and 
bottom) and identifiers of the scaffolds (top) or chromosomes (right).
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Figure S4: Normalized relative gene expression per species and light treatment for 
the set of multi-copy photosynthesis-related genes. Boxplots depict normalized 
gene expression levels of A. thaliana, B. rapa, B. nigra and H. incana grown in  
200 µmol m−2 · s−1 (LL) and 1800 µmol m−2 · s−1 (HL) for genes for which there is 
variation in gene copy number between these species. Graph titles indicate gene 
names based on the A. thaliana gene nomenclature. Letters indicate statistical 
differences between species based on a two-way ANOVA and Tukey posthoc test, 
testing for light treatment and species as variables.
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Figure S5: Normalized relative gene expression per species and light treatment for 
the set of single-copy photosynthesis-related genes. Boxplots depict normalized 
gene expression levels of A. thaliana, B. rapa, B. nigra and H. incana grown in  
200 µmol m−2 · s−1 (LL) and 1800 µmol m−2 · s−1 (HL) for genes for which there is 
variation in gene copy number between these species. Graph titles indicate gene 
names based on the A. thaliana gene nomenclature. Letters indicate statistical 
differences between species based on a two-way ANOVA and Tukey posthoc test, 
testing for light treatment and species as variables.
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Figure S6: Histogram of mismatch rates of PacBio reads aligned against the chloroplast and 
mitochondrial assembly of Hirschfeldia incana. The cut-off of 15%, used to distinguish 
organelle-derived reads from reads originating from nuclear regions that contain 
organellar inserts, is depicted by the red vertical line.
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Introduction
In this thesis I have investigated genetic aspects of plant adaptation 
to their environment. At the start of the work presented in this thesis, 
the project of which this PhD program was part of, was entitled  
‘Exploiting copy number variation for rapid improvement of abiotic stress 
tolerance in crops’. The main premise of the project was that copy number 
variation (CNV) appears to be a highly dynamic type of genetic variation 
with a large, and underappreciated, role in regards to the evolution 
of plant adaptation to its environment. This was further explored in  
Chapter 2. Experimental evidence from different organisms demonstrated 
common causes and mechanisms underlying de novo CNV formation that 
are more prone to errors in stressful environments. Similarly, experimental 
evidence in plants (e.g. (DeBolt, 2010)) further strengthened the idea 
that de novo CNV can quickly arise in stressful environments in plants. 
Meanwhile, next generation sequencing (NGS) technology became more 
accessible, which provided the opportunity to further examine the role 
of CNVs in relation to plant adaptation. By incorporating CNVs alongside 
the more commonly used genetic variants such as SNPs and InDels,  
I attempted to test their contribution in an as unbiased manner as possible. 
 Despite the initial specific focus on CNV, that initiated most of the 
rationale behind the approaches of the experimental chapters, the topic 
of CNV did not come out as prominently in the experimental chapters as 
initially anticipated. The focus of the thesis, therefore was shifted more 
towards the impact of mutation and natural genetic variation in general 
on plant adaptation to their environment. Nevertheless, in this General 
Discussion, I will first address the role of CNV to plant adaptation and 
proceed with further insights on the rapid adaptation to severe zinc stress. 
Then I shift the topic to study of plant adaptive traits using natural variation 
with a strong focus on the use of genome-wide association studies. Finally, 
I discuss the potential for better understanding the high-photosynthetic 
trait of Hirschfeldia incana, a close relative to several important crop 
species, as a possible avenue to improve photosynthesis. 

