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Abstract 

 

 

In natural and agricultural environments, one of the key stresses that plants face 

is competition from neighbours. Plant-plant interaction is a dynamic and multiple 

process that involves numerous changes in morphology, physiology and 

reproductive success (fitness). The mechanisms pertaining to competition and 

its interaction with other stresses are poorly understood yet could have 

important implications for breeding and crop management. Using a set of 

Recombinant Inbred Lines derived from an Arabidopsis multiple advanced 

generation intercross (MAGIC), morphological and fitness traits were compared 

under competitive and non-competitive conditions, as well as under different 

nutrient conditions. QTL mapping analysis was used to link phenotypic variation 

with different genomic regions. Competition and its combination with nitrogen 

availability decreased plant size and lateral branching, which is correlated with 

reduced fruit number. QTL mapping found one potential QTL region related with 

fitness under competitive scenarios and one region associated with competitive 

ability. However, different QTL regions were found when competition was 

combined with nitrogen availability. A strong QTL region was found for the 

ERECTA allele, which results in a semi-dwarf genotype. An independent test of 

the er mutation was associated with higher collective productivity under 

competition and nutrient deficiency scenarios. The results of this study showed 

the complex and dynamic genetic response of competition. Increased density 

and nutrient availability clearly trigger different molecular mechanisms 

associated with the phenotypic variation of several traits. Potential candidate 

genes identified in this study will help to decipher the molecular basis of plant-

plant interactions. 
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Chapter 1 

 

General Introduction 

 

 

As a part of a community, organisms interact not only with their environment, but 

also with individuals of their own and other species. Plant-plant interaction plays 

a key role in shaping plant communities and ecosystems. Furthermore, the way 

plants species perceive and respond to neighbours have implications in 

agricultural systems, in terms of growth and overall productivity of the cultivated 

area.  

 

Different processes have been proposed to explain species composition in 

natural plant communities, such as competition and facilitation (Brooker, 2006). 

Competition is the reciprocal negative relationship between organisms, in which 

survival depends on the ability to get resources for growth and reproduction 

(Begon et al., 2006; Grace and Tilman, 1990). Facilitation is the positive 

interaction between two or more organisms without negatively affecting the 

other(s) (Bertness and Leonard, 1997).  

 

Understanding the phenotypic and genotypic responses to biotic and abiotic 

stresses has been a major research challenge for a long time. Plant – plant 

interaction responses are multiple and complex, and their mechanisms poorly 

understood from a genetic point of view. This introductory section aims to 

summarize current knowledge in the area of plant-plant interactions. The section 

explores in detail the processes of competition and facilitation widely known in 

the ecological field, followed by a discussion of the ecological theories proposed 

to explain the outcomes of plant-plant interactions by means of the individual 

characteristics. Phenotypic traits thought to be related to these interactions are 

briefly discussed and the latest research revealing its genetic basis is examined. 
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Finally, a summary of the model plant used in this study, Arabidopsis thaliana, is 

presented as well the relevance of plant-plant interactions to agriculture. 

 

1.1 Processes of plant-plant interaction: Competition 

 

Competition partly determines species composition in plant communities and 

can have differential effects on individual fitness (Bengtsson et al., 1994). 

Competition can impact on various life history characteristics such as reducing 

or increasing the size of an individual, timing of germination and reproduction 

(Begon et al., 2006).  

 

Competition can occur within the same species (Intraspecific competition) or 

between species (Interspecific competition). Competition is a dynamic process 

that could change depending in the availability of resources and the ability of the 

interacting species to acquire resources (Begon et al., 2006). In such a dynamic 

process, different competitive mechanisms, direct and indirect, are involved. 

Direct interaction or interference is associated with a direct effect of one 

individual on another. For example, an individual can prevent another individual 

from occupying the same habitat and exploiting resources, e.g. one species can 

release toxins that harm or even kill others (Begon et al., 2006). Indirect 

interaction or exploitation could refer to the response of an individual, for 

example, to extract resources faster than its competitors, e.g. trees with big 

canopies are able to extract light more efficiently, preventing young or smaller 

trees of accessing the same resource (Begon et al., 2006) (Figure 1). Holt 

(1977) introduced another mechanism of competition, involving a third species 

as an indirect form of interaction.  

 

The outcome of competition between individuals of a given species – as 

monocultures or mixtures - could also be determined by the different attributes 

of the individuals. In monocultures, the competitive ability and resource 

acquisition at the level of the individual could have an impact in the outcome of 
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competition (Baron et al., 2015; Willis et al., 2010). In an interspecific scenario 

the spatial distribution of individuals, the resources being competed for, the 

identity and the competitive ability of the species might influence the 

performance of the competing genotypes (Bossdorf et al., 2009; Freckleton and 

Watkinson, 2001; Grabherr et al., 2011; Hauggaard-Nielsen et al., 2006).  

 

 

Figure 1: Processes of plant - plant interaction. C = Consumers, R = Resources. 

Arrows indicate negative influences (competition) and circles indicate positive 

influences (facilitation). Modified from Begon et al. (2006) 

 

According to Goldberg & Fleetwood (1987), competitive ability is related to the 

ability of an individual to suppress others or to grow at low resource levels in the 

presence of others individuals. Two strategies related to competitive ability have 

been proposed: competitive effect, which is the ability to suppress resources for 

other species and competitive response, which is the ability to tolerate 

suppression or low resource level. Other authors have defined competitive 

ability differently. For example, Tilman (1982) defined a superior competitor as 
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one who can deplete resources to a low level at some equilibrium state, while 

Grime (1979) developed his definition by a three strategy theory (see section 

1.4) and as a function of several attributes of the ability to acquire resources.  

 

The competitive ability of individuals within monocultures and mixtures of 

species could generate asymmetric or one-sided competition. Asymmetric 

competition results from the ability of one individual to take a great amount of 

resource, having a competitive advantage over other individuals (Freckleton and 

Watkinson, 2001; Weiner, 1990). Asymmetric competition can be a 

consequence of variation in emergence times, which could lead to size 

inequality and can be correlated with survivorship and fecundity later (Weiner, 

1990).  

 

Competition can also be density dependent, influenced by the abundance of 

individuals. Thus, the effect of competition is higher at higher density and can 

have an effect on survival and fecundity rates (Begon et al., 2006). Competition 

regulates population sizes by means of the carrying capacity (k). Carrying 

capacity is defined by the maximum number of individuals that a given 

environment can maintain without the tendency to increase or decrease (Begon 

et al., 2006). 

 

Competition for light, water and nutrients are considered to be the main 

resources for which plants compete. According to Goldberg (1990), individuals 

with larger body sizes are able to deplete resources in a more efficient way, 

having a positive competitive effect; while, individuals that could increase their 

fitness at low level of resources and decrease resource losses have a better 

competitive response.  
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1.2 Processes of plant-plant interaction: Facilitation 

 

Contrary to competition, the concept of facilitation was introduced by Bertness 

and Callaway (1994) as the positive interaction among individuals. This process 

refers to any indirect or direct interaction that increases fitness of some or all the 

individuals involved without negatively affecting any (Bertness and Leonard, 

1997) (Figure 1).  

 

Facilitation processes can occur alongside with competitive processes and 

therefore, produce complex effects on individuals and on communities. These 

two processes may act in different ways, depending on the life stages of the 

interacting species, their physiologies, indirect interactions, the intensity of other 

abiotic stresses and the kind of interaction (intra-interspecific interaction) 

(Callaway et al., 1997; Maestre et al., 2009; Michalet et al., 2014). In plant 

communities, examples of positive interactions include the benefit that seedlings 

gain from nurse plants such as improving the microclimate conditions under the 

canopy, mainly in arid habitats (Al-Namazi et al., 2017). However, in later stages 

competitive interactions with the benefactors may dominate (Al-Namazi et al., 

2017). Furthermore, the presence of a third species could also modify the 

response of other interacting species, negatively or positively (Callaway et al., 

1997; Flory and Bauer, 2014).  

 

According to the stress-gradient hypothesis, harsh environmental conditions 

promote positive interactions while reducing competitive interactions (Bertness 

and Callaway, 1994; Butterfield et al., 2016; Callaway et al., 1997; Maestre et 

al., 2009). Nevertheless, this hypothesis is subjected to the type and the 

intensity of the stress, as well as the life history traits of the species (Maestre et 

al., 2009; Michalet et al., 2014).  

 

Finally, processes such as facilitation are thought to be more common when 

there is a high level of diversity, i.e. when there is an interspecific interaction. A 
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positive interaction usually requires variability in form and strategy between 

individuals, often absent within species (Creissen et al., 2013). For example, Li 

et al. (2014b) reviewed how plant diversity (intercropping) could enhance 

productivity in agriculture, where facilitation plays an important role mediated by 

nutrient-mobilization. 

 

Processes such as competition and facilitation have been studied in different 

ecosystems. However, in agricultural systems, studies are mainly focused on 

the understanding of weed—crop interactions, even though positive and 

negative interactions may have an effect on productivity and stability of a crop.  

 

1.3 Ecological theories related to plant-plant interactions 

 

Different theories related to competitive ability have been proposed in an 

ecological context and try to predict competitive outcomes based on different 

characteristics of the individual. MacArthur and Wilson (1967) proposed the 

theory of r/K selection. K-selection (or k populations) have high competitive 

ability, inherent survivorship but low reproductive output. They are resistant to 

perturbation but have little capacity to recover (low resilience). R-selection or r 

population have little resistance and higher resilience and they are able to adapt 

to disturbed environments (Begon et al., 2006). 

 

Grime (1979) elaborated a three strategy theory as an expansion of the r/K 

theory. The Grime model states that the high competitive ability of an individual 

is related to a group of traits that permit a high rate of resource acquisition in 

productive and crowded habitats. He defines three classes: competitors (C), 

stress-tolerators (S) and ruderals (R) (CSR model). Competitors tend to live in 

conditions of low stress and low disturbance. Thus, a successful competitor is 

characterized by traits related to resource capture (lateral spread, large root 

surface area), slow growth rate and high phenotypic plasticity (e.g. perennial 

herbs, trees). Stress-tolerators are associated with high stress and low 
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disturbance areas. Plants with this strategy have a low potential growth rate and 

devote a small proportion of annual production to seeds, (e.g. trees, herbs of 

reduced stature). Finally, ruderals live in low stress and high disturbance 

environments, having a rapid growth rate, high proportion of annual production 

devoted to seed, high flowering, small stature with limited lateral spread and 

short leaf and root longevity (e.g. weeds) (Yildirim et al., 2012). This 

classification had been used for the British flora (Grime et al., 2007) and 

modified by authors such as Pierce et al. (2013), who proposed a new CSR 

method. They classify woody and herbaceous vegetation using leaf shape and 

broadness as a useful and rapid diagnostic for CSR classifications. 

 

In contrast, Tilman’s theory (1982) is based on traits found in the population and 

changes on population size and resource availability after competitive 

interactions. He defines a superior competitor as the one who needs the lowest 

minimum resource requirement. The model is based on the lowest level of 

amount of resource R* that a population needs to maintain itself. The species 

with the lowest values is the superior competitor. 

 

There has been an ongoing discussion about the use and limitations of these 

theories (Craine, 2005). It is believed that none of them explain adequately the 

dynamic processes affecting either an individual or a community in competitive 

environments. The mechanisms driving plant-plant interactions are likely to be 

highly complex. When individuals compete for resources (water, nutrients, light 

etc.), the non-heterogeneity of resources, the life history of the species involved, 

the phenotypic plasticity of traits, could all play an important role in how 

competition is modulated.  
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1.4 A phenotypic and genotypic view of plant-plant interactions 

 

1.4.1 Life history traits related to plant-plant interaction  

 

Many different traits could influence competitive abilities. The intensity of 

competition may be lower when the two species involved have different traits 

(trait dissimilarity hypothesis). Nevertheless, some traits could confer an 

advantage to an individual in particular interacting environments (Kunstler et al., 

2015). One of the most important aspects in plant-plant interaction studies is to 

select the most appropriate traits to be measured (i.e. those that best describe 

the mechanisms of adaptation of an individual to different environments. Navas 

and Violle (2009) proposed to select traits according to the two components of 

competitive ability as proposed by Goldberg & Fleetwood (1987): competitive 

effect and competitive response. They proposed the use of different 

performance traits related to vegetative biomass, reproductive output and 

survival (Goldberg and Fleetwood, 1987). However, there is an overlap between 

the two components of competitive ability because they are related to resource 

uptake and their impact to fitness. Several above-ground traits have been 

studied in intraspescific and interspecific interaction, such as maximum height, 

leaf area, nitrogen leaf content and leaf biomass. However, one of the most 

salient traits would be the total number of viable seed set per plant or per unit 

area. On the other hand, below-ground traits related to competition are not well 

studied (Finch et al., 2017; Semchenko et al., 2017; Swarbreck et al., 2019). 

Root size related traits like rooting depth, branching, horizontal spread and 

vertical distribution could be key in suppressing or tolerating neighbours 

(Semchenko et al., 2017). Wheat root responses to other plants alter their root 

architecture in a nutrient dependent manner. High nutrient levels increased the 

length of roots while low nutrient level did not have an apparent response (Finch 

et al., 2017). Table 1 summarises different plant-plant interaction studies, 

including the traits measured and the outcome of the interaction.  
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A study of 240 natural accessions of Arabidopsis under two treatment 

constraints (with and without vernalisation) established five traits that could 

affect the ability to adapt to certain environmental conditions. These traits were 

assumed to have high impact on fitness, high heritability and high stability 

across variable conditions (Reboud et al., 2004). The five traits were days to 

flowering, maximum plant height, height to first flower, number of flowering 

heads and mean distance between siliques (Table 2). However, other plant-

plant interaction studies take into account other traits, depending on the aim of 

the experiment (Table 1). 
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Table 1: Description of Arabidopsis competition studies performed to date 

Genotypes 

used 
Reference 

Type of 

competition 
Densities Variables measured Outcome of competition 

Outcome of 

interaction  

Five 

genotypes 

from different 

population 

near Paris 

Andalo et 

al. (2001) 

Interspecific / 

Intraspecific 

1 and 20 

plants 

 

Seed production 

At ambient CO2 levels, plant performs 

better with kin than non kin genotypes, 

however with high levels of CO2 there 

was an opposite effect 

Competitive 

response 

Col-0, Ws, 

nahG, nim1-1, 

cep1 (SA 

induced lines), 

ja1-1 

(insensitive to 

JA) 

Cipollini 

(2002) 
Intraspecific 

A focal plant 

surrounded 

by 6 

neighbours 

of the same 

line (Col-0) 

Chemical defence  

Silique mass 

The induction of SA and JA was 

associated with reduced seed 

production, but competition had no 

effect on the fitness of the plant 

Competitive 

response 

Nd-1 and C24 

Damgaard 

et al. 

(2002)  

NA 

81 plants but 

just 49 plants 

were kept for 

analysis 

Dry weight  

Seed production  

The mean dry weight decrease with 

density. Genotype Nd-1 was a 

stronger competitor without the 

disease, but the competitive ability of 

the resistant genotype increase under 

biotic stress when growing together 

Competitive 

response 
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Genotypes 

used 
Reference 

Type of 

competition 
Densities Variables measured Outcome of competition 

Outcome of 

interaction  

Nossen 

ecotype and  

Transgenic 

over-

expressor for 

Phytocrome A 

Stoll & 

Bergius 

(2005) 

Intraspecific 
300 seeds 

per pot 

Survival 

Germination 

Structure of the plant 

Transgenic ecotype showed high 

mortality and spacial patterns of 

survival change under asymmetric 

competition 

Competitive 

response 

Col-0 and 10 

mutants 

derived from 

Col-0 

Cahill et al. 

(2005) 

Interspecific / 

Intraspecific 

1-2 plants 

per pot 

Silique production 

Dry weight 

Genotypic specific traits influence 

competitive responses and effect. High 

levels of nutrients increased 

competitive ability. However the 

genetic identity of the competitor does 

not influence competitive responses or 

effect. Plant fitness decrease either 

intra and inter genotype competition 

Competitive 

effect/response 

Col-0, mutant 

sddl-2 

(stomatal 

density and 

distribution) 

and tmm-1 

(too many 

Alwerdt et 

al. (2006) 
Intraspecific 

1, 5, 10, 15, 

20, 30, 40, 

50, and 100 

plants per 

pot 

Flowering stalk 

heights 

Above and below 

biomass 

Silique number 

Height 

All the biometric and reproductive were 

negatively affected by increasing plant 

density 

Competitive 

response 
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Genotypes 

used 
Reference 

Type of 

competition 
Densities Variables measured Outcome of competition 

Outcome of 

interaction  

mouths) 

411 RILs 

(Bay-0 x 

Shahdara) 

and 

Landsberg 

erecta (Ler) 

Mutic et al. 

(2007) 
Interspecific 

Two plants 

per pot 

Germination time 

Bolting time 

Height 

Flower number 

Bud number 

Leaf number 

node number 

Dry weight 

15 QTL with direct effects and 13 of 

these QTL had indirect effects on 

neighbours  

NA 

Sav-0 and two 

brx mutants 

Shindo et 

al. (2008) 

Intragenotype / 

Intergenotypic 

54 plants 

and six 

plants per 

tray 

Fruit number 

Fruit mass 

Plant Height 

Branch number 

shoot mass 

Plant performance was affected by 

density and watering treatments. 

Performance of mutants with poor root 

systems decreased significantly in the 

presence of the wild type genotype. 

Competitive 

response 

5 species from 

natural 

populations 

and 2 annual 

weeds  

Bossford et 

al. (2009) 
Interspecific 

Each line of 

Arabidopsis 

was grown 

with each 

weed 

Height 

Biomass 

Number of flowers 

Plant genotype and maternal 

environment influenced the 

competitive ability of Arabidopsis 

Competitive 

effect/response 



 

3
2

 

Genotypes 

used 
Reference 

Type of 

competition 
Densities Variables measured Outcome of competition 

Outcome of 

interaction  

19 

Arabidopsis 

accessions 

and two 

grasses as 

competitors 

Lau et al. 

(2010) 

Interspecific / 

Intraspecific 

Two plants 

per pot 

Number of leaves 

Rosette diameter 

Plant height 

Number of flowering 

stems 

Silique number 

Elevated CO2 had impact in the fitness 

of Arabidopsis under intraspecific 

competition. However, in ambient CO2 

treatments, the interspecific competitor 

had a greater effect in Arabidopsis 

Competitive 

response 

Seven pairs of 

accessions 

from Nordborg 

et al. 2005 

study 

Masclaux 

et al. 

(2010) 

Interspecific / 

Intraspecific 

5 plants, one 

focal and 4 

neighbours 

Biomass 

Early growth 

Silique production 

In vitro studies showed that silique 

production and growth of focal plants 

were not dependent of kin or non kin 

neighbours. Although plant fitness was 

related to the genotype. 

Gene profiles were not different 

between plants on kin and non-kin 

conditions 

Competitive 

response 

23 RILs 

(Columbian vs 

unknown) 

Willis et al. 

(2010) 

Intragenotype / 

Intergenotypic 

Two plants 

per pot 

Fruit production 

Rosette diameter 

Height of the 

inflorescence 

Days to flower 

Higher fitness of plants was observed 

when genotypes compete with 

unrelated neighbours 

Competitive 

effect/response 
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Genotypes 

used 
Reference 

Type of 

competition 
Densities Variables measured Outcome of competition 

Outcome of 

interaction  

Nine 

genotypes 

derived from 

natural 

populations  

Bonser & 

Ladd 

(2011) 

Intergenotype 

A focal plant 

surrounded 

by one 

competitor 

Age 

Total biomass 

Leaf number 

Rosette diameter 

Size at reproduction 

Fruit production 

Fruit production was reduced by 

competition. Allocation of resources in 

large body size sizes does not mean 

high fitness in low resource 

environments. Vegetative size is not a 

good trait to measure competitive 

ability 

Competitive 

response 

Col-0 

Masclaux 

et al. 

(2012) 

Intraspecific 
1-60 plants 

per pot 

Siliques number 

Average fresh weight 

Plant survival at the 

date of harvesting 

All the variables were significant 

affected, by decreasing plant 

performance at densities above 20. 

Transcriptome analysis identified 

genes involved in nutrient deficiency, 

perception of light quality, and 

responses to abiotic and biotic 

stresses 

Competitive 

response 

Col-0 
Geisler et 

al. (2012) 
Intraspecific 

1-9-49-100 

per pot 

Rosette diameter 

Number of siliques 

Longest stalk 

Number of flowers 

Length of longest 

leaf 

Biometric measures as rosette 

diameter, longest leaf length, biomass 

gain, size and shape decreased under 

high density, as well as other 

reproductive measures. Transcriptome 

analysis identified upregulated genes 

Competitive 

response 



 

3
4

 

Genotypes 

used 
Reference 

Type of 

competition 
Densities Variables measured Outcome of competition 

Outcome of 

interaction  

Fresh and dry weigh 

Above biomass 

involved in photosynthesis, while those 

involved in abiotic stress response, 

secondary metabolism, and pathogen 

defence were strongly suppressed. 

Arabidopsis 

and different 

forb, grass 

and legume 

species 

Hovick et 

al. (2012) 
Intraspecific 

1-4-8 

genotypes 

and 

experimental 

plant 

communities 

Seedling emergence 

Seedling survived to 

reproduce 

Forb dominate communities have 

more negative effects in seedling 

emergence on Arabidopsis and other 

colonizers. However Arabidopsis 

reproduction was unaffected in 

mixtures 

Competitive 

response 

RIL (Col * Ri-

0) and one 

grass as a 

competitor 

Brachi et al. 

(2012) 
Interspecific 

4 and 8 

plants per 

pot 

Germination 

Bolting time 

Anthesis 

Flowering 

Reproductive period 

duration 

Fruit length 

Stressful environments (low and 

moderate water stress and 

competition) reduce the time of the 

plant to start anthesis and impact seed 

production 

Competitive 

response 

Col-0 and 

mutants 

myb72-1 and 

jin1-2. Two 

Veiga et al. 

(2013) 
Interspecific 

Two plants 

per pot 

Above ground 

biomass 

Under competitive interactions with the 

each of the two mycorrhizal host 

plants, Arabidopsis presented high 

levels of root infection of the fungus 

Competitive 

response 
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Genotypes 

used 
Reference 

Type of 

competition 
Densities Variables measured Outcome of competition 

Outcome of 

interaction  

different 

species were 

used as 

competitors 

Rhizophagus irregularis and a 

reduction of biomass 

Ler-1, Col-0, 

Gy-0, Ga-0 

(Mixture 

experiments) 

Creissen et 

al. (2013) 
Intergenotype 

88 plants per 

pot 

Days to first flower 

Height of longest 

inflorescence 

Total seed mass 

Compensation process was 

responsible for yield stability on 

mixtures of plants under the presence 

of different environmental stresses. 

Competitive ability could be predicted 

by above-ground traits 

Competitive 

response 

Ler-1 and Col-

0 

Caffaro et 

al. (2013) 

Intragenotype / 

Intergenotypic 

3 plants per 

petri dish 

Primary root length 

Number and length 

of lateral roots 

average lateral root 

Total root length 

Angle of the primary 

root 

Biomass growth 

Spatial distribution of the root change 

in presence of neighbours in order to 

avoid territories occupied by the other 

accession. Low levels of P change this 

competitive strategy possibly related to 

a change in root exudates 

Competitive 

response 

Col-0, prc1-1, 

rhd2-1, gl1-1 

and other 

Muller et al. 

(2013) 

Interspecific / 

Intraspecific 

Focal plant 

surrounded 

by six plants 

Roots architecture 

Under interspecific competition, 

differences in root phenotype were 

more pronounced and explain high 

Competitive 

effect/response 
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Genotypes 

used 
Reference 

Type of 

competition 
Densities Variables measured Outcome of competition 

Outcome of 

interaction  

grasslands 

species 

competitive ability and a more 

pronounced competitive effect 

Col-0 and 

Hieracium 

pilosella as 

competitor 

Schmid et 

al. (2013) 
Interspecific 

Arabidopsis 

surrounded 

by a weed 

Root biomass 

Transcriptional 

responses 

Transcriptional analysis revealed a 

similar response of neighbour 

reception to the reaction under a biotic 

stress. Root distribution was affected 

in the presence of neighbours 

Competitive 

response 

48 accessions 

of Arabidopsis 

local 

population 

and 4 

competitors 

species (P. 

annua, 

Trifolium 

arvense, S. 

media, V. 

arvensis) 

Baron et al. 

(2015) 

Interspecific / 

Intraspecific 

A focal plant 

surrounded 

by one 

neighbour 

Seed production 

Bolting time  

Flowering interval 

Reproductive period 

Diameter of the 

rosette 

Number of basal 

branches 

Number of primary 

branches with fruits  

Height from soil to 

the first fruit 

dry biomass 

Highly genetic variation was found for 

the all traits measured, such as 

different bolting time and less total 

seed production. They identify 5 

genomic regions related to competitive 

response and a single genomic region 

related to competitive effect 

Competitive 

effect/response 
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Genotypes 

used 
Reference 

Type of 

competition 
Densities Variables measured Outcome of competition 

Outcome of 

interaction  

RIL (Col * 

Landsberg) 

Pelc & 

Linder 

(2015) 

Intragenotype / 

Intergenotypic 

A focal plant 

surrounded 

by 4 

competitors 

Cotyledons 

emergence 

Number of siliques 

Density did not affect emergence time. 

Competition had a significant effect on 

fruit production. 

Competitive 

response 

195 

accessions 

(TOU-A 

population) 

Frachon et 

al. (2017) 
Interspecific 

Plants 

surrounded 

by the grass 

Poa annua 

29 traits related to 

phenology, 

morphology and 

fitness 

QTL with intermediate degrees of 

pleiotropy, most of them related to 

central regulators of flowering time 

Competitive 

response 
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Table 2: Summary of traits measured in Arabidopsis to study adaptation strategies 

Stage Traits 

Vegetative  

Maximum plant height* 

Mean distances between siliques* 

Height from soil to first flower* 

Total length of siliques area 

Rosette diameter 

Number of leaves on the rosette 

Vegetative Biomass (fresh or dry) 

Seed 

production 

Days to flower* 

Number of flower heads* 

Number of siliques 

*Minimum set of traits that capture the variation among Arabidopsis proposed by Reboud et al. (2004) 

 

When studying plant-plant interaction is important to select the best set of traits 

that allows measuring the outcome of competition. Traits with high plasticity as 

well as a suitable population that captures the variability within a species are key 

factors to study how a species reacts to a specific environmental condition. An 

optimal trait selection can lead to the identification of genes responsible for the 

control of important traits. The rapid development of innovative phenotyping 

technologies offers an opportunity to understand the dynamics of developmental 

traits. 

 

1.4.2 Molecular and genetic basis of plant-plant interaction 

 

Understanding competition from a molecular and genetic perspective could take 

into consideration two important aspects in plant-plant interaction: neighbour 

recognition and the response of the plant to this detection (Pierik et al., 2013). 

Different mechanisms that underlie resource acquisition, such as light, nutrients 

and water have been studied in plant-plant interaction scenarios (Figure 2) 

(Craine and Dybzinski, 2013; Pierik et al., 2013; Subrahmaniam et al., 2017). 
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1.4.2.1 Light signal and shade avoidance  

 

Light signaling is used to detect a response to neighbours, leading to the so- 

called shade avoidance syndrome (SAS). Hornitscheck et al. (2012), Nozue et 

al. (2015) and Ballar & Pierik (2017) suggested that the SAS process involves a 

series of morphological and physiological changes, such as stem or petiole 

elongation and inclination, as well as the triggering of different signalling 

pathways due to neighbour proximity. The regulatory network involves the 

phytochrome family of photoreceptors, as well as cryptochromes and 

phototropins. These photoreceptors detect changes of the Red/Far (R:FR) light 

ratio, as well as blue light levels. After detection, an early reaction leads to stem 

elongation and a movement of the leaves into the light (hyponasty), as well as 

inhibition of branching and acceleration of flowering (Ballar and Pierik, 2017). All 

these responses are associated with phytochrome inactivation, which is 

mediated by genes encoding important enzymes associated with auxin, 

gibberellins and brassinosteroids pathways, as well as jasmonic and salicylic 

acid pathways, which connect shade avoidance and defense signalling (Ballar 

and Pierik, 2017; Pierik et al., 2013). Crepy et al. (2015) characterised the 

response of leaf growth in kin and non-kin stands through the screening of 

Arabidopsis photosensory receptors mutants and wild type lines. Plants growing 

in kin stands tend to rearrange their leaves to decrease competition for light 

increasing their fitness, while mutants fail in this response. Pantazopoulou et al. 

(2017) used Arabidopsis and Brassica to evaluate the role of auxin in neighbour 

detection. They showed that in response to a low R:FR light ratio (as in proximity 

of an neighbor), the lamina tips display hyponastia and the activation of several 

genes related to auxin synthesis and transport triggered by the accumulation of 

different phytochrome interacting transcription factors (PIFs). Low R:FR 

responses have also been associated with the emission of volatile compounds 

to communicate and sense the presence of neighbours (Kegge et al., 2015). 

How these compounds are involved in signaling from a genetic perspective is 

not fully understood. 
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1.4.2.2 Nutrient uptake and response 

 

Nutrient signalling pathways have a role in neighbour detection. The capacity of 

plants to adjust their root distribution and morphology to nutrient richer areas is a 

behaviour that might be related to a higher competitive ability of a species. The 

molecular mechanisms of nutrient uptake and foraging for nitrogen have been 

elucidated. NRT1.1 is a receptor and transporter protein that is associated to the 

MADS-box TF ANR1, which induces lateral root growth in heterogeneous 

nitrogen soils (Pierik et al., 2013). Other regulators from phosphate and 

ammonium pathways have also been studied (reviewed by Subrahmaniam et 

al., 2017). However, the role of these regulators in plant-plant interaction need 

further study. 

 

1.4.2.3 Water- use efficiency 

 

Understanding the importance of water in plant-plant interactions has been less 

studied than the effect of other biotic or abiotic stresses. Yet, plants with altered 

water use efficiency (WUE) or water acquisition could affect the requirements of 

neighbouring species. The studies of genetic and molecular basis of drought 

escape and avoidance have had some progress lately. Quantitative trait loci 

(QTL) of small effect, mainly related to flowering time have been associated with 

drought escape. Once the roots perceive a water deficit, abscisic acid levels 

increase which promotes the expression of different flowering genes (FT, TSF, 

GIGANTEA) (Kooyers, 2015). These findings suggest the importance of abiotic 

changes over biotic interactions. However, further research is still needed. 
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Figure 2: Molecular neighbour detection and response summary in plant - plant 

interactions. Examples of the response mechanisms related to light, volatile organic 

compounds, root exudates, nutrient and water availability are shown in the figure. Light 

signaling involves photoreceptors and a set of metabolites that induced shade 

avoidance syndrome (SAS). Volatile compounds are also emitted as a response to the 

presence of a neighbor. They triggered defense responses. Allelopathy or the emission 

of root exudates is also shown. These compounds interact with other plants and also 

with the surrounded soil microbiome. They might affect the growth and development of 

others. Nutrient and water availability induces root foraging or promotes flowering. From 

Subrahmaniam et al. (2017) 
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1.4.2.4 Other genetic insights into plant-plant interaction 

 

Other studies have started to elucidate the genetics of plant-plant interactions. 

Subrahmaniam et al. (2017) listed 63 studies related to QTL and gene 

expression analysis underlying plant-plant interaction. Intra- and inter- specific 

interaction had been studied in different plants, from the plant model Arabidopsis 

to several crops as Oryza sativa (rice) or Zea mays (maize).  

 

Mutic & Wolf (2007) carried out a competition experiment using an Arabidopsis 

recombinant inbred line (RIL) population used as the focal plants and the 

Landsberg erecta accession as their common neighbour. They found a 

pleiotropic effect between genes that directly affect the individual’s own 

phenotype (direct effects) and genes that co-expressed in one individual but 

have also a phenotypic effect in neighbours (indirect effects). Genetic mapping 

identified 15 direct QTL which explained 5-34% of the total variance for different 

morphological and fitness traits, and 13 QTL out of those 15 QTL also showed 

evidence of indirect effect in neighbour plants. Some of the identified loci were 

close to genes responsible for ethylene synthesis which it is believed to have an 

important role in plant communication (Mutic and Wolf, 2007). Baron et al. 

(2015) analysed a natural community of Arabidopsis competing with four 

commonly associated species in natural plant communities, but did not find any 

pleiotropic effect. They identified five direct genomic regions and one indirect 

region associated to the competitive response related to traits such as branching 

patterns, length of reproductive period and the production of different 

compounds for neighbour detection. Recently, a study by Frachon et al. (2017) 

evaluated a diverse local population of Arabidopsis collected in a 8-year period 

grown in six-microhabitats with the presence and absence of the grass Poa 

annua. They found a strong genotype and environmental interactions and 

identified a small number of QTL that had pleiotropic effects. A gene associated 

with bolting time (TWIN SISTER OF FT (TSF)) was also related to other traits 

such as length of reproductive period and number of branches as well as an 

adaptive escape strategy to competition (Frachon et al., 2017).  
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An association mapping study in wheat subjected to different plant densities 

revealed a locus explaining variation in adaptation to density for grain yield and 

number (Sukumaran et al., 2015). Plants better adapted to high density showed 

less reduction in yield and a marker related to a SET domain protein, which is 

associated to pollen abortion in Arabidopsis, was identified for yield. Kikuchi et 

al. (2017) studied intraspecific competition in rice growing in two different 

densities. They found QTL related to panicle weight at low density and under 

resource-rich conditions. A candidate region was proposed where genes related 

to zinc finger proteins known as regulators of branching in Arabidopsis were 

identified (Kikuchi et al., 2017). 

   

Transcriptome analyses also had revealed a set of genes whose expression is 

affected by intra- and inter-specific competition in Arabidopsis. Masclaux et al. 

(2012) identified 196 and 158 genes induced in leaves and roots, respectively, 

and 134 and 99 repressed under competition conditions. Gene ontology (GO) 

analysis included terms such as “abiotic stimulus” where genes associated to 

drought stress, heat stress and oxidative stress were found. “Chemical stimulus” 

and “light stimulus” GO terms were also represented in leaves, as well as 

“response to stimulus” in roots, being genes associated with nutrient assimilation 

repressed in the leaves and several ion transporters genes induced in the roots. 

Finally, they found phytohormone related terms overrepresented by abscisic 

acid (ABA), methyljasmonate (MJ) and benzothiadiazole (BTH). These 

hormones are involved in biotic and abiotic responses and are associated with 

genes that regulate defence pathways as jasmonate and salicylic pathways. 

Other root transcriptome studies have identified a core of genes associated to 

the process of recognition and response to neighbours (Biedrzycki et al., 2011; 

Masclaux et al., 2012; Schmid et al., 2013). These studies pinpointed the 

similarity in response of root neighbours to pathogen infection, because several 

stress-related genes such as pathogenesis related proteins and transcription 

factors (PR proteins, WRKY and MYB transcription factors, among others) were 

found. Nevertheless, Geisler et al. (2012) found that plants respond to 
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competition by upregulating photosynthesis genes and suppressing pathogen 

defence genes, which is believed to be related with a mechanism to allocate 

more resources above-ground in order to suppress or compete with their 

neighbours.  

 

Clearly, QTL mapping and transcriptomic studies are helping to decipher the 

genetic architecture of competition. However, more studies are still needed to 

decipher the whole range of mechanisms associated to plant-plant interactions.  

 

1.5 Arabidopsis as a model for plant-plant interactions 

 

Comparative genetics has shown how organisms are genetically closed related 

and share many similar genes. The use of model organisms has been of great 

interest to understand different biological processes, benefiting the 

understanding of the same mechanisms in other species of commercial interest. 

Arabidopsis is considered a model system helpful for studying several questions 

related to plant genetics, molecular, evolution, ecology, physiology, among 

others (Koornneef and Meinke, 2010; Kramer, 2015; Mitchell-Olds, 2001).   

 

1.5.1 Life history and its importance as a model species 

 

Arabidopsis thaliana commonly known as mouse cress, belongs to the mustard 

family (Brassicaceae). The Arabidopsis genus includes ten species widely 

distributed across Europe, Asia, North Africa and North America (Mitchell-Olds, 

2001). Arabidopsis tends to live in disturbed habitats close to rivers, roads and 

rocky surfaces, in most cases in association with other annual species (Bert et 

al., 2000; Mitchell-Olds, 2001). Arabidopsis is an annual opportunistic ruderal 

species, which reach up to 50 cm in height at maturity. It has a short life cycle, 

from 6 weeks upwards and includes seed germination, formation of a rosette, 

elongation of the main stem, flowering and maturation of the seeds (Boyes et al., 

2001; Meinke et al., 1998) (Figure 3). Arabidopsis has a primary root from which 
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lateral roots emerge. Development of the rosette originates with formation of 

cotyledon leaf primordia in the apical meristem of the embryo, and after 

germination is followed by the generation of the first two true leaves nearly 

opposite to each other, with subsequent leaves arising in a spiral way. From the 

shoot apical meristem, an inflorescence meristem can form within 3 weeks after 

germination in early flowering varieties (Weigel and Glazebrook, 2002). Flowers, 

produced by the inflorescence meristem, yield thousands of seeds (> 5000 

seeds per plant) in fruits known as siliques (Meinke et al., 1998). 

 

 

Figure 3: Main growth stages of Arabidopsis according to Boyes et al. (2001) 

 

For many years, Arabidopsis, has been a plant model used in genetic and 

molecular studies, being found in a wide variety of environments including both 

undisturbed to disturbed habitats. The Arabidopsis genome is about 125 Mb 

arranged in 5 chromosomes. It is a self-fertilizing diploid species, which is an 

advantage for studies aiming to understand the physiological and genetic 

mechanisms under diverse ecological conditions. A vast of genetic resources, 

between natural accessions, mutant lines, experimental populations are 

available from stock centres (e.g. NASC). Recently, the genomes from a diverse 

collection of 1.135 accessions were sequenced by the 1001 Genomes 

Cosortium, and will be suitable for forward genetic analysis (Alonso-Blanco et 

al., 2016). Arabidopsis is closely related to economically important crops as the 

ones from the genus Brassica, which is an advantage considering that the 

knowledge gained with Arabidopsis could be translated to other closely related 

species or even most of the flowering plants. However, such information should 
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be taken with caution, since pathways and networks may function in an 

alternative way. Examples of translational genetics in Arabidopsis include the 

different studies to understand the nitrogen remobilization during leaf 

senescence, which involve a series of genes potentially involved in nitrogen 

recycling (Havé et al., 2017). The use of different methodologies developed or 

optimised in Arabidopsis such as the 15N tracing method have been applied to 

other plants such as maize (Li et al., 2015) and rice (Wada et al., 2015). Other 

examples include the discovery of several functional orthologous genes for 

flowering time in crops with conserved function (Blümel et al., 2015). As a 

disadvantage, Arabidopsis may not always be the most appropriate model, 

considering the key role of environmental adaptation in many crop species. 

However, the availability of the huge genomic information can make the use of 

this model species highly efficient for the discovery and validation of any gene of 

interest, particularly during the early stages of an investigation. 

 

1.5.2 Phenotypic plasticity in Arabidopsis 

 

The response of plants to environmental variability has been studied for several 

years; from the response to plants to biotic and abiotic stresses to in recent 

years the mechanisms involved in its survival where events such as climate 

change were considered. According to Bradshaw (1965), phenotypic plasticity is 

defined as a strategy of plants to respond to varying environments both 

adaptively and non-adaptively. This plasticity could be either physiological or 

morphological. Phenotypic and genotypic variability between accessions, as well 

as the large number of mutants available, make Arabidopsis an ideal model to 

study phenotypic plasticity and explore competitive interactions. The impact of 

competition between and among genotypes, in different environmental 

conditions has been the focus of several studies, which aim at understanding 

the ecological processes around the formation of plant communities as well as 

its impact in agriculture in terms of productivity.  
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1.5.3 A model to understand ecological interactions 

 

Arabidopsis is not considered a competitor in a classical ecological sense, since 

it has a r-type reproductive strategy and it is ruderal/stress-tolerant according to 

Grime’s theoretical triangle scheme (CSR) (Grime et al., 2007). Despite this, 

Arabidopsis has proven a useful model plant for different intraspecific and 

interspecific plant competition studies. Both above- and below-ground 

experiments (Bartelheimer et al., 2015) demonstrate its ability to live in 

competitive environments and reveal phenotypic and genotypic changes when 

crowded (Bonser and Ladd, 2011; Cahill et al., 2005; Geisler et al., 2012; 

Masclaux et al., 2010, 2012). 

 

Different studies have shown that phenotypic, genotypic specific traits and 

different environments influence competitive responses (Alwerdt et al., 2006; 

Bossdorf et al., 2009; Cahill et al., 2005; Masclaux et al., 2010; Shindo et al., 

2008; Stoll and Bergius, 2005; Willis et al., 2010), being the outcome of 

competition independent of kin or non-kin interactions (Andalo et al., 2001; 

Cahill et al., 2005; Masclaux et al., 2010). Alwerdt et al. (2006) investigated 

competition between two mutants and the ecotype Columbia. They found that 

mutants with few genetic differences have different responses to intraspecific 

competition, impacting negatively several plant fitness components. Similarly, 

Cahill et al. (2005) studied intra- and inter-genotypic interactions under different 

plant density and nutrient level conditions. Their results showed that high levels 

of nutrients increase competitive responses, which varied among genotypes but 

are independent of neighbour identity. This study was in agreement with 

Masclaux et al. (2010) and Andalo et al. (2001) who evaluated biomass, number 

of siliques and seed production of one focal plant surrounded by kin or non kin 

neighbours. Both studies found that the relatedness of neighbours had no 

significant effect on the fitness of the plant, but some accessions could perform 

better under competitive interactions. However, Willis et al. (2010) observed in a 

RIL population that there was an effect of neighbour relatedness on fitness and, 
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as in other studies, the genotypic identity could increase the significance of this 

effect. Moreover, they reported multiple genes involved in recognition of kin 

secretions, most of them related to secondary metabolism and pathogen 

response genes. These studies showed the importance of genetically diversity in 

facing changes in the environment. Creisser (2013) pointed out that genotypic 

diversity helps to overcome environmental stresses and contribute to stable 

traits such as yield in crops. He studied the effect in yield stability of varietal 

mixtures of Arabidopsis under different density and in abiotic and biotic 

environments. He found in Arabidopsis that yield stability is achieved by a 

compensatory process, which means that a high production of a genotype can 

compensate the lower production of others, suggesting the importance of using 

varietal mixtures in crop systems (Creissen et al., 2016).  

 

Lately, below-ground competition has being considered in Arabidopsis. Different 

studies have shown the importance of root architectural traits in competitive 

responses and effect mechanisms, as well as its role in the acquisition of mobile 

and immobile resources (Caffaro et al., 2013; Müller and Bartelheimer, 2013; 

Schmid et al., 2013). Caffaro et al. (2013) carried out a study of root architecture 

of a focal plant in the presence of two neighbours and different levels of 

phosphorous (P). They found that the identity of the neighbour had no significant 

effect on the focal plant, but roots from the same accession modify their spatial 

distribution in order to avoid sharing space with the other accession. However, 

these competition strategies are not the same in stress environments (low level 

of P), which could be related to the low secretion of root exudates for recognition 

of neighbours, or a change of the root area in order to find P sources. Schmid et 

al. (2013) found similar results: an experiment was set up to identify phenotypic 

and genetic responses of Arabidopsis roots to the presence and absence of 

another annual plant (Hieracium pilosella). Roots tended to grow away from their 

neighbours, which could be explained by either root recognition or resource 

depletion. Moreover, Muller & Bartelheimer (2013) studied the role of root hairs 

under intra- and inter-specific competition (mixture with H. pilosella). Their 
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experiment focused on P-deficient pots with wild type and mutants with aberrant 

root hairs. Competitive effects in an interspecific environment were more 

pronounced and root phenotypes were more different, explaining the competitive 

ability of Arabidopsis, as its possibility to obtain immobile resources like 

phosphorous. Different transcriptome studies have identified a core of genes 

whose expression is affected by intra- and inter-specific competition, being of 

interest the induction of stress-related genes such as pathogenesis related 

proteins (Biedrzycki et al., 2011; Masclaux et al., 2012; Schmid et al., 2013). 

However, Geisler et al. (2012) found that stress response genes were down 

regulated, possibly to maximize primary metabolism (photosynthesis and 

growth) in order to survive under crowded conditions. 

 

Different defence responses have been found under biotic competition 

treatments (Cipollini, 2002; Creissen et al., 2015; Damgaard and Jensen, 2002). 

Cipollini (2002) carried out two experiments inducing the expression of 

resistance in plants under different densities. His results showed that the 

application of salicylic or jasmonic acid to different lines of Arabidopsis increase 

the levels of chemical defences, but at expense of reducing seed production. 

However, under competition treatments defence hormones did not change but 

fitness was lower. Creissen et al. (2015) estimated competitive ability and plant 

fitness of Arabidopsis plants under pathogen infection and density treatment. 

They argued that genotypic diversity lead to a stabilization of yield under 

disease pressure by compensatory effects, since susceptible genotypes were 

more affected, increasing competitive ability and in that way the productivity of 

resistant genotypes. Similar results were found by Damgaard & Jensen (2002) 

under competitive interactions and the presence of an isolate of Peronospora 

parasitica. 

 

Finally, other studies have investigated how plant growth is affected by changes 

in light availability caused by the presence of plant neighbours. These studies 

have focused in understanding the role of different transcription factors in 
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response to shade. They found the expression of different genes and the action 

of multiple transcriptional regulatory proteins in Arabidopsis promotes elongation 

growth (Hornitschek et al., 2012), but at the same time represses the response 

of the plant to biotic stresses (Chico et al., 2014). 

 

All of these studies illustrate the complex phenotypic and molecular effects of 

competition, where the outcome of competition depends on the interaction of 

many factors. However, the genetic and epigenetic basis of the competitive 

ability is still poorly understood. Different competition outcomes could be closely 

examined through the use of different phenomics and genomics approaches. 

 

1.6 Plant-plant interactions in agroecosystems 

 

Understanding biological interactions between individuals and how they are 

related to the formation of plant communities might provide insights to improve 

crop management strategies. Under crop environments, individuals could be 

exposed to different competitive situations such as interactions between 

mixtures of crops, crop-weed interactions, high density monoculture crops and 

biotic and abiotic interference. The competitive ability of a plant could have 

effects on productivity and stability of a crop, weed suppression, biotic 

responses and the selection of plants in breeding programs (Fasoula and 

Fasoula, 1997). 

 

Interspecific interaction can be less intense than intraspecific interactions. Mixed 

crops have certain advantages over monocultures, associated to higher overall 

productivity per unit area, disease resistance, better use of resources, among 

other economic considerations (Malézieux et al., 2009) (Figure 4). Some studies 

on the effects of intercrops and plant density suggest an advantage of 

intercropping when two individuals do not compete for the same resources 

(Hauggaard-Nielsen et al., 2006; Ren et al., 2016; Thorsted et al., 2006). 

Complementarity in the use of resources had been shown to have an advantage 



  51 

in intercropping; maize and soybean (Ren et al., 2016) and barley and pea 

intercrops (Hauggaard-Nielsen et al., 2006) report an increase of yield as a 

result of an efficiency use of resources. Most breeding programmes aim identify 

superior genotypes on the basis of their performance in pure stands (Hill et al., 

1998). Hill et al. (1998) suggested that breeding strategies could involve a real 

environment where plants are exposed to the combined effect of intra- and inter-

specific competition instead of pure stands where they are not submitted to any 

stress. The use of ecological theory could refocused plant breeding programs. 

For example, Litrico and Violle (2015) emphasized in the importance of genetic 

diversity in cropping systems for a sustainable agriculture. Crop breeding of 

mixtures should rely in improving not only the agronomic traits but also consider 

interaction traits (related to resource use complementarity). 

 

Figure 4: The three sisters companion planting. Example of interspecific interaction, 

where the three crops benefit from each other. The beans use the maize as a structure 

to climb, the beans provide nitrogen to the system and the squash prevents weeds 

proliferation. Picture from Anna Juchnowicz, Wikimedia commons.org 

 

Weed control is another important advantage of high density planting. 

Competitive ability is associated with the early development of a plant. Plants 

with the ability to grow vigorously and rapidly in early stages could have an 

advantage in high density crops, since they would grow before weeds could 

appear (Fasoula and Fasoula, 1997; Zhang et al., 2015). Marin & Weiner (2014) 

have shown that an increase of biomass in field-grown maize combined with 



  52 

spatial sowing uniformity can increase weed suppression and yield. They 

suggested that the competitive ability of a plant would depend on the density 

pattern that it is evaluated. Moreover, they pointed out the importance of 

knowing the sets of attributes that confer an ability to suppress weeds. They 

suggested that a reduced phenotypic plasticity is associated with a cooperative 

mechanism of the whole crop, and could be an advantage in plant breeding 

programs. Consequently, according to Weiner (2010), breeders should 

emphasize the selection of plants according to population performance instead 

of single plant performance. On the other hand, Pakeman et al. (2015) suggest 

the importance of crop mixtures to reduce weeds in crops. An analysis of barley 

competition and its impact in weed control showed that cultivar mixtures might 

help to reduce weed growth, as compared to monocultures, suggesting the 

importance of below-ground interaction for nutrients and water in trait responses 

(Pakeman et al., 2015). Cosser et al. (2001) evaluated the effect of tall and 

shorter wheat cultivars on competitive ability over weeds and productivity. 

Dwarfing alleles (Rht) were associated with an increase in yield but, a reduced 

competitive ability as evidenced by an increase of weeds. Cosser et al. (1997) 

also points out the importance of mixtures as a way of reducing weeds, by 

under-sowing wheat with plants such as white clover or perennial ryegrass.  

  

Other studies of competition in crop systems establish the effects of 

monocultures at high densities stands associated with nutritional, light or biotic 

stresses. Rossini et al. (2011) indicated a reduction of plant biomass as a 

consequence of a decrease in leaf area and low nitrogen supply. A high 

variability between traits was found at early stages of the crop, but after 

fertilization variability was reduced, suggesting that plants are not always 

affected in their capacity to uptake resources. Instead, this process is very 

dynamic and could depend on the life cycle of the plant when changes in the 

available resources take place. Gooding et al. (2002) evaluated the effect of 

seed rate on different yield components in spring and winter wheat. Their 

findings suggested the importance of an optimal density for the optimal 
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maturation of the grain, where lower seed rates may delay maturation of the 

crop. Nevertheless, a reduced plant population showed an improved of the 

quality of the grain by increasing protein concentrations.  

 

The genetic basis of plant-plant competition and its association with yield in 

crops is not well understood. Sukumaran et al. (2015) reported a locus 

associated to the adaptation of wheat to different plant densities and its 

implications in yield. Epistatic effects were found in maize associated to the 

bareness phenotype in response to density (Gonzalo et al., 2010). Given that 

yield is one of the most important traits in any breeding program and that yield is 

greatly influenced by the environment, a mechanistic understanding of plant-

plant interactions could be a valuable resource for the improvement of plant 

breeding strategies.  

 

1.7 Aims of this thesis 

 

This project aims to evaluate the phenotypic outcomes to intraspecific 

interaction in Arabidopsis thaliana and understand the genetic basis of variation 

in competitive ability. In chapter 2, a small number of selected Arabidopsis 

genotypes grown under control and nutrient and drought stresses were 

screened to investigate plant-plant interactions. This experiment was used to 

select the best experimental conditions and traits to measure for further 

experiments on larger populations. Consequently, Chapter 3 uses a multiparent 

advanced generation inter-cross (MAGIC) population grown in two different 

densities to identify QTL linked to different traits considered to be affected by 

plant competition. An abiotic stress was introduced in Chapter 4. Finally, a 

general discussion of the results is given, which considers the implications and 

possible applications of this research. Recommendations are also given for 

future investigations.  
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Chapter 2 

 

Experimental evaluation and optimization 

 

2.1 Introduction 

 

 

A. thaliana is widely used to study plant-plant interactions responses (Weinig et 

al., 2006) (Chapter 1). High phenotypic variability between accessions should 

allow exploration of the genetic underlying variation in competitive interactions. 

The plant’s small size, short life cycle, easy cultivation and maintenance under 

glasshouse conditions as well as extensive genotypic data available, make 

Arabidopsis an ideal system to dissect ecological and genetic responses.  

 

The main aim of the trial experiments described in this chapter were to identify 

the morphological developmental and reproductive responses to competition 

and abiotic stresses. They involved establishing appropriate growing conditions 

and methodologies that would allow the evaluation of phenotypic traits in large 

genetic mapping populations.  

 

2.2 Materials and methods 

 

Different biotic and abiotic stresses were evaluated in Arabidopsis in five trial 

experiments: AT021, AT031, AT033, AT037 and AT038. Experiment identity 

codes (format ATXXX) corresponded to a unique identification number used in 

the National Plant Phenomics Centre to track experimental data. A summary of 

the experimental conditions of all the experiments is provided in Table 5.  
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2.2.1 Phenotypic characterization  

 

All plants were measured for multiple phenotypic traits thought to be affected by 

competitive interactions (Figure 5, Table 3). Manual and automatic 

measurements were recorded (Table 3). A detailed description of each 

measurement is described below. 

 

1. Flowering time (FTP): Plants were inspected daily and FTP was scored 

as the number of days between the sowing day and the appearance of 

the first open flower. The day of flowering was recorded for each plant in 

a pot. 

2. Rosette area (mm2): The PlantScreen Phenotyping System (PSI) 

estimates rosette area from top view images acquired once per day using 

a RGB imaging station (GigE uEye Camera, 5 Megapixels). Image 

processing was automatically performed by the system software and the 

whole area of green pixels (color segmentation) inside the pot-mask was 

calculated (AREAROSPOT). Images were taken until the first plant 

started flowering (at around 10 days in each experiment). When 

destructive measurements were taken, rosette area per plant 

(AREAROSP) was measured on a flatbed scanner (Plustek, OpticPro 

A320) at 200 dpi and analysed using the software ImageJ (Rasband, 

1997) plugin color segmentation. AREAROSP measurement was taken 

when plants had already flowered (64 DAS). All images generated in all 

the experiments are stored in a university server: 

venom.ibers.aber.ac.uk/Phenomics/psi. 

3. Rosette fresh and dry biomass: Destructive measurement of one 

replicate. Fresh biomass of the rosettes in a pot (VMASSPOT) was 

estimated. Rosettes were dried at 60ºC for 48h and weighed  

(DRYMASSPOT). An average per number of plants per pot was 

calculated for the 2 variables (VMASSP and DRYMASSP). 
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4. Maximum plant height (HMAXP) (cm): The height of the tallest 

inflorescence branch per plant was measured as stem length from the 

base of the flowering stem to the tip of the stem. 

5. Branch number: Total number of branches (BRAP) from the main stem 

(MBRAP) and basal branches (RBRAP) were scored. 

6. Fruit number (SILQP): The number of siliques produced by the whole 

inflorescence were counted. In a mature state, the stem of each plant 

was imaged using a flatbed scanner (Plustek, OpticPro A320) at 300dpi. 

Manual counting was carried out. A deep learning approach was 

developed in collaboration with the Computer Science Department that 

allowed us to compare the manual counting with a semi – automatic 

analysis. Details of this approach can be found in Appendix 4.  

7. Fruit length (LENSILQ): Mature pods from a subset of accessions were 

collected and manually measured. 

8. Seed number (SEED): manual counting and automatic counting were 

conducted using the seeds of a subset of siliques per genotype. Seeds 

were scanned using a flatbed scanner (Plustek, OpticPro A320) at 

600dpi. Image analysis was done with ImageJ using the particle counting 

feature. 

9. Seed weight (SWPOT) (g): plants from each pot were harvested and the 

total seed mass from the pot was kept in small bags for weighing. 
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Table 3: Traits measured in the experiments 

 

Traits Abbreviation Description Unit 

Flowering time FTP Daily monitoring days 

Rosette area 
AREAROSP 

AREAROSPOT 

Scanned images or PSI 

images 
mm2 

Rosette fresh biomass 
VMASSP 

VMASSPOT 

Weight measurement of 

fresh tissue 
gramme 

Rosette dry biomass 
DRYMASSP 

DRYMASSPOT 

Drying the rosettes at 

60oC for 48 hours 
gramme 

Maximum plant height HMAXP Manual measured cm 

 Number of branches 

BRAP 

MBRAP 

RBRAP 

Manual measured   Count 

Number of siliques SILQP 
Manual measured and 

automatic measurement 
Count 

Fruits length LENSILQ Manual measured mm 

Seed number SEED 
Manual and semi-

automatic counting 
Count 

Seed weight SWPOT Weight measurement gramme 
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Figure 5: Graphic representation of the A. morphological and B. reproductive 

measurements acquired 
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2.2.2 Optimizing Planting Density (AT021) 

 

Nineteen accessions of Arabidopsis were selected based on their genetic 

variation (Table 4) (Gan et al., 2011; Innan et al., 1997; King et al., 1993; 

Miyashita et al., 1999) and their use as founders of an A. thaliana MAGIC 

population. Seeds of each accession were sown in individual pots and grown for 

28 days at 4ºC, with a 14/10h photoperiod in a controlled environment room. 

Subsequently, seedlings were transferred to a glasshouse at 20oC with a 14/10h 

photoperiod for three days (white light,  400  mol m2 s-1) and transplanted out 

according to the following experimental design (Table 5): 

 

• Seedlings were grown in 6 cm diameter pots filled with half vermiculite 

and 20% sand / 80% Levington F1 compost (John Innes Potting Compost 

No. 1). Field capacity (FC) of the soil in the pot was estimated by 

weighting the pot when it was saturated with water.   

• Four different plant densities were evaluated, from one plant per pot up to 

four plants per pot.  

• Seedlings were grown in close proximity to one another to maximize the 

interaction (1 cm apart).  

• Treatments and accessions were replicated six fold.  

• Pots were arranged in a completely randomized design.  

• 41 days after sowing (DAS) (8 days after pricking out), plants were 

transferred to the PlantScreen Phenotyping System (Photon System 

Instruments, PSI) at the National Plant Phenomics Centre (Aberystwyth 

University, UK). The PSI platform consists of five conveyors or lines that 

allow transportation of plants in trays of 20 pots for image capture and 

automatic irrigation. Each line can hold 20 trays up to a total of 400 pots 

per line and 2000 pots for the whole system. Images were taken up to 

twice per day. Each pot was automatically weighed and watered once a 

day to a 75% of field capacity. After 3 weeks, plants were transferred 
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back to the glasshouse with the same environmental conditions until they 

finished flowering and were ready for harvesting and measuring.   

 

Table 4: Arabidopsis accessions used in AT021 and AT037 experiments 

 

Accession Origin Area 

Bur-0 Ireland Burren 

Can-0 Canary Isles Las Palmas 

Ct-1 Italy Catania 

Col-0 USA Columbia 

Edi-1 Scotland Edinburgh 

Hi-0 Netherlands Hilversum 

Kn-0 Lithuania Kaunas 

Ler-0 Germany Halle 

Mt-0 Libya Martuba 

No-0 Germany Halle 

Oy-0 Norway Oystese 

Po-0 Germany Poppelsdorf 

Rsch-1 Russia Rschew 

Sf-2 Spain San Feliu 

Tsu-0 Japan Tsushima 

Wil-2 Russia Wilna 

Ws-0 Russia Wassilewskija 

Wu-0 Germany Wurzburg 

Zu-0 Switzerland Zurich 

 

 

 

 



 

6
1

 

Table 5: Summary of the growing conditions used for the trial experiments 

 

 
Plant density exp.  Drought stress exp. Nutrient stress exp. 

AT021 AT031 AT037 AT033 AT038 

Accessions 19 3 19 3 3 

Stratification days 28 7 28 7 7 

Plant density 

(plants per pot) 
1-2-3-4 1 & 4 1 & 4 1 & 4 1 & 4 

Compost (v/v) 

20% sand / 80% 

Levington F1 – half pot 

vermiculite 

20% sand / 80% 

Levington F2 

20% sand / 80% 

Levington F2 

60% Sand / 40% 

WI13 and 70% 

Sand / 30% WI13 

60% Sand / 40% 

WI13 

Automatic 

Watering (FC) 
75% 

80% - 60% - 40% 

- 30% - 20% 

80% - 60% - 40% - 

30% 
75% 75% 

Replicates 6 3 3 3 3 

Traits measured* 

FTP 

AREAROSP 

AREAROSPOT 

VMASSPOT 

DRYMASSPOT 

HMAXP 

BRAP 

SILQP 

LENSILQ 

SEED 

FTP 

AREAROSPOT 

HMAXP 

BRAP 

SILQP 

FTP 

AREAROSPOT 

HMAXP 

MBRAP 

RBRAP 

SILQP 

SWPOT 

FTP 

AREAROSPOT 

HMAXP 

BRAP 

SILQP 

SWPOT 

FTP 

AREAROSPOT 

HMAXP 

MBRAP 

RBRAP 

SILQP 

SWPOT 

FC: Field capacity, see 2.2.1 for explanation; * for trait abbreviations see Table 3 

 



 62 

2.2.3 Evaluating effect of drought stress on plant-plant interaction 

experiments (AT031 – AT037) 

 

Two experiments were performed to investigate the response of plants to a 

combination of biotic and abiotic stresses. The first experiment (AT031) used 

three accessions of Arabidopsis (Col-0, Oy-0 and No-0). Col-0 was selected 

because it is the most widely studied accesion. Oy-0 and No-0 were selected 

because they had the lowest competitive interaction index (RII; see section 2.2.5 

for explanation and calculation of RII) in AT021 experiment, since they showed 

the highest reduction in number of siliques when interacting with others (see 

section 2.3.1.4). Seeds were subjected to seven days in a cold room at 4oC, with 

a 14/10h photoperiod. The second experiment (AT037) used the 19 accessions 

described in Table 4. Seeds of each genotype were sown in individual pots and 

were exposed to 28 days of treatment in a cold room at 4oC, with 14/10h 

photoperiod. 

 

Once vernalized, all pots were transferred to a glasshouse at 20oC with a 14/10h 

photoperiod (white light,  400  mol m2 s-1). Seedlings were transplanted out 

into 6 cm diameter pots filled with 20% sand / 80% Levington F2 compost (John 

Innes Potting Compost No. 2). Plants were transplanted at two different 

densities: one plant per pot and four plants per pot, where a focal plant was 

surrounded by three plants, one centimetre apart from the focal plant. 

Neighbouring plants were three centimetres apart from each other. Seedlings 

were transferred to the PSI system for image capture and automatic irrigation. 

Images were taken once per day.  

 

Pots were automatically weighed and watered once a day to the desired field 

capacity. Five watering treatments were applied to all pots. The watering regime 

ranged from 80%, 60%, 40%, 30% and 20%. However, the 20% treatment was 

removed from the second trial experiment (AT037) because the treatment was 
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so severe that, in most cases, plants were not able to develop and reproduce 

effectively. 

 

Pots were arranged in a completely randomized design with factorial 

arrangement for the first experiment and a randomized complete block design 

(all treatments in each block - one replicate in each conveyor) for the second 

experiment. Each of the treatment combinations was replicated three times. 

Accessions Hi-0 and Wu-0 from the second experiment (AT037) failed to 

germinate successfully, so just 3 replicates for 80% and 40% treatment were 

used for analyses. Once plants started flowering (around four weeks in the PSI), 

they were transferred back to the glasshouse until they were ready for 

harvesting and measuring. Plants in the glasshouse were manually watered 

from the bottom, weighing trays individually to maintain soil moisture levels.  

 

2.2.4 Evaluating the effect of nutrient stress on plant-plant interaction 

(AT033-AT038) 

 

Two different experiments were carried out using different compost and nutrient 

treatments. Seeds from the three previously selected accessions, Col-0, Oy-0 

and No-0 were subjected to seven days in a controlled cold growth room at 4oC, 

with a 14/10h photoperiod. Then, they were transferred to a glasshouse at 20oC 

with a 14/10h photoperiod (white light,  400  mol m2 s-1). Seedlings were 

transplanted out into 6 cm diameter pots at two different densities: one or four 

plants per pot.  

 

The first experiment (AT033) used two soil mixtures: 60% Sand / 40% Bulrush 

WI13 compost and 70% Sand / 30% Bulrush WI13 compost. The second 

experiment (AT038) used a soil mixture composed of 70% Sand / 30% Bulrush 

WI13 compost. WI 13 stands for West Island 13, the place where the compost 

was collected. Compost analysis is shown in Table 6. 
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Table 6: Compost characteristics used in all the experiments 

 

Compost 
Potassium K  

(mg/L) 

Phosphorous 

P  

(mg/L) 

Ammonium 

N  

(mg/L) 

Nitrate 

NO-
3 

(mg/L) 

F1 Levington 159 49 - 96 

F2 Levington 239 73 - 144 

WI13 – Low nutrient  1.2 <1 6.2 0.8 

40 % WI13 + 60% Sand* 1.17 1.9 11.55 17.6 

*Analysis done at IBERS, Aberystwyth University. A volume of 5ml scoop of sample was taken to make the 

analysis 

WI13 = West Islands 13 Bulrush compost 

 

In each experiment, five nutrient treatments were tested (Table 7). Plants were 

watered manually once per week with each treatment solution. All pots were 

transferred to the PSI system for image capture and automatic irrigation. Plants 

were automatically watered with tap water to 75% of their field capacity every 

day, except for the day when they were watered with their corresponding 

treatment solution.  

 

Table 7: Treatments used in the two nutrient experiments 

 

Nutrient Treatments Abbreviation 

Tap water TW 

Distilled Water* DW 

Hoagland’s solution 1X** H 

No-N Hoagland’s solution 1X No-N 

No-P Hoagland’s solution 1X No-P 

                                          *Just for experiment AT031; ** See Appendix 1: Table A2.1 for recipe 

 

Pots were randomly arranged using a factorial design. Each of the treatment 

combinations was replicated three times. Once plants started flowering (around 

4 weeks in the PSI), they were transferred back to the glasshouse until they 

were ready for harvesting and measuring.  
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2.2.5 Relative interaction Index (RII) 

 

The result of a competitive interaction can be measured as the ratio of the 

performance under competitive as compared to non-competitive growth 

conditions. Armas et al. (2004) proposed an index (RII) to measure the relative 

interaction intensity in plants. The RII index overcomes many of the problems of 

other indices such as symmetry and poor statistical/mathematical properties. RII 

has values ranging from -1 to 1, is symmetrical around zero and is negative for 

competition and positive for facilitation. RII is defined as follows: 

 

                                                 RII = Bw – Bo / Bw + Bo                 (1) 

                                                                      

where Bo is the value of an individual growing in absence of inter- or 

intraspecific competition and Bw the value of that individual growing with other 

plants (in this case of the same genotype). The fitness measurement (SILQP) 

was used to calculate the relative interaction index of each genotype. 

 

2.2.6 Statistical Analysis 

 

Different functions of the R-statistical package were used to analyze the 

phenotypic data. One-way ANOVA was used to evaluate the effects of the four 

treatment densities on each trait measured in experiment AT021. A Shapiro-Wilk 

test was used to test the normality of the data. Root square transformations 

were made to meet ANOVA assumptions. To test whether each accession and 

planting density had an effect on each trait, a two-way ANOVA was used. A 

Tukey’s test was performed for multiple pairwise comparisons between 

treatments. A Spearman rank – order correlation coefficient was conducted to 

evaluate if traits were related. 

 

A factorial 3-way and 4-way ANOVA was conducted for AT031 and AT037 

experiments, respectively. The silique number was square root transformed to 



 66 

meet normality. Non-transformed values were used for the other traits, since 

transformations did not improve normality, but model residuals were normal.  

An analysis of variance was conducted with the function lm (R package) for 

AT033 and AT038 experiments. Most of the traits had homogeneity of variances 

according to the Levene’s test, thus non- transformation values were used for 

the analysis, considering the residuals for all traits had also a normal 

distribution. 

 

Broad sense heritability was obtained using the lmer package, which considers 

genotype as a random effect. It was calculated as:  

 

                                      H2=Vg/Vg+Ve                     (2) 

 

where Vg is the genetic variance and Ve is the error of the variance. 

 

2.3 Results 

 

2.3.1 Planting density experiment (AT021) 

 

2.3.1.1 Population response 

 

Use of the 19 accessions allowed evaluation of the effects of intraspecific 

interactions on morphological development and reproductive success across the 

species. The Mt-0 accession failed to germinate successfully and was removed 

from the final analysis of AT021. As the number of plants per pot increased, 

HMAXP, BRAP and SILQP declined significantly across the whole population 

(Figure 6, Table 8), indicating competition between individuals. A significant 

difference (p < 0.01) was found between densities of three and four plants per 

pot as compared to the control (one plant per pot) for these three traits. Even 

though a significant difference between two plants per pot and the control was 

found for BRAP and SILQP (p < 0.01), there was no significant difference for 
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HMAXP (41.7 ± 8.9 cm vs 38.6 ± 8.5 cm, respectively, p = 0.03). Rosette area 

(AREASOSPOT) measured as the number of green pixels on a pot at 49 DAS, 

showed an increase as a function of plant density as expected (Figure 6A). Plant 

density did not significantly affect flowering time (FTP) (Figure 6B) (p = 0.85). 

 

 

Figure 6: Overall performance at different plant densities. A. Boxplots showing total 

rosette area means at 49 DAS per pot B. Flowering time mean C. Final mean height D. 

Mean number of branches and E. Mean silique number of each density treatment and 

standard deviation. Boxplots represent mean, standard deviation and the maximum and 

minimum value. Lowercase letters above boxes indicate significantly different groups (p 

< 0.01)  
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Table 8: Mean, standard deviation and standard error of all traits measured in the 

AT021 experiment within each density treatment. Lowercase letters next to mean 

values indicate significant differences between means by a multiple comparison Tukey 

test (p < 0.01). FTP: Flowering time, AREAROSPOT: total area of green pixels, 

VMASSP: fresh weight, DRYMASSP: rosette dry, HMAXP: height, BRAP: branch 

number, SILQP: silique number, LENSILIQ: silique length and SEED: seed number 

 

Trait/Density n Mean SD SE H2 

FTP (DAS)      

    One    90 56.0 a 5.7 0.61 0.93 

    Two 90 55.4 a 5.9 0.63 0.96 

    Three 90 55.5 a 6.0 0.65 0.90 

    Four 90 55.2 ab 5.9 0.63 0.96 

AREAROSPOT at 49 DAS (mm2)*      

    One 90 1393.08 a 353.3 37.46 0.49 

    Two 90 1833.07 b 279.0 29.58 0.48 

    Three 90 1965.8 bc 323.13 34.64 0.53 

    Four 90 2062.60 c 283.66 29.90 0.41 

AREAROSPLANT at 64 DAS**      

    One 18 2002.6a 598.5 141.0 NA 

    Two 36 1461.7b 513.8 85.6 NA 

    Three 54 1188.4b 378.6 51.5 NA 

    Four 72 908.9c 328.8 38.7 NA 

VMASSPOT**      

    One 18 0.74a 0.39 0.09 NA 

    Two 18 0.93a 0.38 0.09 NA 

    Three 18 0.98a 0.46 0.11 NA 

    Four 18 1.04a 0.50 0.12 NA 

DRYMASSPOT**      

    One 18 0.26a 0.09 0.02 NA 

    Two 18 0.29ac 0.09 0.02 NA 

    Three 18 0.30ac 0.09 0.02 NA 

    Four 18 0.34bc 0.11 0.03 NA 

HMAXP (cm)      

    One 90 41.7 a 8.9 0.94 0.81 

    Two 180 38.6 a 8.5 0.63 0.75 

    Three 270 36 b 8.5 0.51 0.66 

    Four 355 33.2 c 7.6 0.40 0.63 

BRAP      

    One 90 8.0 a 4.4 0.46 0.77 

    Two 180 4.8 b 2.3 0.17 0.70 
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    Three 270 3.3 c 2.1 0.12 0.47 

    Four 355 2.2 d 1.9 0.09 0.47 

SILQP      

    One 90 142.6a 69.2 7.30 0.61 

    Two 180 82.8 b 38.2 2.84 0.59 

    Three 270 58.6 c 29.4 1.80 0.46 

    Four 355 44.9 d 21.0 1.11 0.50 

LENSILIQ***      

    One 20 13.1 a 1.58 0.35 0.63 

    Two 20 11.4 a 2.50 0.55 0.38 

    Three 20 12.35 a 1.98 0.44 0.54 

    Four 20 12.5 a 1.79 0.40 0 

SEED***      

    One 20 35.5a 12.9 2.89 0.74 

    Two 20 26.8 a 15.5 3.48 0.31 

    Three 20 28.5 a 11.4 2.56 0.09 

    Four 20 34.3 a 12.1 2.71 0 

*Data analysed from PSI image data; **Data analysed from one replicate; ***Data analysed from 2 

accessions (Col-0 and Sf-2); H2 = broad sense heritability, see section 2.2.6 for details; NA = No replicates 

available to perform the analysis 

 

2.3.1.2 Individual response 

                             

There was a significant accession x treatment interaction (p < 0.001) for most of 

the traits, indicating that accessions did indeed differ in their tolerance to 

competition, and this could be revealed by measurement of a number of 

different phenotypic traits (Appendix 1: Table A2.2, Figure 7). Generally, plants 

grown without competition conditions had a greater vegetative development, 

were taller, and produced more branches and pods than those grown with 

intraspecific interaction. Figure 8 shows the shoot architecture of the plants at 

different densities for the accessions Col-0 and Kn-0.  

 

Each accession had a different degree of reduction and response to competition 

for each trait. No significant differences were found in flowering time at the 

accession x treatment interaction (p = 0.99) (Appendix 1: Table A2.2). However, 

accessions differed in the number of days they took to flower. Overall, there was 

a slight reduction in days taken to flower when plants are grown in intraspecific 
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interaction (four plants per pot) compared to one plant per pot (p=0.004) for 

some accessions (Appendix 1: Table A2.2, Figure 7A). 

 

The accession Wil-2 was taller in an intraspecific interaction (42.4 ±8.8 cm vs 31 

±6.7 cm, in four and one plants per pot, respectively) (Figure 7G). Also, Wil-2 

had the highest number of branches when growing in no-competition conditions 

(22 ±5.7), but produced fewer pods, although the number of pods was not 

significantly different between densities (average of 14.4 ± 7.6 per plant when in 

an intraspecific interaction) and the control (13.2 ±4.8 when no-competition) 

(Figure 7I). However, most of the pods on this accession were aborted in all 

treatments in this experiment, suggesting other reasons for the lack of 

competition as judged by pod number. Other accessions were taller (Ler-0, Ct-1) 

when grown in couples (26.9 cm ±2.45 and 55.7 cm ±7.66, respectively), with a 

subsequent decrease when grown in an intraspecific interaction (21.55 cm ±2.96 

and 44.42 cm ±5.65, respectively). However, most accessions were taller when 

growing in no-competition conditions than when growing with neighbours (Figure 

7G).  

 

Most of the accessions showed a statistically significant decrease for BRAP and 

SILQP between the control and the density treatments (Figure 7H-I) (p < 0.001). 

Bur-0 and Wil-2 produced fewer siliques in all treatments associated with a high 

floral-bud and pod abortion (Figure 7I). Sf-2 and Wu-0 produced higher numbers 

of siliques when growing in no-competition conditions (244.4 ±23.2 and 212.4 

±8.4, respectively), with a subsequent significant decrease when grown with 

neighbours (63.5 ±15.5 and 56.5 ±19.5, respectively) (p < 0.01). However, the 

accession Ler-0 produced the highest number of siliques when growing in an 

intraspecific interaction (68.5 ±21.8).  