The role of CNV to rapid adaptation
One hypothesis of this thesis was that spontaneous CNV formation could 
contribute to rapid adaptation to the environment. As discussed in the 
General Introduction (Chapter 1) and Chapter 2, plant stress may induce 
CNV formation through the activation of TE activity, DNA replication and 
repair processes, and recombination events. Additionally, studies in human 
cell lines and yeast have shown that CNV is more likely to occur in highly 
transcribed regions (Hull et al., 2017; Lauer & Gresham, 2019). In these 
regions, collisions between the transcription and replication machinery are 
known to be particularly mutagenic and can lead to the formation of CNV 
hotspots (Aguilera & García-Muse, 2013; Hull et al., 2017; Mansisidor et 
al., 2018; Sankar et al., 2016; Wilson et al., 2015). The potential link 
between transcriptional activity and CNV formation suggests that stress 
may promote CNV formation at loci with strongly induced expression in 
response to environmental stressors, thereby accelerating the rate at 
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which mutations are generated, including adaptive variants (Hull et al., 
2017). However, the connection between transcriptional activity and CNV 
formation requires additional genomic features or a loss of control when 
a critical stress level is achieved, because otherwise CNV would also be 
expected to occur more frequently for highly transcribed house-keeping 
genes, which is not observed. For instance, in yeast, CNV induction of a 
transgene that provides increased nickel tolerance is also dependent on 
H3K56 acetylation of chromatin (Hull et al., 2017; Whale et al., 2022). 
Currently, it is not known whether high transcriptionally active loci are 
also more prone to CNV in plants, but this phenomenon has been observed 
in both prokaryotes and eukaryotes, suggesting that it could represent a 
relevant mechanism promoting adaptive mutations in plants.
 One of the reasons to use zinc-stress in the experimental evolution 
approach was that CNV for metal homeostasis-genes is frequently observed 
in species that have adapted high metal concentrations. For instance, 
adaptation to high concentrations of zinc has evolved in the closely-related 
species Arabidopsis halleri and Noccaea caerulescens (Krämer, 2010). 
These species are both hypertolerant to zinc, and are also capable of 
hyperaccumulating it. The evolution of these traits involved copy-number 
expansions of several metal homeostasis genes (Dräger et al., 2004; 
Hanikenne et al., 2008; Krämer, 2010; J.-S. Peng et al., 2021). For instance, 
duplication of HEAVY METAL ATPASE 4 (HMA4) is involved in cadmium and 
zinc hypertolerance in A. halleri and N. caerulescens (Craciun et al., 2012; 
Ó Lochlainn et al., 2011; Suryawanshi et al., 2016). There is further CNV 
among different populations in N. caerulescens, for instance four copies of 
HMA4 are present in the hyperaccumulator populations populations Ganges 
and St-Félix-de-Pallières, three copies in the intermediate population 
Prayon and two copies in the lowest hyperaccumulating population Puente 
Basadre (Craciun et al., 2012). This pattern where genes involved in metal 
tolerance and hyperaccumulation have been duplicated in a species, but are 
not fixed in their numbers across the species, is more commonly observed. 
In A. halleri for instance, duplication of ZRT-IRT-like PROTEIN 6 (ZIP6) is 
involved in fine-tuning of metal-homeostasis, and there is CNV between 
different ecotypes (Spielmann et al., 2020). Also for N. caerulescens, I 
have determined the copy number of ZIP6 and detected CNV, ranging 
from 1 to 3 copies among different ecotypes (unpublished work). These 
variable numbers among different ecotypes likely reflect differences in 
genomic dynamics during local adaptation. 
 The contribution of CNV to rapid adaptation to the environment 
was experimentally addressed in Chapter 3. No evidence or indication 
of increased CNV formation was observed in plants exposed to severe 
salinity or zinc stress. In fact, only a very small number of spontaneous 
CNVs were detected (five de novo CNVs out of a total of 200 plants). 
Therefore, based on my own experimental data, I cannot conclude that 
CNV rates are increased in A. thaliana upon stress exposure. However, 
there are two important things to take into consideration in regards to 
this conclusion. Firstly, the experimental set-up utilized in Chapter 3 
does not allow the formal testing of the spontaneous mutation rate due 
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to the strong selection imposed by the experimental set-up. If CNVs are 
more likely to be deleterious, strong purifying selection against them could 
reduce the number of variants that are accumulated over five experimental 
generations. In such case, the observed number of accumulated CNVs 
does not accurately reflect the actual number of mutations that occurred. 
Therefore, for examining the spontaneous mutation rate, a single-seed 
mutation accumulation (MA) approach would be more suitable. This is also 
observed in an experiment using Daphnia pulex, in which a MA experiment 
was conducted in the presence of copper and nickel, and an experiment in 
which a population was propagated under competitive conditions (Chain et 
al., 2019). The CNV mutation rate was about four-fold higher in response 
to copper and nickel compared to the control, but was reduced to only 
0.4x the rate of control under competitive conditions (Chain et al., 2019). 
Nevertheless, in the control treatments of the experiment in Chapter 
3, the selection pressure against CNVs is likely lower than under severe 
stress, but even there hardly any CNVs are observed.
 A second, and perhaps even more significant, confounding factor in 
this research is the difficulty in accurately detecting CNVs, especially gains 
of copies, using short-read Illumina sequencing data, despite the use of 
the bioinformatics tool Hecaton (Wijfjes et al., 2019). This challenge is, in 
part, due to the reliance on a single reference genome in the alignment 
process. Alignment tools attempt to match each sequencing read to a 
specific location on the reference genome. However, when genomic 
sequences are absent in the reference genome, these reads are often 
discarded from further analysis. While this removal of non-aligning reads 
is beneficial in eliminating contaminant reads (from bacteria, fungi, etc.) 
present in the original sample, it hinders the detection of the majority 
of insertions. These difficulties in detecting certain types of CNVs using 
short-read sequencing technology are also encountered in this study. 
For example, when Hecaton was applied to the DartMap sequencing data 
(Chapter 4), we observed that significantly more deletions were detected 
than insertions and duplications (Figure 1). This outcome is unexpected, 
as CNVs are called against the Col-0 reference genome, and there is no 
reason to assume that Col-0 contains more genomic sequences than other 
A. thaliana plants. Gains of copies, which are of particular interest as 
potential adaptive mutations, are currently not accurately detected in 
the analysis, which makes it challenging to assess their contribution to 
adaptation. 
 Nowadays, the challenges of accurately detecting CNVs are mostly 
overcome by the use of long-read sequencing technologies, which offer 
two main advantages over short-read sequencing technology for CNV 
detection. Firstly, the increased sequencing read length in long-read 
sequencing makes it much easier to detect CNVs, especially in repetitive 
sequences, as individual reads can span over (parts of) duplicated 
regions. This ability enhances the accuracy of CNV detection in complex 
genomic regions. Secondly, long-read sequencing is particularly suited 
for generating de novo genome assemblies, which can be valuable for 
detecting CNVs and other structural variants (SVs) through comparisons 
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of such assemblies. Although long-read sequencing still faces challenges in 
terms of relatively lower throughput and higher costs compared to short-
read sequencing, its implementation in studies similar to those conducted 
in Chapter 3 and Chapter 4 is becoming increasingly accessible. For 
instance, in a recent study, 72 de novo genome assemblies of genetically 
diverse A. thaliana accessions were successfully constructed using long-
read sequencing, revealing that only 52% of genes are present in all 
accessions (Lian et al., 2023). It is unlikely that long-read sequencing 
will completely replace short-read sequencing, but their integration will 
significantly advance the detection of CNVs and SVs in diversity panels. 
For instance, CNV detection tools based on short-read sequencing data are 
well equipped to detect deletions. Therefore, using a pan-genome derived 
from long-read sequencing, rather than a single reference genome, could 
be advantageous for the detection of CNVs in natural variation panels that 
have been sequenced using short-read sequencing. Long-read sequencing 
is especially useful for the detection of rare variants, such as those that may 
have arisen during the experimental evolution approach. Therefore, using 
long-read sequencing on a selection of plants from the zinc experiments 
could provide further valuable insights in the contribution of CNVs to  
short-term stress adaptation.

The rapid adaptation of increased tolerance to excess zinc
Increased mutation rates in response to various stresses have been observed 
in various organisms (Belfield et al., 2021; Hull et al., 2017; C. Jiang et al., 

Figure 1: Different types of CNVs detected in the 192 DartMap accessions. The stringency 
of CNV detection by affects how many CNVs are found. Additionally, the tool is 
better suited to detect deletions (grey) than dispersed and tandem duplications 
(orange/blue respectively) or insertions (green). Figure S11 from Chapter 4. 
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2014; Z. Lu et al., 2021; Matsuba et al., 2013; Sniegowski et al., 1997). 
However, the adaptive value related to an increased mutation rates has 
not been studied much in plants. While MA experiments are more suitable 
for estimating the effect of stress on mutation rates, an experimental 
evolution approach allows for a direct link between spontaneous variation 
and adaptive phenotypes. Prior to starting the experiment, my hypothesis 
was that the likelihood of generating sufficient spontaneous genetic 
variation leading to substantial adaptation within only five generations 
was low. Nevertheless, rapid and significant increases in zinc tolerance 
were observed in one of the experimental populations (ZSI2). In addition 
to this clear example of zinc tolerance that evolved during the experiment, 
several individual plants from other replicate populations also exhibited 
increased levels of zinc tolerance. Although these cases have not been 
studied further, they suggest the independent development of increased 
zinc tolerance in replicate populations. Studying such other examples 
in independent replicate populations is important to further establish if 
the observed example of rapid adaptation was ‘a chance occurrence’, 
or if adaptation to severe zinc stress indeed occurred multiple times 
independently. 
 The rate of adaptive phenotype generation depends on various 
factors, including the genetic complexity of the trait under investigation 
and the rate of environmental change. Typically, adaptation to a strong 
and sudden environmental change via mutation occurs through fixation of 
a limited number of relatively large-effect mutations that typically arrive 
early on (Barrick & Lenski, 2013). Adaptation to more gradual environmental 
changes may instead involve a higher number of mutations with relatively 
small effect that occur at less predictable times, but these can result 
in a higher final fitness (Collins & De Meaux, 2009). The experimental 
evolution approach used here for the zinc stress treatments reflects best 
the dynamics of a sudden and strong environmental change, thus the 
selection of a single large-effect size mutation is in line with what could be 
expected under such environment. Typically, such large-effect mutations 
have trade-offs in other environments. This is also the case for the zinc-
tolerant plants. Under control conditions ZSI2 plants grow slightly slower 
compared to ZC-1 adapted plants, while under high salinity they perform 
considerably worse. 

Studying the genetic basis of plant traits using genome wide 
association analysis
Understanding the genetic basis of plant adaptive traits is fundamental 
to devising strategies that can optimise crops. Natural variation panels 
provide an excellent tool to study plant responses to their environment 
and help dissect complex genetic traits (Tibbs Cortes et al., 2021). The use 
of natural variation panels relies, in part, on the notion that plants have 
locally adapted to their environment by accumulating beneficial alleles. 
GWAS is being routinely applied in many different plant species, including 
A. thaliana (Korte & Farlow, 2013; Liu & Yan, 2019). This is partly due 
to the availability of abundant genotyping data and the relative ease of 
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conducting the analysis. For instance, web applications such as GWAPP 
(Seren et al., 2012) have made GWAS widely accessible to the A. thaliana 
community. Despite the relative simplicity of running such an analysis, 
only a small subset of studies has actually resolved the causal gene(s) 
underlying their associations (Sasaki et al., 2021). Not every study aims 
to achieve this outcome, but in my impression, this is also partly because 
there are several experimental (and conceptual) considerations that may 
vary on a case-by-case basis and are open to interpretation. It is important 
to be aware of such considerations since time constraints often only allow 
for the study of a few associations, as gene validation tends to be a tedious 
and time-consuming process. It is beyond the scope of this discussion to 
provide a complete and comprehensive overview of all the considerations 
and factors that could, or perhaps should, be taken into account when 
conducting a GWAS, but several important ones will be highlighted.

The choice for population
The decision for what natural variation panel to use for GWAS will impact 
the outcome. Most early GWAS in A. thaliana made use of globally collected 
natural variation panels, such as the RegMap and HapMap populations 
(Horton et al., 2012; Y. Li et al., 2010). The choice of these populations was 
based on sampling plants across a diverse range of environments and the 
premise that including geographically distant accessions would maximise 
the genetic variance within the population (Korte & Farlow, 2013). However, 
a trade-off of higher genetic variance is a lower proportion of variants 
shared by multiple accessions, and therefore allelic heterogeneity is more 
likely to occur. Allelic heterogeneity means that the same phenotype can 
be caused by different mutations within the same gene. It may prevent the 
identification of causal loci through GWAS because the statistical approaches 
used for GWAS typically calculate variant-phenotype association scores. 
 If causal variants do not occur at a sufficiently high frequency within 
the population, they will be filtered out by using a minor allele frequency cut-
off correction or may lack sufficient statistical power to reach significance. 
A local population with a lower degree of genetic variance, and therefore 
allelic heterogeneity, would thus be less affected by this issue. For instance, 
when considering flowering time, a trait that has proven quite difficult to 
map in global populations (Atwell et al., 2010), the DartMap demonstrates 
a strong association because a single fri knockout allele causing early 
flowering occurs at a relatively high frequency. In the last decade, several 
more local natural variation panels have become available, such as those 
from Sweden (Long et al., 2013), the Iberian Peninsula (Tabas-Madrid et 
al., 2018), and a small region in France (Frachon et al., 2018). Similar 
to what we observed with the DartMap panel (Chapter 4), these panels 
exhibit relatively high genetic diversity despite being located in relatively 
small geographic areas. This suggests that a large proportion of the 
genetic variation found in A. thaliana is likely (close to) neutral in most 
environments, and its distribution influenced mainly by genetic drift. The 
proportion of locally adaptive alleles may only constitute a much smaller 
fraction of the total genetic variation. 
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Adaptive or cryptic variation?
For trait discovery approaches such as GWAS, it is not relevant whether 
genetic variation is adaptive or neutral in its native environment, as long 
as it translates to phenotypic variation for the studied traits. For example, 
we discovered that allelic variation of FSD3 underlies a differential response 
to iron deficiency. The distribution of FSD3 alleles on Dutch soil maps is 
not correlated to the soil type or soil parameters on which accessions 
are collected. Although the general soil maps of the Netherlands may 
inaccurately represent the actual soils on which the accessions were collected  
(e.g. between pavements and in people’s gardens), there are no clear 
indications to assume that allelic variation at FSD3 plays an important role 
in local adaptation. Instead, it may represent a case of standing genetic 
variation, with the phenotypic implications only becoming apparent in a 
specific environment we provided experimentally. A GWA approach can 
even be entirely unsuitable in A. thaliana for loci that are under strong 
positive selection. In Chapter 4, one specific genotype is observed with a  
loss-of-function ga5 allele that has spread across a considerable distance 
(>100 km) and is recurrently found at a relatively high frequency within 
the Netherlands. The loss-of-function ga5 allele results in dwarfism, which 
appears to confer a benefit in windy conditions. This aligns with the windier 
conditions typically found in the general area where this genotype is 
predominantly observed, suggesting a potential example of local adaptation. 
However, the same pattern of genotype distribution could have emerged 
from genetic drift. If, for instance, the loss-of-function ga5 allele is nearly 
neutral in terms of fitness, the absence of selection against this allele 
could also contribute to its spread. Regardless of whether this specific case 
represents an example of local adaptation, the same pattern of observing 
genetically nearly identical plants within a localized area is expected when a 
new spontaneous mutation provides a strong selective advantage. In such 
cases, both the trait and the causal mutation are entirely linked to the 
genetic background in which it arose, making it impossible to discriminate 
the causal mutation from all other genetic variants that were already present 
before the occurrence of the new mutation (Figure 2).