 

In addition, destructive phenotyping measurements were taken from one 

replicate. AREAROSP 64 DAS, VMASP and DRYMASSP of the rosette were 

evaluated. Plants grown in no-competition conditions had larger rosettes at 
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week 9 (64 DAS) than plants grown with neighbours (Figure 7D). Dry and fresh 

weight of the rosette showed a significant difference between the accessions 

and treatments (p < 0.001). As expected, total fresh and dry weight per pot was 

significantly higher under competition than when grown in no-competition 

conditions (p<0.001), and it decreased with density treatment when comparing 

the average per plant in each pot (Figure 7B-C). Similar results were found for 

green area per plant (AREAROSPOT 49 DAS) as shown by the PSI images 

(Figure 7E-F). 
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Figure 7: Target trait values for each accession across all four treatments for A. days to 

flower (DAS), B - D. rosette fresh weight, rosette dry weight and rosette area at 64 DAS 

measured from a destructive measurement of one replicate per plant, E. rosette area at 

49 DAS from PSI images per plant, F. total rosette area at 49 DAS from PSI image 

analysis per pot, G. height, H. branch number, I. silique number. All measurements are 

presented as averages per plant, except graph F, where the total green area from the 

rosettes in a pot is reported 
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Figure 8: A. Col-0 and B. Kn-0 accessions from one to four plants per pot. Pictures 

taken 68 DAS 

 

2.3.1.3 Phenotypic correlation among traits 

 

In order to test the hypothesis that pod length has a relationship with seed 

number, ten siliques were collected from each density treatment and from two 

accessions, Col-0 and Sf-2. A Spearman rank – order correlation coefficient was 

calculated. Consistent with previous studies (Bac-Molenaar et al., 2015a), a 

strong significant positive correlation was confirmed by Spearman’s rho test (r = 

0.857; n = 80, p<0.01) regardless of the treatment, suggesting that the two traits 

are associated (Figure 9). The correlation suggested that silique length is a good 

proxy to evaluate plant fitness. Spearman correlation coefficients for each group 

of data are shown in Appendix 1: Table A2.3. 
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Figure 9: Correlation between silique length and number for Col-0 and Sf-2 accessions 

regardless of the density treatments. Spearman correlation = 0.857, p<0.01 

 

A correlation analysis using the traits measured showed a strong positive 

correlation between HMAXP and AREAROSPOT at 49 DAS when growing 

without neighbours (r = 0.82, p < 0.01), indicating a relationship between plant 

size and a taller development of the inflorescence (Figure 10A). In general, 

negative correlations were found for silique number and the other traits but 

these were not significant. A negative correlation between number of pods and 

flowering time when growing in an intraspecific interaction was the only 

exception (r = -0.69, p < 0.01) (Figure 10B). This suggests that a delay in 

flowering caused by competition also decreases the ability of the plant to invest 

in fruit development. 

 

In summary, there is not a clear pattern of correlation between the traits 

measured that would allow a minimization of the number of variables to measure 

in bigger experiments, (i.e. in order to be more efficient when measuring a 

higher number of plants). Besides, according to the discrepancies between one 

and four plants per pot correlation plots (Figure 10), density may also affect the 

correlations between traits. 
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Figure 10: Spearman correlation coefficients between the average of the traits 

evaluated for AT021 experiment. A. One plant per pot B. Four plants per pot. FTP: 

Flowering time, AREAROSPOT: total area of green pixels, HMAXP: height, BRAP: 

branch number and SILQP: silique number. White boxes indicate coefficients with a p > 

0.01 

 

2.3.1.4 Relative interaction index (RII) 

 

A relative interaction index using silique number per accession was calculated 

by comparing one and four plants per pot treatments. There was a negative RII 

value for yield in all accessions (except for Wil-2), which means a competitive 

interaction between individuals (Figure 11). Wil-2 showed a positive RII (0.045), 

but as mentioned above, it had a high rate of floral and pod abortion when 

growing in a no-competition environment that could change the assumptions 

made when using this index. Some of the accessions that showed the largest 

production of siliques with no-competition (Figure 7I) showed the largest 

reduction of siliques in the presence of competition (Sf-2, Wu-0). However, the 

strongest competition scenario was found for other accessions (RII values: Zu-

0=-0.58, No-0=-0.59, Oy-0=-0.62) (Figure 11). Accessions such as Tsu-0 and 

Ws-0 reduced their pods by 35% compared to others with a reduction of more 

than 50% (Figure 11).  
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Figure 11: Relative Interaction Intensity (RII) for each accession as a function of silique 

number per accession 

 

2.3.2 Drought stress and plant – plant interaction experiments (AT031-

AT037) 

 

Results of experiment AT021 (Section 2.3.1) indicate a significant competition 

between accessions when plants are grown in an intraspecific interaction of four 

plants per pot. In this section, an abiotic stress is explored, drought or soil water 

deficits to assess whether they can alter the competitive ability of the 

accessions. Here, two experiments were carried out, AT031 and AT037, using 

three and 19 accessions of Arabidopsis, respectively. Plants were subjected to 

five watering treatments ranging from 80%, 60%, 40%, 30% to 20%, and two 

density treatments: one and four plants per pot. A summary of the conditions of 

the experiments is presented in Table 5. 

 

2.3.2.1 Population response  

 

Mean values of each trait as a function of treatment for the AT031 experiment 

are shown in Appendix 1: Table A2.4. According to the ANOVA (Appendix 1: 

Table A2.5), the watering treatment, density treatment and the accession all had 

an effect on each trait for the three accessions evaluated (AT031) (p < 0.05). 
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The interaction of watering x density treatment had a strong effect in all traits (p 

< 0.01), indicating that both stresses significantly change the morphological and 

reproductive success of the plant.  

 

Mean values of the different traits for the AT037 experiment are presented in 

Appendix 1: Table A2.6. Rosette area at 49 DAS was higher when plants grew 

in intraspecific interaction than individually (Appendix 1: Table A2.6) as 

expected, considering that segmentation was carried out on the whole pot and 

not per individual. Furthermore, there was a significant interaction between the 

effect of density and watering regimen on AREAROSPOT (p<0.001) (Appendix 

1: Table A2.7). For one plant per pot no significant difference was found 

between watering treatments. However, the well-watered 80% and 60% were 

significantly different from 40% and 30% when plants grew in an intraspecific 

interaction (p<0.001) (Figure 12A). 

 

Contrary to the experiment AT031, the AT037 experiment did not show a 

significant interaction between number of plants per pot and the watering 

regimen for FTP (p = 0.716), which might be due to the higher sample size used 

in AT037 (19 accessions) (Figure 12B, Appendix 1: Table A2.7). However, a 

slight significant difference was found between watering treatments per density 

treatment. Flowering time from the well-watered treatment (80%) was about 1.46 

days later than the more limited watering regimen (30%) (80% vs 30%: 1 plant: 

p<0.006, 4 plants: p<0.02). 

 

The number of branches from the rosette (RBRAP) and the main stem (MBRAP) 

were significantly reduced by density and watering treatments (p < 0.001) 

(Appendix 1: Tables A2.6, A2.7). Under no-competition conditions, RBRAP traits 

were reduced in accordance with water availability (Figure 12D), but there was 

no significant difference for MBRAP (p > 0.01) (Figure 12E). When under 

competition, RBRAP was highly or totally reduced by all treatments (mean = 

0.45) showing no significant differences between watering treatments, but 
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MBRAP was maintained (mean=2.48), indicating that competition may have a 

stronger effect in RBRAP than water availability. 

 

The three fixed effects (density, watering and accession) significantly impacted 

height (p < 0.001), although the interaction between accessions and density was 

not significant in either of the experiments AT031 and AT037 (p = 0.017 and p = 

0.46, respectively) (Appendix 1: Tables A2.5, A2.7). In general, there was a 

reduction of height between the two density treatments (p < 0.001) (Figure 12C). 

The well-watered treatments (80% and 60%) showed significant differences 

compared to the other treatments (40% and 30%) (p<0.001), both when with or 

without neigbours.  

 

Fitness components, such as silique number per plant (SILQP) and seed weight 

per pot (SWPOT), were also strongly impacted by the watering treatment and 

density x watering interaction (Figure 12F-G, Appendix A2.7). When plants were 

grown in no-competition conditions, water availability reduced the number of 

siliques per plant, but in an intraspecific interaction, there was no difference 

between watering regimens of 80% and 60% RWC (p > 0.01) (Figure 12F). 

SILQP showed a reduction of 18% from well-watered (80% RWC) to dry 

conditions (30% RWC) when plants grew with neighbours, and 22% when they 

grew without neighbours. For SWPOT, there was a significant difference 

between watering treatments (p < 0.001), but not between the two densities (p = 

0.56), as expected (Figure 12G, Appendix 1: Table A2.7). The total numbers of 

seeds produced per pot when plants were under competition were the same or 

even higher as in a no-competition environment, since, this value corresponds to 

the total seed weight of the four plants in a pot (Appendix 1: Figure A2.1). 

 

Approximately, 30% of the pots with water deficiency (40%-30%) showed plants 

with some sign of aborted fruits, either by a reduced floral development or 

silique abortion and infertility, regardless of the competition treatment. Other 



 80 

studies have also found effects such as reduced silique length, infertility and 

fewer siliques in conditions of reduced soil moisture (Su et al., 2013). 
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Figure 12: AT037 experiment: Average performance under different watering regimens 

for one and four plants per pot. A. Mean of the total rosette area of green pixels at 49 

DAS*, B. Flowering time, C. Average height per plant, D. Mean of branch number in the 

rosette, E. Number of branches from the main stem, F. Mean silique number and G. 

Seed weight per pot. Boxplots represent the mean, standard deviation and maximum 

and minimum values. Black dots represent individual values. Lowercase letters above 

boxes indicate significant differences within each density treatment (p < 0.001). *One 

tray (n=20) of replicate three was removed from the analysis since there was no 

imaging data of this tray during the first weeks of the experiment  

 

In terms of experimental design (plant / treatment layout on the platform), there 

was a significant effect of the block for the AT037 experiment (Appendix 1: 

Table A2.7). This means that the block design was adequate and revealed a 

spatial effect on the plants within the glasshouse. Blocks 2 and 3 were more 

homogenous, which corresponded to the first 2 conveyors of the PSI. Inspection 

of records indicated that Block 1 (replicate 1) was overwatered in the first 2 days 

of the experiment because of platform automation problems. An analysis using 

just two replicates (Blocks 2 and 3) was also conducted. However, no significant 

differences were found between the two replicate analyses compared to the 

results of all replicates. 

 

A correlation analysis showed strong correlations between different traits 

regardless of the watering treatment (Appendix 1: Figure A2.2). For example, 

traits such as SILIQP and SWPOT showed a positive correlation with HMAXP in 

one and four plants per pot (r = 0.69 and 0.75 for one plant per pot, r = 0.81 and 

0.82 for four plants per pot, respectively) (Appendix 1: Figure A2.2). There was 

also a correlation between SILQP and SWPOT (r = 0.92 for one plant per pot, r 

= 0.89 for four plants per pot) (Figure 13), which suggests that silique number is 

a suitable trait to measure fitness under the current treatment conditions as 

suggested by other studies (Cahill et al., 2005; Weinig et al., 2006). 
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Figure 13: Correlation between silique number and seed weight for 19 accessions of 

experiment AT037, regardless of watering treatment. A. One plant per pot, Spearman 

correlation = 0.92, p<0.001, B. Four plants per pot, Spearman correlation = 0.89, 

p<0.001 

 

Finally, the competitive response of the focal plant (plant in the middle) was also 

assessed for FTP, HMAXP, RBRAP, MBRAP and SILQP in experiment AT037. 

This analysis showed that for all traits, the population response using the data of 

just the focal plant (Appendix 1: Figure A2.3) showed no differences from the 

analysis mentioned above. 

 

2.3.2.2 Individual response 

 

Experiments AT031 and AT037 found significant phenotypic variation for most of 

the traits in the interaction of accession x treatment (both density and watering) 

across all 19 accessions evaluated (p < 0.001) (Appendix 1: Table: A2.5, A2.7). 

For example, when growing under well-watered conditions (80% RWC) with no-

competition in experiment AT037, Po-0, Col-0 and Ler-0 produced the highest 

number of siliques (392, 384, 383 SILQP, respectively). When growing under 

competition in well-watered conditions, the accessions Tsu-0, Ler-0 and Ws-0 

were the most productive (117, 111, 110 SILQP, respectively) (Figure 14A). 

Under drought conditions (30% RWC) and no-competition, accession Po-0 still 

produced significantly more seeds (233 siliques per plant) compared to other 
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accession. When growing under the same water treatment but surrounded by 

neighbours, accessions Kn-0 and Ws-0 had the highest number of siliques (45, 

26 SLIQP, respectively) (Figure 14B). 

 

When comparing RII values as a function of silique number, accessions as Edi-

1, Po-0 and Col-0 reduced their yield by more than 80% of siliques when in 

optimal watering conditions (RII = -0.71, -0.65, -0.64, respectively). Other 

accessions such as Tsu-0 and Ws-0 showed a less reduction in their fitness of 

around 50% (RII = -0.35, -0.42, respectively). 

 

The ranking of RII across each watering treatment did not show a clear pattern 

as each accession responded differently at each watering treatment (Appendix1: 

Table A2.8), which might indicate that the intensity of competition depends more 

on environmental conditions rather than genotypic background. Even 

accessions such as Oy-0 and No-0 previously identified (section 2.3.1.3) with 

the highest reduction in number of siliques in well-watered conditions were 

overtaken by other accessions, but the reduction in silique number was still 

70%. 

 

RII indices as a function of silique number were calculated using values of the 

focal plant as a measure of competitive response under well-watered and 

drought conditions. The individual response was similar to the results mentioned 

above, where accessions as Po-0, Edi-1 and Col-0 had the lowest RII indices 

(Appendix 1: Table A2.9).  
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Figure 14: Silique number, standard errors and difference between one and four plants 

per pot for: A. 80% and B. 30% of field capacity for all the 19 accessions used in 

experiment AT037. Edi-1: Plants growing in an intraspecific interaction did not 

developed on 30% watering treatment  

 

2.3.4 Nutrient stress and plant – plant interaction experiments (AT033-

AT038) 

 

In this section, other abiotic stress is explored, nutrient deficiency, to assess 

whether it can alter the competitive ability of the accessions. Here, two 

experiments were carried out, AT033 and AT038, using three accessions of 

Arabidopsis. Plants were subjected to different nutrient treatments: Hoagland’s 

solution, No-P and No-N Hoagland’s solution, tap water and distilled water. 
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Plants were also arranged in densities of one and four plants per pot. A 

summary of the conditions of the experiments is presented in Table 5. 

 

2.3.4.1 Population response 

 

Experiment AT033 and AT038 showed the response of plants to nutrient 

deficiency and plant competition. Plant performance and reproductive output 

were significantly affected by density, nutrient treatment, genotype and their 

interaction. In experiment AT033, significant differences in the interaction 

nutrient treatment x soil x density in relation to BRAP and SILQP were found (p 

< 0.05) (Appendix 1: Table A2.10). Treatments such as distilled water (DW), tap 

water (TW) and no nitrogen (No-N) showed no significant differences (p=0.999) 

between them for BRAP and SILQP in any of the density treatments or soil 

mixtures. Distilled water treatment was not used in subsequent experiments. 

The soil mixture of 60% Sand / 40% Bulrush WI13 compost was selected since 

no differences in the response was found with the other soil mixture. Mean 

values of phenotypic responses to the interaction treatment x soil mixture are 

shown in Appendix 1: Table A2.11. All the other traits had a similar outcome to 

experiment AT038, which is explained in detail below.  

 

Mean values for all traits in AT038 experiment can be found in Appendix 1: 

Table A2.12. A significant difference between treatments as well as between 

density treatments for AREAROSPOT was found (p <0.001) (Appendix 1: Table 

A2.13). In both density treatments, no difference was found between Hoagland’s 

and No-P solution (p > 0.05) for AREAROSPOT, although these two treatments 

were significantly different from TW and No-N (p < 0.001) (Figure 15A). Rosette 

leaves from depleted nutrient treatments (TW and No-N) had a purplish red 

coloration at an early rosette stage (Appendix 1: Figure A2.4).  

 

For flowering time, there were no significant interactions between any of the 

treatments (p > 0.05), but there was significant difference between the number 



 86 

of plants per pot (p < 0.001) (Appendix 1: Table: A2.13, Figure 15B). Flowering 

time ranged from 36 to 46 DAS with one plant per pot and 36 to 44 DAS with 

four plants per pot. Regardless of the nutrient treatment, the average time of 

flowering was 41 DAS when growing under no-competition conditions and 40 

DAS with competition (p = 0.0004). 

 

In these experiments, most plants lacked branches directly from the rosette. 

However, they developed a few branches from the main stem. A significant 

interaction was found between each pair of effects and for the three effects for 

MBRAP (p < 0.01) (Appendix 1: Table A2.13). Application of nutrient solutions 

such as Hoagland’s and No-P appear to facilitate stem branch development 

(Figure 15C).  

 

For HMAXP, there was a significant interaction between the number of plants 

and nutrient treatments (p < 0.001), which indicates that when plants are 

growing without or with neigbours, the height of plants watered with Hoagland’s 

and No-P treatments are significantly different from the ones given tap water 

and No-N treatment (p < 0.001) (Figure 15D). Similar results were found for 

SILQP (Appendix 1: Table A2.13). On average, when plants were grown without 

neighbours, 81 and 86 SILQP were produced with Hoagland’s and No-P 

solutions, respectively; compared to 13 SILQP for TW and No-N treatments. 

When plants were evaluated in an intraspecific interaction, for TW and No-N 

there was a reduction of 20 siliques on average compared to the other two 

treatments (Figure 15E). As expected for seed weight, there was no interaction 

between treatments (p > 0.05), but significant differences between Hoagland’s 

and No-P compared to tap water and No-N treatments (p < 0.001) (Figure 15F). 
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Figure 15: AT038 experiment: Average of three Arabidopsis accessions performance 

at different nutrient treatments for one and four plants per pot. A. Mean of the total 

rosette area at 35 DAS B. Flowering time, C. Number of branches from the main stem, 

D. Average height per plant and E. Mean silique number F. Seed weight per pot. TW: 

Tap water, H: Hoagland’s solution, -P: No Phosphorous, -N: No Nitrogen. Boxplots 

represent mean, standard deviation and maximum and minimum value. Black dots 

represent individual plant values. Lowercase letters above boxes indicate a significant 

difference of means within each density treatment (p < 0.001) 
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In general, TW and No-N were the treatments that negatively impacted most of 

the traits, therefore these two treatments were chosen as low nutrient conditions 

and Hoagland’s and No-P were chosen as high nutrient conditions in the rest of 

the thesis. It was also concluded that TW treatment does not have enough 

nutrients for the normal development of Arabidopsis plants. An analysis of the 

three accessions for AT038 experiments, just using the focal plant when 

competing showed similar results as above (Appendix 1: Figure A2.5).  

 

Correlation analysis showed once more a strong association between the 

number of siliques and seed weight (r = 0.93 for one plant per pot and r = 0.87 

for four plants per pot), regardless of the nutrient treatment (Appendix 1: Figure 

A2.6). Interestingly, other significant correlations were found between different 

traits when plants grew in no-competition conditions, such as AREAROSPOT, 

HMAXP, MBRAP, SILQP and SWPOT (Appendix 1: Figure A2.6 A). However 

some correlations were not significant when plants grew in an intraspecific 

interaction; nevertheless, HMAXP still has a high correlation with SILQP (r = 

0.92) silique number and SWPOT (r = 0.85) (Appendix 1: Figure A2.6 B). 

 

2.3.4.2 Individual response 

 

A statistically significant interaction was found for accessions x treatments 

(nutrient treatments and density) for traits such as MBRAP and HMAPXP (p < 

0.01) (Appendix 1: Tables A2.11, A2.13). This means that for these traits, there 

is a differential response of the accessions to the different treatments. With the 

AT038 experiment, the interaction between these two effects was not significant 

for silique number (p > 0.0.5) (Appendix 1: Table A2.13). When plants grew 

without or with neighbours, the three accessions produced greater numbers of 

siliques in high nutrient conditions and depleted phosphorous treatments than 

with TW and No-N treatments (Figure 16). In most of the nutrient treatments, 

Col-0 produced a greater number of siliques, while Oy-0 produced the lowest 

number. 
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Figure 16: Silique number and standard errors for one (1) and four (4) plants per pot for 

the three accessions used for AT038 experiment. TW: Tap water, H: Hoagland’s 

solution, -P: No Phosphorous, -N: No Nitrogen 

 

The RII index showed a negative interaction between plants (Figure 17). For low 

nutrient conditions (No-N), accessions such as Oy-0 had a reduction of 56% in 

siliques compared to No-0 which had a 33% reduction. Similar results were 

obtained for the TW treatment. Meanwhile, under higher nutrient conditions (H), 

competition is higher and reduction in siliques number as a function of density 

increases. Accessions such as No-0 experienced a 76% drop in the number of 

fruits when growing with neighbours; while, the number of fruits for Oy-0 and 

Col-0 fell by more than 60%. Low phosphorous nutrient treatment (No-P) also 

showed similar results. Appendix 1: Figure A2.7 shows the RII index as a 

function of silique number when using just the middle plant values. The 

competitive response using the focal plant values was similar to the 

performance of each accession as in Figure 17. However, more analysis should 

be conducted using a higher number of accessions to determine if changes in 

the competitive response of the plant are significantly different when using an 
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average of the response of the individuals in a pot as compared to the use of a 

focal plant’s values. 

 

 

 

Figure 17: RII index as a function of silique number for AT038 experiment. TW: Tap 

water, H: Hoagland’s solution, -P: No Phosphorous, -N: No Nitrogen 

 

2.4 Discussion 

 

2.4.1 Plant- plant interactions 

 

The responses of different Arabidopsis accessions to density and other plant 

abiotic stresses were evaluated by measuring a set of morphological and fitness 

traits. Although Arabidopsis is often seen growing as isolated plants with little 

apparent competition, the high phenotypic diversity between accessions makes 

it a good model to study plant-plant interactions (Creissen et al., 2013; Willis et 

al., 2010). A number of Arabidopsis accessions at different growing densities 

were first evaluated to select the best suitable conditions and traits for further 

investigation of intraspecific interaction in bigger populations. Results from this 

thesis clearly showed the negative impact of density in traits such as 

AREAROSPOT, HMAXP, BRAP and SILQP, regardless of the genotype (Figure 

6, Figure 7, Table 8). Previous studies have observed a significant decrease in 
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size and fitness traits between high and low plant densities (Alwerdt et al., 2006; 

Baron et al., 2015; Masclaux et al., 2012; Weinig et al., 2006; Willis et al., 2010). 

SILQP and BRAP were the most affected traits in densities of four plants per pot 

with a reduction of more than 50% relative to the single plant control. Alwerdt et 

al. (2006) reported a reduction of 50% in fruit number for densities of 15 to 30 

plants per pot, while Masclaux et al. (2012) observed a similar reduction using 

densities of four plants per pot. However, these discrepancies might be related 

to different growth conditions as to pot size and soil nutrient availability. The use 

of low nutrient compost and pots with half vermiculite in this study could be the 

reason for strong differences in lower densities (four plants per pot) as 

compared to higher densities (> 15 plants) in other studies where rich composts 

were used. 

 

Each genotype showed a different magnitude of response when growing without 

and with neighbours (Figure 7). Additionally, the ranking response of most 

accessions, and for all traits, changed between non-competition and 

competition, which suggests genetic variation in competitive ability.  

 

Rosette area decrease in size when competition 

 

Although rosette area per plant was not possible to measure accurately from 

images of plants growing in an intraspecific interaction because of overlapping, 

destructive measurements of rosette area from one replicate (AREAROSP) 

showed a decrease in size when in competition (Figure 7D). This result is 

supported by Willis et al. (2010). They evaluated intra- and inter-specific 

interactions in a mapping population of Arabidopsis and observed that when 

growing under interspecific competition, plants produced smaller rosettes 

relative to the controls, but larger rosettes than in intraspecific interactions. They 

proposed that some genotypes might facilitate the growth of kin neighbours, and 

that the interspecific interaction behaviour might be explained by a resource-

partitioning hypothesis. Moreover, a response to close proximity of neighbours 
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was related with a higher growth of the petiole of plants relative to the rosette 

lamina and leaf hyponasty, which are considered shade avoidance responses 

(Ballaré and Scope, 1997; Keller et al., 2011). In this study, a reduction in the 

area of the rosette, which was measured by the number of green pixels, might 

be related to morphological changes of the canopy of the plant.  

 

Given the changes observed, more accurate measurements are needed for 

these leaf and rosette traits in the presence of kin and non-kin neighbours. The 

availability of time-stamped images may allow manual measurements of these 

traits and could provide the material to develop new software based on machine 

learning to extract them computationally. 

 

Interestingly, several traits seem to be correlated with each other, but the degree 

of correlation varies across time. When under no-competition, AREAROSPOT at 

49 DAS was highly correlated with HMAXP (r2 = 0.82, p < 0.01, Figure 10A); 

nevertheless, later measurements at 64 DAS did not show any significant 

correlation (r2 = 0.36, p > 0.01). Possible differences in the software accuracy for 

image segmentation (PSI image analysis software was used for AREAROSPOT 

49 DAS vs ImageJ software used for AREAROSPOT 64 DAS) and the use of 

just one replicate at 64 DAS might have affected the correlation analysis. 

 

Flowering time was the least plastic when competition 

 

Overall, flowering time did not respond strongly to density. Flowering time plays 

a key role in reproductive success of the plant; the correct timing of flowering 

should enable optimal seed development. However, flowering time is a complex 

process that involves many genes and appropriate environmental cues, as for 

example photoperiod or exposure to cold temperatures (Bouché et al., 2017; 

Shim et al., 2017). In this study, due to the prolonged long cold treatment used 

for the population (28 days) and the long days (14 h) to which they were 

exposed, all accessions flowered during the time of the experiment. Accessions 
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such as Bur-0, Edi-1, Can-0, Tsu-0 and Oy-0, (considered winter annuals) 

flowered later, while Sf-2, Ct-1 and Hi-0 flowered first, consistent with some 

previous reports for these accessions (Bac-Molenaar et al., 2015b; Debieu et al., 

2013). 

 

Photoperiod and vernalization regulates flowering time; however, stress factors 

could also act to induce flowering (Takeno, 2016). Considering density as a 

biotic stress that promotes competition, and Arabidopsis being a ruderal 

species, it was expected that in higher densities the transition from a vegetative 

stage to flowering would be faster (Takeno, 2016; Vermeulen, 2015). The 19 

accessions evaluated differed significantly in the time of flowering, despite a 

long vernalization treatment. There was only a slightly significant difference 

between density treatments for flowering time (Figure 7A, Table 8). Accessions 

such as Po-0, Ws-0 and Zu-0 accelerated flowering time by between three and 

two days when growing in an intraspecific interaction compared to the controls. 

Meanwhile, other accessions had differences of just one day or no differences at 

all. A reduced red to far-red ratio has been suggested as a factor that could 

accelerate flowering and life cycle completion in crowded environments due to 

the presence of neighbours (Ballar and Pierik, 2017). However, other stresses 

(such as nutrient availability or oxygen deficiency) could also lead to changes in 

flowering time (Brock et al., 2010; Simpson and Dean, 2002; Weinig et al., 

2006). Broad sense heritabilities (H2) for flowering time were high for all density 

treatments (Table 8) suggesting that the differences in flowering among 

individuals are mainly the result of high genetic variability, rather than 

environmental variation, which is in agreement with results of other studies 

(Debieu et al., 2013; Reboud et al., 2004; Sasaki et al., 2015). 

 

Height is associated to resource acquisition 

 

Kin-competition, generally, reduces plant height. The height of the main 

inflorescence, for all accessions except Wil-2, was greater under non-
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competition treatments relative to competition. Although one of the shade 

avoidance responses is stem elongation, as might be expected when 

surrounded by neighbours, the observed response was consistent with other 

studies in Arabidopsis (Brock et al., 2010; Willis et al., 2010). Brock et al. (2010) 

suggest that resource levels could suppress the stem elongation response. 

Willis et al. (2010) suggest that height is associated with resource acquisition, 

since the Arabidopsis flowering inflorescence contributes to carbon gain, 

especially after rosette senescence (Earley et al., 2009; Gnan et al., 2017). 

Thus, a possible lack of resources when crowded might over-ride any shade 

avoidance response. Furthermore, the significant negative correlation observed 

between silique number and flowering time (r = -0.69, p < 0.001, Figure 10B) 

supports the hypothesis that inflorescence photosynthesis does contribute to 

seed production (Gnan et al., 2017). 

 

Branching inhibition is a common response to competition 

 

Branch number was reduced in crowded environments in agreement with other 

studies (Aguilar-Martinez et al., 2007; Weinig et al., 2006). A study of density-

related plasticity using a bi-parental RIL population of Arabidopsis, revealed a 

high cost to producing apical branches at low and high densities, which resulted 

in a suppression of basal branching (Weinig et al., 2006). Several molecular 

mechanisms, metabolic pathways, hormones and nutrients are involved in shoot 

branching (Aguilar-Martinez et al., 2007; Rameau et al., 2015). In Arabidopsis, 

changes in R:FR ratios induce the expression of transcription factors such as 

BRC1, which promote branching inhibition in response to shade. Aguilar-

Martinez et al. (2007) found a branch suppression of 86% in densities of nine 

plants per pot for the wild type, Columbia, and 28% reduction in brc1 mutants.  
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Effect of competition in silique number and competitive ability 

 

A reduction of silique number per plant between treatments for all accessions 

was also highly significant (p < 0.001, Appendix 1: Table A2.2). Silique number 

is considered a good proxy for seed number (Cahill et al., 2005; Mauricio, 1998; 

Weinig et al., 2006), and so SILPQ might be a good proxy to evaluate plant 

fitness. Accessions Sf-2 and Wu-0 produced the highest number of siliques in 

one and four plants per pot. Ler-0 produced the highest number of siliques in a 

competitive environment, even though it was one of the smallest accessions 

(Figure 7G-I). Moreover, according to the RII index (which indicates the relative 

strength of competition between individuals), Ler-0 has a lower competitive 

index, with a reduction in its yield of 40% (Figure 11). Ler-0 carries the erecta 

mutation (er), which confers a compact inflorescence, blunt fruits and short 

petioles (Torii et al., 1996). Other mutations in Arabidopsis causing a semi-dwarf 

phenotype have also been identified and have been reported as not affecting 

plant performance traits (Barboza et al., 2013). Thus, the semi-dwarf phenotype 

might be of interest for future studies, considering its fitness advantage in 

crowded conditions.  

 

If one considers competitive ability as the ability to capture resources faster or 

better than neighbours (Grime, 1979), then it might be expected that the highest 

competitive ability would be related to attributes such as larger rosettes, 

plasticity in flowering time, taller stems, more branching and increased seed 

production. Nevertheless, some accessions such as Ler-0, Ws-0 and Tsu-0 

showed a relatively small reduction in yield when competing (approx. 35%) 

(higher RII) (Figure 9) but they do not present most of these attributes. This 

indicates that these more competitive accessions might have the ability to utilize 

limited resources that allow them to produce more siliques in the presence of 

others. Interestingly, the No-0 and Oy-0 accessions had the lowest number of 

branches when growing in an intraspecific interaction and so might be 
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considered the less competitive accessions as their silique number was reduced 

by more than 55% when growing in an intraspecific interaction. 

 

Although, there are several advantages to using smart glasshouses in large-

scale experiments in which plants are subjected to biotic or abiotic stresses, in 

this study, image capture of rosette area when growing in an intraspecific 

interaction was not suitable for subsequent competition analysis, due to the 

overlapping between plants. However, the ability to regulate environmental 

factors, such as temperature and watering regimen make these platforms highly 

attractive and suitable for managing big mapping populations. Considering the 

response of plants to crowding, morphological and fitness traits such as height, 

number of branches and silique number are good measurements to assess 

interaction between plants in large-scale experiments. 

 

2.4.2 Drought stress and plant-plant interactions 

 

Environmental stresses such as drought and nutrient availability can influence 

the final size and shape of a plant. As part of a community, plants are subjected 

simultaneously to abiotic stresses and biotic interactions. In this study, 

responses to drought and nutrient availability were studied under intraspecific 

interactions and compared to the responses of single plants. 

 

Again, the least plastic trait was flowering time for drought stresses (Figure 

12B). Under drought, different species are known to deploy different strategies 

including drought escape, drought avoidance or drought tolerance. In drought 

escape, plants reach reproduction quickly (i.e. prior to a dry season) while 

drought avoidance entails reduction of water loss and drought tolerance involves 

rapid consumption of water when available or adjustment of physiological 

mechanisms to tolerate the stress (Kooyers, 2015). Therefore, under drought, 

acceleration of FTP or stronger differences between watering treatments for 

AREAROSPOT might be expected, at least for one plant per pot (Figure 12A-B). 
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This was not observed and suggests that during the earlier stages of the 

experiment, the drought treatment was not severe enough to induce a drought 

escape strategy (earlier flowering) or drought avoidance (slowing down growth). 

The target soil water contents were reached one week after the start of the 

experiment in the PSI platform, which was later than anticipated. Bac-Moolenar 

et al. (2015b) investigated flowering time and rosette growth at moderate 

drought stress; they found a reduction of 35% in biomass and more that 50% in 

rosette size in stressed plants compared to the well-watered treatment, with 

earlier flowering accessions being larger and more tolerant to drought. However, 

in this thesis there was a slight difference between 80% of watering and 30% at 

one plant per pot for FTP (p<0.006), but no significant difference was found for 

AREAROSPOT (p > 0.01). These discrepancies might be related to the different 

experimental procedures used, since in studies such as that of Bac-Moolenar et 

al. (2015b), water deficit was imposed soon after germination.  

 

Under competition, however, a significant difference between well-watered 

conditions and drought for AREAROSPOT, HMAXP, BRAP and SILQP was 

found, which indicates the impact of plant-plant interaction under abiotic 

stresses (Figure 12). In a study of five Arabidopsis accessions with higher and 

lower water use efficiencies (WUE) tested under drought and competitive 

conditions, traits such as height and seed number decreased, suggesting that 

lower WUE effectively “steals” water from competitors which confers higher 

fitness (Campitelli et al., 2016). Lines with higher WUE improve their fitness 

component when there is no-competition (Campitelli et al., 2016). Campitelli et 

al. (2016) tested the fitness consequences of the MPK12 gene in Arabidopsis 

mutants. MPK12 has a functional role in the WUE variation in terms of larger 

guard cells and stomatal openings. A mutant MPK12 allele reduced WUE and 

increased fitness under competition as compared to wild types with high WUE 

individuals. In this thesis, it was not possible to establish WUE for the 

accessions used, but according to Campitelli et al. (2016), Ler-0 is expected to 

have a high WUE, therefore a high fitness when not under competition, 
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irrespective of water availability. This agrees with the higher silique number 

produced by the Ler-0 genotype when growing under no-competition conditions 

in both watering treatments (Figure 14).  

 

Here, a combination of drought and competition clearly impacted plant fitness. 

However, further work exploring other traits such as root:ratio measurements, 

the influence of summer and winter genotypes to the response to drought 

(Schmalenbach et al., 2014), the analysis of WUE of individuals and the use of 

mutant lines (Campitelli et al., 2016) and a more rigorous watering regimen at 

the same developmental stage will help to increase understanding of the role of 

competition under drought stress.  

 

2.4.3 Nutrient stress and plant-plant interactions 

 

The combination of nutrient availability and density also have a great impact on 

plant fitness (Myerscough & Marshallt 1973). In this thesis, all traits measured 

with the exception of FTP were significantly affected by both treatments (Figure 

15). Kolar & Senková (2008) used three lines of Arabidopsis in hydroponic 

conditions to evaluate several dilutions of a nutrient solution when seedlings had 

8-10 visible leaves. Kolar & Senková (2008) and Diaz et al. (2006) reported that 

the first signs of nutrient deficiency (esp. nitrogen) was the accumulation of 

anthocyanins and chlorophyll degradation in leaves, which became brown and 

then purplish red. These symptoms were observed in this study for TW and No-

N treatments (Appendix 1: Figure A2.4). Also, nutrient stress has been 

associated with a reduction of leaf formation (Kolář and Seňková, 2008). In this 

study, counting of the number of leaves was not done because of the 

impracticality of undertaking this measurement in large scale experiments. 

Instead, mean rosette area was measured and was found to be significantly 

reduced in low nutrient conditions as well as in combination with intraspecific 

interactions (Figure 15A). 
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Mineral nutrient deficiency has previously been reported to affect flowering in 

Arabidopsis. The time of floral bud appearance is accelerated by nutrient stress, 

but the response depends on the genotype and day length (Kolář and Seňková, 

2008). As in the other experiments from this study, nutrient deficiency did not 

affect FTP (Figure 15B). However, differences in the experimental conditions 

between studies make them difficult to compare. Factors such as the 

characteristics of the soil at the germination period or the timing of the nutrient 

deficiency, amongst other factors (i.e. genotype, nutrient solution composition) 

could cause such discrepancies (Kolář and Seňková, 2008). In this thesis, 

independent of the treatment and density stress, seedlings were transferred to a 

low nutrient compost when they had 5-6 leaves visible, thus low levels of 

nutrients were present for all nutrient treatments during early development, 

which might have promoted the synchronizing of flowering time. A study of 

Arabidopsis with nitrogen deficiency in laboratory conditions did not find 

differences between treatments for traits such as leaf number, the measurement 

of which being an alternative to measuring flowering time (Ikram et al., 2012). 

Flowering time shows a U-shaped curve in response to nutrient concentration, 

where an optimal concentration of nutrients facilitates flowering but 

concentrations above or below this will delay flowering (reviewed by Lin and 

Tsay, 2017). In agreement with this, a slight delay in flowering in low phosphate 

conditions (No- P) was observed, but low nitrogen (No-N) conditions accelerated 

flowering (Figure 15B, Appendix 1: Table A2.12), which had been also reported 

in other studies (Lin and Tsay, 2017). This indicates that a wider range of 

concentrations might have helped to pipoint significant differences in FTP. 

However, given the outcomes in the other trial experiments of this study, this 

trait might not be useful for describing plant responses in a competitive 

environment.  

 

RBRAP could not be scored when plants grew under low nutrient availability, 

and MBRAP as well as HMAXP were reduced, with a further impact being 

observed when competition was added (Figure 15C-E, Appendix 1: Table 
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A2.12). Limited availability of nitrogen or phosphorous can have strong effects in 

the overall root and shoot biomass in plants (Linkohr et al., 2002; Zhang et al., 

2007). Shoot branching is repressed by increase of auxin and strigolactones 

(SLs) triggered by N and P deficiency in Arabidopsis (Jong et al., 2014; Kohlen 

et al., 2011). However, here MBRAP was reduced in No-N, but maintained 

under No-P conditions. 

 

Some studies have reported that below-ground competition is greater in low 

nutrient environments, while the above-ground competition effects are greater in 

the most nutrient rich scenarios (Cahill et al., 2005; Wang et al., 2010; Wilson 

and Tilman, 1991). It was not possible to measure root traits here due to time-

constraints, and the laborious and inaccurate measurements (lots of fine small 

roots) obtained from cleaning Arabidopsis roots in peat based compost. 