Outliers and unbalanced alleles increase the risk of false positive associations
An important consideration is whether the phenotypic data should be 
cleared of outliers or not. Phenotypic outliers can represent accurate and 
realistic phenotypes for specific plants. It may thus seem counterintuitive to 
exclude such outliers from the analysis when there is no reason to question 
the quality of the measurements. However, outlier data can significantly 
affect the outcome of a GWAS and lead to many false positive associations 
(Alvarez Prado et al., 2019). Loci with highly unbalanced allele frequencies 
are particularly susceptible to false positive associations resulting from 
outliers (Alvarez Prado et al., 2019). While removing outlier data carries 
the risk of potentially missing rare alleles that could have a strong impact 
on the phenotype, variants with unbalanced frequency distributions are still 
more likely to yield inflated test statistics, even after outliers are removed 
(Shen & Carlborg, 2013).
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 To investigate whether this phenomenon occurs in the DartMap 
panel when using the software GEMMA, I randomly simulated normally 
distributed phenotypic data and performed 1000 permutations of these 
random data for GWA analyses. For each permutation, I identified the 
variant with the highest association score to examine whether alleles 
with relatively low MAF were overrepresented among the top associations 
compared to random chance (Figure 3). In this simulation, 62.8% of the 
1000 highest associated variants had a MAF ≤ 10%, while within the 
DartMap panel, only 29.9% of variants have a MAF ≤ 10%. This example 
demonstrates that variants with a MAF ≤ 10% are about twice as often 
detected as false positives as expected if the allele frequency had no 
effect on the association score. The presence of outlier data would likely 
exacerbate this problem. Therefore, allele frequencies should be carefully 
considered when deciding which associations to pursue further. While they 
may present causal associations, investigating them further may be a risky 
endeavour. 

The threshold of significance
Similarly, a common consideration is the choice of the threshold of 
significance when determining which associations to pursue further. When 
testing many associations (often in the millions) between a phenotype 
of interest and individual variants, a stringent multiple-testing correction 
must be applied to avoid false positives. Most commonly these significance 
thresholds are determined either by limiting the false discovery rate (FDR) 

Figure 2: Genome wide association (GWA) analysis on stem length in the DartMap without 
kinship correction. Here, a loss-of-function mutation in GA5 results in dwarfism. The 
mutation arose in a particular genotype and subsequently spread across coastal 
areas of the Netherlands. Because the mutation is genetically linked to many 
other variants all across the genome, it cannot be discriminated from them on a 
statistical basis. In a regular GWAS, a kinship (relatedness) correction is used to 
prevent against these type of associations. Here, an example is provided of such 
an analysis without using a kinship correction. The association scores are heavily 
inflated and a horizontal line, indicated with a black arrow, is formed on parts 
of the chromosomes around approximately LOD = 11, which represent variants 
that are exclusively present in the accessions that share the same ga5 mutation, 
including the ga5 mutation itself. 
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(Benjamini & Hochberg, 1995), by using a Bonferroni correction that divides 
the desired significance level by the total number of independent tests, or 
by employing permutation tests. Both FDR and Bonferroni corrections can 
be overly conservative, leading to false negatives (Gupta et al., 2019). 
Permutation tests are considered the gold standard for setting threshold 
levels (Alvarez Prado et al., 2019), but they can be computationally 
intensive, especially when performed for each individual phenotype. It 
is essential to keep in mind that the association analysis is only capable 
of highlighting genomic regions that correlate with the phenotype of 
interest. The permutation analysis (Figure 3) demonstrates that the allele 
frequency affects the likelihood of inflated associations. Consequently, loci 
with higher MAFs may require less stringent threshold levels compared to 
loci with relatively lower MAFs. It is important to note that an association 
analysis alone cannot establish causality, regardless of how statistically 
significant the association may be. Therefore, a GWAS should be regarded 
primarily as an exploratory analysis, and the significance threshold should 
be viewed as a tool that aids in prioritizing genomic loci that appear most 
promising for further validation.

Figure 3. Unbalanced allele frequencies are more prone to inflated test statistics. Here, 
the highest associated variants (variants with MAF ≤ 10% in red, MAF ≥ 10% in 
blue) from 1000 permutations of randomly simulated data are plotted based on 
their allele frequency. 
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Detection of some signals of false positive hits
Careful examination of associated variants and their surrounding genomic 
regions can aid in detecting false positive signals. For instance, single 
variants with strong association scores but no other nearby variants 
forming a discernible peak should be treated with caution. Genetic variants 
are expected to exhibit some degree of linkage disequilibrium (LD) with 
other nearby variants. Consequently, these genetically linked variants are 
correlated with each other, and their statistical association should also 
display correlation, resulting in characteristic peaks in a GWAS rather than 
“singletons”. Such singletons are, in A. thaliana, quite frequently associated 
with alleles that have a relatively high occurrence of heterozygosity within 
the population. It is common for accessions to be either homozygous for 
the reference allele or labelled as ‘heterozygous’ despite nearby variants 
in those accessions being fully homozygous. These ‘heterozygous’ variants 
often arise from sequencing reads originating from genomic regions absent 
in the Col-0 reference genome but mapping to similar, non-allelic sequences 
in the reference genome, thus creating a false signal of heterozygosity. 
CNV of for instance transposable elements, variable tandem repeats, and 
other types of structural variation can be sources of such artifacts. These 
artifacts can often be identified by comparing read alignment patterns 
among samples with contrasting alleles. When associations are observed 
with such alleles, they may indicate cases where the presence or absence 
of the duplicated region associates with a trait of interest, as illustrated 
in Figure 4. It is very challenging though, to pinpoint the precise genomic 
region of the duplicated sequence, and thus identify the allelic variation 
causing the association. 

Gene validation is crucial to establish causality
Gene validation experiments are essential for establishing causality of 
candidate genes. However, relatively few plant GWA studies incorporate 
gene validation experiments into their experimental design (H. Liu & Yan, 
2019). Initial gene validation experiments may involve gene expression 
analyses of accessions with contrasting alleles and phenotypic evaluations 
of candidate gene knock-out, knock-down or overexpression lines (Alseekh 
et al., 2021; H. Liu & Yan, 2019). While these experiments can prioritize 
candidate genes, they cannot establish causality on their own. In A. thaliana, 
knock-out mutants are commonly used for gene validation experiments. 
If a knock-out mutant of a candidate gene exhibits a phenotype related 
to the trait of interest, it can be considered an indication of the gene’s 
involvement in the trait. However, it does not demonstrate the presence 
and impact of natural allelic variation for that specific gene on the trait. 
 Especially for highly complex polygenic traits, such as plant growth 
or photosynthesis, observing a phenotype in a knock-out mutant may not 
provide the most informative evidence since knock-out alleles of many 
genes will likely have (indirect) effects on such traits. Similarly, the 
absence of a phenotype in a knock-out mutant does not automatically imply 
that the gene is not involved. Until recently, T-DNA insertion lines were 
commonly used for such analysis due to their easy availability. However, a 
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Figure 4: Duplications can give rise to false signals of heterozygosity that can result in 
singleton associations in genome-wide association analyses. Here, (1) a hypothetical 
genomic region is shown from the reference genotype genome and a sample 
representing another, different, genotype. The genomic region contains a dispersed 
duplication of a sequence (blue box) in the sample. The duplicated sequence contains 
a mutation, depicted with a red vertical line, relative to the Reference sequence. 
(2) Sequencing reads (depicted as coloured horizontal lines) are generated 
using short-read sequencing. When these sequencing reads are aligned to the 
reference genome (3), all reads from the duplicated sequence will align at a single 
location on the reference genome, with approximately half of the reads indicating 
a mutation, resulting in a heterozygous call. In case the dispersed duplication 
at its non-reference location affects the phenotype of interest, a genome-wide 
association study will instead indicate a significant association (depicted with a red 
dot above the red threshold line of significance) at the reference location, creating 
a characteristic single SNP peak, with no nearby associated SNPs in LD, which 
would be common for a regular association.  
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drawback of using T-DNA insertion lines is that they are typically in the Col-
0 genetic background. Therefore, mutant analysis using T-DNA insertion 
lines relies on the assumption that Col-0 has a functional gene copy that 
is disrupted in the T-DNA insertion line, but this assumption does not 
always hold true. Additionally, T-DNA insertion lines may contain unknown 
additional T-DNA insertion copies and large-scale genomic rearrangements  
(Pucker et al., 2021), making it challenging to attribute the phenotypic 
effect solely to gene of interest without further confirmation. Nowadays, 
CRISPR Cas9-mediated knock-out mutants are the preferred alternative. 
Such mutants can be generated in any genetic background, while the 
effects of off-target mutations are likely reduced compared to T-DNA 
insertion lines. Off-target mutations induced by CRISPR-Cas9 have been 
reported at frequencies ranging from 10% up to 97% in A. thaliana 
but can be minimized by designing guide RNAs with high specificity  
(W. Xu et al., 2019). Especially by testing multiple independent mutants, 
the impact of potential off-target mutations is minimal.
 Since mutant analysis alone is not sufficient to determine causality, it 
should be followed by genetic complementation of mutants using contrasting 
alleles of the candidate gene(s). Genetic complementation can be achieved 
through transgenic approaches, where contrasting natural alleles are 
cloned and transformed into a knock-out mutant background, or through 
natural crosses in a quantitative complementation, as demonstrated in 
Chapter 4 for the validation of FSD3. In both methods, complementation 
of the mutant should be differentially affected by the contrasting alleles 
to establish causality. Transformation is the preferred method to achieve 
genetic complementation. However, cloning relatively large genomic 
fragments can be challenging and thus time-consuming. On the other 
hand, quantitative complementation is relatively straightforward, as it 
involves making crosses which is technically less demanding. Quantitative 
complementation relies on testing alleles in a hemizygous state, by 
crossing homozygous parents with contrasting alleles to a homozygous 
knock-out mutant (Mackay, 2001; Weigel, 2012). The resulting F1 progeny, 
which differ at the hemizygous allele for the gene of interest, can then be 
compared. However, a limitation of this method is that the F1 progeny 
are heterozygous for all loci that differ between the parents, which may 
influence the phenotypic expression. To account for heterosis effects in 
quantitative complementation, crosses between the same accessions with 
contrasting alleles and the genetic background of the knock-out mutant 
are performed. Multiple accessions for each allele should be used in these 
crosses to observe the allelic effects, which may thus necessitate many 
crosses.

Concluding remarks on GWAS
GWAS has both its strengths and limitations in its ability to detect genetic 
variants associated with a phenotype. The statistical power of GWAS 
depends on how much variance is generated by the causal variant, which 
depends on the phenotypic effect size contributed by an allele and the 
allele frequency (Visscher & Goddard, 2019). GWAS is particularly effective 
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in detecting additive genetic effects, preferably with strong impact on the 
phenotype, especially when these variants are relatively common in the 
population. Genetic variants contributing to small effect-sizes, those that 
affect a phenotype in an epistatic manner, rare variants and variants under 
strong positive selection (especially those that are still largely in their original 
genetic background) are all examples of variants that are more challenging 
to detect through GWAS. Therefore, GWAS will be unlikely to fully dissolve 
the entire genetic basis of adaptation to the environment. Despite these 
limitations, the knowledge of genes discovered through GWAS, especially 
those associated with relatively simple additive genetic variation and that 
have been appropriately validated, can be highly valuable for agricultural 
applications. Allelic variants contributing to favourable traits have been 
tested in diverse genetic backgrounds and have typically demonstrated 
consistent phenotypic effects in natural environments. Incorporating these 
variants into elite cultivars holds promise for achieving desired phenotypic 
outcomes, provided they are successfully tested in the relevant specific 
environments. 