However, strong differences in above-ground traits such as HMAXP, MBRAP, 

SILQP and SWPOT were found between one and four plants per pot in high 

nutrient conditions (p<0.0001, Figure 15C-E). Resource assimilation during the 

reproductive phase, as well as nitrogen uptake from soil and nitrogen 

remobilization influences yield production (Guiboileau et al., 2012; Kichey et al., 

2007; Schulze et al., 1994). Candidate genes have been identified and proposed 

to enhance nitrogen use efficiency and yield in crops (Xia et al., 2012). 

Nevertheless, little is known of the response in terms of seed production to both 

nutrient deficiency and competition from the phenotypic and genotypic 

perspective. RII index analysis showed a stronger effect in fruit production at 

high nutrient levels (Figure 17), which suggest a stronger competition, either 

above- and below-ground or only above-ground. This is probably due to an 

increase in plant size and mutual shading. Cahill et al. (2005) attributed a 

reduction in silique number to below-ground competition, since no shading 

among plants in low nutrient treatments was observed. Meanwhile, in high 

nutrient levels shading does occur and its effect on fitness is probably related to 

mainly above-ground competition, but one can not say below-ground 

competition does not play a role in these effects (Cahill et al., 2005). 
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In conclusion, drought and nutrient availability increase the damage caused by 

other stresses. Traits such as HMAXP, RBRAP, MBRAP and SILQP are highly 

plastic traits that respond to competition, are feasible to measure in large 

populations, and therefore are suitable target traits for subsequent QTL analysis. 
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Chapter 3 

 

The genetic basis of intraspecific interaction in Arabidopsis thaliana 

 

3.1 Introduction 

 

A few studies using association analysis have tried to elucidate the genetic basis 

of adaptation of plants to density (Subrahmaniam et al., 2017; Sukumaran et al., 

2015). For example, crop species such as Zea mays or Oryza sativa have been 

studied for response to intraspecific and interspecific interactions with multiple 

weed species or parasitic plants (Subrahmaniam et al., 2017). A wheat Genome 

Wide Association Study (GWAS) of response to different planting densities 

identified a locus that explained 11.4% of the variation within a mapping panel in 

grain yield and number (Sukumaran et al., 2015). In two diversity panels of rice, 

which included a multi-parent advanced generation inter-cross (MAGIC) 

population of 151 lines, Kikuchi et al. (2017) detected three regions associated 

with panicle weight in response to low planting density. Using traditional QTL 

mapping, Wang et al. (2017) determined 10 density-specific QTL among 65 QTL 

associated with different leaf traits in a bi-parental maize population grown under 

three density treatments. Their study suggests that plants change the 

architecture of their leaves to compete for light resources and that this variation 

is reflected in the different QTL detected at each density. Other studies have 

attempted to study the variation of other traits in maize under different plant 

densities and intraspecific interaction (Ku et al., 2016, 2015; Subrahmaniam et 

al., 2017). Arabidopsis has also been used for QTL identification of 

morphological and fitness traits associated with intraspecific interactions (Baron 

et al., 2015; Botto and Coluccio, 2007; Frachon et al., 2017; Mutic and Wolf, 

2007). Mutic & Wolf (2007) identified 15 QTL associated with a set of above-

ground traits when plants were surrounded by neighbours, while Botto & 

Coluccio (2007) reported particular QTL in a specific plant density and seasonal 
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environment, for three RIL Arabidopsis populations. These studies 

demonstrated the complexity of the genetic basis of different traits related to 

competition, most of them of small effect, which variation is being shaped by the 

surrounding environment.  

 

Exploring the underlying genetics of a trait under specific conditions has become 

easier with the development of Next Generation Sequencing Technologies 

(NGS) (Zargar et al., 2015). Approaches such as QTL mapping, GWAS and 

Genomic Selection (GS) have been used to dissect the genetic basis of complex 

quantitative traits in model and non-model plants (Abberton et al., 2016; Crossa 

et al., 2017; García-Arias et al., 2018; F. Li et al., 2018; H. Wang et al., 2017). 

All these techniques use molecular markers to detect genetic variation, but they 

differ in the way that they identify gene variants in multiple traits in different 

environments (Kole et al., 2015; Zargar et al., 2015). 

 

Traditional linkage mapping (or QTL mapping) refers to the use of a defined 

population (bi-parental cross or MAGIC) to identify marker-trait associations by 

characterizing the recombination events that have taken place between the two 

parents (Myles et al., 2009; Xu et al., 2017). QTL mapping relies on (a) 

sufficiently high genetic variation between the two parents and (b) an adequate 

level of recombination events during the development of the population. 

However, these two parameters are also considered the main limitations of this 

approach. The phenotypic variation of the two parents can be a limitation, given 

that they usually represent a small part of the total genetic variation within the 

species. Additionally, the number of recombination events from one bi-parental 

cross is often limited during the development of a population, which is a 

disadvantage for fine mapping of QTL intervals (Würschum, 2012; Xu et al., 

2017). In theory, the use of advanced lines such as MAGIC populations could 

solve most of these problems (Ladejobi et al., 2016). In order to overcome these 

limitations, a set of 527 MAGIC RILs genotyped using 1256 SNPs, was 

developed for Arabidopsis (Kover et al., 2009). These lines were derived by 
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inter-crossing 19 parents (from a wide geographic range) (Table 4) for four 

generations and then selecting a number of independent lines for inbreeding by 

single seed descendants for six generations to produce hundreds of 

recombinant inbred lines (RILs) sharing approximately 25% of their genome 

(Kover et al., 2009) (Appendix 2: Figure A3.1). Advantages of this population 

include (a) capturing a large phenotypic and genotypic diversity, and (b) as it 

needs to be genotyped only once, it facilitates the study of several phenotypic 

and environmental conditions (Kover et al., 2009; Ladejobi et al., 2016). The 

Arabidopsis MAGIC population has facilitated mapping of QTL of small and 

large effects related to bolting, flowering time, vegetative growth, seed size and 

number, among other traits (Ehrenreich et al., 2009; Gnan et al., 2014; Kover et 

al., 2009). 

 

As with other mapping populations, MAGIC populations have also some 

limitations, for example, the time and resources needed for its generation, as 

well as the great effort required for its phenotyping, genotyping and statistical 

analysis. Moreover, Keurentjes et al. (2011) found fewer QTL for traits such as 

flowering time using MAGIC as compared with bi-parental populations. Authors 

attribute this to a reduction in analytical power due the multiple segregation of 

alleles and the complexity of the genetic interactions (Huang et al., 2011; 

Keurentjes et al., 2011), or as a trait specific problem (Gnan et al., 2014). 

Increasing the number of lines used has been proposed as a means to improve 

the power of the analysis of the MAGIC population (Kover et al., 2009). In this 

chapter, a MAGIC population grown at low and high plant densities was used to 

evaluate the response of different above-ground plant traits including 

morphological and fitness traits. Then, using a QTL mapping approach, QTL 

involved in these responses were identified. 
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3.2 Materials and methods 

 

3.2.1 Plant material and growth conditions 

 

A core set of 485 MAGIC RILs descended from 19 intermated accessions of 

Arabidopsis thaliana was used. A total of 527 lines of the whole population 

developed by Kover et al. (2009), 42 lines could not be included due to a lack of 

seed availability. MAGIC RILS were obtained from the European 

Arabidopsis Stock Centre (NASC).  

 

The experiment was set up between mid-March 2016 and end of July 2016 at 

The National Plant Phenomics Centre (Aberystwyth University, UK). Seeds of 

each line were sown in individual pots and were exposed to 28 days in a cold 

room at 4oC with a 16/8h photoperiod. Then, seedlings were transferred to a 

glasshouse at 18oC (day) and 15oC (night) with a 14/10h photoperiod. Three 

days later, seedlings were transplanted out into 6 cm diameter pots half filled 

with vermiculite and the upper half with 30% grit sand / 70% Levington F1 

compost (John Innes Potting Compost No. 1). The vermiculite was used to 

restrict plant growth. Pots were filled to a uniform weight. Seedlings were 

transplanted at two different densities, one (control treatment) and four plants 

per pot. Seedlings in the four plants per pot hereafter referred to as the 

competition treatment, were placed one centimetre apart from each other 

(Figure 5A). Plants were grown at approximately 400  mol m2 s-1 of white light 

(Philips 600W Son-T Lamp).  

 

Three days after transplanting, plants were transferred to the PlantScreen 

Phenotyping System (Photon System Instruments, PSI). The total lines were 

grown as three independent experiments one after the other due to limited 

space on the imaging platform (161 to 163 lines per experiment). Pots were 

arranged in trays of 20 pots, in a randomized block design with three replicates 

per density treatment as blocks, including three reference parent accessions 
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grown in each experiment: Col-0, Ct-1 and Sf-2. The reference accessions were 

used to correct for experiment effects, since all the other lines were analysed in 

one of the three experiments. Each pot was automatically weighed and irrigated 

from above to a 75% gravimetric water content daily. Plants were removed from 

the PSI platform when they had flowered and moved to a neighbouring 

glasshouse compartment with the same environmental conditions, except 

watering was manual and delivered from below to complete maturation.  

 

3.2.2 Phenotypic data analysis 

 

In the PSI platform, plants were imaged daily from above until they started to 

flower. A detailed explanation of image processing and measurements can be 

found in Chapter 2, Section 2.2.4 (Table 3). Images were processed 

automatically and used to calculate rosette area (AREAROSPOT) 45 DAS. 

Flowering time (FTP) was recorded daily. When fully mature, the stems of each 

plant were cut and imaged on a flatbed scanner at 300 dpi for further analysis. A 

total of 7133 images were saved and used for manually counting the number of 

siliques (SILQP). Images were also used for the further development of a novel 

silique counting software (Appendix 4) in collaboration with the Computer 

Science Department. Plant height (HMAXP) and number of branches (BRAP) 

were also measured. Each plant (from the pots containing multiple plants) was 

measured for every trait and the average of each trait per pot was calculated for 

the analysis. 

 

In addition, for each RIL, rosette area (AREAROSPOT) was taken over 10 days, 

and growth was modeled using a logistic curve. Average values of 

AREAROSPOT between replicates were used for the analysis. The optimal 

parameter values that characterize the shape of the curve for each accession 

were estimated using the “easynls” package from R, as in the following 

equation: 
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Y = A / (1 + Be -cx)                 (3) 

 

where A is the asymptote of the sigmoid curve, B controls the steepness of the 

curve and c refers to a growth parameter that describes the duration of growth. 

Curves with a goodness of fit (r2) higher than 0.9 were used for further analysis. 

 

In order to assess variation between experiments due to experimental 

conditions, a one-way ANOVA was performed for means comparisons of the 

three reference accessions (Col-0, Sf-1 and Ct-1). Transformations of the 

variables were carried out when required. 

 

Broad sense heritabilities were obtained by fitting a linear mixed model with 

package lme4 in R, to both treatments (one and four plants per pot). The model 

used was: 

Trait = exp + Magic Line + error             (4) 

 

Magic line was considered as a random effect in order to account for genotypic 

variation and experiment was considered a fixed effect accounting for variation 

between the three experiments. Error corresponds to the residual or 

environmental variance component. Heritability was calculated as:   

 

                                      H2=Vg/Vg+Ve         (5) 

 

where Vg is the genetic variance (Magic Line variance in equation 4) and Ve is 

the residual of the variance (error in equation 4) 

 

Finally, Pearson correlations were used to determine correlations between the 

traits measured. In order to meet the assumption of normality, all variables were 

previously square root transformed.  
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3.2.3 Genotypic data analysis 

 

MAGIC RILs and parental lines have been previously genotyped with a set of 

1260 single nucleotide polymorphism (SNP) markers by Kover et al. (2009). 

Genotypic data was retrieved from http://mtweb.cs.ucl.ac.uk/mus/www/magic/. 

Plants were genotyped using the Illumina GoldenGate assay with subsequent 

filtering processes to remove non-polymorphic SNPs and low quality markers 

(Kover et al., 2009). Briefly, Kover et al. (2009) built an SNP database of 1536 

SNPs of Arabidopsis based on TAIR and other public databases. Then, a 

BeadChip was designed that allowed for a high degree of loci multiplexing. All 

lines were sequenced and SNPs with low quality values, non-polymorphic 

among the founders or highly heterozygous were removed.  

 

Average values for each line within each density treatment were used as 

phenotypic values for QTL mapping. The R package HAPPY was used for QTL 

mapping (Mott et al., 2000). This package is specifically designed for multi-

parental population analyses and it has been previously used to analyse the 

MAGIC Arabidopsis population (Kover et al., 2009). Briefly, the software uses a 

hidden Markov model (HMM) to reconstruct the genome of each line, based on 

the mosaic of the founder haplotypes. Thus each genome line is a combination 

of segments of the parents. The HMM analysis reconstructs each genome line 

as homozygous, consider the number of generations of crossing for the 

reconstruction, assumes that each segment of the mosaic does not correlate 

with other segments and that each segment has a certain length in 

centiMorgans for cross over events (Kover et al., 2009). Finally, the software 

performs a basic association analysis using linear models for each locus. 

Significant QTL were selected according to a –log(P)= 3.5 as a threshold and a 

p-value <= 0.05, as suggested by Kover et al. (2009). Significance was 

determined by 500 re-samplings of the QTL model. The amount of phenotypic 

variation explained by each marker was estimated by r2. Furthermore, the 

software retrieves the predicted phenotypic effect of the allele founders by a 

http://mtweb.cs.ucl.ac.uk/mus/www/magic/
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probabilistic phenotype imputation. QTL plots were generated using the package 

MagiHelpR (Tavares, 2018).  

 

Gene number and identification were carried out for the region around the QTL 

peak. For this, the custom script created by Tavares (2018) was used. 

Retrieving of the genes was done using the BioMart data-mining tool from 

Ensemble, which allows for the extraction of A. thaliana genes from the TAIR 10 

genome release. Genes were filtered accordingly to the QTL interval and genes 

closer to the SNP peak were identified. 

 

Finally, the highest QTL peak found in this study for one of the traits (HMAXP), 

which also contributed in a high percentage (35%) to the phenotypic variation, 

was selected for a validation experiment. Seeds of two Arabidopsis lines, the 

mutant line Landsberg erecta (Ler-0; NW20) and the wild type for the ERECTA 

locus with a Ler background (N163), were used. Seeds were cold-stratified at 

4ºC for four days. Subsequently, seedlings were sown following the same 

conditions as the above MAGIC experiment. Two treatments were used; four 

plants growing together per line and single plants per line. 30 biological 

replicates per 4 plant density treatment were used and 20 replicates for single 

plants. All treatments were present in each tray of 20 pots. All 20 pots were 

completely randomized in each tray. Plants were also imaged daily for 

AREAROSPOT, and FTP, BRAP, HMAXP, SILQP were measured manually.  

 

3.3 Results 

 

3.3.1 Phenotypic variation between experiments 

 

Three reference accessions (Col-0, Ct-1 and Sf-2) were used in common across 

all the experiments to assess variation due to experimental differences. A one-

way analysis of variance was performed for means comparisons of the three 

reference accessions (Table 9). No significant differences (p > 0.05) were found 
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for most of the traits and treatments across all experiments. However, the 

experiments significantly affected the response of traits such as FTP (p < 0.05) 

for the three reference accessions. When comparing all RILs across 

experiments for FTP, it can be observed there was a reduction in the mean of 

the number of days to flower from the first (experiment A) to the third experiment 

(experiment C) (~3 days of difference) (Figure 18), which might be related to 

variations in the environmental conditions. Pairwise comparisons among means 

between experiments using Tukey HSD showed significant differences between 

FTP in the three experiments and two density treatments (p < 0.01). The last 

experiment (C) was carried out during the month of June, when conditions 

outside and inside the glasshouse such as temperature had increased 

(Appendix 2, Table A3.1). Since FTP is highly susceptible to temperature and 

day length, variations between experiments might have affected the response of 

this trait. 

 

Table 9: Comparisons of means by a one-way ANOVA for the three reference 

accessions in all traits through all experiments. AREAROSPOT: total area of green 

pixels, FTP: Flowering time, HMAXP: height, BRAP: branch number and SILQP: silique 

number 

Trait Density 

Between 

experiments 

(Col-0) 

Between 

experiments 

(Sf-1) 

Between 

experiments 

(Ct-1) 

AREAROSPOT One <0.001 0.46 0.12 

Four <0.001 0.28 0.30 

FTP (DAS) One 0.06 <0.01 0.06 

Four <0.001 <0.001 <0.05 

BRAP One 0.95 0.42 0.30 

Four 0.89 <0.05 <0.05 

HMAXP (cm) One 0.09 <0.05 0.33 

Four 0.45 0.73 0.10 

SILQP One 0.25 0.76 0.84 

Four 0.34 0.38 0.06 
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Figure 18: Flowering time response across three different experiments for control and 

competition treatments in all lines. One plant per pot mean values: A = 51.4 ± 2.5, B = 

50.8 ± 3.9, C = 48.3 ± 3.0. Four plant mean values A = 50.4 ± 2.3, B = 49.6 ± 3.5, C = 

47.4 ± 2.7. Lowercase letters above boxes indicate significant differences between 

means by a multiple comparison Tukey test (p < 0.01) 

 

3.2 Phenotypic variation between traits 

 

MAGIC RILs were grown in two different plant densities, one and four plants per 

pot to evaluate the phenotypic variation of traits such as rosette area 

(AREAROPSPOT), flowering time (FTP), height (HMAXP), total branch number 

(BRAP), silique number (SILQP) and plant growth (Growth). A comparison 

between the means of plants growing in two densities was performed for the 

whole population (Figure 19, Table 10). Plants growing under no-competition 

that had more than two branches with large numbers of aborting fruits were 

excluded from the SILQP analysis, so the corresponding paired pot with plants 

in competition from the same replicate was also removed from the final analysis. 

This was done in order to ensure a reliable comparison between plants growing 

under no-competition and competition, since abortion in pots with one plant 
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seem to be caused by local environmental conditions or other unknown factors. 

It was not possible to establish a particular cause or causes of high infertility in 

some pots. There was not a specific accession or position inside the glasshouse 

that followed a pattern of abortion between experiments or within them. 

Therefore, after removal of lines according to the above conditions, a total of 

362 lines were used for SILQP analysis. 

 

FTP was the least plastic trait (Figure 19B), but variation of the other traits under 

the two densities was observed. Plants growing without competition tended to 

have a larger rosette area, more branches, be taller and produce more fruits 

than those in the competition treatment (Figure 19, Table 10). Lines also differed 

in their response to each treatment.  

 

As expected, larger AREAROSPOT was observed for plants growing under 

competition, given that green area in the whole pot was measured instead of per 

plant area (Figure 19A), so the calculated average green area of individual plants 

grown under competition tended to be smaller than green area of plants growing 

under no-competition for most of the lines. For example, areas between 100 

mm2 to 2300 mm2 were found for the control plants (no-competition), while the 

competition treatment pots had similar ranges between 200 mm2 to 2800 mm2, 

which means that the average area per plant is less. However, area estimation 

of individual plants when competition could not be measured and averages of 

the total area might underestimate individual rosette size. 

 

Growth rate was also modeled by the use of AREAROSPOT. Studies of growth 

dynamics have been able to elucidate different set of QTL related to growth in 

Arabidopsis (Bac-Molenaar et al., 2015c; El-Lithy, 2004). Rosette growth tends 

to follow a sigmoid curve, where the final size of the rosette is reached when the 

plant starts to flower (Boyes et al., 2001). Here, growth was modeled using a 

logistic function and information from 10 days’ top view images (section 3.2.2, 

equation 3). The parameters of the curve for each pot were identified, which was 
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expected to differ between individuals depending on the accession and the 

environmental conditions (Table 10) (Vasseur et al., 2018). Although, most of 

the accessions were not flowering by the last day of measurements (10 days), 

the goodness of fit of the logistic model was high for most of the lines (r2 > 0.95), 

which is in accordance with the determinate growth behaviour of Arabidopsis. 

However, comparisons of growth rate between the two densities are not relevant 

in this case, taking into consideration that growth rate was measured in total 

area (AREAROSPOT) of different numbers of plants per pot. 

 

For BRAP, the range of response was between 24 branches to 2 branches per 

plant when growing under no-competition, compared to the narrow range of 7 to 

0 branches per plant under competition (Figure 19). For HMAXP, a reduction up 

to 50% was observed for most accessions under competition conditions. 

However, in few lines (8 accessions) the mean value for HMAXP was higher in 

an intraspecific interaction (38.55 cm) compared to the ones growing under no-

competition (33.7 cm) (Figure 19D). For SILQP, accessions had a wider 

variation in the response when growing under no-competition (from up to 426 to 

56 siliques) compared to the range when growing under competition (from up to 

136 to 13 siliques). The highest reduction in the number of siliques was of 84% 

for some lines; meanwhile the lowest was 48% (Figure 19E). Therefore, 

variation was in large part determined by the genotype. 

 

Finally, broad sense heritability showed high values for all traits. FTP had the 

highest heritability value in both treatments (0.88-0.91) (Table 10), as well as the 

other traits with values that ranged from 0.58 to 0.84 depending on the 

treatment. Broad sense heritability allows accounting for the variance of a 

particular trait in a population that is due to genetic factors and not to the 

environment.
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Figure 19: Reaction norms of the response of traits in the MAGIC RILs to density 

treatments A. Rosette area 45 DAS, B. Flowering time (DAS), C. Branch number, D. 

Height and E. Silique number. Red colour lines: RILs with increasing values from one to 

four plants per pot, Black colour lines: RILs with decreasing values from one to four 

plants per pot, and Blue colour lines: RILs with no significant differences between one 

and four plants per pot (p < 0.001) 
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Table 10: Phenotypic mean values of the MAGIC populations under two density 

treatments. AREAROSPOT: total area of green pixels, FTP: Flowering time, BRAP: 

branch number, HMAXP: height, SILQP: silique number and A, B, c: Growth 

parameters from the logistic curve 

 

 

Growth heritabilities were not calculated due to the use of AREAROSPOT mean values when calculating 
the logistic curve and therefore no replication  

 

3.3.3 Phenotypic correlation between traits 

 

In this study, silique number (SILQP) was selected as a fitness trait, given that it 

is an easy and efficient trait to measure in a big population. However, in order to 

know if this trait is a good proxy for fitness, a set of 78 lines were selected at 

random from all the three experiments. Silique length was measured for these. 

These data were used to establish if there is a correlation between the summed 

or total silique length and total number of siliques per accession in the current 

conditions. Therefore, the length of the siliques from each accession were sum 

up. Previous studies suggested that silique length is highly correlated with 

number of seeds per silique (Bac-Molenaar et al., 2015a; Gnan et al., 2014). A 

significant correlation between the total length of the siliques per accession and 

the number of siliques per pot was observed (Figure 20) (p<0.001), thus the 

correlation found in these experiments indicates that silique number is also a 

good proxy to evaluate total seed production. 

 

Trait 
One plant Four Plants 

N Mean SD H2 n Mean SD H2 

AREAROSPOT 1176 917.04 484.06 0.66 1131 1846.6 543.8 0.75 

FTP (DAS) 1417 50.27 3.50 0.88 1390 49.23 3.19 0.91 

BRAP 1417 8.46 4.14 0.58 1390 2.44 1.35 0.68 

HMAXP (cm) 1417 42.37 9.04 0.65 1390 31.22 6.45 0.84 

SILQP 812 176.42 53.89 0.73 805 52.02 14.67 0.77 

Growth*    A 450 2722.39 1698.06 - 477 2643.4 607.6 - 

                B 450 81.56 578.06 - 477 15.15 16.59 - 

                c 450 0.4 0.1 - 477 0.42 0.08 - 
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Figure 20: Correlation between silique number and total silique length for 78 

accessions by density treatment (One and four plants per pot). Control treatment, 

Pearson correlation = 0.95, p < 0.001. Competition treatment, Pearson correlation = 

0.88, p < 0.001 

 

Figure 21: Pearson correlations coefficients between average of the traits evaluated for 

A. Control treatment and B. Competition treatment. AREAROSPOT: total area of green 

pixels, FTP: Flowering time, BRAP: branch number, HMAXP: height, SILQP: silique 

number and A, B, c: Growth parameters from the logistic curve. White boxes are 

coefficients with a p > 0.01 
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Moderately significant correlations were observed between traits (Figure 21). 

For both treatments, BRAP was positively highly correlated with SILQP (r > 

0.60), but a negative but significant weak correlation was seen with FTP (r = -

0.23 and -0.39, p < 0.01). FTP was negatively correlated with AREAROSPOT, 

not only in the control plants, but also in the competition treatment (r = -0.46, p < 

0.01). Figure 22 shows two MAGIC RILs with contrasting areas and differences 

in FTP. At 45 DAS line 41 had a small area, and the time for flowering was 

around 53 DAS (Figure 22A), meanwhile plants with larger rosettes tended to 

flower earlier (e.g. line 67 shown in Figure 22B). AREAROSPOT was also 

correlated with the growth parameter B (r > 0.30), considering both parameters 

represent the last measurement of the rosette area used for the analysis or the 

asymptote of the logistic curve. Parameters of the curve (such as B and c) were 

also positively correlated, since both of them determine the growth rate and 

steepness of the curve (r = 0.4).  

 

             

Figure 22: Example of rosette area at 45 DAS and flowering time information for two 

contrasting lines under no-competition. A. Line 41 and B. Line 67 replicated three times 

 

A. 

B. 
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3.3.4 Relative Interaction Index (RII) 

 

Using 362 MAGIC RILs and SILQP values, RII was calculated as described in 

Chapter 2, section 2.2.5. The RII negative values for all lines indicate 

competition between individuals (Figure 23). Around 76% of the lines had RII 

values less than -0.5, which suggests a strong competition scenario and would 

explain the strong average reduction in silique number in the competitive 

context. For example, lines with the lowest RII index (RII = -0.7, Line 355 and 

245) showed the strongest reduction in silique number (by more than 80%) 

when growing with neighbours. Meanwhile, lines with an index higher than -0.40 

(Lines 37, 157, 367, 13, 408, 338, 161) showed a reduction of only 55%.  

 

 

Figure 23: RII from 362 MAGIC RILs as a function of silique number (RIIsilique number). 

Red line indicates -0.5 value. Lines are arranged from the highest RII (left) to the lowest 

RII (right) 

 

3.3.5 Genotypic analysis 

 

To identify the genetic basis for variation in plant-plant interaction, QTL mapping 

was performed for selected traits (AREAROSPOT, FTP, HMAXP, BRAP, 

SILQP) and the parameters derived from the growth logistic model (Growth A, B, 

−0.6

−0.4

−0.2

0.0

Line

R
II



 119 

c) in both density treatments. A total of 18 QTL were detected in the MAGIC 

population across treatments for the traits mapped (-log(P) > 3.5) (Table 11), 

from which 3 QTL (SNPs peaks) are duplicated and appear in more than one 

treatment.  

 

Six QTL were found for flowering time (FTP) with no-competition, while three 

QTL were identified with competition, although some QTL overlapped between 

the two treatment conditions (Figure 24A). All together the significant QTL 

explain about 43% of the phenotypic variation in FTP under the control 

treatment and 38% under competition.  

 

For height of the main stem (HMAXP), a QTL in chromosome 2 with a -log(P) > 

40 was identified in both treatments, explaining almost 40% of the variation 

(Figure 24B). For number of branches (BRAP), one QTL was detected when 

plants grew under no-competition and two QTL in chromosome 5 were identified 

when there was competition (Figure 24C). These explained 11% of variation for 

plants growing alone and 19% for plants under competition. 

 

The only QTL found for silique number (SILQP) located to chromosome 3 

explained 11% of the phenotypic variation and was for plants under competition 

only (Figure 24D). However, three QTL were found for the RII index as function 

of silique number in chromosomes 1 and 4 (Table 11, Figure 24E). All together 

these explained 25% of the phenotypic variation. There was no evidence for a 

QTL for other traits such as AREAROSPOT or the growth logistic model 

parameters. 
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Figure 24: QTL plot showing results over the two density treatments for A. FTP: 

flowering time, B. HMAXP: height, C. BRAP: number of branches and D. SILIQP: silque 

number. E. Relative Interaction Index from silique number as the difference between 

four plants and one plant per pot. Red line: One plant per pot, Blue line: Four plants per 

pot. Discontinuous line indicating -log10 (P value) threshold for significance of 3.5 

A. 

B. 

C. 

D. 

chr1 chr2 chr3 chr4 chr5

0 10 20 30 0 5 10 15 20 0 5 10 15 20 0 5 10 15 0 10 20

0.0

2.5

5.0

7.5

Position (Mb)

−
lo

g
1

0
(P

)

1 plant per pot 4 plant per pot
chr1 chr2 chr3 chr4 chr5

0 10 20 30 0 5 10 15 20 0 5 10 15 20 0 5 10 15 0 10 20

0

10

20

30

40

Position (Mb)

−
lo

g
1

0
(P

)

1 plant per pot 4 plant per potchr1 chr2 chr3 chr4 chr5

0 10 20 30 0 5 10 15 20 0 5 10 15 20 0 5 10 15 0 10 20

0.0

2.5

5.0

7.5

Position (Mb)

−
lo

g
1

0
(P

)

1 plant per pot 4 plant per pot
chr1 chr2 chr3 chr4 chr5

0 10 20 30 0 5 10 15 20 0 5 10 15 20 0 5 10 15 0 10 20

0

2

4

6

Position (Mb)

−
lo

g
1

0
(P

)

1 plant per pot 4 plant per pot

E. chr1 chr2 chr3 chr4 chr5

0 10 20 30 0 5 10 15 20 0 5 10 15 20 0 5 10 15 0 10 20

0

2

4

6

Position (Mb)

−
lo

g
1

0
(P

)



 

1
2

1
 

Table 11: Set of QTL identified in each treatment, their interval region, SNP position and name, number of genes and variance 

explained by each SNP marker. FTP: Flowering time, BRAP: branch number, HMAXP: height, SILQP: silique number and RII_SILQP: 

Relative Interaction Index from silique number 

 

Phenotype Treatment Chr 

Region 

from (bp) 

Region to 

(bp) 

SNP position 

(bp) SNP Name log10(P) 

p 

value Gene# % Var 

FTP One plant chr1 21397428 25508098 24318694 MN1_24322296 7.06 0 1024 10 

FTP Four plants chr1 20682945 26446762 24318694 MN1_24322296 7.91 0 1523 11 

FTP One plant chr1 25508227 25509896 25509896 FKF1_2281 3.52 0.054 0 5 

FTP One plant chr1 25849927 26446762 25975906 PERL0236029 3.66 0.037 163 5 

FTP One plant chr2 6824261 7643146 7143408 NMSNP2_7150490 3.88 0.02 173 6 

FTP Four plants chr2 7065654 7544501 7143408 NMSNP2_7150490 3.67 0.043 103 5 

FTP One plant chr5 23253768 23559674 23300895 MASC04571 3.51 0.054 93 5 

FTP Four plants chr5 23248880 26860115 25946317 MN5_25963543 9.05 0 1098 12 

FTP One plant chr5 23929164 26860115 26012213 MN5_26029439 8.86 0 885 12 

HMAXP One plant chr2 6647145 15393139 11208540 ER_472 39.07 0 2338 36 

HMAXP Four plants chr2 6647145 15487122 11293294 MN2_11300378 43.23 0 2360 39 

BRAP One plant chr5 23903662 26860115 25796210 MASC01591 8.52 0 894 11 

BRAP Four plants chr5 107585 476406 209254 MASC01792 3.57 0.054 112 7 

BRAP Four plants chr5 23903662 26860115 26012213 MN5_26029439 9.20 0 894 12 

SILQP Four plants chr3 11673486 16165891 15222495 MN3_15233489 5.97 0.003 255 11 

RII_SILQP Four plants chr1 26968945 26989580 26989580 MN1_26993261 3.64 0.039 7 7 

RII_SILQP Four plants chr1 27247742 27287508 27287508 MN1_27291170 3.50 0.052 8 7 

RII_SILQP Four plants chr4 48813 2907158 2133051 NMSNP4_2133049 6.13 0.001 584 11 
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2

2
 

Table 12: Estimated QTL effect sizes in single and competition treatments. Maximum values for each QTL are in red and minimum 

values in blue. FTP: Flowering time, BRAP: branch number, HMAXP: height, SILQP: silique number and RII_SILQP: Relative 

Interaction Index from silique number 

 

Phenotype Treatment SNP Name Bur Can Col Ct Edi Hi Kn Ler Mt No Oy Po Rsch Sf Tsu Wil Ws Wu Zu 

FTP One plant MN1_24322296 53.0 50.2 50.0 51.3 53.0 49.5 49.3 49.0 49.9 51.0 49.9 49.4 49.4 48.9 53.2 49.8 50.7 49.9 50.4 

FTP Four plants MN1_24322296 51.0 48.9 49.0 50.3 52.2 48.4 48.1 47.9 49.0 50.1 49.0 49.1 48.4 48.0 51.8 48.8 49.6 48.8 49.4 

FTP One plant FKF1_2281 50.6 50.2 50.4 51.2 51.6 49.4 49.5 49.4 50.3 50.4 49.8 50.0 49.9 49.5 52.2 49.5 51.1 50.2 50.1 

FTP One plant PERL0236029 50.4 50.1 50.4 50.7 51.5 49.4 49.5 49.3 50.3 50.3 49.8 49.7 49.8 49.3 52.3 49.4 50.8 50.4 50.0 

FTP One plant NMSNP2_7150490 51.3 51.0 51.3 49.4 48.8 50.3 51.0 48.9 50.2 49.8 50.5 51.3 49.7 48.7 50.5 50.5 49.8 48.4 51.4 

FTP Four plants NMSNP2_7150490 50.2 49.5 50.3 48.2 47.7 49.1 49.7 48.0 49.2 48.7 49.6 50.3 48.7 47.8 49.3 49.3 48.8 47.8 50.3 

FTP One plant MASC04571 51.1 49.2 50.5 49.9 49.6 49.1 50.1 51.0 50.5 49.2 50.4 50.5 50.6 49.4 50.6 50.2 49.9 51.3 49.7 

FTP Four plants MN5_25963543 49.6 48.0 49.5 48.7 49.3 47.4 49.1 49.8 49.1 48.6 49.8 50.0 49.4 47.8 50.7 48.1 47.9 51.4 48.4 

FTP One plant MN5_26029439 50.8 48.7 50.7 49.4 50.5 48.3 49.9 51.0 50.2 49.7 50.8 50.9 50.6 49.0 51.8 48.9 48.8 52.4 49.7 

HMAXP One plant ER_472 45.0 39.0 44.5 44.0 41.3 44.1 45.1 24.1 44.6 44.0 41.6 44.3 43.2 44.1 43.2 43.2 44.4 42.4 43.7 

HMAXP Four plants MN2_11300378 32.7 29.4 32.7 33.1 31.1 33.5 33.1 16.2 32.2 31.8 31.5 32.6 31.6 33.4 31.4 31.8 33.1 31.1 31.3 

BRAP One plant MASC01591 7.6 9.3 7.1 9.9 7.4 10.1 8.3 7.2 9.6 10.1 7.5 7.6 7.1 7.7 7.5 11.4 9.7 8.2 8.5 

BRAP Four plants MASC01792 2.3 2.3 2.3 2.2 2.3 2.2 3.1 2.7 2.6 2.2 2.2 2.3 2.3 2.3 2.3 2.8 2.6 2.6 2.3 

BRAP Four plants MN5_26029439 2.3 2.6 2.0 2.9 2.2 3.1 2.7 2.2 2.7 2.6 2.1 2.1 2.0 2.3 2.0 3.2 3.3 2.0 2.3 

SILQP Four plants MN3_15233489 49.8 52.9 58.3 48.9 50.6 48.1 54.9 50.2 49.5 56.0 52.1 52.3 53.8 43.7 54.2 46.6 62.0 50.8 48.5 

RII_SILQP Four plants MN1_26993261 -0.6 -0.6 -0.5 -0.5 -0.6 -0.5 -0.5 -0.5 -0.5 -0.5 -0.6 -0.5 -0.6 -0.5 -0.6 -0.5 -0.6 -0.5 -0.5 

RII_SILQP Four plants MN1_27291170 -0.6 -0.6 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.6 -0.5 -0.6 -0.5 -0.6 -0.5 -0.6 -0.5 -0.5 

RII_SILQP Four plants NMSNP4_2133049 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.6 -0.5 -0.6 -0.5 -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.5 -0.6 -0.5 
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Figure 25: Estimated QTL effect sizes in single and competition treatments. A. 

HMAXP: height - marker ER_472, B. SILQP: silique number – marker MN3_15233489 

and C. RII_SILQP: Relative Interaction Index from silique number - marker 

NMSNP4_2133049 

 

 

A. 

B. 

C. 



 124 

The HAPPY package was used to identify the effect size of every parental line 

on the different traits. This is possible by a probabilistic imputation where each 

marker in each MAGIC line is assigned to each parent as a probability (Kover et 

al., 2009). Table 12 and Figure 25 contains the estimated QTL effects on the 

phenotype considering all parents alleles. For example, the allele from the 

parental accession Ler-0 might be related with early flowering and shorter lines 

when plants grown under no-competition (Figure 25A). Meanwhile, parental 

accessions such as Ler-0, Wil and Wu have the same effect when plants grow 

under competition. As expected, the Ler-0 parental line allele is related to 

shorter lines in both treatment conditions (Appendix 2: Figure A3.2). Regarding 

the QTL for silique number when under competition, the parental line Ws is the 

main contributor for higher number of siliques (62), and Sf for the lowest (43) 

(Table 12, Figure 25B). 

 

Higher recombination rates in MAGIC populations compared to bi-parental ones 

have been considered to be an advantage for identifying QTL and perhaps the 

causative allele with high precision, considering a reduction in the haplotype size 

(Kover et al., 2009; Pascual et al., 2016). However, SNP peaks identified in the 

QTL region must be considered as indicative of the association of the phenotype 

with a region rather than with a single gene. Different strategies have been 

applied to identify the causative genes in a QTL region. For example, Kover et 

al. (2009) use QTL simulations many times to identify the confidence intervals 

for a QTL and examine that interval for any genes that might be related to the 

phenotype studied. Alternative approaches, inspect gene functions in an 

arbitrary window surrounding the associated SNP. A typical window is usually 

around 10 to 20 kb for Arabidopsis (Bac-Molenaar et al., 2015c; Fournier-Level 

et al., 2011). Considering the fast decay of linkage disequilibrium (LD) in this 

species (10 kb on average), an associated SNP might be associated with the 

causal genes (Kim et al., 2007). In this study, the total number of genes 

identified in the region of the QTL is reported (Table 11). The range that each 

QTL covers and the number of genes vary for all traits. Intervals vary in length 
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from 8 Mb in chromosome 2 to less than 1 Mb for some QTL in chromosome 1. 

In view of this, only the closest gene and function from the highest SNP peak 

marker are described in Table 13 and the next section 3.3.5. Intervals were also 

visually inspected for genes that could be related with each of the phenotypes 

measured.  

 

3.3.5 Assessing candidate genes 

 

The function of the closest genes to the SNP peak (up to 20 Kb away) was 

retrieved from the TAIR 10 genome database and assessed for functions related 

to the relevant trait. Table 13 shows each trait and the SNP peak identified, 

along with the closest gene for each SNP. A description of potential candidate 

genes found in each QTL interval based on their GO functions is presented in 

detail below. 

 

Flowering time (FTP): AT1G65450 is the closest gene to the SNP peak 

MN1_24322296 (Table 13). This gene encodes a member of the acyl-

transferases family involved in secondary metabolism processes. AT1G65450 is 

involved in the double fertilization process in Arabidopsis, specifically in the 

development of endosperm (Leshem et al., 2012), and it is not known to be 

involved in FTP. Considering other genes within the interval, some previously 

well-characterised flowering time genes were identified (Appendix 2: Table A3.2) 

including FLOWERING LOCUS T (FT) AT1G65480 (three genes distant from 

the SNP peak, 13 Kb). FT encodes a protein produced in the leaf vascular tissue 

that, together with other proteins, promotes the production of flowers under long 

days (Bouché et al., 2017). Other flowering time candidate genes in the interval 

are related to chromatin remodeling and accessibility or associated with the 

gibberellin acid pathway (GA), which are involved in the control of flowering time 

(Blázquez et al., 2001). Another SNP peak, PERL0236029, the interval of which 

holds 163 genes, was identified in chromosome 1. The gene closest to the peak 

corresponds to AT1G69090, which encodes an F-box protein (Table 13). 
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However, other flowering related genes were also identified (Appendix 2: Table 

A3.2), such as AP1 (AT1G69120) (8 Kb distant from the SNP). 

 

In chromosome 2, AT2G16485 was identified as the closest to the SNP peak 

(Table 13). This gene encodes a protein called NERD that, according to Pontier 

et al. (2012), is related to chromatin structural modifications and RNA silencing. 

Inside the region, AT2G17290 (0.37 Mb distant from SNP) encodes a member 

of the CDPK gene family, a protein kinase believed to be involved in the florigen 

complex formation that regulates floral transition (Kawamoto et al., 2015). 

 

Genes associated with peaks in chromosome 5 include AT5G57530, 

AT5G65110 and AT5G64930 (Table 13). AT5G57530 belongs to a hydrolase 

family that is believed to participate in cell wall construction of growing tissues 

(UniProtKB). AT5G65110 was found close to the SNP MN5_26029439 and 

encodes and acyl-CoA oxidase (ACX2) that is involved in the catabolism of long-

chain fatty acids (Hooks et al., 1999). Finally, AT5G64930 is involved in plant 

defense and other plant processes and encodes CPR5 (Constitutive expressor 

of pathogenesis-related genes) involved in systemic acquired resistance (SAR) 

and in the ethylene signaling pathway. The phytohormone ethylene plays an 

important role in various functions, such as the transition from vegetative growth 

to flowering in Arabidopsis (Ogawara et al., 2003; F. Wang et al., 2017). Other 

genes related to the flowering time network were identified in the QTL region 

from chromosome 5 (Appendix 2: Table A3.2). Perhaps the more relevant 

include a group of MADS box genes (MAF2 to MAF5) which had been 

associated with natural variation in flowering time, mainly related to a delay in 

flowering depending on environmental conditions (Suter et al., 2014). 
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Table 13: SNP peak and closest gene IDs from each QTL identified. FTP: Flowering time, BRAP: branch number, HMAXP: height, 

SILQP: silique number and RII_SILQP: Relative Interaction Index from silique number 

Phenotype Treatment Chr SNP Name TAIR Locus TAIR function 

FTP 
One plant 

Four plants 
chr1 MN1_24322296 AT1G65450 HXXXD-type acyl-transferase family protein 

FTP One plant chr1 FKF1_2281 NA NA 

FTP One plant chr1 PERL0236029 AT1G69090 F-box protein  

FTP 
One plant 

Four plants 
chr2 NMSNP2_7150490 AT2G16485 Zinc finger CCCH domain 

FTP One plant chr5 MASC04571 AT5G57530 Probable xyloglucan endotransglucosylase/hydrolase protein  

FTP Four plants chr5 MN5_25963543 AT5G64930 CPR5 (Constitutive expressor of pathogenesis-related genes) 

FTP One plant chr5 MN5_26029439 AT5G65110 Acyl-coenzyme A oxidase  

HMAXP One plant chr2 ER_472 AT2G26320 AGAMOUS-like 33  

HMAXP Four plants chr2 MN2_11300378 AT2G26550 Heme oxygenase 2 

BRAP One plant chr5 MASC01591 AT5G64530 NAC domain 

BRAP Four plants chr5 MASC01792 AT5G01530 Chlorophyll a-b binding protein 

BRAP Four plants chr5 MN5_26029439 AT5G65110 Acyl-coenzyme A oxidase  

SILQP Four plants chr3 MN3_15233489 AT3G43270 Probable pectinesterase/pectinesterase  

RII_SILQP Four plants chr1 MN1_26993261 AT1G71750 Hypoxanthine phosphoribosyltransferase 

RII_SILQP Four plants chr1 MN1_27291170 AT1G72470 Pentatricopetide repeat  

RII_SILQP Four plants chr4 NMSNP4_2133049 AT4G04360 Protein of unknown function  
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Height (HMAXP): The closest genes for SNPs peaks ER_472 and 

MN2_11300378 corresponded to AT2G26320 and AT2G26550.  AT2G26320 is 

related to an AGAMOUS – like 33 gene which encodes a MADS box 

transcription factor and regulate flowering and fruit development in Arabidopsis 

and other plants (Roy et al., 2012). Meanwhile, AT2G26550 encodes a heme 

oxygenase, which contributes to photomorphogenesis processes and regulation 

of tetrapyrroles, that are essential in photosynthesis (Gisk et al., 2010). Next to 

the gene of the SNP peak, AT2G26330 called ERECTA (ER) was also identified 

for both treatment conditions. The ER gene plays a key role in plant morphology. 

Mutants of these gene (er) display compact inflorescences, blunt siliques and 

short petioles, thus the ER gene is also involved in shade avoidance syndrome 

(Du et al., 2018; Patel et al., 2012; Torii et al., 1996) and therefore seems the 

most likely candidate associated with this QTL. 

 

Branch number (BRAP): AT5G64530 and AT5G65110 were the closest genes 

to the SNPs observed at the bottom end of chromosome 5 (Table 13). The first 

one is XYLEM NAC DOMAIN 1 - XND1 and contains a NAC DOMAIN, which is 

a negative regulator of Arabidopsis root hydraulic conductivity (Tang et al., 

2018). Meanwhile, the second one encodes an acyl-CoA (ACX2) that is involved 

in the catabolism of long-chain fatty acids and the accumulation of jasmonic acid 

in plant defenses (Hooks et al., 1999; Yuan et al., 2017). A small peak was 

observed at the beginning of chromosome 5 where AT5G01530 was identified 

as the closest gene to the SNP MASC01792 (Table 13). This gene encodes a 

protein of the Lhcb (light-harvesting complex) in photosystem II (PSII) that 

functions as a light receptor (UNIPROT). Even though the genes mentioned 

above do not have the closest relationship with branching, two branching related 

genes were found in the QTL region of chromosome 5 around 1.5 Mb from the 

SNP peak: AT5G60690 and AT5G61850. The first one is called REVOLUTA 

(REV) and it is a regulator of axillary meristems initiation including flower and 

shoot meristems (Otsuga et al., 2001). The second one (AT5G61850) 
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corresponds to LEAFY (LFY) which is involved in flowering meristem 

development (Weigel et al., 1992). 

 

Silique number (SILQP): AT3G43270 is the closest gene to the SNP peak in 

chromosome 3 (Table 13). This gene acts in the cell wall and encodes a pectine 

methylesterase which is involve in cell wall extension (Irshad et al., 2008). The 

QTL interval located around 15 Mb also included some uncharacterized proteins 

and other closest loci such as AT3G43260 (1 Kb distant from SNP) and 

AT3G43250 (5 Kb distant from SNP), which encodes a deoxyhypusine protein 

and a coiled-coil protein, respectively. Both genes are not well characterized; 

however, a deoxyhypusine synthase has been reported to be involved in 

postharvest softening in tomato and senescence (Wang et al., 2005) and 

increase biomass and yield in Arabidopsis (Wang et al., 2003). Meanwhile, 

AT3G43250 has been identified as a retrotransposon by computational methods 

(Zhang et al., 2005). Other genes associated to the SNP peak include 

AT3G43300 (17 Kb distant from the SNP peak) and AT3G43230 (13 Kb distant 

from the SNP). AT3G43300 encodes an immunity associated Arabidopsis 

protein called AtMIN7 (BIG5). This gene is expressed mainly in the 

inflorescence, where it participates in pollen tube growth and guidance, along 

with other proteins (Suo and Huang, 2018). AT3G43230 is part of a zinc finger 

family protein. In general, these proteins are involved in protein-protein 

interactions and DNA binding, and their function mainly involves abiotic and 

biotic stress responses, and plant architecture and development (Li et al., 2013). 

 

RII_SILQP: Two loci in chromosome 1 were identified: AT1G71750 and 

AT1G72470 (Table 13). The first one encodes a Hypoxanthine 

phosphoribosyltransferase, thought to be involved in seed germination, while the 

second one is related to the EXO70 gene family, which includes different 

proteins which have been found expressed in tips of growing pollen tubes and 

root hairs (UNIPROT). The closest gene to the highest peak in chromosome 4 

was AT4G04360, whose function is unknown. However, there were other close 
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genes. AT4G04370 (2.1 Kb distant from the SNP) encodes a pentatricopetide 

repeat (TPR), which are proteins that still have an unknown function but that 

have been reported to be involved in responses to abiotic and biotic stress (Liu 

et al., 2016). AT4G04350 (2.4 Kb distant from the SNP) is expressed in the 

chloroplast, and is involved in embryo development in Arabidopsis (Bryant et al., 

2011), as well as AT4G04330 (15 Kb from the SNP), which is related to a 

chaperone protein RBCX1 of RUBISCO molecule (Kolesinski et al., 2013). 

Another group of genes found in the QTL region were the receptor-like protein 

kinases (RLKs). These RLKs proteins are involved in different signaling 

pathways; especially stress response (Boller, 2012). 

 

3.3.4 Gene validation (ERECTA locus) 

 

ERECTA was selected as a strong candidate gene for providing a fitness 

advantage when plants grow in an intraspecific interaction. Therefore, this gene 

was further evaluated for its role in the response to plant density. The ERECTA 

locus (AT2G26330) was identified in chromosome 2 and was associated with 

one of the strongest QTL peaks that accounts for more than 35% of the 

phenotypic variation in relation to height of the main stem (Table 11). When 

predicting the effect of each allele on the phenotype (HMAXP) and the 

contribution of each parental accession to HMAXP, it was found that the Ler-0 

parental line is the strongest contributor to the small size phenotype in the RIL 

population (Table 12).  

 

First, all MAGIC RILs were assigned to a single founder based on a probability 

threshold (see material and methods, section 3.2.3). 30 lines were assigned to 

the Ler-0 parental line, with an average height of 23.59  4.4 cm when alone 

and 16.12  2.7 cm when under competition; meanwhile the other 310 lines had 

a mean height of 43.53  6.6 cm and 32.1  4.95 cm for the control and 

competition treatment, respectively. MAGIC RILs with the erecta mutation had a 

higher number of siliques than plants with no mutation (Table 14).  
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Table 14: Silique number average and standard deviation (SD) of MAGIC RILs with 

and without erecta mutation growing in two different densities. HMAXP: Height and 

SILQP: silique number 

Density 

Erecta mutation No Erecta mutation 

n HMAXP SD SILQP SD n HMAXP SD SILQP SD 

One 30 23.59 4.4 206.2 62.4 310 43.53 6.6 173.1 48.8 

Four 30 16.12 2.7 61.5 18.3 310 32.1 4.9 51.01 13.6 

 

In order to validate the association of the erecta mutation with higher yield when 

plants are growing in higher densities, wild type for the ERECTA locus with a Ler 

background (N163) and Landsberg erecta (Ler-0; NW20) (low height) plants 

were grown in one and four plants per pot (Figure 26) (material and methods, 

section 3.2.1, 3.2.2).  

 

 

Figure 26: Accessions N163 (wild type ERECTA) and NW20. Plants growing in 

arrangements of one plant per pot at 47 DAS 

 

Phenotypic mean values for height corroborate the prposed role of the erecta 

mutation: NW20 has a lower height of 15.6 cm and 11.9 cm vs the wild type 

N163 with 29.2 cm and 22.14 cm when growing under no-competition and 

competition respectively (Table 15). Interestingly, when growing under no-

competition NW20 produced a higher number of branches (RBRAP and 



 132 

MBRAP) than N163 but no significant differences were found between the 

number of siliques (p = 0.47). However, when growing under competition NW20 

had the higher mean number of siliques (43.2) compared to N163 (38.4) (p = 

0.053) despite its small size (Table 15). Figure 27 shows no significant 

differences (p = 0.47) between the two lines for number of siliques when plants 

were growing under no-competition. Meanwhile, a significant difference (p < 

0.001) was found between both lines for total number of siliques per pot when 

plants were growing under competition. And even more interestingly, the lines 

with the erecta mutation (NW20) produced a higher number of total siliques per 

pot (173) than the wild type (N163) (153).  

 

Table 15: Phenotypic mean values of the two accessions under two density treatments. 

AREAROSPOT: total area of green pixels, FTP: Flowering time, RBRAP: branch 

number from the rosette, MBRAP: branch number from the main branch, HMAXP: 

height and SILQP: silique number  

 

Trait 

One plant Four Plant 

N163 NW20 N163 NW20 

Mean SD Mean SD Mean SD Mean SD 

AREAROSPOT* 487.8 198.3 550.9 122.4 725.3 191.8 741.74 164.6 

FTP (DAS) 33.6 2.0 32.9 0.9 34.7 3.7 32.5 1.2 

RBRAP 2.4 1.6 4.1 1.0 0.1 0.4 0.8 0.8 

MBRAP 2 1.1 2 0.5 1.2 1.1 1.6 0.7 

HMAXP (cm) 29.2 6.0 15.6 2.0 22.14 6.8 11.9 2.1 

SILQP 125.7 35.8 118.1 17.5 38.4 14.1 43.2 11.9 

*Mean rosette area per pot at 30 DAS 
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Figure 27: Total number of siliques per pot for the Landsberg WT (N163) and 

Landsberg erecta (NW20) in two densities. One plant: N163: 12436.2, NW20: 

115.615.8; Four plants: N163: 153.726.8, NW20: 173.9625.2. Lowercase letters 

indicate significant difference between lines (p < 0.01) 

3.4 Discussion 

 

3.4.1 Phenotypic and genotypic response 

 

Results revealed a high phenotypic variability of several morphological and 

reproductive traits due to competition and differences in the genetic architecture 

in response to density. The use of a MAGIC population, which represents a 

higher diversity compared to a bi-parental population (Gnan et al., 2014; Kover 

et al., 2009; Pascual et al., 2016), facilitates the analysis of the phenotypic 

variation between lines and gene discovery for various traits. A generally 

negative impact of plant density on traits such as AREAROSPOT, HMAXP, 

BRAP and SILQP was observed (Figure 19) similar to previous results for the 

parental lines (Chapter 2, section 2.3.1). Silique number (SILQP) and number of 

branches (BRAP) were positively correlated (Figure 21) and found to be the 

most variable between treatments, with a high reduction in their response when 

under competition compared to no-competition. Various studies have reported 

the effect of density over fitness in Arabidopsis (Alwerdt et al., 2006; Masclaux 

et al., 2012). Specifically, silique production, used as a measurement for fitness, 
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was significantly affected by density in two experimental populations of 

Arabidopsis grown in fluctuating environmental conditions across several 

seasons (Hu et al., 2017).  

 

There were no differences in flowering time (FTP) between treatments. Similar 

results were obtained for the parental lines (Chapter 2: section 2.3.1.2). 

Similarly, lower allocation of resources to SILQP, HMAXP and AREAROSPOT 

was observed when plants were growing in an intraspecific interaction. Shade 

avoidance responses such as accelerating flowering time, reduction in leaf area, 

petiole and stem elongation have been reported before for plants growing in 

high densities (Brock et al., 2010). In this thesis, these responses were difficult 

to detect because of their being confounded with the increased competition 

when plants are growing in an intraspecific interaction. Besides, Brock et al. 

(2010) argue that sharing resources below-ground might limit a pronounced 

shade avoidance response. In the future, it will be interesting to determine root 

biomass in order to establish if allocation was mainly in roots due to limited 

resources, and this might be the cause of a less reproductive allocation. 

 

QTL analysis identified numerous genomic regions, previously described as well 

as novel regions, for some traits. For example, variation in flowering time was 

identified with a region on chromosome 1 in both treatment conditions that 

explained 10% of the variation and contained the FLOWERING LOCUS T gene. 

The QTL region at the end of chromosome 5 (found under both conditions) is 

already reported and is related to FTP (Appendix 2: Table A3.2). A cluster of 

MAF proteins, MAF2 to MAF5, were found there, and previously have been 

implicated in natural variation in flowering time (Caicedo et al., 2009; Suter et al., 

2014). Furthermore, FTP QTL were previously reported in chromosomes 1, 4 

and 5 in the MAGIC and other bi-parental populations (Kover et al., 2009; 

Salomé et al., 2011). Kover et al. (2009) reported the FT gene in the Arabidopsis 

MAGIC population in plants growing under no-competition, while the MAF clade 

of transcription factors has been reported in bi-parental populations (Salomé et 
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al., 2011). FLOWERING LOCUS C (FLC) and FRIGIDA (FRI), located at the 

beginning of chromosomes 5 and 4 respectively, were not identified. Both loci 

are well known to delay FTP and are vernalisation dependent (Salomé et al., 

2011). This suggests that the 28 day vernalisation treatment may eliminate the 

effects of FRI and FLC in the MAGIC population and could be the reason for 

their not being identified in the QTL analysis.  

 

A large part of the phenotypic variation for FTP is explained by loci with high 

contributions, such as the genes mentioned above, although many more loci 

could have smaller contributions and might be environment specific. In this 

study, a modest QTL identified in chromosome 2 could explain 5% of the 

variation for FTP, and has not been identified in a mapping population before. 

Nevertheless, a gene from that region (CPK6) has been related to flowering time 

in Arabidopsis (Kawamoto et al., 2015).  

 

The identification of candidate genes in QTL from chromosomes 1, 2 and 5 such 

as FT, ERECTA and MAF proteins, already known to be responsible for 

flowering time and plant morphology (e.g stem length) (Kover et al., 2009), 

confirm the utility of the natural variation of the MAGIC population as well as the 

approach used to identify QTL in this kind of population. Hence, it is expected 

that other QTL identified in this study for more complex traits related to fitness 

are also reliable in revealing potential candidate genes, at least in the treatment 

conditions used. 

 

To my knowledge, the region in chromosome 3 identified as being associated 

with silique number in plants under competition have not been reported before 

for this trait in this environmental conditions. However, a QTL in the same region 

(15Mb) could explain 5% of the variation which has been reported for seed 

number in the same MAGIC populations under a no-competition scenario (Gnan 

et al., 2014). In this study, this QTL explains just 7% of the variance indicating 

the complexity of the trait. This is expected since yield is a multigenic trait with 
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small contributions from many individual loci that also depend on environmental 

conditions (Shi et al., 2009). Baron et al. (2015), using a natural diversity 

population of 48 accessions, identified genomic regions associated with the 

competitive ability of Arabidopsis for other traits such as flowering time and dry 

biomass, rather than seed production when in conditions of interspecific 

competition. However, a study with a higher number of accessions from the 

same population did not find any SNP associated with any of the fitness proxies 

that they measured in several micro-habitats of interspecific interaction (Frachon 

et al., 2017). Nevertheless, a bi-parental population study, where individual 

plants were grown with a single Ler-0 accession, identified QTL in chromosomes 

2 and 4 associated with silique number among other traits. This holds candidate 

genes related to resource competition due to its role in nutrient uptake and root 

growth (Mutic and Wolf, 2007). Even though the candidate genes associated 

with the chromosome 3 QTL have not characterized in this thesis, AT3G43260 

encodes a protein related to senescence, suppression of which delays leaf 

senescence and bolting, and which increases yield under abiotic stress (Wang 

et al., 2003), so it would be a good candidate for future validation and linking 

with competitive interactions. 

 

When studying interactions among individuals, it is also important to determine 

the intensity of such interactions by comparing the performance of a plant with 

and without neigbours. Here, the RII index was used, which is currently the most 

suitable and reliable index in ecology because of its mathematical properties 

(see Chapter 2, section 2.2.5). A mapping analysis of RII values for each line as 

a function of silique number (RIIsilique number) detected a QTL in chromosome 1 

and 4 (Figure 24). The major QTL at the beginning of chromosome 4 explains 

11% of the variation of RII. A study in chickpea used a response to competition 

ratio in crop yield (RCyield) to determine the genetic basis for competitive ability 

(Lake et al., 2016). They identified potential candidate genes under selection for 

traits such as yield, seed number and biomass in response to competition. In 

this study, the genomic regions associated with SILQP and RIIsilique number were 
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different. Similarly, Lake et al. (2016) found a different genetic architecture 

between the response to competition of yield (RCyield) (14 genomic regions) and 

yield response values in plants growing without and with competition (6 genomic 

regions). Other studies in Arabidopsis and fitness variation have identified 

candidate loci for local adaptation. In a GWAS study, Fournier-Level (2011) 

identified 12 SNPs associated with fitness in different environments, and other 

environment-specific loci. Interestingly, one of the candidate genes for silique 

number reported by Fournier-Level (2011) is also inside the QTL region in 

chromosome 4 identified for RII. Hu et al. (2017) also reported polymorphisms in 

chromosome 4 related to fitness. The detection of a QTL for RIIsilique number make 

this region very interesting for competitive ability considering its previously 

identified associations with fitness related traits.  

 

3.4.2 Candidate gene under a competitive environment 

 

As part of the green revolution, semi-dwarf varieties of cereals have been of 

great interest because individuals are high yielding despite their small size 

(Hedden, 2003). In natural populations of Arabidopsis, orthologous genes to 

dwarf alleles from cereals have been identified (Barboza et al., 2013). In this 

study, lines with a mutation in chromosome 2 corresponding to the ERECTA 

gene, which result in a semi-dwarf phenotype, were associated with higher yield 

than the wild type lines (Table 15). The ERECTA locus has been implicated in 

biotic interaction, resistance to pathogens, photosynthetic capacity, regulation of 

transpiration, as well as shade avoidance responses (SAS) (Kasulin et al., 2013; 

van Zanten et al., 2009). Moreover, the er mutation has been reported to 

increase the number of flower buds and produce short and blunt siliques, 

although seed mass has been unaffected by the mutation (Fakheran et al., 

2010; van Zanten et al., 2009). This thesis presents clear evidence of the 

advantage of dwarf individuals when plants are growing at higher densities. It 

has been previously shown that the er mutation provides a fitness advantage in 

competitive environments, compared to disturbed landscapes (Fakheran et al., 
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2010). Individuals with the er mutation have a faster growth rate and a higher 

survival rate after several generations in static landscapes (i.e. with competition) 

but not in dynamic landscapes, where the importance of seed dispersal favored 

taller individuals (Fakheran et al., 2010). Further analysis of traits such as 

growth rate in this study might be important to determine if there is any 

correlation between growth rate and the number of fruits when plants are 

growing in higher densities. 

 

The yield advantage of the er mutants suggest the importance of dwarf 

individuals in terms of higher yields when plants are growing with conspecifics in 

static environments. Barboza et al. (2013) identified other useful genes in 

Arabidopsis, orthologous to other green revolution dwarf genes in rice and 

barley. They attribute the dwarfing phenotype in natural populations in 

Arabidopsis to the GA5 gene and claim that it does not affect plant performance. 

The results suggest that the er mutation is also a good candidate gene for the 

development of new breeding strategies in certain crops, and can enhance traits 

such as yield, defense, pathogen and abiotic stress resistance, not only at an 

individual level but most importantly to improve performance at a group level. 
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Chapter 4 

 

Morphological and genotypic plasticity in response to nitrogen and 

intraspecific interaction 

 

4.1 Introduction 

 

Plants growing under natural and field conditions interact with others and are 

exposed to a wide range of environmental cues including drought, soil 

salinity, nutrient availability and temperature fluctuation. Global warming 

models predict intensification of some of these abiotic stresses (Wuebbles et 

al., 2017). Several studies have examined the responses of plants to single 

defined stresses (Bac-Molenaar et al., 2015b; Baron et al., 2015; Ikram et al., 

2012; Jong et al., 2014; Kolář and Seňková, 2008; Masclaux et al., 2012; 

Pelc and Linder, 2015), but, until recently, few studies have investigated the 

simultaneous response to multiple stresses (Martinez et al., 2018; Masclaux 

et al., 2012; Morrison and Linder, 2014; Suzuki et al., 2014; Thoen et al., 

2017). Thus, a better understanding of the phenotypic and genotypic 

responses to multiple stress exposure is important to understand and plan for 

future challenges both in natural plant communities and in agriculture in 

terms of survival, growth, productivity and diversity. 

 

Well-designed field experiments, at different locations over several years, is 

the typical means used to study the impact of multiple stresses on 

performance (Millet et al., 2016; Prado et al., 2018). This multi-environmental 

strategy evaluates phenotypic variability and the contribution of genotypic 

variability to different traits, with the possibility of identifying QTL regions and 

their interaction with the environment (QTL x E). Other approaches analyse 

combinatorial stresses under more controlled conditions, which can be 

achieved by the use of phenotypic platforms (Davila Olivas et al., 2017; 

Morrison and Linder, 2014).  
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Competition between plants can structure the composition of communities 

and the distribution of plants within those communities. The presence 

neighbours impact resource availability, including light, water and nutrients, 

and can induce varied morphological responses. Above-ground 

morphological changes caused by shade avoidance responses, a decrease 

in plant fitness and root architecture modifications are some of the responses 

to the presence of a conspecific or non-conspecific species (Pierik and 

Testerink, 2014). How plants when under abiotic stresses respond to the 

presence of neighbours has been studied (Cahill et al., 2010, 2005; 

Campitelli et al., 2016; Chen et al., 2014; Cipollini, 2007, 2002; Masclaux et 

al., 2012; Myerscough and Marshallt, 1973; Pelc and Linder, 2015; Vos et al., 

2015; Wang et al., 2010); although the specific interaction between nitrogen 

deficiency stress with competition has not been extensively examined 

(Robinson et al., 1999; Rossini et al., 2011; Trinder et al., 2012; Wilson and 

Tilman, 1991). 

 

Plants take up nitrate and ammonium from the soil to sustain many metabolic 

processes, and in agriculture, these reactive nitrogen compounds underpin 

profitable production. Nitrogen (N) deficient plants tend to rebalance their 

growth, increasing root growth relative to aerial parts, for example (Ikram et 

al., 2012; Zhang et al., 2007). Nitrate availability has been associated with 

changes in plant growth and development (e.g. root architecture, seed 

germination, flowering time, shoot branching and yield), in molecule 

signalling to regulate gene expression and in plant metabolism (Forde and 

Walch-liu, 2009; Lin and Tsay, 2017; O’Brien et al., 2016). In both, natural 

environments and crop fields, the heterogeneity of resources can have an 

impact on root competition, which can be reflected in morphological changes 

above-ground and plant productivity (Wang et al., 2010). A study on resource 

competition in perennial grasses growing under high nutrient conditions 

established the importance of plant size to supress the growth of 

neighbouring plants, while root-related traits became key for resource uptake 

under low nutrient conditions and interspecific interaction (Wang et al., 2010). 

Cahill et al. (2010) manipulated resource distribution and competition to 
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analyse root foraging in Malvaceaes. Their results indicate that the foraging 

strategy is restricted by the presence of a neighbour but can be modified by 

the distribution of resources. Other studies, measuring above- and below-

ground competition at different nitrogen availability levels, suggested that 

both conditions (low and high N) have a stronger effect on biomass and 

growth rate mainly at high rates of nutrient supply, and a stronger response 

in below-ground traits with low nitrogen environments (Ikram et al., 2012; 

Wilson and Tilman, 1991). Ikram (2012) observed an increased allocation of 

resources to root development in a natural population of Arabidopsis when 

grown under low nitrogen availability.  

 

Robinson et al. (1999) tested the hypothesis that grasses with contrasting 

root proliferation responses would increase N intake by promoting root 

proliferation when competing for N during interspecific competition. However, 

a theoretical model of monocultures predicted that this root proliferation 

pattern would be absent under well fertilized monocultures, and this is in 

agreement with other studies that also found below-ground competition to be 

higher in unproductive low nutrient environments (Wilson and Tilman, 1991). 

However, Trinder et al. (2012) directly measured root competition for isotopic  

15N in an interspecific assay and found stronger competition for NO3 at higher 

fertiliser conditions rather than at low ones. Trinder et al. (2012) partially 

support Grime’s theory that competition should be greater at high fertiliser 

levels (Grime, 1979), which contradicts ecological theories such as Tilman’s 

(Tilman, 1997) as well the other studies mentioned earlier (Cahill et al., 2010; 

Ikram et al., 2012; Robinson et al., 1999; Wilson and Tilman, 1991). Other 

studies have described the response of maize plants to density and N supply. 

Rossini et al. (2011) showed that N fertilization reduces plant-plant variability 

in young maize plants growing in crowded conditions. Additionally, this study 

suggested the processes of acquiring resources in crowding spaces was 

complex and dynamic, and might be genotype dependant. 

Analysis of candidate genes underlying a combination of stresses have 

identified a broad range of defensive mechanisms. Some candidate genes 
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overlap in biotic and abiotic stress, while some others are stress specific 

(Thoen et al., 2017). Many of the molecular components involved in nitrogen 

sensing, transport and metabolism are well known (Gent and Forde, 2017; 

O’Brien et al., 2016; Zhang and Forde, 1998) but the interaction between 

nitrogen availability and other stresses is not well understood. For example, 

the role of the Nitrate Transporter1/Peptide Transporter gene family (NPFs) 

and NRT2 in nitrate sensing and transport from the roots to the rest of the 

plant is already well known (Lerán et al., 2014; O’Brien et al., 2016; Tegeder 

and Masclaux-Daubresse, 2018). Transcriptions factors modulating response 

to NO3
- include the LBDs family, whose overexpression leads to branching 

modifications and altered anthocyanin levels (Rubin et al., 2009). GWAS and 

QTL analyses were used to analyse root system architecture (RSA) in 

response to N availability (Gifford et al., 2013; Rauh et al., 2002; Rosas et al., 

2013). By GWAS, JASMONATE RESPONSIVE 1 (JR1) and D-AMINO ACID 

RACEMASE2 (DAAR2) genes were found to be associated to RSA in an 

assay that analysed Arabidopsis growing under two N environments (Gifford 

et al., 2013). Rauh et al. (2002) identified 16 QTL related to root traits in 

different N treatments in Arabidopsis. QTL were not common across different 

treatments, suggesting strong QTL x E effects.  

 

This chapter describes how the A. thaliana MAGIC population was used to 

explore the genetic variation in response to a combination of nitrogen 

availability and intraspecific interaction. Indirect measurements of competition 

related to morphological and fitness responses of plants to both stresses 

were used to gain insights into the genetic architecture of these traits. QTL 

analysis was used to identify genomic regions related to plant responses to 

multiple stresses. 
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4.2 Material and Methods 

 

4.2.1 Plant material and growth conditions 

 

The experiment was set up between December 2017 and mid-April 2018 at 

the National Plant Phenomics Centre facilities (Aberystwyth University, UK). 

A set of 480 MAGIC RILs were sown in individual pots, exposed to 28 days in 

a controlled environment growth room set at 4 oC with a 16/8h photoperiod. 

Seedlings were transferred to a glasshouse set at 18oC (day) and 15oC 

(night) with a 14/10h photoperiod (Table A4.1). After two days, seedlings 

were transplanted out into 6 cm diameter pots filled with a uniform weight of 

40% silver sand / 60% WI13 compost (Bulrush, Magherafelt, N Ireland, low 

nutrient compost) (Table 6). Plants were grown at two densities of one 

(control treatment) and four plants per pot. Pots were arranged in trays of 20 

pots according to the experimental design (see section 4.2.2). Each tray was 

soaked once with 500 ml of one of two different solutions: a full Hoagland’s 

nutrient solution (+N treatment) or a N-depleted Hoagland’s solution (No-N 

treatment) for one day (Appendix 1: Table A2.1). Pots were transferred to the 

PlantScreen Phenotyping System (Photon System Instruments, PSI) for 

image capture and automatic irrigation during their vegetative growth period. 

Each pot was automatically weighed and irrigated from above to 65% 

gravimetric water content daily. Plants were grown at approximately 600  

mol m2 s-1 (200W GreenPower LED).  

 

Due to space limitations inside the PSI platform, the three replicates of the 

experiments were carried out at different times. Each replicate (or 

experiment) included one complete set of MAGIC RILs grown under all four 

treatments (Table 16, Appendix 3: Figure A4.1). Plants were removed from 

the PSI platform when they had flowered and transferred to a neighbouring 

glasshouse compartment set to the same environmental conditions. The 

experiments were given codes: AT043, AT044 and AT045. 
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Table 16: Description of the experimental layout from the three experiments. +N: 

Nitrogen, No-N: No nitrogen 

Experiment 
Treatments 

Row Columns Pots* Genotypes* 
Density Solution 

1 
AT043 

1 & 4 

 
+N & 
No-N 

19 25 475 445 

 
+N & 
No-N 

2 
AT044 

 
1 & 4 

 
20 25 500 418 

3 
AT045 

 
1 & 4 

 

+N & 
No-N 

20 25 500 439 

              *Extra pots were used as empty evaporation soil pots and repeated check genotypes 

 

4.2.2 Experimental design 

 

The four treatments were run simultaneously in each experiment to avoid 

confounding experiment and treatment effects. The experimental design 

used was a row-column design. To take into account the PSI platform layout, 

the size of each trial was 25 columns x 80 rows (2000 pots, except for 

AT043) (Table 16). Treatments were block and randomized for each 

experiment. The lines per treatment were randomized within treatment using 

the row-column design (Appendix 3: Figure A4.1). Table 16 summarizes the 

information related to the individual experiments. Construction of the 

randomized blocks was done using the package R “blocksdesign” 

(Edmondson N. R., 2019). A different randomization was used for each 

experiment. For this, the package “DiGGer” was used to optimize the design 

and avoid the same RIL being in the same position in different experiments 

(Coombes, 2009). 

 

Some lines were included across all experiments as check genotypes with 

additional levels of replication. The last experiment (AT045) included two 

parental lines (Col-0 and Oy-0), which were located in each of the 100 trays 

of the platform. Variability of each line per treatment is shown in Appendix 3: 

Figure A4.2. 
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4.2.3 Phenotypic data analysis 

 

All plants in each pot were measured for different phenotypic traits, such as 

flowering time (FTP), height (HMAXP), main branch number (MBRAP), 

rosette branch number (RBRAP) and silique number (SILQP). To establish if 

there was a correlation between seed number (SEED), silique length 

(LENSILQ) and number of siliques per plant (SILQP), two siliques from nine 

lines per treatment and experiment were collected. Traits were measured as 

explained in Chapter 2, section 2.2.4 (Table 3). Plants growing under 

competition were independently measured for every trait and the average of 

each trait was calculated depending on the analysis. Data corresponding to 

the RBRAP trait were not used in subsequent analysis because most of the 

plants did not develop any branches from the rosette. 

 

Two approaches were tested for data analysis. In the first approach, 

phenotypic data from each experiment were analysed using a SpATs mixed 

model (Rodríguez-Álvarez et al., 2018). This model has been used to look for 

spatial trends in sorghum field trials that were laid out in a rectangular array 

in a row and column design (Velazco et al., 2017) and has also been used to 

evaluate possible responses to the spatial variation in the micro-

environments on the PSI platform. The model was fitted using the R package 

called “SpATS”. This model uses P-splines (Penalized B- spline) to smooth 

the curve in the model. It uses regression splines functions and a penalty that 

helps to control over-fitting of the curve. The model has several advantages 

including: (1) the inclusion of random and fixed effects, (2) adjustment for 

global and local trends, (3) handling of missing data, (4) computational time 

efficiency, (5) inclusion of all the patterns of spatial trends and genetic effects 

in a single model, and (6) the variation values that can be used to calculate a 

generalized heritability equivalent to the classical definition of heritability. 
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The SpAT mixed model for each trait and experient is given by 

 

y = f(v, u) + XdBd + XsBs + ZgCg + ZrCr + ZcCc + e    (6) 

 

y corresponds to the phenotypic observations; f(v, u) is defined as the 

smooth bivariate surface in row and column positions; XdBd are the check 

genotypes; XsBs are fixed terms which correspond to the treatments; ZgCg 

contains the random genotypic effects; Cr and Cc are random factors for row 

and columns; and e represents the error. Best linear unbiased estimations 

(BLUEs) of the genotypic means from each experiment x treatment were 

calculated.  

 

Generalized heritability (H2) was calculated using the SpATs model as 

proposed by Oakey et al. (2006). This method uses environmental 

information as well as genetic and error covariance matrices in unbalanced 

data with complex environmental x genetic structures. This heritability was 

obtained using the function getHeritability from the R package SpATs. 

Pearson correlation coefficients were obtained for BLUEs to evaluate if traits 

were related within each experiment. 