Genome-environment association analysis to study signs of local 
adaptation
In Chapter 4, besides GWA analysis, I also conducted genome-environment 
association (GEA) analysis. Both association approaches relied on the same 
statistical methodology for the association analysis, making the statistical 
considerations described above equally applicable to GEA analysis. In GEA 
analysis, the goal is to assess whether genomic loci are associated with 
variation for environmental variables. Based on the assumption that local 
selection leads to an increases in local allele frequency, such an association 
indicates that the locus is involved in local adaptation (Rellstab et al., 
2015). The majority of GEA studies in A. thaliana evaluated relatively 
large geographical regions (e.g. (Ferrero-Serrano & Assmann, 2019)), and 
typically indicate that climate adaptation is highly polygenic (Bay et al., 
2017). Only very few studies investigated environmental adaptation in a 
relatively small region, most notably the study conducted in the south-
west of France (Frachon et al., 2018), which already indicated climate 
adaptation as an important driver of local adaptation. Although the area in 
south-west France is comparable in size to the Netherlands, it does have 
a more diverse climate as it is under the influence of three contrasting 
climates. Nevertheless, our results also indicate that even relatively mild 
climatic clines can be important for shaping the genomic variation. 
 Although our results suggest signals of local adaptation, geographic 
and demographic processes can shape similar allelic distribution patterns 
and thereby mimic the patterns caused by adaptation (Rellstab et al., 2015). 
To distinguish between local adaptation and geographic and demographic 
processes, reciprocal transplant experiments can be very effective (de 
Villemereuil et al., 2016). In reciprocal transplant experiments, one tests 
whether the average fitness of locally adapted plants is higher than that 
of plants adapted in a different environment. However, for this to be 
effective, it relies on the assumption that the local selective forces that 
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have shaped the allelic distributions are also predominantly at play while 
the reciprocal transplant experiment is conducted. When studying plants 
originating from highly contrasting climates, such an assumption will often 
be met. However, in the case of relatively mild and uniform climatic clines, 
such as in Chapter 4, allelic patterns may be mostly shaped by strong 
selection acting in years with relatively extreme conditions that can be 
relatively few and far apart. After all, allelic distributions that are detected 
in the present represent the evolutionary dynamics of the past. 
 Instead of using such reciprocal transplant experiments, in Chapter 4 
I tested whether allelic variation for the associated locus would differentially 
affect the phenotypic response to drought stress. Establishing that allelic 
variation actually has a phenotypic impact is important to establish whether 
it may contribute to local adaptation. The choice for drought was not 
straightforward, as environmental variables (precipitation and temperature 
variables) are highly correlated to another, and also likely to many other (a)
biotic variables that were not considered. These correlations thus prevent 
from directly inferring which specific environmental variable(s) may have 
been drivers of (possible) local adaptation. If no differential phenotypic 
response would be observed for accessions with allelic differences for the 
associated locus, that would not disprove local adaptation, as one may 
not have tested the correct environmental variable(s). Similarly, in case a 
differential phenotypic response is observed, this does suggest that allelic 
variation affects the trait but does not demonstrate that this is relevant 
to local adaptation. However, the benefit of using a more controlled 
environment (and stress) is that it allows further testing of the effects 
of individual genes and thus to investigate how specific alleles affect the 
response to specific environmental variables. Therefore, the integration of 
this approach with reciprocal transplant experiments is most suitable in 
establishing whether a trait confers local adaptation and to investigate the 
genetic basis of it. 

The high photosynthetic trait of Hirschfeldia incana
Studying the genomic basis of plant adaptation in wild species can provide 
highly relevant information that can be applied in agriculture, e.g. to increase 
crop yield. Yield increases can broadly be achieved either by increasing, 
and realizing, the yield potential and/or by decreasing the yield losses that 
may result from (a)biotic stresses. The very high levels of photosynthesis 
reported in Chapter 5 for H. incana represent a possible case where 
both types of possible yield increases may meet. Firstly, it appears that  
H. incana is better adapted to high levels of irradiance. Although light is 
essential to drive photosynthesis, at high irradiance the absorbed light 
energy may exceed the energy that is used to drive photosynthesis or can 
be dissipated via photoprotective mechanisms (Demmig-Adams & Adams, 
1992). Excessive absorbed light energy may then result in higher levels 
of free radicals that cause oxidative stress, mainly to photosystem II, and 
thereby can inhibit the plants photosynthetic capacity (Kato et al., 2003; 
Powles, 1984). H. incana especially outperforms the other tested species 
at higher irradiances (above 500 µmol · m−2 · s−1) in terms of higher CO2 
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assimilation levels (Figure 5.1). This suggests that the molecular and 
physiological photosynthetic machinery is better adapted to cope with 
high levels of irradiance and is thus less impaired by high light stress. 
Understanding the adaptations underlying this increased photosynthetic 
performance at high light also has the potential to transfer or optimise 
such traits in related crop species. This may thereby alleviate high light 
stress responses in such species, and, as will be discussed further below, 
may increase the yield potential. 
 In the recent years there has been a considerable interest in 
trying to improve photosynthesis as a means to improve crop yields  
(Evans, 2013; Theeuwen et al., 2022; van Bezouw et al., 2019; X.-G. Zhu 
et al., 2010). The rationale behind this approach seems straightforward, as 
biomass is to a large degree obtained from photosynthesis via the fixation 
of CO2 (Evans & von Caemmerer, 2011; Ort et al., 2015). Therefore, if 
photosynthesis can be made more efficient this should increase carbon 
resources, that may subsequently be redirected into the plant parts that 
are considered to contribute to crop yield. To a large degree, this rationale 
is supported by the yield potential model by Monteith, (1977) that suggests 
that photosynthesis is the key remaining factor that still has ample room 
for improvement in plants (Long et al., 2006). This model describes that 
yield potential (Yp) is the product of the incoming photosynthetically active 
radiation and the efficiencies at which that radiation is intercepted (εi), 
is then converted to biomass (εc), and finally how biomass is partitioned 
into harvested product (n, also known as the harvest index) (Long et 
al., 2006). Both εi and n have already been optimised close to their 
theoretical maximum, while there is ample room for improvement of 
εc, which is argued to be mostly dependent on the photosynthetic rates  