 

The second approach was a multi-environment model to calculate the 

genotypic means combining the three experiments, by the use of a mixed 

model, excluding the spatial trend but still including the effect of row and 

column. The model was fitted with the package ASReml (Gilmour et al., 

2015), as follows: 

 

y = Exp + Treat + Exp x Treat + G + G x Treat 

                      + G x Exp + G x Exp x Treat + Expc + Expr + Expt + E       (7) 

 

y represents the phenotypic observation; Exp corresponds to the fixed 

experiment effect; Treat denotes the four treatments; Exp x Treat is the 

interaction between experiment and treatment; G and G x Treat  is the fixed 

genotype effect and the interaction with treatment. Random effects were also 

included, such as genotype per experiment interaction (G x Exp), genotype 
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by experiment by treatment interaction (G x Exp x Treat), row, column and 

tray effect nested in experiment (Expc + Expr + Expt) and E the residual error 

per experiment. Variables were transformed before the analysis if required. 

Variance components of random effects were extracted from the model and 

expressed in the original scale for each trait. Standard deviations of the 

variance components were calculated as a percentage of the general 

phenotypic mean for each trait according to the procedure used in Millet et al. 

(2016). Effects in the model can be related to differences in phenotype for 

individual genotypes expressed as  twice the SD. 

 

Additionally, the model was used to model the variance-covariance matrix 

between environments (experiments) to estimate genotypic means (BLUEs) 

(genotype x treatments values). In conclusion, the model had as a primary 

aim to provide good predictions for genotypic performance. BLUEs were then 

used for the rest of the analysis. 

 

4.2.4 Genotypic data analysis 

 

QTL mapping was performed using BLUEs values for each phenotypic trait, 

from the single environment (experiments) and the multi-environment 

analysis. QTL mapping analysis was done by the package HAPPY (Mott et 

al., 2000) as explained in Chapter 3, Section 3.2.5. Genes close to the most 

significantly associated SNP from each QTL region were identified, and gene 

annotations were retrieved from the TAIR 10 genome release using the 

BioMart data-mining tool from Ensemble. 

 

4.3 Results 

 

4.3.1 Phenotypic variation 

 

The experiments carried out at the three different time points were analysed 

separately and combined, using two different approaches. Table 17 shows 

the average values of each trait per treatment per experiment from the data 
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without any statistical correction. In general, under No-N treatment, rosette 

leaves presented purplish red coloration at an early rosette stage (around 40 

DAS). Moreover, rosette leaves were smaller compared to +N treatment. 

Figure 28 shows rosettes images from two MAGIC RILs at the same stage. 

Even though No-N rosette leaves presented fewer leaves and premature 

senescence features almost all lines were able to reproduce, although yield 

was still reduced compared to +N treatment. The Arabidopsis inflorescence 

contributes to carbon fixation and could maintain silique development (Gnan 

et al., 2014), although at a lower level.  

 

 

 

Figure 28: Rosette images from A. MAGIC 467 and B. 408, experiment AT043 at 

four different treatments. Images were taken at 43 DAS. 

Nitrogen No - Nitrogen 

One plant One plant Four plants Four plants 
A. 

B. 



 

1
4

9
 

 

Table 17: Mean values of the raw data per pot for each of the traits evaluated in each experiment. FTP: flowering time, MBRAP: 

branches from the main stem, RBRAM: branches from the rosette, HMAXP: Height from the main stem and SILQP: number of silques. 

In parenthesis are standard deviations 

 AT043 AT044 AT045 

One Four One Four One Four 

FTP (DAS)       

   +N 53.7 (4.26) 53.9 (4.44) 54.7 (4.4) 53.64 (4.55) 51.53 (3.57) 50.96 (3.7) 

   No-N 53.03 (4.44) 53.38 (4.41) 53.89 (4.27) 52.74 (4.25) 51.41 (3.9) 50.11 (3.41) 

MBRAP       

   +N 2.71 (1.58) 0.24 (0.69) 2.88 (1.52) 0.35 (0.79) 1.62 (1.28) 0.20 (0.54) 

   No-N 0.09 (0.39) 0.01 (0.1) 0.22 (0.59) 0.01 (0.14) 0.03 (0.21) 0.00 

RBRAM       

   +N 0.07 (0.38) 0.00 0.15 (0.58) 0.00 0.14 (0.44) 0.00 

   No-N 0.01 (0.13) 0.00 0.00 0.00 0.00 0.00 

HMAXP (cm)       

   +N 23.92 (5.13) 15.57 (4.25) 26.31 (5.47) 16.20 (4.15) 23.5 (4.96) 14.41 (3.94) 

   No-N 12.37 (3.97) 8.65 (2.9) 15.82 (4.35) 9.10 (2.64) 9.59 (3.39) 5.96 (2.21) 

SILQP       

   +N 55.86 (17.32) 18.92 (5.91) 62.87 (17.91) 21.29 (6.55) 47.06 (15.53) 17.88 (5.7) 

   No-N 15.10 (5.49) 8.46 (2.9) 19.93 (5.05) 9.54 (2.67) 10.52 (3.92) 6.11 (2.35) 
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4.3.1.1 Spatial analysis with SpATS 

 

A spatial analysis using the SpATs model was carried out in each experiment 

in order to determine the effect, if any, of spatial variability in the micro-

environment. Average trait values per pot were used when analysing 

competition. Table 18 shows the estimated effective dimensions (ED) 

associated with row and column of the PS-ANOVA spatial trend and 

column/row random factors. In most of the cases, the spatial effective 

dimensions showed a zero value, meaning that this model component does 

not have an impact on the trait of interest. Ratio values, which correspond to 

the ratio between the effective and nominal dimension, ranged from 0, no 

effect, to 1. Higher values of ED and ratio were mainly found for rows in 

some variables and experiments (MBRAP and SILQP). In contrast, for FTP 

and HMAXP the environmental trend was less, which means that both traits 

are less affected by any environmental trend. Appendix 3: Figures A4.3, A4.4 

and A4.5 show graphical examples of the raw data, fitted spatial trend and 

residuals for each experiment. In the raw data, each of the four treatments 

separated according to the experimental design (Appendix 3: Figure A4.1) for 

all traits, except FTP, which presents least variability between treatments. 

For instance, the spatial trend for experiment AT045 displays a smooth 

gradient for most traits, although FTP presents a spatial variation in 

accordance with the spatial trend for rows (Table 18, Appendix 3: Figure 

A4.4). Nevertheless, the residual plots showed that the removal of the spatial 

trends was effective. In general, the spatial trends for all traits in all 

experiments were low, thus the environmental conditions across the PSI 

platform were relatively homogeneous during all experiments.  



 151 

 

Table 18: Spatial effective dimensions (ED) of the smooth surface component f(v,u) 

and the random factor column and row for each trait in three experiments. FTP: 

Flowering time, MBRAP: branch number from the main branch, HMAXP: height and 

SILQP: silique number. The letter v denotes the row position, u the column position, 

Cr the row random factor and Cc the column random factor 

Model 

components 

AT043 AT044 AT045 

ED Ratio ED Ratio ED Ratio 

FTP (DAS)       

    f(v) 2.6 0.20 2.4 0.18 1.7 0.13 

    f(u) 2.7 0.07 2.3 0.06 1.0 0.02 

    uh(v) 0.0 0.0 0.0 0.0 4.8 0.37 

    vh(u) 0.0 0.0 2.2 0.05 0.0 0.0 

    f(u, v) 0.0 0.0 1.0 0.01 49.6 0.34 

    Cr 0.0 0.0 1.4 0.02 14.4 0.18 

    Cc 0.0 0.0 0.0 0.0 0.0 0.0 

    Total 5.3  9.3  71.5  

HMAXP (cm)       

    f(v) 0.8 0.06 3.5 0.27 1.2 0.09 

    f(u) 0.0 0.0 1.3 0.03 0.7 0.02 

    uh(v) 0.4 0.03 0.9 0.07 6.6 0.51 

    vh(u) 0.9 0.02 0.4 0.01 2.0 0.05 

    f(u, v) 0.1 0.0 3.0 0.02 18.0 0.12 

    Cr 6.3 0.08 15.7 0.20 3.1 0.04 

    Cc 12.1 0.50 0.0 0.0 0.9 0.04 

    Total 20.6  24.8  32.5  

MBRAP       

    f(v) 0.0 0.0 2.0 0.15 3.7 0.29 

    f(u) 1.5 0.04 0.0 0.0 1.9 0.05 

    uh(v) 0.8 0.06 0.0 0.0 0.0 0.0 

    vh(u) 1.2 0.03 6.8 0.16 1.5 0.04 

    f(u, v) 7.0 0.05 0.2 0.0 8.8 0.06 

    Cr 61.8 0.82 47.3 0.6 0.0 0.0 

    Cc 0.0 0.0 0.6 0.02 0.0 0.0 

    Total 72.3  56.7  15.9  

SILQP       

    f(v) 0.0 0.0 0.0 0.0 0.0 0.0 

    f(u) 0.1 0.0 1.2 0.03 0.9 0.02 

    uh(v) 1.8 0.14 2.4 0.18 3.3 0.25 

    vh(u) 0.8 0.02 3.7 0.09 0.0 0.0 

    f(u, v) 8.1 0.06 0.0 0.0 6.7 0.05 

    Cr 31.6 0.42 57.3 0.73 4.5 0.06 

    Cc 8.0 0.33 1.5 0.06 0.0 0.0 

    Total 50.4  66.1  15.4  
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Variations of each trait between experiments and treatments are shown in 

Table 17 for raw data, and Figure 30 and Appendix 3: Table A4.2 represents 

BLUEs calculated with SpATs. There were no major differences in FTP 

between experiments and treatments, although the plants from the last 

experiment (AT045) tended to flower earlier (≈51 DAS) vs others (≈53 DAS) 

(Figure 30A). High heritability values based on BLUEs were obtained for FTP 

in all treatments (H2 > 0.9) (Table 19). Large differences were observed 

between nutrient and density treatments for HMAXP (Figure 29, Figure 30B). 

For instance, plants under nitrogen conditions and no-competition 

(+N/1Plant) had a height between 26 cm and 23 cm (H2 > 0.9), while plants 

with lower nitrogen and competition (No-N/4Plants) were smaller (5 cm to 9 

cm) (H2 < 0.7). MBRAP was highly reduced under No-N conditions and 

competition (Figure 30C). Plants growing under +N/1Plant produced two 

branches from the main stem on average (H2 > 0.9). In all experiments fruit 

number (SILQP) for the control conditions (+N/1Plant) had higher values (47 

to 55 siliques) (H2 > 0.9) (Table 19) compared to nitrogen deficiency and 

competitive scenarios (No-N/4Plants), which had the lowest yield (6 siliques) 

and heritability (H2 < 0.1). It is noteworthy that the response of plants in terms 

of silique number in +N treatments plus competition were similar to No-

N/1Plant (Figure 30D) in some experiments.  

 

Overall, no large differences in the traits were seen between experiments, 

and, as mentioned above, spatial trends in the platform had a low impact. 

This suggests that phenotypic variability is caused mainly by the treatments, 

so it is possible to estimate Genotype x Treatment effects combining the data 

from all three experiments. 

 

The degree of relationship between experiments per trait and between traits 

within experiments was measured using pairwise correlation coefficients. 

Strong significant correlations were found for FTP between experiments (r > 

0.7, p < 0.01) and a moderate correlation for HMAXP (r > 0.45, p < 0.01) in 

all treatment conditions (Figure 31). Significant but low correlations were 

found for the other two traits between experiments (MBRAP: r < 0.5, SILIQP: 
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r < 0.4, p < 0.01), which present the highest variability and spatial trend 

effects between experiments. 

 

Table 19: Heritabilities (H2) calculated from BLUEs predicted values per 

experiments and treatment. FTP: Flowering time, MBRAP: branch number from the 

main branch, HMAXP: height and SILQP: silique number 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29: MAGIC RILs A. 147 and B. 514 under all treatments at 64 DAS 

 

A low correlation between HMAXP and SILQP was found when plants were 

under density or nitrogen availability stress (r > 0.5, p < 0.01) (Figure 31 B-C-

 AT043 AT044 AT045 

One Four One Four One Four 

FTP       
+N 0.95 0.95 0.94 0.93 0.91 0.91 

No-N 0.95 0.95 0.94 0.93 0.93 0.90 
MBRAP       

+N 0.98 0.89 0.95 0.73 0.99 0.89 
No-N 0.81 0.00 0.68 0.00 0.59 0.00 

HMAXP       
+N 0.93 0.88 0.92 0.84 0.94 0.87 

No-N 0.89 0.73 0.88 0.60 0.87 0.63 
SILQP       

+N 0.98 0.68 0.95 0.36 0.98 0.82 
No-N 0.77 0.0 0.37 0.00 0.76 0.14 

A. B. 
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D). It was expected to find a high correlation between MPRAB and SILQP, 

given that inflorescence photosynthesis can significantly contribute to seed 

production (Gnan et al., 2017). A significant moderate correlation was found 

between MPRAB and SILQP for all treatments (r > 0.5, p < 0.01), except for 

the combined stresses (Figure 31D). In addition, significant negative 

correlations were observed between HMAXP and FTP, within and between 

experiments in all conditions (r ranged from -0.34 to -0.43, p < 0.01), as well 

as FTP and SILQP (r ranged from -0.4 to -0.15, p < 0.01) (Figure 31). 

 

 

Figure 30: Variability of each trait per experiment and treatment. BLUEs were 

estimated with the SpATs model. BLUEs data for A. FTP: flowering time B. HMAXP: 

height C. MBRAP: rosette from the main branch and D. SILQP: silique number 
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Figure 31: Pearson correlation coefficients for BLUEs for all traits per experiments. 

A. +N/1Plant, B.  No–N/1Plant, C. +N/4Plants, D. No–N/4Plants. FTP: Flowering 

time, MBRAP: branch number from the main branch, HMAXP: height and SILQP: 

silique number. White boxes are coefficients with a p > 0.01 

 

4.3.1.2 Multi-environment analysis 

 

A multi-environment model was used to calculate the genotypic means of 

each trait combining the three experiments. Number of branches from the 

main stem (MBRAP) was the most affected trait by the G x Experiment x 

Treatment interaction (Table 20). Lack of branching in most of the lines under 

competition and low nutrient treatments might have had an impact on the 

robustness of the model. BLUEs values were calculated (Figure 32C, 

Appendix 3: Table A4.3).  
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FTP showed a low variability with a Genotypic x Experiment (G x Exp) 

affecting the trait by 4.26%, and the location of the tray (Expt) by 2.1% 

(Table 20). BLUEs values indicated no differences between the four 

treatments, with mean values between 52 DAS and 53 DAS (Figure 32, 

Appendix 3: Table A4.3). 

 

HMAXP was affected by random effects, mainly by genotype per experiment 

(G x Exp) in 14.6% (Table 20). BLUEs values indicated differences between 

the nutrient treatments when plants were growing in low and high densities. 

Furthermore nutrient availability was important for main stem elongation with 

a reduction of 50% in height regardless of density, while increased density 

reduced height by about 37% (Figure 32, Appendix 3: Table A4.3). 

 

Genotypic variation x Experiment (G x Exp) affected mean SILQP by 7%, 

along with all the other random effects affecting SILQP in less than 6% 

(Table 20). When plants were growing without competition, mean values from 

BLUEs for silique number were 53.8 and 14.25 in +N/No-N respectively. This 

means that nutrient availability reduced number of siliques by about 73% and 

60%, when no-competition and competition conditions respectively. 

Meanwhile, density stress had a weaker effect with 64% reduction under +N 

and 50% in No-N treatment (Figure 32, Appendix 3: Table A4.3).  

 

 



 

1
5

7
 

 
 

Table 20: Variance components estimated for all traits with multi-environment model. FTP: Flowering time, MBRAP: branch number from the 

main branch, HMAXP: height and SILQP: silique number. Exp: experiment, Expr: experiments row, Expt: experiments tray and Res: Residuals 

Trait Type G x Exp G x Exp x Treat Expr Expt Res 

FTP 
Variance components (DAS) 1.26 0.07 NA 0.31 1.60 

SD as % of mean 2.13 0.50 NA 1.05 2.40 

HMAXP 
Variance components (cm) 1.21 0.56 0.01 0.16 3.24 

SD as % of mean 7.30 4.97 0.66 2.66 11.95 

MBRAP 
Variance components (log.Mb) 4.93E-07 0.0517 9.35E-04 6.51E-04 0.06 

SD as % of mean 0.54 174.90 23.52 19.63 188.42 

SILQP 
Variance components (log.SILQP) 0.01 0.00627 3.36E-04 6.51E-04 0.03 

SD as % of mean 3.47 2.75 0.64 0.89 6.31 
The general mean used for standard deviation (SD) calculation was:  
FTP: 52.8 
HMAXP: 15.06 cm 
MBRAP.log: 0.13 
SILQP.log: 2.88 
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Figure 32: Variability of each trait per treatment. BLUEs were estimated by a multi-

environment mixed model calculated in AsReml. BLUEs data for A. FTP: flowering 

time B. HMAXP: height C. MBRAP: branch from the main stem and D. SILQP: 

silique number 

 

4.3.1.3 Correlation analysis for fitness traits 

 

Previous reports found a correlation between silique length and number of 

seeds (Bac-Molenaar et al., 2015a), and Chapter 2 showed a correlation 

between total length of siliques and number of siliques under two density 

treatments (Chapter 2: Section 3.3.3). Nine lines were selected at random 

and silique length (LENSILQ) and seed number (SEED) were measured 

manually from two random siliques in each of the three experiments and all 

treatments. Analysis of the dataset (n = 510) across all treatments showed a 

significant positive correlation between LENSILQ and SEED (r = 0.59) as 

well as SEED and SILQP (r = 0.7) (Figure 33). However, when analysing the 

data by treatments, correlations were weaker. For plants growing in low 

densities, correlations between LENSILQ and SEED were 0.41 and 0.32 for 
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+N and No-N levels, respectively. Meanwhile, SEED and SILQP were 

correlated only when on No-N (r = 0.47, p < 0.01). In contrast, when plants 

were growing in competition, the only correlation was found under No-N 

conditions between LENSILQ and SEED (r = 0.48). These discrepancies 

could suggest that correlations between SEED and SILQP might depend on 

the environmental conditions. 

 

         

Figure 33: Correlation between silique size (LENSILQ), seed number (SEED) and 

silique number (SILQP) regardless of the treatment 

 

4.3.2 Genotypic analysis 

 

QTL mapping analysis was performed on data from single environments 

(experiments) using a SpATs model, and also the combined data from all 

three experiments in a multi-environment analysis. Four traits (FTP, HMAXP, 

MBRAP and SILQP) produced significant peaks in at least one treatment. 

Appendix 3: Figures A4.6 to 4.9 show the QTL plots for each trait across 

three single environments (experiments) and the multi-environment approach 

(combined data). Additionally, Figure 34 summarises QTL peaks for all 

treatments and traits in the combined analysis. Some QTL were detected in 

specific experiments, with low log10 (P) or LOD scores, that were not 

observed in the multi-environment analysis for FTP, MBRAP and SILQP 

(Appendix 3: Figures A4.6 to 4.9). Since single and multi-environment 
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analysis showed similar results (Appendix 3: Figures A4.6 to 4.9), results and 

discussion will be mostly focused on the multi-environment analysis. 

 

The multi-environment analysis identified 49 significant QTL (p < 0.05) 

across all traits and treatments and 17 SNPs were common to all QTL 

regions, suggesting the existence of overlapping regions for different traits 

and a total of 32 unique SNPs (Table 21). For example, analysis of FTP 

identified 19 QTL, but some of the QTL regions were observed in all or just 

some of the treatments. The same six QTL regions for FTP were identified in 

plants grown in +N with and without competition. All together, they explain 

more than 50% of the phenotypic variation in each treatment (+N/1Plant and 

+N/4Plants). However, when plants were grown in No-N, five and two QTL 

were found for no-competition and competition explaining 41% and 23% of 

the variation respectively (Table 21).  

 

For HMAXP, the most significant QTL, capturing more than 45% of the 

phenotypic variation in plant height, was located in chromosome 2 for all 

treatments (Figure 34, Table 21). Other minor QTL (log10(P) = 4.1), 

explaining 7% of the variation, were found on chromosome 4, specifically for 

plants growing in no-competition. On chromosome 5, a QTL explained 

around 10% of the variation for No-N/1Plant, No-N/4Plants and +N/4Plants 

(Table 21). For MBRAP, three significant QTL explaining 20% of the 

phenotypic variation were the only ones found under +N/1Plant treatment 

(Figure 34, Table 21). Other QTL peaks were found for other treatments, 

although they were not significant. 

 

For SILQP, thirteen QTL were found but most were treatment specific. 

Chromosome 1 holds two QTL explaining 14% of variation under No-

N/1Plant treatment. Under +N/1Plant, eight QTL were found explaining 59% 

of the variation. Meanwhile, under the same +N/4Plants, four QTL were 

found, two of them being treatment specific in chromosome 4, explaining 

together 13% of the variation. In the most extreme treatment (No-N /4Plants), 

just one QTL previously identified in other treatments was observed in 

chromosome 2 (Table 21). 
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Figure 34: QTL plots from the multi-environment analysis for each trait and treatments. Discontinuous line indicating -log10 (P value) threshold 

for significance of 3.5. FTP: Flowering time, MBRAP: branch number from the main branch, HMAXP: height and SILQP: silique number. 

Dashed lines in peaks of MBRAP means no significant p values (p > 0.05) 
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Table 21: Set of QTL identified in each treatment using the multi-environment model. Each QTL includes the interval region of the QTL, SNP 

position and name, number of genes in the region and the amount of variation explained by each QTL. FTP: Flowering time, MBRAP: branch 

number from the main branch, HMAXP: height and SILQP: silique number. See Table 11 for equivalent data pertaining to nutrient rich 

conditions 

Phenotype Treatment Chr Region from (bp) Region to (bp) SNP peak (bp) SNP Name log10(P) p value Gene# % Var 

FTP +N / 1 Plant chr1 21904938 24464751 24318694 MN1_24322296 4.1537333 0.019 669 7 

FTP No-N / 1 Plant chr1 23889673 24691010 24318694 MN1_24322296 3.919672068 0.031 204 6.7 

FTP + N / 4 Plants chr1 21904938 24691010 24330699 FT_585 4.387867194 0.017 721 7.4 

FTP No-N / 1 Plant chr2 9583840 11773929 10127320 MN2_10134400 4.34743794 0.01 544 7 

FTP + N / 4 Plants chr2 9752535 10559592 10127320 MN2_10134400 3.739685871 0.046 203 6.5 

FTP +N / 1 Plant chr2 9752535 11773929 11450266 MN2_11457357 3.83657678 0.03 503 6.6 

FTP +N / 1 Plant chr5 2900401 4428858 3498140 MN5_3498141 4.618226125 0.005 432 7.7 

FTP + N / 4 Plants chr5 3284122 4293554 3695669 MN5_3695672 3.841373539 0.038 275 6.6 

FTP No-N / 1 Plant chr5 3491424 3908212 3695669 MN5_3695672 3.552346466 0.058 112 6.2 

FTP +N / 1 Plant chr5 5422332 8001188 7697388 RAX1_313 4.075604725 0.021 695 6.9 

FTP + N / 4 Plants chr5 6523118 7717922 6820590 MN5_6820592 3.779095752 0.041 315 6.5 

FTP +N / 1 Plant chr5 21863923 23247571 23246248 VIN3_2942 4.541488276 0.005 401 7.6 

FTP + N / 4 Plants chr5 21864028 23247571 23246248 VIN3_2942 4.409089783 0.016 401 7.4 

FTP No-N / 1 Plant chr5 22023651 23247571 23246248 VIN3_2942 3.970242435 0.025 350 6.8 

FTP No-N / 4 Plants chr5 21701854 23247571 23246248 VIN3_2942 4.499684744 0.013 443 7.5 

FTP +N / 1 Plant chr5 23253768 26860115 25946317 MN5_25963543 12.25358287 0 1097 16 

FTP + N / 4 Plants chr5 23253768 26860115 25946317 MN5_25963543 12.87620402 0 1097 17 

FTP No-N / 1 Plant chr5 23253768 26860115 25946317 MN5_25963543 11.2193911 0 1097 15 

FTP No-N / 4 Plants chr5 23248880 26860115 25946317 MN5_25963543 12.44758235 0 1098 16 

HMAXP No-N / 4 Plants chr2 6647145 16480332 11208540 ER_472 38.78603361 0 2635 38 

HMAXP +N / 1 Plant chr2 6647145 16430411 11293294 MN2_11300378 51.06656915 0 2619 46 

HMAXP + N / 4 Plants chr2 6647145 16430411 11293294 MN2_11300378 51.03799514 0 2619 46 

HMAXP No-N / 1 Plant chr2 7065654 16617897 11293294 MN2_11300378 36.11688545 0 2591 37 
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Phenotype Treatment Chr Region from (bp) Region to (bp) SNP peak (bp) SNP Name log10(P) p value Gene# % Var 

HMAXP No-N / 4 Plants chr2 17044344 17852943 17649336 MN2_17656418 3.636874216 0.044 228 6.3 

HMAXP +N / 1 Plant chr2 17114508 17892549 17649336 MN2_17656418 4.052346034 0.031 221 6.9 

HMAXP No-N / 1 Plant chr2 17114508 17649336 17599070 MN2_17606148 3.475880234 0.058 150 6 

HMAXP +N / 1 Plant chr4 14936031 16574984 15865146 MN4_15865150 4.1975916 0.024 474 7 

HMAXP No-N / 1 Plant chr4 15828431 16702025 16474672 MN4_16474676 4.040300394 0.026 253 6.9 

HMAXP + N / 4 Plants chr5 23396016 26860115 25149876 ELF5_3032 7.717427777 0 1060 11 

HMAXP No-N / 4 Plants chr5 23400832 26860115 25539925 MASC01306 6.906258048 0 1058 10 

HMAXP No-N / 1 Plant chr5 23903662 26860115 25946317 MN5_25963543 4.643046591 0.004 894 7.7 

MBRAP +N / 1 Plant chr1 24734584 26681976 25372288 MN1_25375953 4.405348201 0.009 493 7.4 

MBRAP +N / 1 Plant chr1 29388572 30209421 29691452 MN1_29696345 3.554674632 0.046 241 6.3 

MBRAP +N / 1 Plant chr3 5210473 7120936 6450397 MN3_6450403 4.172128937 0.016 555 7.1 

SILQP No-N / 1 Plant chr1 1559681 4248890 2312697 MASC03758 4.887088527 0.006 810 8.1 

SILQP No-N / 1 Plant chr1 5095611 5150181 5148226 GAI_173 3.591328346 0.048 13 6.2 

SILQP +N / 1 Plant chr2 9583840 12428271 11424765 MASC09221 6.00341409 0.002 687 9.5 

SILQP + N / 4 Plants chr2 10242327 11773929 11450266 MN2_11457357 4.440147019 0.009 381 7.5 

SILQP No-N / 4 Plants chr2 10559592 11684374 11424765 MASC09221 4.712160153 0.019 270 7.8 

SILQP +N / 1 Plant chr2 12648024 13083366 12974734 MASC02787 3.594648645 0.056 124 6.2 

SILQP +N / 1 Plant chr3 5640295 6811293 6450397 MN3_6450403 4.856842337 0.009 341 8 

SILQP + N / 4 Plants chr3 5607998 6811293 6450397 MN3_6450403 5.276217107 0.003 351 8.6 

SILQP +N / 1 Plant chr3 11188947 12645093 12346484 MN3_12348963 4.63787484 0.011 97 7.7 

SILQP + N / 4 Plants chr4 8078653 9012725 8876713 NMSNP4_8876711 3.533256393 0.051 248 6.2 

SILQP + N / 4 Plants chr4 9630919 10777260 10302880 MASC01526 4.078704726 0.022 298 7 

SILQP +N / 1 Plant chr4 16742066 17772130 17003828 FD_250 4.049693134 0.025 284 6.9 

SILQP +N / 1 Plant chr4 18187345 18538530 18538530 MASC05258 3.585089145 0.057 113 6.2 

SILQP +N / 1 Plant chr5 21002092 23246248 22023651 MN5_22040876 5.033320037 0.007 633 8.2 

SILQP +N / 1 Plant chr5 25151311 26103958 26012213 MN5_26029439 3.915089515 0.032 291 6.7 
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4.3.2.1 Assessing candidate genes 

 

In this section, an overview is given of the closest gene to, or genes in 20 Kb 

(to 1Mb in some cases) interval around, the SNP peak for each QTL 

identified and relevant to the trait studied. These genes can be considered 

candidate genes associated with the traits measured and conditions 

evaluated. 

 

Flowering time (FTP): In chromosome 1, the only peak observed 

corresponded to the gene FLOWERING LOCUS T (FT) AT1G65480. The 

SNP peak under +N/4Plants treatment was located exactly within the FT 

gene. Furthermore, the FT locus was only three genes distant from the SNP 

peaks in the other two treatments (Table 22). FT gene encodes a florigen 

protein that moves from the leaves to the shoot apical meristem, promoting 

flowering (Bouché et al., 2017) and genetic variation in this gene seems likely 

to be causative.  

 

The SNP marker MN2_10134400 corresponded to the highest peak identified 

in chromosome 2 for both +N/4Plants and No-N/1Plant treatments. The 

closest gene to the peak SNP was AT2G23790, which encodes a protein 

related to calcium uptake (Table 22). Ten genes away from the peak (26 Kb) 

was AT2G23740 (SUVR5), which encodes a DNA binding protein that 

represses a set of genes that respond to stimuli. A mutation in this gene was 

reported to delay flowering in long day conditions (Caro et al., 2012). 

 

Another SNP peak observed in chromosome 2, for +N/1Plant corresponded 

to MN2_11457357. The closest genes to the peak were AT2G26850, which 

encodes a F-box protein, and AT2G25930, which has been reported to 

influence flowering time. AT2G25930 is located 0.39 Mb from the SNP peak 

and encodes the gene EARLY FLOWERING ELF3. This gene is accelerates 

flowering time in shade and is related to circadian clock proteins (Nozue et 

al., 2015; Yoshida et al., 2009). 
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At the beginning of chromosome 5, two SNP peaks were observed. The 

genes detected in this region were AT5G11040 and AT5G11530 (Table 22). 

AT5G11040 was only detected in +N/1Plant treatment and encodes a protein 

related with vein pattern formation. Close to the SNP peak MN5_3498141 

two flowering genes were found. AT5G10140 encoding FLOWERING 

LOCUS C (FLC) is located 0.32 Mb away and AT5G11530 encoding the 

gene EMBRIONIC FLOWER 1 (EMF1), which suppresses flowering in 

vegetative stages, is 0.20 Mb away (Sánchez et al., 2009).  

 

At the end of chromosome 5, two common SNP peaks were found for all 

treatments, AT5G64930 and AT5G57370 were the closest genes (Table 22). 

The first locus (CPR5) is involved in regulating ethylene signaling, a hormone 

that plays a key role in different regulatory pathways, including the transition 

from vegetative growth to flowering (Meng et al., 2017; Ogawara et al., 2003; 

F. Wang et al., 2017). The second one is a ribonucleoprotein close to the 

gene AT5G57360 involved in the regulation of the circadian clock in 

Arabidopsis. Another minor SNP peak (log10 (P) = 4.07) was associated with 

AT5G23000, involved in the formation of axillary meristems. 

 

Height (HMAXP): The most significant QTL, for all treatments was located 

on chromosome 2 near the ERECTA gene AT2G26330. This gene is 

involved in shade avoidance responses and the general morphology of the 

plant (Patel et al., 2012). Other minor (log10 (P) around 4) but significant 

genes were found in chromosomes 4 and 5. For plants growing in no-

competition and +N/No-N availability, two SNP peaks close to the genes 

AT4G32880 and AT4G34450 were found (Table 22). AT4G32880 encodes a 

transcription factor ATHB-8 known to promote vascular cell differentiation in 

the xylem. Mutants of this gene decrease elongation of the main stem and 

provoke secondary growth (Baima et al., 2001). AT4G34450 encodes a 

cytoplasmic protein. Two genes were found in the QTL vicinity: AT4G34460 

and AT4G34410. AT4G34460 or ERECTA-LIKE 4 (ELK4) (3 Kb distant from 

the SNP peak) encodes a G-protein that is involved in organ shape and root 

architecture in a nitrogen dependent manner (Liang et al., 2018). Mutants of 

this gene showed a similar morphology to plants without the ERECTA gene 
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loss of function mutants. AT4G34410, at 22 Kb away, encodes a redox 

transcription factor (RRTF1) already reported to be induced for biotic and 

abiotic stresses and cross - tolerance mechanisms (Rejeb et al., 2014).  

 

Finally, at the end of chromosome 5, three SNPs were significantly correlated 

with HMAXP (Table 22). The closest genes to the SNP peaks were: 

ATG5G62640, a flowering time gene called ELF5 under +N/4Plants 

treatment; AT5G63810, a member of a glycoside hydrolase under No-

N/4Plants treatment; and AT5G64930, a pathogenesis-related gene under 

No-N/4Plants treatment. Even though these genes are not specifically related 

to stem elongation, the QTL region is located close to different flowering 

time-related genes, which are believed to also influence other traits such as 

plant height and yield (Mathan et al., 2016; Yan et al., 2011; Zhang et al., 

2012). 

 

Branching from the main stem (MBRAP): Three different SNP peaks were 

identified for MBRAP under +N/1Plant treatment in chromosomes 1, 2 and 3. 

In chromosome 1 QTL region, AT1G67690 is involved in cytoplasmic peptide 

degradation and AT1G78955 encodes a cyclase that generates a triterpene. 

Close to those genes (5 Kb distant from the SNP peak), there is an ARR 

response regulator protein (AT1G67710). Even though AT1G67710 has not 

been reported to be involved in branching, other ARR proteins regulate 

axillary meristem initiation through activation of other genes (J. Wang et al., 

2017). In chromosome 2, AT2G10920 is still uncharacterized. The 

chromosome 3 QTL peak was located in the gene AT3G18730, 

corresponding to the TONSOKU/BRU1 protein involved in chromatin gene 

regulation and the production of irregular cell division and cell shapes mainly 

in meristems, which result in morphologically abnormal growth (Suzuki et al., 

2004). Alternative candidates are present in the same QTL region, as at 62 

kb from the SNP peak there is a gene already reported as shoot branching 

regulator AT3G18550/BRC1. BRC1 regulates bud activation and its loss of 

function promotes branching, although other regulatory hormones such as 

auxin are also needed for bud inhibition (Seale et al., 2017). 
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Silique number (SILQP): In No-N/1Plant two SNP peaks were found at the 

beginning of chromosome 1 (Table 22). One of the genes AT1G07520 

encodes a GRAS protein involved in plant development, including axillary 

meristem formation. Other stress related genes were found within the QTL 

region, including SMR5 (AT1G07500) (7 Kb distant from the SNP peak), 

which is induced by ROS/oxidative stress. The second candidate gene, 

AT1G14910, encodes a putative protein that is not well characterized. 

Twelve more genes in this QTL are not specifically related to fruit production. 

 

Under +N/1Plant, two SPNs found in chromosome 2 are associated with 

variation in silique number. One of them corresponds to AT2G26790, which 

encodes a pentatricopetide repeat. In the vicinity of this SNP, there are some 

genes already reported to be involved in seed size in Arabidopsis. For 

example, the gene AT2G26760 (22 Kb distant from SNP peak) encodes a 

candidate gene that can have a positive impact on seed size (Ren et al., 

2019). The same region of chromosome 2 was identified in the No-N/4Plants 

treatment. The other SNP peak corresponds to the gene AT2G30440, which 

encodes a protein that is expressed in the chloroplast. Closer genes to the 

peak are more related to trichome formation. AT2G26850 is the closest to the 

SNP peak present in +N/4Plants treatment and encodes a F-box protein, 

which was also found for the trait FTP. Another candidate in this QTL interval 

is AT2G26830 (5 Kb distant from the SNP peak) encoding CEK4, a 

choline/ethanolamine kinase that is essential for phospholipids biosynthesis 

in mature siliques and embryo development (Lin et al., 2015). 

 

In chromosome 3 under +N conditions, a SNP peak with the gene 

AT3G18730 encodes the TONSOKU/BRU1 gene already mentioned for 

MBRAP, involved in morphological growth. Other nearby candidates include 

AT3G18715 (9 Kb away), involved in floral abscission and seeds, and 

AT3G18770 (11 Kb away) involved in autophagy regulated by nutritional 

signals (Suttangkakul et al., 2011). Under +N/1Plant, the orphan gene 

AT3G30720 was found to be associated with the SNP peak MN3_12348963. 

This gene encodes a QQS protein related to carbon and nitrogen allocation, 
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increasing leaf and seed protein in plants such as soybean (Li and Wurtele, 

2015). 