Figure 5: Correlation analysis between photosynthesis efficiency and measures of growth 
(projected leaf area and dry weight). All data shown here is gathered from plants 
that were grown under their respective control conditions, in a high-throughput 
phenotyping approach highly similar as is described for phenotyping the iron 
deficiency response of the DartMap in Chapter 4. The blue line represents a 
linear regression fitted through the data. For none of the three species tested a 
significant (positive) correlation is observed that were to be expected if improved 
photosynthesis would directly improve plant growth or yield. The data obtained 
from Solanum lycopersicum and Lactuca serriola were kindly provided by Laavanya 
Rayaprolu and Alan Pauls respectively.
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(Long et al., 2006). εc is currently reported to be around 0.024 in 
C3 crops but has a theoretical maximum of about 0.051 (Long et al., 
2006). Taken together, there is broad consensus among photosynthesis 
scientists that enhanced photosynthesis is critical for enhancing crop yield  
(Garcia et al., 2023; Long et al., 2015; Simkin et al., 2019;  
Walter & Kromdijk, 2022; Wu et al., 2019). 
 Despite the seemingly overwhelming consensus among photosynthesis 
researchers on the importance of improving photosynthesis to increase 
crop yield, there are several observations that do not align with a simple 
relation between photosynthesis and yield (or biomass). For example, 
own observations during high-throughput phenotyping experiments of 
the DartMap panel and those of colleagues on natural variation panels 
in A. thaliana (e.g. HapMap and RegMap), lettuce (Lactuca serriola  
and L. sativa) and tomato, consistently reveal considerable natural  
variation for photosynthetic parameters, but also consistently demonstrate 
a lack of correlation between these photosynthetic parameters and plant 
growth (Figure 5).
 Arguably, such a lack of correlation might be because these 
measurements are based on chlorophyl fluorescence (Maxwell & Johnson, 
2000) and only represent components of the photosynthetic machinery 
that are used as a good proxy for photosynthesis (the light reactions) 
rather than the actual CO2 assimilation rates (the dark reactions). 
Nevertheless, no convincing correlations are reported for CO2 assimilation 
rates and yield within diversity panels in crops either (Driever et al., 2014;  
Koester et al., 2016; Sinclair et al., 2019). Moreover, as plant breeders 
have made tremendous yield increases in the past, a logical hypothesis 
would be that at least some of this has been achieved via (in)directly 
selecting for improved photosynthesis. That should thus reflect as a positive 
correlation between photosynthetic rates and yield when comparing elite 
cultivars to wild relatives. Nevertheless, again in practice there is little to no 
evidence for such correlations (Acevedo-Siaca et al., 2020; McAusland et 
al., 2020; Sinclair et al., 2019; Theeuwen et al., 2022). Such observations 
are especially odd in regards to the earlier mentioned claim by Long et al. 
(2006) that except for εc all other efficiencies have already been optimised to 
the near theoretical limit. Simple mathematics would then thus dictate that 
all further increases in yield potential obtained from that point should have 
predominantly been obtained via improving εc, which is mainly determined 
by photosynthesis. Overall, such consistent lack of correlations between 
rates of photosynthesis and yield across and within species at minimum 
shows that the relationship between these components is, at least in my 
opinion, far from as obvious and straightforward as is often stated.
 What seems to complicate matters, is that it is not straightforward 
what improved photosynthesis really constitutes. For example, in the 
recent few years there has been especial attention to the photosynthetic 
response to fluctuating light conditions (Kaiser et al., 2018; Ruban, 2017;  
Slattery et al., 2018). As discussed before, plants have photoprotective 
mechanisms in place that can effectively deal with high light irradiance to 
prevent photoinhibition. However, when irradiance levels change from high 
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to low, for instance because of a cloud moving in, such photoprotective 
mechanisms can be overprotective and restrict optimal use of the remaining 
light to drive photosynthesis (Ruban, 2017). A proposed solution to make 
the most out of the available light energy is to accelerate the recovery 
of photoprotective mechanisms. Kromdijk et al. (2016) achieved such 
faster light adaptation in tobacco by overexpressing components of the 
xanthophyll cycle and increasing the amounts of a PSII subunit. Their 
approach accelerated photoprotection, increased leaf CO2 uptake, and more 
importantly increased dry matter production by about 15% in fluctuating 
light conditions during field trials. At first glance, this presents a clear-
cut example of how improving a component of photosynthesis translates 
to higher yield. De Souza et al. (2022) applied the same strategy in 
soybean and reported that their method was also successful in improving 
photosynthesis and subsequently yield increased as well in some of their 
transgenic lines in one of their field trials, but not in their second season. 
In contrast, the same approach had the same impact on photosynthesis 
in A. thaliana but this impaired growth in fluctuating conditions  
(Garcia-Molina & Leister, 2020). These discrepancies in yield response 
exemplify that it is not obvious what constitutes improved photosynthesis, 
as the same physiological change can have completely opposing effects on 
growth and also appears to be dependent on the environment (i.e. the clear 
difference in two growing seasons observed by De Souza et al. (2022)). 
Regardless of the possible explanations on why these species may differ 
in their responses, much more important is the notion that a correlation 
between accelerated photoprotection and yield does at no instance 
prove causation and requires careful interpretation. As pointed out by  
Kaiser et al. (2019), the upregulated components of the xanthophyll cycle 
are also tightly integrated into the metabolic networks that contribute to 
the production of the hormone abscisic acid. So whether the observed 
changes in biomass are actually caused by accelerated photoprotection or 
result as a byproduct of other physiological processes that are affected as a 
consequence of the targeted xanthophyll cycle remains to be investigated. 
 Overall, my intention is not to claim that increasing photosynthesis 
cannot be a viable route towards improving crop yield potential. What 
the recent few decades have made clear is that photosynthesis is heavily 
integrated into the entirety of plant physiology and thus any single 
adjustment to photosynthetic components has in most (if not all) instances 
relationships to other plant components via feedback loops that make the 
relationship between measures of photosynthesis (capacity) unpredictable  
(Araus et al., 2021). Moreover, studying photosynthesis at the leaf level 
may not be the most effective as it does often not reflect well what happens 
at the canopy level (Araus et al., 2021). It will be important to better 
understand where the main rate limiting steps related to plant productivity 
are, as currently it is heavily debated whether plants are even carbon limited 
(Sinclair et al., 2019). Independent of the outcome of that discussion, it 
seems reasonable to assume that increasing carbon uptake is of little use 
when this is not coupled to increasing the uptake of other vital nutrients such 
as nitrogen and to increasing the phloem loading capacity of carbohydrates 
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(Araus et al., 2021; Sinclair et al., 2019). However, I would like to advocate 
for a more cautionary and critical view on claims such as ‘Feeding the 
world: improving photosynthetic efficiency for sustainable crop production’  
(Simkin et al., 2019) as long as there are no elite lines grown outside by 
farmers that actually live up to this promise despite the several decades of 
research in this direction. Moreover, I find it dubious and misleading how 
often studies such as the ones by Kromdijk et al. (2016) and De Souza 
et al. (2022) are cited as examples of how improved photosynthesis is 
causal to increased yields without any further reservations. To tackle the 
many challenges that future global food production faces, such as the need 
for higher productivity whilst dealing with the adverse effects of climate 
change, every promising avenue to achieve this should be explored. But 
as discussed in this thesis, applying a strong force of selection can most 
definitely speed up adaptation. There is no reason to doubt that this would 
not apply in shaping the ideas on what optimal photosynthesis constitutes 
and thus to address what the true potential of improved photosynthesis is 
to crop productivity.