 

Four SNP peaks were found in chromosome 4. AT4G15545 and AT4G18730 

were found in the chromosome 4 QTL region for +N/4Plants treatment. The 

first gene is not characterized, but AT4G15530 is 11 Kb closer and encodes 

an enzyme pyruvate-orthophosphate dikinase (PPDK) interacting protein, 

mainly found in seeds and involved in nitrogen mobilization during leaf 

senescence (Taylor et al., 2010). AT4G18730 encodes a ribosomal protein, 

and nearby AT4G18750 encodes a pentatricopeptide repeat (DOT4). DOT4 

mutant reduces plant height and produces narrow and shorter siliques 

(Petricka et al., 2008). Two different SNPs were found on chromosome 4 for 

+N/1Plant treatment. One of the closest genes was AT4G35900, a bZIP 

transcription factor highly expressed in early stages of flower development 

and AT4G35890, involved in leaf senescence. Meanwhile, the other SNP 

marker is close to AT4G39970 a Haloacid dehalogenase-like hydrolase 

(HAD). About 0.13 Mb from the peak, AT4G39650 and AT4G39640, 

encoding a gamma-glutamyltransferase are required for developing siliques 

(Ohkama-Ohtsu et al., 2007) 

 

Finally in chromosome 5, two SNPs were associated with SILQP under 

+N/1Plant treatment. One of the genes corresponds to a lipoprotein 

AT5G54240 and closer ones are related to plant defence mechanisms 

(AT5g54225, AT5G54250, among others) (Thoen et al., 2017). Another 

candidate gene is AT5G65110, involved in fatty acids catabolism. Closer to 

the SNP peak (12 Kb away), transcription factors genes belonging to the 

MADs-box family were found. These genes are reported as flowering 

repressors, although a transcription profile study found a high expression of 

these gene during silique development (Folter et al., 2004). Another 

important gene is AT5G65165, just six genes (23 kb distant) from the SNP 

peak. This gene, also called SDH2-3, accumulates during seed development 

and silique maturation (Elorza et al., 2005). 
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Table 22: SNP peak and closest gene from each QTL identified by the multi-environment approach. FTP: Flowering time, MBRAP: branch 

number from the main branch, HMAXP: height and SILQP: silique number 

Phenotype Treatment Chr SNP Name TAIR LOCUS TAIR function 

FTP 
+N / 1 Plant 
No-N / 1 Plant 

chr1 MN1_24322296 AT1G65450 HXXXD-type acyl-transferase family protein 

FTP + N / 4 Plants chr1 FT_585 AT1G65480 FLOWERING LOCUS T (FT) 

FTP 
+ N / 4 Plants 
No-N / 1 Plant 

chr2 MN2_10134400 AT2G23790 Calcium uniporter protein 2, mitochondrial 

FTP +N / 1 Plant chr2 MN2_11457357 AT2G26850 F-box protein 

FTP +N / 1 Plant chr5 MN5_3498141 AT5G11040 VAN4, VASCULAR NETWORK 

FTP 
+ N / 4 Plants 
No-N / 1 Plant 

chr5 MN5_3695672 AT5G11530 Protein EMBRYONIC FLOWER 1 

FTP +N / 1 Plant chr5 RAX1_313 AT5G23000 Transcription factor RAX 

FTP + N / 4 Plants chr5 MN5_6820592 AT5G20200 Nucleoporin-like protein 

FTP 

+N / 1 Plant 
No-N / 1 Plant 
+ N / 4 Plants 
No-N / 4 Plants 

chr5 VIN3_2942 AT5G57370 U4/U6.U5 small nuclear ribonucleoprotein 

FTP 

+N / 1 Plant 
+ N / 4 Plants 
No-N / 1 Plant 
No-N / 4 Plants 

chr5 MN5_25963543 AT5G64930 CPR5 (Constitutive expressor of pathogenesis-related genes) 

HMAXP No-N / 4 Plants chr2 ER_472 AT2G26320 AGAMOUS-like 33 

HMAXP 
+N / 1 Plant 
+ N / 4 Plants 
No-N / 1 Plant 

chr2 MN2_11300378 AT2G26550 Heme oxygenase 2 

HMAXP 
+N / 1 Plant 
No-N / 1 Plant 
No-N / 4 Plants 

chr2 MN2_17656418 AT2G42388 Putative RNA-binding protein 
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Phenotype Treatment Chr SNP Name TAIR LOCUS TAIR function 

HMAXP +N / 1 Plant chr4 MN4_15865150 AT4G32880 Homeobox-leucine zipper protein ATHB-8 

HMAXP No-N / 1 Plant chr4 MN4_16474676 AT4G34450 Coatomer subunit gamma 

HMAXP No-N / 1 Plant chr5 MN5_25963543 AT5G64930 CPR5 (Constitutive expressor of pathogenesis-related genes) 

HMAXP + N / 4 Plants chr5 ELF5_3032 AT5G62640 Proline-rich family protein 

HMAXP No-N / 4 Plants chr5 MASC01306 AT5G63810 Beta-galactosidase 10 

MBRAP +N / 1 Plant chr1 MN1_25375953 AT1G67690 Probable thimet oligopeptidase 

MBRAP +N / 1 Plant chr1 MN1_29696345 AT1G78955 Camelliol C synthase 

MBRAP +N / 1 Plant chr3 MN3_6450403 AT3G18730 Protein TONSOKU 

SILQP No-N / 1 Plant chr1 MASC03758 AT1G07520 GRAS family transcription factor 

SILQP No-N / 1 Plant chr1 GAI_173 AT1G14910 Putative clathrin assembly protein At1g14910 

SILQP 
+N / 1 Plant 
No-N / 4 Plants 

chr2 MASC09221 AT2G26790 Pentatricopeptide repeat-containing protein 

SILQP + N / 4 Plants chr2 MN2_11457357 AT2G26850 F-box protein 

SILQP +N / 1 Plant chr2 MASC02787 AT2G30440 Thylakoidal processing peptidase 1 

SILQP 
+N / 1 Plant 
+ N / 4 Plants 

chr3 MN3_6450403 AT3G18730 Protein TONSOKU 

SILQP +N / 1 Plant chr3 MN3_12348963 AT3G30720 Protein QQS 

SILQP + N / 4 Plants chr4 NMSNP4_8876711 AT4G15545 Uncharacterized protein 

SILQP + N / 4 Plants chr4 MASC01526 AT4G18730 60S ribosomal protein L11-2 

SILQP +N / 1 Plant chr4 FD_250 AT4G35900 Protein FD 

SILQP +N / 1 Plant chr4 MASC05258 AT4G39970 Haloacid dehalogenase-like hydrolase domain-containing protein 

SILQP +N / 1 Plant chr5 MN5_22040876 AT5G54240 
Membrane lipoprotein lipid attachment site-like protein, putative 
(DUF1223) 

SILQP +N / 1 Plant chr5 MN5_26029439 AT5G65110 Acyl-coenzyme A oxidase 
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4.3.2.2 QTL mapping and gene identification for RII index 

 

To assess the interaction intensity, the relative interaction index (RII) was 

calculated as described in Chapter 2, Section 2.2.5 for HMAXP (RIIheight) and 

SILQP (RIIsilique number) under both nitrogen and no nitrogen treatments. First, 

the RII index was analysed from the multi-environment BLUEs data 

(Appendix 3: Figure A4.10). On +N, around 35% of the lines had RIIsilique 

number values less than -0.5, suggesting strong competition and a higher 

reduction of silique number (80%). Lines such as 78, 214 and 525 had the 

lowest reduction in number of siliques between the two densities (15%) and 

also had small reductions in height (less than 40% of height reduction).  

 

On limited nitrogen (No-N), silique number was also highly reduced in high 

competition scenarios. However, a different set of lines had the lowest 

RIIsilique number compared to the ones in +N. Two lines had positive RIIsilique 

number values (Lines 333 and 197), although these were rare cases. Other 

lines reduced their number of siliques by less than 13% (Lines 198, 425, 

450). This may indicate that such lines had the ability to use limited 

resources in a more efficient way when under competition, and therefore 

produced higher yield despite the presence of neighbours. However, ranking 

of lines according to RII values changed when analysing the data per 

individual experiment.  

 

The peak in chromosome 2 for RIIheight was only detected under +N 

conditions, where the ERECTA gene was present 0.11Mbp from the SNP 

peak (Figure 35). AT2G26580 (YAB5), involved in development of shoot 

apical meristem (Stahle et al., 2009), was actually closer to the peak SNP, so 

it is possible that there is other explanatory variations in this region. Other 

small peaks were found in chromosome 5, as previously found for HMAXP, 

with candidate genes related to pathogen resistance pathways and flowering 

genes. For RIIsilique number a peak in chromosome 3 was found. The closest 

gene (AT3G29635) encodes an enzyme that synthesizes anthocyanins, 

which are stimulated by biotic and abiotic stresses, although, the SNP peak 

was not significant (p = 0.09). 
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Figure 35: QTL plots from the multi-environment analysis for the Relative 

Interaction Index A. RIIheight and B. RIIsilique number. Red line indicates Nitrogen and 

blue line indicates No-N. Discontinuous line indicating -log10 (P value) threshold for 

significance of 3.5 

 

Under No-N conditions, a peak in chromosome 4 was observed for RIIheight 

and in chromosome 1 for RIIsilique number. The closest genes to the SNP peak in 

chromosome four included AT4G19470, AT4G21105 and AT4G22410. The 

first one encodes a leucine rich repeat (LRR) family member, the second one 

a cytochrome-c oxidase, and the last one an ubiquitin protein. For RIIsilique 

number, two genes AT1G15950 and AT1G17300 were found close to the 

peaks. The first one is involved in lignin biosynthesis; mutations in this gene 

are known to cause dwarfism and it has been found to be expressed in 

reproductive tissues (Thévenin et al., 2010). AT1G17300 is still 

uncharacterized, but the closest genes AT1G17310 (5 Kb away) and 

AT1G17345 (17 Kb away) encode a MADs-box protein and an auxin protein 

(SAUR77), which promote cell elongation and plant growth respectively. 
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4.3.2.3 The ERECTA locus and productivity 

 

According to the definition of competitive ability, the three components of a 

superior competitor are large size under competition, high survival and higher 

fecundity when plant size and time for reproduction is limited by competition 

(Aarssen, 2005). According to this, a larger plant body size confers higher 

fecundity. In individual experiments, plant height was correlated with silique 

number (Figure 31). Using the multi-environment data, there is a slightly 

tendency to increase productivity in higher plants under competition (four 

plants) (Figure 36).  

 

 

Figure 36: Height (HMAXP) vs silique number (SILQP) for all treatments. Red 

circles indicate lines that carry the erecta allele with high productivity and small plant 

size 

 

Among all treatments, a group of smaller plants display higher silique number 

(SILQP) than might be expected from population trends. This subset is 

illustrated in Figure 36 in a red circle. The parental line Ler-0 largely 

contributed to this small size phenotype. Ler-0, which corresponds to 

Landsberg erecta has a mutation in the Erecta gene that reduces plant 

height.  
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QTL analysis using the HAPPY software (see Chapter 3, Section 3.2.3) 

involves a reconstruction step whereby the genomic makeup of each RIL is 

inferred and related to the 19 parental lines. It is therefore possible to infer 

which parent contributes to each marker allele. In this manner, twenty-nine 

MAGIC RILs were assigned as containing the Ler-0 erecta allele. With no-

competition, the average height for the Erecta plants was 12.82 cm and 5.63 

cm under +N and No-N conditions respectively. Additionally, they produced 

an average of 66.7 and 16.08 siliques in +N and No-N conditions, 

respectively, higher and significantly different (p < 0.05) values without the 

Ler-0 Erecta allele, which produced 52.9 and 14.1 siliques in +N and No-N 

conditions respectively (Table 23). The same results were observed for 

plants in competition treatments. Therefore, this supports the contention (see 

Chapter 3, Section 3.3.4) that plant size related traits such as height are 

good predictors of productivity in competitive scenarios and that dwarf 

genotypes are useful in plant breeding programs when crop density is an 

issue.  

 

Table 23: Height (HMAXP), silique number (SILQP) average and standard deviation 

of MAGIC RILs with and without Ler -0 Erecta allele in both nutrient conditions. 

Lowercase letters next to mean indicate significant differences between groups by 

treatments (p < 0.05)  

 

Density 

Ler-0 Erecta allele Other Erecta allele 

n HMAXP SD SILQP SD n HMAXP SD SILQP SD 

+N/One 29 12.82a 2.47 66.71a 13.39 421 25.18b 3.72 52.99 b 13.05 

+N/Four 29 7.31a 1.34 21.92a 2.8 421 15.79b 2.67 18.90b 3.5 

No-N/One 29 5.63a 1.32 16.08a 3.42 421 12.72b 2.77 14.11b 3.21 

No-N/Four 29 3.56a 0.70 9.41a 1.1 421 8.0b 1.66 7.66b 1.52 
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4.4 Discussion  

 

4.4.1 Data design and analysis 

 

A good prediction of phenotypic performance in plants is key for subsequent 

analysis and depends to a great extent on the conditions and variability of the 

environment that the plants are grown in. Phenotypic platforms with fully 

controlled conditions can help to evaluate many several individuals at the same 

time, and improve the reproducibility of experiments. However, microclimates 

inside the glasshouse might exist therefore, and adequate experimental design 

and statistical analysis can help to account for this environmental variation. Due 

to the number of MAGIC RILs (480), there was a space limitation both on the 

PSI platform and vernalisation. In Chapter 3, the lines were split into three 

experiments and evaluated separately. However, this approach was not ideal in 

accounting for genotype by experiment variation. In this chapter, the entire 

population of lines was evaluated in each of three experiments (each experiment 

was undertaken at a different time period), making it possible to analyse the 

data, as separated experiments taking into account environmental variation of 

the glasshouse and subsequently allowed me to combine the data considering 

the genotype x experiment variation. The analysis of trait values using the 

SpATs model in each experiment (section 4.3.1.1) accounted for spatial trends 

within the phenotypic platform, which turned out to be very low. The use of this 

model has more impact in the analysis of field trials, where environmental 

variation is higher and an efficient analysis is essential for plant breeding 

selection processes (Velazco et al., 2017). Although this analysis identified the 

environmental gradients and potentially other variations across the PSI platform, 

they were relatively minimal, as might be expected from a controlled 

environment space. However, the effect of modeling to correct for spatial trends 

reveal an additional QTL on chromosome 1 (SNP: MN1_3169209) for SILQP in 

one of the experiments (AT045: No-N/4Plants) compared to analysis of the 

uncorrected data. This QTL region also overlaps the QTL identified by the 
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combined analysis (SNP: MASC03758) (Appendix 3: Figure A4.9, Table 21). 

However, corrections for spatial trends probably did not eliminate environmental 

variation between experiments, as analyses of the single experiments identified 

minor QTL that were unique to each particular experiment. Nevertheless, the 

LOD scores of these experiment-specific QTL tended to be relatively low or not 

quite significant. 

 

The alternative data analysis, based on combining all three experiments in a 

multi-environment approach, could account for genotype per experiment effect. 

Both approaches were very important for estimating genotypic means as BLUEs 

values for each genotype. These BLUEs values were corrected for experimental 

design and environmental effects, increasing the power of the statistical 

analysis.  

 

4.4.2 Phenotypic data 

 

Morphological and fitness traits are significantly impacted by abiotic and biotic 

stresses. Moreover, responses to individual stresses can be quite different from 

responses to a combination of stresses (Davila Olivas et al., 2017). In this study, 

plant morphology, fitness and genetic responses to plant-plant competition along 

with nutrient availability are evaluated.  

 

In general, trait values under individual stresses were significantly reduced, but 

the combination of both stresses (No-N/4Plants) had an even stronger effect. 

Results agree, in broad terms, with previous studies on the effect of density 

(Alwerdt et al., 2006; Hu et al., 2017; Masclaux et al., 2012) and of nitrogen 

deficiency (Ikram et al., 2012; Jong et al., 2014) on yield, branching and shoot 

biomass. Combinatorial competition- and nitrogen deficiency- stress have been 

reported to affect root proliferation for resource acquisition (Robinson et al., 

1999). Measurements of responses showed significant differences for SILQP 

and HMAXP when both stresses (No-N/4Plants) were present compared to the 
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other treatments, probably due to higher competition between plants in low 

nutrient environments, as suggested by Tilman’s theory (Figure 32). A similar 

study by Dietrich et al. (2005) also found a high fitness cost when Arabidopsis 

was challenged by pathogens under low nitrogen levels and competitive 

scenarios. Also, a study in size on Phaseolus vulgaris showed a significant 

variation in response to neighbour plants with high and low nutrient level (Chen 

et al., 2014). Chen et al. (2014) found a reduction of seed size in the presence 

of a neighbour and a low nutrient level, but the effects of both variables are 

independent to each other. In general, the combination of stresses lead to a 

possible additive effect, although further analysis needs to be done to evaluate 

this from a molecular perspective. Studies shown that the application of multiple 

stresses produces a unique gene expression pattern different from just the 

additive effect of individual stresses (Davila Olivas et al., 2017; Sewelam et al., 

2014).  

 

Flowering time (FTP) is a relatively stable trait that did not change across 

treatments (as also observed in previous experiments described in Chapters 2 

and 3). Nutrient availability, and specifically nitrate, influence flowering 

regulation, mainly promoting flowering under N limitation (Liu et al., 2013; Vidal 

et al., 2014). In this thesis, although no differences were observed between 

treatments, anthocyanin accumulation, reduced leaf number and a leaf colour 

change to reddish-brown – purple were observed as before in the parental lines 

experiments (Chapter 2: Section 2.4.3) and reported by Kolar & Senková (2008). 

However, it was found that individual MAGIC RILs variously respond to N 

nutrient stress by delaying, advancing or not changing flowering time, which 

agree with the findings of Kolar & Senková (2008) and Vidal et al. (2014). For 

example, the flowering response under poor nutrition was strongly accelerated 

in the Ler-0 parental line as compared to the Col-0 ecotype in Kolar & Senková 

(2008). Here, it was found that No-N/4Plants did indeed accelerate flowering in 

MAGIC RILs with a Ler-0 ERECTA allele background (52 DAS) as compared to 
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+N/1Plant conditions (54 DAS), although the differences were not significant (p 

= 0.26).  

 

Rosette and main branching was reduced or absent from plants under No-

N/1Plant, No-N/4Plants and +N/4Plants treatments (Figure 32). The published 

evidence suggests that, overall, N deficiency results in delayed or reduction of 

bud emergency and activation, reducing the total number of branches and 

increasing the allocation from biomass to roots (Jong et al., 2014). 

 

4.4.3 QTL analysis and candidate genes 

 

As also found in Chapter 3, QTL previously identified in other studies were also 

associated with the traits measured with a combination of stresses. This lends 

support to the all QTL identified. Moreover, for all the traits, some of the QTL 

regions were shared across the treatments and experiments, although some of 

these QTL regions were unique to a particular set of environmental conditions 

(experiments) under which the plants were grown (Appendix 3: Figure A4.6 to 

A4.9). According to Rauh et al. (2002), a QTL with a high genetic x 

environmental (GxE) interaction is most likely to be specific to the stress studied, 

while a QTL shared across environments is most likely to be related to plant 

development. In this study, most of the QTL identified were found in the control 

treatment (+N/1Plant) and showed higher log10 (P) values and explained more of 

the observed phenotypic variation for each trait as compared to QTL identified 

under the stress related treatments (No-N or 4Plants) (Table 21). According to 

Wallace et al. (2016), the few QTL identified in stressful conditions might be 

related to lower heritabilities in these treatments (Table 19) or a wider spread of 

the signal across more loci, leading to less significant peaks.  

 

When plants were grown under combined competition and nitrogen limitation, 

severe responses were found for HMAXP, MBRAP and SILQP in both single 

(experiments) and multi-environment analyses (Figure 30, Figure 32). However, 
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the amount of variation explained by the QTL was very low compared with the 

other QTL found in other treatments (Table 21). This may be a common 

phenomena since previous studies also found that, for multiple stresses, there is 

a lower genetic variance and lower heritability, which may have implications in 

the power of GWAS or QTL analysis (Davila Olivas et al., 2017; Kissoudis et al., 

2015). For example, in a study of the genetic architecture of the response to 

drought plus insect attack, a lower genetic variance was observed despite 

phenotypic variance being larger (Davila Olivas et al. 2017). 

 

Flowering time is a highly polygenic trait with a large number of QTL identified in 

different mapping populations. Here, some important genes related to flowering 

regulation were identified as underlying significant QTL, as shown in section 

4.3.2.1. Genes known to accelerate flowering under stressful conditions, such as 

FT, ELF3, and others, were found associated mainly with FTP QTL, mainly 

found in the +N/no competition treatment. In the most stressful treatment, only 

two FTP QTL were found, which were also identified in the other treatments. 

These results might be related to the lack of variation at phenotypic level 

between treatments for this trait, which is reflected in the few and similar QTL 

peaks found in each environment. Similarly, a low phenotypic variability and 

heritability for MBRAP resulted in a lack of significant associations with any 

genomic region under stressful conditions.  

 

Several genes are known to influence plant height in Arabidopsis (Barboza et 

al., 2013). The HMAXP QTL on chromosome 2 was common to all treatments 

and includes the ERECTA gene. The allelic influence of the parental line Ler-0 

(which confer a short plant phenotype) is very high in the population. In Chapter 

3, Section 3.3.4, plants with the Ler-0 allele produced more siliques under 

competitive high nutrient conditions. In this chapter, the fitness advantage is also 

observed, not only in +N conditions but also in No-N levels (Table 23). This 

means that this gene might be a useful high heritable candidate gene (H2 = 0.60 

to 0.93) that behaves the same in several environments. Alternatively, the 
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advantage may come from the physical attributes where -by shorter plants 

cannot compete aggressively above-ground with each other due to limitations on 

an individual’s ability - to increase plant height when in a competitive 

environment. 

 

Two QTL detected for HMAXP on chromosome 4 were only found under no-

competition treatments. Mutations of candidate genes associated with both QTL 

lead to a dwarf phenotype (Baima et al., 2001; Liang et al., 2018). Moreover, a 

candidate gene AT4G34460 (AGB1) from the No-N treatment is important for 

root architecture in a nitrogen dependant manner: mutants under low nitrogen 

levels induced transcript levels of AGB1 and promotes horizontal expansion, 

increasing root density and biomass (Liang et al., 2018). At the end of 

chromosome 5, three HMAXP QTL were identified for all treatments, except for 

the control treatment. Candidate genes within this region include a floral 

repressor, a gene involved in cell wall expansion, thereby regulating plant 

growth, and a transcription factor involved in plant defense and cell wall 

metabolism. To my knowledge these specific genes have not been reported to 

affect plant height under any condition and may therefore be novel genes 

playing an important role for plant growth under specific environments, although 

other genes in the interval should be explored. For example, the gene CPR5 is 

present in this QTL region and involved in the synthesis of salicylic acid, a 

hormone induced by biotic or abiotic stresses promoting resource allocation to 

growth instead of plant defense (Meng et al., 2017).  

 

Under stress, specific metabolites are accumulated as part of the sensing and 

response processes. Accumulation of callose, generation of reactive oxygen 

species (ROS), a cascade of kinase responses, increasing of abscisic acid 

(ABA) hormone and induction of transcription factors are some response 

examples (Rejeb et al., 2014). In this thesis, genes related to pathogen 

resistance mechanisms or abiotic stresses were found in QTL regions, mainly 

under nitrogen deficiency treatment and for the SILQP trait. Expression of these 
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“defense” genes might be part of a cross-tolerance mechanism, whereby the 

plant has the ability to tolerate multiple stresses, and they also suggest a partial 

overlap between defense and abiotic stresses (nutrient availability) response 

mechanisms. Candidate genes that participate in responses to combinatorial 

stresses have been previously identified. For example, Arabidopsis plants grown 

in high densities have enhanced resistance to a generalist insect caused by the 

up-regulation of many defense genes that occurs when competing with other 

plants (Masclaux et al., 2012). In these experiments, under No-N/4Plants, it was 

not possible to find a unique QTL region for both stresses (Figure 34), although 

some SNP peaks were different from other treatments and closer candidate 

genes might be important and interact in the combinations of both stresses.  

 

For +N/4Plants, two SNP peaks (chr 4) were associated with SILQP trait and 

were close to genes related to nitrogen mobilization, reduction of plant height 

and fertility (section 4.3.2.1). Also in chromosome 4, other SNP peaks were 

found for no-competition treatment and are associated with genes encoding two 

enzymes that synthesize the molecule glutathione (GSH), important in plant 

protection against abiotic and biotic stresses, and expressed in siliques. GSH 

improves salt tolerance in Brassica seedlings, increasing antioxidant enzymes 

(Kattab, 2007). Some of the candidate genes identified in this chromosome 

could affect adaptation to competitive environments. In single-environment 

analysis (by experiment) some peaks were specific for individual experiments, 

mainly at the end of chromosome 4 (Appendix 3: Figure A4.9: +N/no-

competition). Furthermore, the region in chromosome 5 is also exclusive for 

+N/1Plant, and some genes might play a key role in fitness under these 

conditions. A QTL region in chromosome 1 was identified for SILQP. Alonso-

Blanco (1999), in a study of a bi-parental mapping population found a QTL 

region in the same location as this study, which affected seed size related traits, 

as well as fruit number and plant height. He suggested a pleiotropic effect of 

genes related to flowering time located in this region, which affect other traits. 
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4.4.4 RII interaction index 

 

The RII interaction indices provide a measure of intensity of plant interactions, 

here presented in terms of height (RIIheight) and silique number (RIIsilique number). 

Unique RII QTL were observed for +N and No-N treatments, although most of 

the peaks were located in the same or similar region to those identified for 

SILQP or HMAXP traits under competition. Some genes associated with these 

SNP peaks have been previously implicated in the traits measured and thus are 

potential candidate genes that affect the phenotypic response of plants when 

competing under low nitrogen levels.  

 

Thus, competition and its interaction with abiotic stresses have a complex 

genetic basis, since many traits are affected by the response to both conditions. 

Evaluation of morphological plasticity of the roots will be essential since root 

proliferation could be important in competition under nitrogen depleted 

environments. However, the lack of time for analysis of root measurements in 

larger populations means this is a study for the future.  

 

 



 183 

Chapter 5 

General Discussion 

 

5.1 Background and future research 

 

In natural, as in crop, environments, plant – plant interactions play a key role in 

community dynamics, influencing a range of phenotypic traits (Subrahmaniam et 

al., 2017; Willis et al., 2010). Understanding the mechanisms by which 

neigbours are detected and responded to, can be fundamental in different 

scenarios. For example, competition has a key impact on community diversity, 

and can provide insights to improve breeding and crop management strategies. 

Competition is also modulated by its interaction with ongoing drivers due to 

climate change. The phenotypic outcome of competition in intraspecific and 

interspecific interaction has been studied in model plants as well as in 

economically important crops (Subrahmaniam et al., 2017). There are still 

relatively few studies considering the genetic and molecular basis of plant – 

plant interaction, as compared to other types of biotic and abiotic stresses 

(Subrahmaniam et al., 2017). This project used a mapping population of a model 

species to relate variation in the genome with variation in traits under two 

different competitive conditions where the controlled variable was soil nutrients. 

 

In Chapter 2, the suitability of Arabidopsis thaliana for plant – plant interaction 

studies was tested. The natural variation of the model plant Arabidopsis, its 

rapid growth cycle and the availability of large populations for association 

mapping studies make of this plant a convenient species for dissecting the 

complex genetic mechanisms underlying competition. In this chapter, a number 

of scenarios were evaluated, including the use of a so-called “smart” 

glasshouse. Good quality measurements can be obtained computationally from 

images and used to speed up genomics studies (Furbank and Tester, 2011). 

These semi-automated platforms monitor many plants at the same time under 
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controlled conditions, as demonstrated in Chapters 3 and 4. The conditions (to a 

greater or lesser extent) controlled included temperature, humidity, light and 

watering, which allowed maintenance of a homogeneous environment across 

experiments. The reduction in uncontrolled environmental variation, especially in 

terms of watering, helped measurement of the variation due to the treatments, 

and so should provide a better estimate of genotype by environment interaction. 

However, complete automation of image analysis on these platforms is not 

available so trait measurement can be still a bottleneck. With the exception of 

AREAROSPOT, the morphological and fitness traits in this study were 

measured manually because the PSI platform is restricted to imaging from a 

side view when operating at full capacity. Moreover, feature extraction from 

rosette images was made more difficult due to two main factors: colour variation 

caused by stress and overlapping when grown in higher densities. Thus, there is 

still a need to improve the image analysis software including the recognition that 

plants are not necessarily “green”, because processes such as stress or 

senescence are active parts of development. Despite these technical 

shortcomings in the commercial software, it was clear that competition impacts 

rosette size and it would be interesting to evaluate other traits such as rosette 

biomass or growth rate. Approaches such as machine learning will have a great 

potential to overcome these issues and to facilitate the analysis of large 

biological datasets (Atkinson et al., 2017) (Appendix 4). 

 

One of the main caveats is that results from this thesis might not extrapolate to 

the field (Poorter et al., 2016; Suzuki et al., 2014). According to Poorter et al. 

(2016) translation of knowledge from the lab to the field is a complex task given 

that, in controlled conditions parameters such as light and temperatures are 

usually lower than in the field, and this may affect the source: sink ratio of the 

plant with consequences for morphology and physiology. However, field 

conditions are uncontrolled and often spatially highly variable, requiring high 

levels of replication. In this thesis, all experiments took advantage of the PSI 

platform, given its advantage in growing a high number of individuals, although 
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field experiments directly may be of great importance for evaluating the 

phenotypic variability of plants due to competition, and more importantly, to 

confirm the QTL regions related with the traits evaluated variable competitive 

plant – plant interactions. 

 

This thesis approach used a genetically unstructured MAGIC population to 

dissect the genetic basis of variation in plant interactions (Chapter 3 and 4). 

Under competitive and non competitive situations and in combination with 

reduced nitrogen availability, QTL regions were identified for a set of above-

ground traits. In Chapter 3, 10 QTL were found under competition, while in 

Chapter 4, when combining competition and nitrogen deficiency 6 QTL were 

observed (Table 11, Table 21, Figure 37). QTL intervals included several 

candidate genes (Table 13 and Table 22) and an overlapping of regions was 

seen between treatments, even though most of the time they did not share 

exactly the same SNP peak (Figure 24, Figure 34, Figure 37). This is because of 

the mapping approach used by the HAPPY software for MAGIC. This software 

returns the entire segment exceeding a set genome wide significance level (here 

log10 (P) > 3.5) around the SNP peak, instead of providing confidence intervals 

around a particular SNP peak. Previous studies usually produced confidence 

intervals in a range of 10 Kb, 20 Kb or even more (Baron et al., 2015; Davila 

Olivas et al., 2017). According to Kover et al. (2009) MAGIC RILs provide good 

resolution, as observed for QTL of large effects such as ERECTA, which was 

found in their study at less than 300 Kb from the QTL peak. In this thesis, this 

gene was also located in close proximity (< 80 Kb) to the peak observed in 

chromosome 2 for all treatments. This indicates that the genes in proximity of 

other QTL peaks should include good candidates for further studies, although, 

improved mapping resolution would be ideal. Further analysis could include, for 

example, the search for causal polymorphisms in a wider range, such as the 

approach proposed by Gnan et al. (2014). They looked for nonsynonymous 

substitutions in close proximity (within 300 Kb) of the QTL peak in the parental 

genome that contributes the most to the trait.  
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Figure 37: Compiled set of significant QTLs for all traits in experiments described in 

chapters 3 and 4. Circle diameters are proportional to the log10 (P) value of each SNP 

peak. Selected candidate genes underlying each QTL are shown at the top of each 

trait. FTP: Flowering time, HMAXP: height, BRAP: branch number, SILQP: silique 

number, RII_SILQP and RII_HEIGHT: Relative Interaction Index from silique number 

and height 

 

Bi-parental populations tend to present low resolution maps, due to low linkage 

disequilibrium (LD) and generally small population size. The small number of 

recombination events increases the width of confidence intervals. However, it 

has also being suggested that power issues from multiparent mapping lines can 

reduce the number of QTL compared to other populations, which might be due 
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to a larger number of segregating alleles or a higher breakage of small QTL 

caused by increased recombination (Gnan et al., 2014; Keurentjes et al., 2011). 

Consistent with this idea, fewer QTL for flowering time (FTP) were found in this 

thesis compared to other studies that used a combination of bi-parental and 

GWAS population analysis (Brachi et al., 2010). Also, QTL differences for FTP 

were found in comparison to the same MAGIC population (Kover et al., 2009). 

Therefore it could be argue that the use of other approaches such as 

association mapping or GWAS would identify candidate genes with a better 

accuracy (Kover et al., 2009; Xu et al., 2017). Furthermore, the use of multiple 

Near Isogenic Lines (NILs) or expression quantitate trait locus (eQTL) 

approaches can improve the resolution and reduce the number of candidate 

genes (Habib et al., 2018; Li et al., 2018). Transcriptome analysis of the whole 

MAGIC population under the different conditions could provide eQTL and begin 

to reveal molecular mechanisms contributing to the phenotypic variation. 

Although expensive, this approach would select candidate genes for future 

mutant phenotypic profiles as shown in the study by Nozue et al. (2015). The 

use of NILs combined with transcriptome analysis reduced the number of 

putative genes related to pathogen resistance in barley (Habib et al., 2018), 

while another study in Brassica integrated QTL and eQTL data to identify 

candidate regulatory genes associated with the variation of phenotypic traits 

according to expression profiles (Li et al., 2018). NILs focus on one QTL or 

region at a time, allowing the detection of more specific QTL of small effect that 

often cannot be detected in RILs (Keurentjes et al., 2011). Considering that QTL 

studies rely on high phenotypic variation, the use of different populations may 

reveal other QTL or corroborate the ones already found. 

 

Several studies have demonstrated the importance of competition / facilitation in 

crop production. Plant diversity in a cropping system such as intercropping as 

well as the interaction of a crop with weeds are key aspects that involve the 

understanding of the competitive ability of an individual. Research in Arabidopsis 

has been fundamental in understanding the molecular mechanisms in related 
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oilseed crop species such as Brassica napus and Brassica rapa, as well other 

promising oil seed plants such as Thlaspi arvense (pennycress) (Chopra et al., 

2018) or in designing approaches to dissect these processes directly in the 

crops. Furthermore, using Arabidopsis as a model to understand ecological 

mechanisms has provided insights in understanding crop systems. For example, 

experiments using mixtures of Arabidopsis provided increased yield stability and 

resistance to abiotic stresses as compared to monocultures (Creissen et al., 

2013), which suggests the importance of genetic diversity to overcome potential 

stresses in crops. Moreover, stress tolerance research in Arabidopsis has been 

key in elucidating different stress related genes, which are also orthologous in 

related crop plants (Zhang et al., 2004). The work presented in this thesis 

uncovered the importance of density and the need to consider the influence of 

competition in crop management. The genetic diversity and genomic information 

available for Arabidopsis make it suitable for giving the first insight into the 

possible genetic mechanisms in plant-plant interactions. However, other genetic 

studies need to be done in other plants, including crops.  

 

Alternative methodologies to studying competition in Arabidopsis could also 

open the range of application of this model system. The study of genetic 

mechanisms underlying interspecific competition and facilitation as in the case 

of intercropping systems in crops will be interesting for future research. The 

combination of interspecific interaction with nutrient availability will help decipher 

key molecular pathways that help in the understanding of systems such as 

intercropping, which are usually associated with higher productivity (Li et al., 

2014a). Moreover, a future study in the response of roots to neighbours under 

nutrient availability constraints is important to fully understand plant – plant 

interaction. 

 

In Chapters 3 and 4, it was identified the erecta allele related with small/compact 

plant size as a candidate for higher collective productivity under competition 

and, using defined mutants, validated its role. In crop breeding, vigorous plants 
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such as elongated individuals and highly branched ones are usually selected for 

higher yield and these traits may affect their competitive ability. In a dense stand 

of mixed genotypes, higher plants tend to shade their neighbours and in 

consequence have a higher fitness. However, dwarf individuals are known to 

also have higher collective fitness in different crops such as wheat and rice 

(Dudley et al., 2013; Hedden, 2003), and it has been suggested that selection at 

a group-level instead of individual plants would increase overall crop 

performance as a result of higher average group performance (Goodnight, 

1985). As shown in Figure 27, small Arabidopsis lines (with the erecta) produced 

a higher quantity of siliques when competing than lines without the erecta allele. 

This provides experimental evidence for the advantage of selecting plants at a 

group level rather than individually. Also, these results suggest that in breeding, 

a selection of individuals with a lower competitive ability will benefit overall 

production in a crop.  

 

In conclusion, mapping QTL for complex traits, such as yield or intensity of 

competition (RII) that involve numerous genes and plastic responses due to the 

environment, is a complex task. Therefore, it is also important to highlight that 

the QTL and possible candidate genes identified here could be specific for the 

local environment where the plants were grown and that the use of other 

populations and approaches would obtain more information of the genetic bases 

of plant-plant interaction.  

 

5.2 Key findings 

 

• Competition significantly reduces morphological traits such as height, 

number of branches, rosette area and fitness traits such as silique 

number. 

• The response to competition is genotype dependent. Each parental 

accession and MAGIL RIL has different degree of reduction for each trait. 
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• Silique number is a proxy trait for measuring fitness under competition. 

There is a high correlation of silique number, seed weight and silique 

length under different competition and soil nutrient scenarios. 

• Flowering time is a highly heritable but less plastic trait and not influenced 

by intraspecific interaction. 

• Combination of competition and nitrogen deficiency increases the 

reduction of the different traits measured. 

• The RII index as a measure of interaction between individuals is highly 

variable for each line between experiments and treatment conditions. 

• A novel QTL in chromosome 2 explaining 5% of the variation of flowering 

time under both no-competition and competition was identified in this 

population. 

• A QTL for SILQP in chromosome 3 explaining 11 % of the variation was 

identified under competition. 

• A QTL peak for RII index as a function of silique number was detected on 

chromosome 4, a region previously associated with variation in fitness in 

other studies. 

• Dwarf MAGIC RILs have a clear fitness advantage when plants are 

growing in intraspecific interaction, with erecta being the main gene that 

underlies this effect. 