Concluding remarks
The work presented in this thesis aimed to investigate the genetic basis of 
plant adaptation. Providing farmers and growers with crop varieties that 
are better adapted to their environment than current varieties, will continue 
to be a crucial challenge to meet agricultural demands. With rapid climate 
change, there will be increasingly more mismatches between current crop 
varieties and their desired performance in the field. Therefore, learning 
from the solutions that nature has evolved in response to a broad range 
of dynamic environmental factors will be essential in developing crops that 
are more tolerant to these conditions. Utilizing the existing natural variation 
found within individuals of species, as well as between closely related species 
(e.g. crops and their close wild relatives), will be vital for achieving this 
goal. The accessibility to, and quality of, whole genome DNA sequencing 
has significantly improved in the last decade, which rapidly reveals the large 
extent of genomic variability that exists among individuals of the same 
species. A growing number of high-quality long-read genome assemblies 
become available, while advances in phenomics are making it increasingly 
possible to associate these genetic variants with their phenotypic effects.
 This work has also demonstrated that plant genetic adaptation to 
environment can occur rapidly, particularly in highly selective and stressful 
environments. The generation of genetic variation through mutation can 
play a significant role in rapidly contributing to producing better-adapted 
plants. A single large-effect SNP was sufficient to make a significant leap 
forward in zinc tolerance. However, not all traits may be equally amendable 
to this approach, as the genetic complexity underlying the trait will influence 
the likelihood of success. Traits for which mutations in single genes can 
directly and substantially impact the phenotype, such as disease resistance, 
are the most promising candidates for this approach. Harnessing the power 
of adaptive evolution to produce better-adapted plants is an interesting 
avenue to further explore in crops.
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Plants are frequently exposed to various environmental conditions which 
can be stressful. However, environmental conditions that act as stress to 
one species, population or individual may not affect others, or may even be 
optimal to their fitness, as these may have acquired traits to better cope with 
such conditions. Adaptive evolution, the process through which beneficial 
genetic mutations are acquired, is a particularly important mechanism 
shaping plant adaptation. Genetic variation among organisms can lead to 
variation in heritable traits and consequently fitness. Understanding the 
genetic basis underlying plant adaptive traits, as well as the mechanisms 
that shape them, is important to develop more stress-tolerant crops. 
 Copy number variation (CNV), a type of genetic variation that involves 
the gain or loss of fragments of DNA in the genome, plays a significant role 
in driving phenotypic variation across various organisms (Chapter 2). CNVs 
are abundant in plants and exhibit dynamic changes in plant genomes over a 
relatively short evolutionary time. Initially, CNVs involving gene duplications 
are mostly redundant, primarily affecting the expression of the duplicated 
genes. However, over time, duplicated genes can acquire new functions or 
undergo alterations, losing their redundancy. CNVs are often associated with 
adaptation and evolution of plants in response to unfavorable environmental 
conditions. Understanding the mechanisms underlying CNV formation is 
crucial for comprehending plant evolution. However, detecting CNVs in plant 
genomes is challenging, and the development of new genome sequencing 
technologies and high-throughput validation methods is necessary to 
facilitate their detection and interpretation. Confirming their assumed high 
frequency will further emphasize their significance as a source of genetic 
variation that can be selectively utilized to enhance the creation of new 
superior crop cultivars.
 In Chapter 3, the contribution of CNV to plant adaptation was 
evaluated by conducting an experiment in which plants were exposed to 
adverse environmental conditions. Using Arabidopsis thaliana, experimental 
evolution populations were created that were exposed to moderate and 
severe salinity and zinc stress for five generations. The populations exhibited 
noticeable physiological and phenotypic changes, resulting in reduced 
fitness due to the stress exposure. We identified spontaneous (epi)genetic 
mutations that occurred after five generations. Notably, plants subjected 
to severe zinc stress displayed a twofold higher mutation rate compared to 
the control group, while the salinity stress treatments maintained a stable 
mutation rate. Furthermore, we examined whether rapid adaptation took 
place in response to the salinity or zinc stress treatments. Interestingly, one 
of the replicate populations exposed to severe zinc stress demonstrated a 
significant improvement in performance under zinc stress conditions. These 
plants exhibited larger size and greatly enhanced fitness, as indicated by 
the increased number of seeds produced. Our findings suggest that this 
population adapted through a loss-of-function mutation in the RBOHF gene. 
RBOHF is a NADPH oxidase involved in generating reactive oxygen species 
and plays a crucial role in stress signaling pathways. 
 In Chapter 4 a new A. thaliana natural variation panel was  
constructed, with accessions all coming from the Netherlands. Natural 
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populations of A. thaliana offer valuable insights into the adaptation 
of wild plant species. Previous research has predominantly focused on 
global populations or accessions collected from regions with diverse 
climates. However, the genetics underlying adaptation in regions with mild 
environmental clines remain poorly understood. In this study, we investigated 
a diversity panel consisting of 192 A. thaliana accessions collected from the 
Netherlands, a region with limited climatic variation. Despite the relative 
uniform climate, we identified compelling evidence of local adaptation within 
this population. Notably, semidwarf accession occur at a relatively high 
frequency near the coast and these displayed enhanced tolerance to high 
wind velocities. Additionally, we evaluated the performance of the population 
under iron deficiency conditions and found that allelic variation in the FSD3 
gene affects tolerance to low iron levels. Moreover, we explored patterns of 
local adaptation to environmental clines in temperature and precipitation, 
observing that allelic variation at LARP1c affects drought tolerance. Not only 
is the genetic variation observed in a diversity panel of A. thaliana collected 
in a region with mild environmental clines comparable to that in collections 
sampled over larger geographic ranges, it is also sufficiently rich to elucidate 
the genetic and environmental factors underlying natural plant adaptation.
 Comparisons of closely related species which differ in their adaptive 
responses can be a powerful approach to study plant adaptative traits. In 
Chapter 5, an example of this is presented using Hirschfeldia incana, a 
member of the Brassicaceae family, which has exceptionally high rates 
of photosynthesis under high irradiance compared to the vast majority 
of other C3-photosynthesizing plant species. While the core mechanisms  
of photosynthesis are highly conserved in C3 plants, these mechanisms are 
very flexible, allowing considerable diversity in photosynthetic properties. 
Because H. incana is easy to grow, it is an excellent model for studying  
the genetic and physiological basis of this trait. By using comparative 
genomics we tested if interspecific CNV is an important component underlying  
the improved photosynthesis. The analysis showed for a set of photosynthesis 
genes that those genes that are retained at a higher copy number are 
more likely to be highly expressed. This may imply a functional contribution  
of those genes and may be a first clue into to the high photosynthesis  
of H. incana. Although this should be investigated further, the  
high-quality genome assembly will be an imperative resource to conduct 
further research on this trait.
 In conclusion, this thesis has studied the genetic basis of plant 
adaptation using various approaches and has provided further insights into 
the role of CNV in plants. It has demonstrated that plant genetic adaptation 
to the environment can occur rapidly in highly adverse conditions and  
may involve higher mutation rates. Moreover, it showed that the use of  
natural variation can be a powerful tool to study the genes underlying 
responses to environmental stress. The establishment of the DartMap  
diversity panel and Hirschfeldia incana as a model system to study 
photosynthesis have already provided new insights into various plant 
adaptive traits, and will continue to do so. 
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