• Under a combination of stresses, nitrogen deficiency and competition, no 

specific QTL were found, which means that similar molecular pathways 

might be involved when both stresses are present, or that these two 

stressors have additive effects on the plants. 
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Appendix 1 

 

Table A2.1: Hoagland’s solution recipe used in all nutrient experiments 

 

 

Nutrients 

Concentration 
Final Volume 
 (ml) per litre Macronutrients 

KNO3 2 M 2.5 

CaCl2 1 M 2.5 

MgSO4 1 M 2 

NH4NO3 1 M 1 

KH2PO4 1 M 0.5 

FeSO4 - 1 

Micronutrients   

H3BO3  1 

MnCl2 4H2O - 1 

ZnSO4 7H2O  1 

CuSO4 5H2O  1 

H3MoO4 H2O  1 
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Table A2.2: Effect of competition of accessions, treatments and its interaction on 

flowering time (FTP), rosette dry (DRYMASSP), fresh weight (VMASSP), area and total 

area of green pixels (AREAROSPOT), height (HMAXP), branch number (BRAP) and 

plant fitness (SILQP) (Experiment AT021) 

   

Trait df F-value P-value 

FTP    

   Accession 17 4.20 <0.001 

   Treatment 3 316.8 <0.01 

   Accession x treatment 51 0.47 0.99 

DRYMASSP*    

   Accession 17 8.39 <0.001 

   Treatment 3 108.78 <0.001 

VMASSP*    

   Accession 17 19.41 <0.001 

   Treatment 3 2.88 0.002 

AREAROSPOT 64 DAS*    

   Accession 17 6.58 <0.001 

   Treatment 3 73.58 <0.001 

AREAROSPOT 49 DAS    

   Accession 17 15.93 <0.001 

   Treatment 3 148.45 <0.001 

   Accession x treatment 51 1.61 0.008 

HMAXP    

   Accession 17 102.40 <0.001 

   Treatment 3 101.23 <0.001 

   Accession x treatment 51 7.76 <0.001 

BRAP    

   Accession 17 43.03 <0.001 

   Treatment 3 273.39 <0.001 

   Accession x treatment 51 1.85 <0.001 

SILQP    

   Accession 17 71.11 <0.001 

   Treatment 3 341.77 <0.001 

   Accession x treatment 51 3.88 <0.001 

               *Two way ANOVA without replication 
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Table A2.3: Spearman correlation coefficients among the data of silique length and 

seed number obtained in the four density treatments, in two different accessions 

(Experiment AT021) 

 

Number of plants / 

Accessions 
n 1 2 3 4 

Col-0 10 0.68 0.99** 0.36 0.78** 

Sf-2 10 0.84* 0.97** 0.80* 0.97** 

                      n = number of pots used 
                      *p<0.01 - **p<0.001 
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Table A2.4: Mean values and standard errors (SE) of the different traits for the three 

accessions, Col-0, No-0 and Oy-0. FTP: Flowering time, HMAXP: height, BRAP: branch 

number and SILQP: silique number (Experiment AT031) 

 

 Watering treatment 

Trait/Number 

of plants 

80% 60% 40% 30% 20% 

Mean SE Mean SE Mean SE Mean SE Mean SE 

FTP           

  One plant 43.33 0.62 42.44 0.56 41 0.83 41.78 0.54 42.75 1.24 

  Four Plants 43.14 0.48 42.58 0.39 42.50 0.36 42.53 0.86 44.65 0.54 

HMAXP           

  One plant 49.31 1.55 46.61 1.78 36.23 3.25 31.08 3.21 18.50 2.95 

  Four Plants 39.99 0.80 33.42 1.01 26.23 0.78 19.32 1.09 15.59 1.53 

BRAP           

  One plant 9.11 0.48 9.0 0.53 5.22 0.80 3.89 0.42 6.12 1.10 

  Four Plants 3.17 0.18 3.25 0.26 1.72 0.18 0.58 0.16 1.25 0.19 

SILQP           

  One plant 316.67 13.59 302 13.56 143.11 26.12 108.67 19.23 57.12 11.33 

  Four Plants 93.25 3.99 78.81 5.63 47.83 2.81 25.19 3.33 25.33 2.57 
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Table A2.5: Effect of density and watering treatments on plant performance of three accessions, Col-0, No-0 and Oy-0 (Experiment 

AT031). FTP: Flowering time, HMAXP: height, BRAP: branch number and SILQP: silique number 

 

    FTP HMAXP BRAP SILQP 

Source df F P F P F P F P 

TreatDensity 1 5.735 <0.05 74.247 <0.0001 406.858 <0.0001 309.272 <0.0001 

Treatwatering 4 7.742 <0.0001 118.421 <0.0001 46.34 <0.0001 84.043 <0.0001 

Accession 2 154.48 <0.0001 13.176 <0.0001 8.53 <0.0001 4.606 <0.05 

Treatwatering x TreatDensity 4 3.849 <0.01 2.686 <0.05 5.82 <0.0001 11.878 <0.0001 

TreatDensity x Accession 2 3.197 <0.05 1.750 0.1767 0.169 0.844 3.062 <0.05 

Treatwatering x Accession 8 3.453 <0.01 2.126 <0.05 1.057 0.395 0.697 0.694 

Treatwatering x TreatDensity x Accession 8 1.161 0.327 0.635 0.7477 0.56 0.809 1.119 0.352 

F: F-statistic, P: p-value 
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Table A2.6: Mean values and standard errors (SE) of the different traits for the 19 

accessions (Experiment AT037). AREAROSPOT: Rosette area per pot, FTP: Flowering 

time, HMAXP: height, RBRAP: branch number from the rosette, MBRAP: branch 

number from the main branch, SILQP: silique number and SWPOT: seed weight per pot 

 

 Watering treatment 

Trait/Number of plants 80% 60% 40% 30% 

Mean SE Mean SE Mean SE Mean SE 

AREAROSPOT (49 

DAS)* 

        

  One plant 669.26 45.22 698.39 39.47 578.96 35.61 463.81 34.44 

  Four Plants 1646.5 67.77 1703.2 54.82 1342.49 62.71 1158.96 51.43 

FTP         

  One plant 57.25 0.87 57.26 0.96 56.76 0.89 55.93 1.02 

  Four Plants 57.78 0.92 56.96 0.87 56.66 0.86 56.34 1.043 

HMAXP         

  One plant 41.71 0.83 37.14 1.07 31.07 1.14 23.29 0.81 

  Four Plants 32.10 0.90 29.12 0.88 21.32 0.86 13.24 0.73 

RBRAP         

  One plant 3.67 0.32 3.3 0.32 1.87 0.20 1.67 0.29 

  Four Plants 0.67 0.13 0.57 0.13 0.26 0.07 0.33 0.09 

MBRAP         

  One plant 4.6 0.32 4.72 0.37 4.16 2.54 3.93 0.35 

  Four Plants 3.33 0.21 3.29 0.24 2.13 1.34 1.17 0.19 

SILQP         

  One plant 308.07 14.14 229.1 14.65 173.6 14.32 68.6 9.80 

  Four Plants 89.21 4.12 75.7 4.42 41 3.25 16.5 2.45 

SWPOT         

  One plant 0.26 0.014 0.18 0.014 0.13 0.01 0.042 0.005 

  Four Plants 0.28 0.014 0.23 0.015 0.12 0.01 0.039 0.005 

*20 plants from replicate 3 were removed from the analysis since imaging was not done 
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Table A2.7: Effect of density and water treatment on plant performance of 19 accessions (Experiment AT037). AREAROSPOT: 

Rosette area per pot, FTP: Flowering time, HMAXP: height, RBRAP: branch number from the rosette, MBRAP: branch number from 

the main branch, SILQP: silique number and SWPOT: seed weight per pot 

F: F-statistic, P: p-value 

 

 

 

    
AREAROSPOT 

(49 DAS)* 
FTP HMAXP RBRAP MBRAP SILQP SWPOT 

Source df F P F P F P F P F P F P F P 

Accession 18 56.68 <0.001 236.17 <0.001 12.86 <0.001 11.82 <0.001 20.04 <0.001 5.27 <0.001 5.81 <0.001 

TreatDensity 1 
2113.

5 

<0.001 
0.52 0.469 346.37 <0.001 357.07 <0.001 175.33 <0.001 677.28 <0.001 0.33 0.561 

Treatwatering 3 
87.26 <0.001 

8.862 <0.001 262.19 <0.001 26.62 <0.001 24.55 <0.001 185.50 <0.001 
201.8

9 
<0.001 

Block 2 1.62 0.20 4.78 <0.01 25.9 <0.001 13.45 <0.001 6.19 <0.01 44.74 <0.001 41.78 <0.001 

TreatDensity x 

Accession 
18 

5.25 <0.001 
1.80 <0.05 0.992 0.468 3.66 <0.001 5.49 <0.001 1.75 <0.05 0.76 0.742 

Treatwatering 

x Accession 
50 

0.84 0.76 
1.62 <0.01 2.237 <0.001 1.78 <0.01 1.87 <0.001 1.88 <0.001 1.46 <0.05 

Treatwatering 

x TreatDensity 
3 

17.71 <0.001 
0.452 0.716 0.811 0.488 11.19 <0.001 5.32 <0.01 1.45 <0.05 3.71 <0.05 

Treatwatering 

x TreatDensity 

x Accession 

49 

1.015 0.454 

0.76 0.870 0.952 0.567 1.69 <0.01 0.936 0.598 0.91 0.64 0.93 0.60 



 229 

Table A2.8: Relative Interaction Index (RII) index from the 19 accessions under 

different water treatments. In red the lowest RII index and in blue the highest 

 

 

Accessions 30% 40% 60% 80% 

Bur-0 NA -0.44 -0.48 -0.43 

Can-0 -0.37 -0.47 -0.53 -0.60 

Col-0 -0.53 -0.56 -0.35 -0.65 

Ct-1 -0.53 -0.60 -0.47 -0.52 

Edi-1 NA NA -0.37 -0.72 

Hi-0 NA -0.55 NA -0.61 

Kn-0 -0.17 -0.70 -0.47 -0.63 

Ler-0 -0.64 -0.69 -0.45 -0.55 

Mt-0 -0.84 -0.50 -0.68 -0.49 

No-0 -0.43 -0.79 -0.61 -0.56 

Oy-0 -0.31 -0.64 -0.49 -0.54 

Po-0 -0.80 -0.69 -0.37 -0.66 

Rsch-1 -0.68 -0.36 -0.52 -0.52 

Sf-2 -0.48 -0.53 -0.55 -0.59 

Tsu-0 -0.82 -0.61 -0.58 -0.35 

Wil-2 -0.53 -0.39 -0.49 -0.47 

Ws-0 -0.38 -0.68 -0.45 -0.43 

Wu-0 NA -0.79 NA -0.55 

Zu-0 -0.94 -0.75 -0.63 -0.57 
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Table A2.9: Relative Interaction Index (RII) from the 19 accessions under well-watered 

(80%) and drought (30%) treatments. In red the lowest RII index and in blue the highest 

 

 

Accessions  30% 80% 

Bur-0 NA -0.47 

Can-0 -0.09 -0.67 

Col-0 -0.65 -0.68 

Ct-1 -0.60 -0.50 

Edi-1 NA -0.77 

Hi-0 NA -0.67 

Kn-0 -0.30 -0.71 

Ler -0.59 -0.55 

Mt-0 -0.79 -0.50 

No-0 -0.39 -0.54 

Oy-0 -0.40 -0.64 

Po-0 -0.84 -0.83 

Rsch-1 -0.70 -0.52 

Sf-2 -0.51 -0.56 

Tsu-0 -0.91 -0.49 

Wil-2 -0.52 -0.46 

Ws-0 -0.41 -0.46 

Wu-0 NA -0.60 

Zu-0 -0.94 -0.50 
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Table A2.10. Mean values and standard errors (SE) of the different traits for three accessions, Col-0, No-0 and Oy-0 (AT033) under 

60% sand - 40% WI13 soil mixture (Experiment AT033). FTP: Flowering time, HMAXP: height, BRAP: branch number and SILQP: 

silique number. DW: Distilled Water, TW: Tap Water, Hoagland’s: Complete solution, No-N: No – nitrogen and No-P No Phosphorous 

 

 Treatments 

Trait/Number 

of plants 

DW TW Hoagland’s No-N No-P 

Mean SE Mean SE Mean SE Mean SE Mean SE 

FTP           

  One plant 50.67 1.04 50.33 1.00 50.89 0.56 49.56 0.60 49.86 0.65 

  Four Plants 49.94 0.45 50.28 0.43 50.53 0.41 49.92 0.42 51.83 0.47 

HMAXP           

  One plant 32.70 0.92 29.83 1.99 35.89 1.02 31.77 1.27 40.46 1.77 

  Four Plants 15.36 0.73 13.55 0.54 21.76 0.70 13.75 0.76 22.27 0.73 

BRAP           

  One plant 0.78 0.28 1.44 0.38 3.33 0.44 1.33 0.29 1.89 0.20 

  Four Plants 0 0 0 0 0.42 0.26 0.03 0.03 0.06 0.04 

SILQP           

  One plant 44.33 2.85 49.56 4.11 85.89 4.24 50.33 4.13 67.22 8.02 

  Four Plants 61.67 1.60 56.11 1.22 91.11 1.86 58.67 1.58 85.56 1.67 

SWPOT           

  One plant 0.04 0.0 0.04 0.0 0.02 0.01 0.04 0.0 0.07 0.01 

  Four Plants 0.04 0.0 0.03 0.01 0.07 0.01 0.04 0.01 0.06 0.0 
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Table A2.11 Effect of density, nutrient treatments and soil mixtures on plant performance of three accessions, Col-0, No-0 and Oy-0 

(Experiment AT033). FTP: Flowering time, HMAXP: height, BRAP: branch number, SILQP: silique number and SWPOT: seed weight 

per pot 

 

  FTP HMAXP BRAP SILQP SWPOT 

Source F P F P F P F P F P 

TreatDensity 1.071 0.301 1447.982 <0.001 515.18 <0.001 3249.95 <0.001 0.247 0.620 

Treatnutrient 8.428 <0.001 153.007 <0.001 23.645 <0.001 160.21 <0.001 110.91 <0.001 

Accession 501.68 <0.001 16.598 <0.001 7.903 <0.001 43.75 <0.001 20.29 <0.001 

TreatSoil 14.429 <0.001 33.945 <0.001 8.643 <0.01 77.301 <0.001 34.87 <0.001 

Treatnutrient x TreatDensity 1.769 0.134 1.816 0.125 36.425 <0.001 106.63 <0.001 0.880 0.478 

TreatDensity x Accession 2.926 0.055 26.722 <0.001 4.144 <0.05 34.467 <0.001 0.385 0.681 

Treatnutrient x Accession 1.334 0.225 9.272 <0.001 1.557 0.136 2.794 <0.01 2.525 <0.05 

TreatDensity x TreatSoil 2.183 0.140 6.549 <0.05 9.422 <0.01 47.931 <0.001 6.013 <0.05 

Treatnutrient x TreatSoil 2.610 <0.05 2.158 0.073 1.858 0.117 3.784 <0.01 0.783 0.538 

Accession x TreatSoil 0.158 0.854 1.438 0.239 1.264 0.284 3.316 <0.05 6.279 <0.01 

Treatnutrient x TreatDensity x Accession 1.103 0.360 1.373 0.207 9.462 <0.001 1.227 0.282 0.734 0.661 

TreatDensity x Treatnutrient x TreatSoil 0.924 0.450 0.539 0.707 2.960 <0.05 6.904 <0.001 0.497 0.738 

TreatDensity x Accession x TreatSoil 0.489 0.614 0.114 0.893 0.316 0.729 10.201 <0.001 0.924 0.400 

Treatnutrient x Accession x TreatSoil 0.906 0.512 2.372 <0.05 0.282 0.972 0.474 0.874 1.287 0.256 

TreatDensity x Treatnutrient x Accession x 

TreatSoil 0.594 0.783 1.622 0.117 1.928 0.055 3.436 <0.001 1.927 0.062 

F: F-statistic, P: p-value 
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Table A2.12: Mean values and standard errors (SE) of the different traits for three accessions, Col-0, No-0 and Oy-0 (Experiment 

AT038). FTP: Flowering time, HMAXP: height, BRAP: branch number, SILQP: silique number and SWPOT: seed weight per pot. TW: 

Tap Water, Hoagland’s: Complete solution, No-N: No – nitrogen and No-P No Phosphorous 

 

  Treatments   

Trait/Number 

of plants 

TW Hoaglands No-N No-P 

Mean SE Mean SE Mean SE Mean SE 

FTP         

  One plant 40.88 1.09 41.25 1.01 40.75 0.86 41.88 0.97 

  Four Plants 40.34 0.45 40.50 0.47 39.34 0.43 39.97 0.42 

AREAROSPOT         

  One plant 179.48 19.56 618.17 45.63 199.81 23.22 662.68 49.21 

  Four Plants 301.02 22.69 749.1 49.21 376.99 21.63 827.4 39.28 

HMAXP         

  One plant 12.88 1.19 29.75 2.09 11.81 0.93 31.62 1.23 

  Four Plants 6.81 0.25 19.16 0.98 7.23 0.26 19.44 0.89 

MBRAP         

  One plant 0 0 2.50 0.57 0.12 0.12 3.62 0.50 

  Four Plants 0.06 0.04 1.03 0.16 0.34 0.11 1.00 0.16 

SILQP         

  One plant 13.88 1.63 81.38 11.79 13 1.07 86.38 4.38 

  Four Plants 7.19 0.26 25.06 1.50 7.19 0.38 26 1.48 

SWPOT         

  One plant 11.06 2.03 68.66 10.43 11.78 3.13 65.85 6.58 

  Four Plants 18.49 3.04 82.96 11.37 15.35 1.89 85.69 7.90 
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Table A2.13: Effect of density and nutrient treatments on plant performance of three accessions, Col-0, No-0 and Oy-0 (Experiment 

AT038). AREAROSPOT: Rosette area per pot, FTP: Flowering time, HMAXP: height, MBRAP: branch number from the main branch, 

SILQP: silique number and SWPOT: seed weight per pot 

 

 

  AREAROSPOT FTP MBRAP HMAXP SILQP SWPOT 

Source F P F P F P F P F P F P 

TreatDensity 21.6 <0.001 11.923 <0.001 49.841 <0.001 140.26 <0.001 367.19 <0.001 7.201 <0.05 

Treatnutrient 67.0 <0.001 2.075 0.107 46.113 <0.001 190.54 <0.001 154.83 <0.001 71.59 <0.001 

Accession 0.668 0.518 108.22 <0.001 7.117 <0.01 9.120 <0.001 6.980 <0.01 7.446 <0.01 

Treatnutrient x TreatDensity 0.172 0.914 0.924 0.431 24.990 <0.001 6.566 <0.001 75.887 <0.001 0.738 0.536 

TreatDensity x Accession 0.853 0.433 0.998 0.371 7.505 <0.001 0.265 0.768 2.294 0.105 0.005 0.995 

Treatnutrient x Accession 0.82 0.561 2.010 0.069 2.206 <0.05 3.802 <0.01 1.864 0.091 2.237 0.059 

Treatnutrient x TreatDensity 

x Accession 0.40  0.8743 1.842 0.096 5.548 <0.001 0.718 0.636 3.024 <0.01 0.833 0.552 

F: F-statistic, P: p-value 

 

 

 

 

 

 

 



 

2
3

5
 

 

 

 

Figure A2.1: Seed weight and standard errors from 19 accessions under well-watered treatment in experiment AT037 
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Figure A2.2: Spearman correlation coefficients between the average of the traits 

evaluated for AT037 experiment. A. One plant per pot B. Four plants per pot. 

AREAROSPOT: Rosette area per pot, FTP: Flowering time, HMAXP: height, RBRAP: 

branch number from the rosette, MBRAP: branch number from the main branch, 

SILQP: silique number and SWPOT: seed weight per pot. White boxes are coefficients 

with a p > 0.01  
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Figure A2.3: AT037 experiment: Focal plant performance at different watering 

regimens for one (1) and four (4) plants per pot. A. Flowering time, B. Height, C. Branch 

number in the rosette, D. Number of branches from the main stem, E. Silique number. 

Boxplots represent the mean, standard deviation and maximum and minimum values 
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Figure A2.4: Rosette area images of Col-0 at 35 DAS in different growing conditions for 

experiment AT038. TW: Tap Water, Hoagland’s: Complete solution, No-N: No – 

nitrogen and No-P No Phosphorous 
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Figure A2.5: AT038 experiment: Focal plant performance at different nutrient 

treatments for one (1) and four (4) plants per pot. A. Flowering time, B. Height, C. 

Number of branches from the main stem, D. Silique number. TW: Tap water, H: 

Hoagland’s solution, -P: No Phosphorous, -N: No Nitrogen. Boxplots represent the 

mean, standard deviation and maximum and minimum values 
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Figure A2.6: Spearman correlation coefficients between average of the traits evaluated 

for AT038 experiment, A. One plant per pot B. Four plants per pot. AREAROSPOT: 

Rosette area per pot, FTP: Flowering time, HMAXP: height, MBRAP: branch number 

from the main branch, SILQP: silique number and SWPOT: seed weight per pot. White 

boxes are coefficients with a p > 0.01 
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Figure A2.7: Relative interaction index as function of silique number using the focal 

plant value from three accessions Col-0, No-0 and Oy-0 at experiment AT038  
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Appendix 2 

 

 

 

 

 

 

Figure A3.1: Graphical representation of the development of a MAGIC population. 

Figure from Bergelson & Roux (2010) 
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Table A3.1: Environmental variables for the three experiments. Data are averaged for the period that plants were in the PSI system 

(~20 days)  

 

 

 

 

 

 

Experiment 
Dates Tmax 

(ºC) 

Tmin 

(ºC) 

Tmean 

(ºC) 
RHmax RHmin RHmean 

Day length 

(hours) Start End 

A 25/04/2016 15/05/2016 28.2 12.9 19.9 77 21.6 43.4 16 

B 10/05/2016 03/06/2016 28.1 15.2 20.6 77 28.2 48.7 16 

C 14/06/2016 11/07/2016 26.1 17 21.3 76.6 35.2 56.3 16 
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Figure A3.2: Sample lines with a similar phenotype to the parental line Ler-0. A. one 

plant per pot treatment B. Individual plant of four plants per pot treatment. Plant are 

characterized for short stems, compact inflorescence and short and wide siliques  
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Table A3.2: List of flowering genes identified in the QTL regions 

Chr SNP name TAIR Locus 
TAIR 

Symbol 

Start 

position 

End 

position 
TAIR Description 

Distance 

from the 

SNP 

One MN1_24322296 AT1G66650 
 

24859917 24861821 E3 ubiquitin-protein ligase SINA-like 4  542175 

One MN1_24322296 AT1G66350 RGL1 24748105 24750186 DELLA protein RGL1  430452 

One MN1_24322296 AT1G66050 VIM2 24589343 24592780 E3 ubiquitin-protein ligase ORTHRUS 5  272368 

One MN1_24322296 AT1G65480 FT 24331373 24333999 

PEBP (phosphatidylethanolamine-

binding protein) family protein 13992 

One MN1_24322296 AT1G62830 LDL1 23264486 23267221 

Lysine-specific histone demethylase 1 

homolog 1  1052840 

One MN1_24322296 AT1G61040 VIP5 22483104 22485969 VIP5  1834158 

One MN1_24322296 AT1G60220 OTS1 22208089 22212171 Ubiquitin-like-specific protease 1D 2108564 

One MN1_24322296 AT1G57820 VIM1 21413981 21418115 E3 ubiquitin-protein ligase ORTHRUS 2  2902646 

One PERL0236029 AT1G68840 RAV2 25880155 25882222 TEM2 94718 

One PERL0236029 AT1G69120 AP1 25982294 25986349 AP1 8416 

One PERL0236029 AT1G69570 
 

26161528 26163715 Cyclic dof factor 5 186716 

Two 

NMSNP2_71504

90 AT2G17290 CPK6 7516330 7519662 Calcium-dependent protein kinase 6 374588 

Five MN5_25963543 AT5G57660 ATCOL5 23355337 23356989 Zinc finger protein CONSTANS-LIKE 5 2590154 

Five 

MASC04571 

MN5_25963543 AT5G58230 MSI1 23556012 23558245 Histone-binding protein MSI1 256233 

Five 

MN5_25963543 

MN5_26029439 AT5G59560 SRR1 24000476 24001957 

Protein SENSITIVITY TO RED LIGHT 

REDUCED 1  2010997 



 

2
4

6
 

Five 

MN5_25963543 

MN5_26029439 AT5G60100 PRR3 24197971 24201415 Pseudo-response regulator 3 1812520 

Five 

MN5_25963543 

MN5_26029439 AT5G60120 TOE2 24207689 24211743 

Target of early activation tagged (EAT) 

2  1802497 

Five 

MN5_25963543 

MN5_26029439 AT5G60410 ATSIZ1 24294704 24301157 

DNA-binding protein with MIZ/SP-RING 

zinc finger, PHD-finger and SAP 

domain 1714283 

Five 

MN5_25963543 

MN5_26029439 AT5G60910 AGL8 24502434 24506269 Agamous-like MADS-box protein AGL8 1507861 

Five 

MN5_25963543 

MN5_26029439 AT5G61060 HDA05 24566783 24571072 Histone deacetylase  1443285 

Five 

MN5_25963543 

MN5_26029439 AT5G61150 VIP4 24603634 24607725 Protein LEO1 homolog  1406533 

Five 

MN5_25963543 

MN5_26029439 AT5G61380 TOC1 24674963 24678550 

Two-component response regulator-like 

APRR1 1335457 

Five 

MN5_25963543 

MN5_26029439 AT5G61850 LFY 24844248 24846989 

floral meristem identity control protein 

LEAFY (LFY)  1166595 

Five 

MN5_25963543 

MN5_26029439 AT5G61920 
 

24864290 24866019 FLX4 1147059 

Five 

MN5_25963543 

MN5_26029439 AT5G62040 
 

24922802 24923797 Protein BROTHER of FT and TFL 1 1088913 

Five 

MN5_25963543 

MN5_26029439 AT5G62430 CDF1 25069093 25071111 Cyclic dof factor 1 942111 

Five MN5_25963543 AT5G63110 HDA6 25315506 25318347 Histone deacetylase  695287 
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MN5_26029439 

Five 

MN5_25963543 

MN5_26029439 AT5G63470 NF-YC4 25415600 25417199 NF-YC4  595813 

Five 

MN5_25963543 

MN5_26029439 AT5G63960 
 

25599514 25606841 DNA polymerase 409035 

Five 

MN5_25963543 

MN5_26029439 AT5G64170 
 

25672466 25676823 Protein LNK1 337569 

Five 

MN5_25963543 

MN5_26029439 AT5G64610 HAM1 25828160 25830669 

Histone acetyltransferase of the MYST 

family 1 182799 

Five 

MN5_25963543 

MN5_26029439 AT5G64960 CDKC2 25955374 25958995 Cyclin-dependent kinase C-2 55029 

Five 

MN5_25963543 

MN5_26029439 AT5G65050 AGL31 25982254 25986435 

Agamous-like MADS-box protein 

AGL31 27869 

Five 

MN5_25963543 

MN5_26029439 AT5G65060 MAF3 25987309 25991412 

Agamous-like MADS-box protein 

AGL70  22853 

Five 

MN5_25963543 

MN5_26029439 AT5G65070 MAF4 25992193 25996202 

K-box region and MADS-box 

transcription factor family protein  18015 

Five 

MN5_25963543 

MN5_26029439 AT5G65080 MAF5 25997504 26002619 

K-box region and MADS-box 

transcription factor family protein 12151 

Five 

MN5_25963543 

MN5_26029439 AT5G67180 TOE3 26801949 26804271 

AP2-like ethylene-responsive 

transcription factor TOE3 790897 



 

2
4

8
 

Appendix 3 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure A4.1: Experimental design scheme for each experiment. A. AT043, B. AT044, C. AT045; Black squares are empty pots, grey squares 

are Oy-0 parental line and, yellow squares are Col-0 parental lines. Treatments: 0= +N – 1plant, 1=+N 4 plants, 2= No-N 1 plant, 3= No-N 4 

plants 
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Table A4.1: Environmental variables of the three experiments. Data are averaged for the period plants were in the PSI system (~38 days)  

 

 

 

 

 

 

 

 

 

Experiment 
Dates Tmax 

(ºC) 

Tmin 

(ºC) 

Tmean 

(ºC) 
RHmax RHmin RHmean 

Lightmean 

(μmol m-2 s-1) 

Day length 

(hours) Start End 

AT043 5/12/2017 12/01/2018 23.4 17.8 20.7 64.2 22.7 39.3 369.1 14 

AT044 17/01/2018 24/02/2018 24.4 11.7 20.9 59.8 20.5 38.2 372.7 14 

AT045 28/02/2018 09/04/2018 24.9 12.9 20.6 74.1 16.7 36.44 375.4 14 
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Figure A4.2: Variability of Col-0 and Oy-0 responses under all treatments for A. flowering time (FTP), B. height (HMAXP) and C. silique number 

(SILQP) in experiments AT045 
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Figure A4.3: Raw data, fitted spatial trend and residuals plots for each trait and 

AT043 experiment plotted against row and column positions from the phenotypic 

platform. FTP: Flowering time, HMAXP: height, MBRAP: branch number from the 

main branch and SILQP: silique number  

HMAXP SILQP FTP MBRAP 

A. Raw data 

B. Fitted spatial trend 

C. Residuals 
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Figure A4.4: Raw data, fitted spatial trend and residuals plots for each trait and 

AT044 experiment plotted against row and column positions from the phenotypic 

platform. FTP: Flowering time, HMAXP: height, MBRAP: branch number from the 

main branch and SILQP: silique number 
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Figure A4.5: Raw data, fitted spatial trend and residuals plots for each trait and 

AT045 experiment plotted against row and column positions from the phenotypic 

platform. FTP: Flowering time, HMAXP: height, MBRAP: branch number from the 

main branch and SILQP: silique number 
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Table A4.2: Best linear unbiased estimators (BLUEs) for each trait per experiment and treatment. In parenthesis are standard deviations. FTP: 

Flowering time, HMAXP: height, MBRAP: branch number from the main branch and SILQP: silique number 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 AT043 AT044 AT045 

One Four One Four One Four 

FTP       

+N 53.6 (4.31) 53.9 (4.37) 54.41 (4.41) 54.26 (4.17) 51.42 (3.59) 51.19 (3.54) 

No-N 53.4 (4.26) 53.65 (4.37) 54.14 (4.35) 53.53 (4.17) 51.44 (3.91) 50.42 (3.42) 

MBRAP       

+N 2.70 (1.56) 0.12 (0.55) 3.08 (1.50) 0.27 (0.60) 1.55 (1.28) 0.24 (0.42) 

No-N 0.13 (0.40) 0.14 (0.07) 0.12 (0.55) 0.0 (0.05) 0.06 (0.21) 0.04(0.01) 

HMAXP       

+N 24.31 (5.10) 17.10 (3.78) 24.91 (5.28) 17.08 (3.53) 22.95 (5.01) 14.45 (3.39) 

No-N 11.72 (4.01) 7.02 (2.55) 16.13 (4.08) 10.37 (2.18) 10.08 (3.42) 5.67 (1.97) 

SILQP       

+N 55.51 (17.38) 17.54 (4.74) 64.63 (18.25) 21.88 (4.85) 46.39 (15.52) 18.00 (4.62) 

No-N 15.54 (5.69) 10.02 (2.23) 18.32 (5.32) 9.13 (2.09) 11.06 (3.99) 5.80 (1.94) 
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Table A4.3: Best linear unbiased estimators (BLUEs) from the combined data for 

each trait per treatment. In parenthesis are standard deviations. FTP: Flowering 

time, HMAXP: height, MBRAP: branch number from the main branch and SILQP: 

silique number. BLUEs values from MBRAP and SILQP were back – transformed to 

calculate mean values 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 One Four 

FTP   

+N 53.4 (3.87) 52.9 (3.96) 

No-N 52.9 (3.95) 52.2 (3.89) 

MBRAP   

+N 2.36 (0.12) 0.84 (0.30) 

No-N 1.03 (0.12) 0.99 (0.06) 

HMAXP   

+N 24.39 (4.75) 15.24 (3.34) 

No-N 12.27 (3.22) 7.71 (1.96) 

SILQP   

+N 53.88 (13.49) 19.10 (3.55) 

No-N 14.25 (3.26) 7.78 (1.56) 
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Figure A4.6: QTL plots across different experiments for flowering time (FTP). The results from each experiment are shown as coloured 

dashed lines, and the multi-environment analysis results are shown as a solid black line (combined). Discontinuous line indicating -

log10 (P value) threshold for significance of 3.5 
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Figure A4.7: QTL plots across different experiments for height (HMAXP). The results from each experiment are shown as coloured 

dashed lines, and the multi-environment analysis results are shown as a solid black line (combined). Discontinuous line indicating -

log10 (P value) threshold for significance of 3.5 
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Figure A4.8: QTL plots across different experiments for branches from the rosette (MBRAP). The results from each experiment are 

shown as coloured dashed lines, and the multi-environment analysis results are shown as a solid black line (combined). QTL peaks 

above the threshold from AT043, AT044, AT045 (chr 2 and 3 No-N/1Plant, chr2 and 3 Nitrogen/4Plants) and combined data (chr 4 No-

N / 4 plants) were not significant (p<0.05). Discontinuous line indicating -log10 (P value) threshold for significance of 3.5 
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Figure A4.9: QTL plots across different experiments for silique number (SILQP). The results from each experiment are shown as 

coloured dashed lines, and the multi-environment analysis results are shown as a solid black line (combined). QTL peaks above the 

threshold from AT043 (Chr1 Nitrogen/1Plant) were not significant (p<0.05). Discontinuous line indicating -log10 (P value) threshold for 

significance of 3.5 
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Figure A4.10: RII values from 448 MAGIC RILs as a function of A. height 

(HMAXP) and B. silique number (SILQP) 
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Abstract
High-throughput phenotyping based on non-destructive imaging has great potential in plant biology and breeding
programs. However, e�cient feature extraction and quanti�cation from image data remains a bottleneck that needs to be
addressed. Advances in sensor technology have led to the increasing use of imaging to monitor and measure a range of
plants including the model Arabidopsis thaliana. These extensive datasets contain diverse trait information but feature
extraction is often still implemented using approaches requiring substantial manual input. The computational detection
and segmentation of individual fruits from images is a challenging task, for which we have developed DeepPod, a patch
based two-phase deep learning framework. The associated manual annotation task is simple and cost e�ective without the
need for detailed segmentation or bounding boxes. Convolutional neural networks (CNNs) are used for classifying di�erent
parts of the plant in�orescence, including the tip, base and body of the siliques and the stem in�orescence. In a post
processing step, di�erent parts of the same silique are joined together for silique detection and localisation, whilst taking
into account possible overlapping among the siliques. The proposed framework is further validated on a separate test
dataset of 2,408 images. Comparisons of the CNN based prediction with manual counting (R2 = 0.90) showed the desired
capability of methods for estimating silique number.
Key words: Plant phenotyping; image analysis; deep learning; object detection; fruit counting; Arabidopsis

Introduction

Photometrics (imaging following by computationally assisted
feature extraction andmeasurement) promises to revolutionise
biological research and agricultural production systems [1, 2, 3,
4, 5]. Automation of work�ows remains a key challenge in
the scaling of these approaches to cope with the requirements
of large genetic experiments or, indeed, food production sys-
tems. Phenotyping aims to measure observable plant features,
often as a response of environmental cues and/or variability

between individuals. Traditionally, phenotyping has been a
labour-intensive and costly process, usually manual and of-
ten destructive. High-throughput phenotyping technologies
aim to address this problem by the use of non-destructive ap-
proaches either in glasshouses [1, 6, 2] or directly in the �eld
[4, 7] integrating imaging, robotics, spectroscopy, high tech
sensors and high-performance computing [8, 3].
Imaging has the potential to generate an enormous vol-

ume of data in real time, while image analysis to extract use-
ful information is currently the main bottleneck. The ex-
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traction of quantitative traits relies on the development and
use of improved software techniques. Machine learning tools
have been used to identify patterns in large biological datasets
[8, 9, 10, 11, 12]. Recently, deep learning tools have been ap-
plied to accurately extract features from plant images [13, 14,
15, 16, 17, 18, 19, 20, 21].
Model organisms have been widely used to dissect di�er-

ent biological processes and provide a useful means to test and
develop new methods that can subsequently be more widely
applied to crop and ecological scenarios. Arabidopsis thaliana is
a small, �owering plant widely used to address questions re-
lated to plant genetics, molecular, evolution, ecology, physiol-
ogy, among others [22, 23, 24]. The seedling produces a small
rosette that increases in size by addition of leaves. The central
meristem produces an in�orescence that produces �owers and
then fruits. The fruits are also known as pods or siliques [24].
The measurement of traits, such as growth rate, �owering and
fruit number are key to evaluate plant performance and repro-
ductive �tness [25]. However, many high-throughput imaging
studies focus on growth dynamics of the rosette [26, 27, 9, 28],
despite the importance of fruit production in reproductive and
evolutionary processes [2, 29, 30, 31].
This work demonstrates that deep learning can be used to

estimate fruit number from images. In particular, we have de-
veloped DeepPod, a framework for Arabidopsis silique detection
that involves a deep neural network for patch based classi�-
cation and an object reconstructor for silique localisation and
counting. The framework has been validated using a separate
dataset of 2408 images from biological experiments. This al-
lowed the analysis of large numbers of plants in�orescences in
an accurate and e�ective way providing a cost e�ective alter-
native to manual counting.

Background

Convolutional Neural Networks (CNNs) have become the dom-
inant type of models for image classi�cation [32]. The input
for a CNN, typically an image, can be represented as a three-
dimensional array of height×width×channels. A CNN contains
convolutional layers, where inputs are passed through various
�lters for extracting features that are arranged as feature maps,
prior to using the fully connected layers for classi�cation or re-
gression. The weights or parameters of the �lters are shared
among the neurons of the convolutional layers [33], not only
to encourage detection of repeated patterns in the image but
also to reduce the number of parameters for the network to
learn. Other types of layers such as pooling are also often used
in combination with convolutional layers to reduce the dimen-
sionality of feature maps. A CNN can be trained using a back-
propagation algorithm to update the weights in an iterative
process, in order to minimise the loss function that measures
the discrepancy between the predicted output and actual out-
put for the training examples. What makes CNNs particularly
attractive in computer vision is that they can directly extract
features from images without the need for time-consuming,
hand-crafted pre-processing or feature extraction steps, un-
like classical machine learning approaches [34].
Recent publications have reported the application of deep

learning in various plant phenotyping tasks such as leaf count-
ing, age estimation, mutant classi�cation, disease detection,
fruit classi�cation and plant organ localisation [14, 20, 19, 21,
18, 16, 15, 13]. Mohanty et al. [14] trained deep convolutional
neural networks to identify 14 crop species and 26 diseases us-
ing a publicly available plant disease dataset. They built mod-
els with architectures of AlexNet [35] and GoogleNet [36] using
transfer learning. Wang et al. [20] employed CNNs to establish
disease severity in apple black rot images. Deep learning meta-

architectures have also been considered for more complex sce-
narios. Fuentes et al. [19] demonstrated a combination of CNNs
and deep feature extractors to recognise di�erent diseases and
pests in tomatoes, which dealt with inter- and intra-class vari-
ations. Deep learning was also used for cassava disease detec-
tion via mobile devices [21]. Pawara et al. [18] applied CNNs
to classify leaf, fruits and �owers in �eld images. They com-
pared the performance of classical classi�ers to CNNs, where
architectures such as GoogleNet and AlexNet gave the best re-
sults in the plant-related datasets used. Taghavi et al. [16]
proposed a CNN-LSTM (-Long Short Term Memory) frame-
work for plant classi�cation using temporal sequence of im-
ages. Particularly the model features were learned using CNNs
and the plant growth variation over time were modeled with
LSTMs. Ubbens et al. [15] used CNNs for regression to perform
leaf counting. They used rendered images of synthetic plants
to augment an Arabidopsis rosette dataset and concluded that
the augmentation with high-quality 3D synthetic plants im-
proved the performance of leaf counting while real and syn-
thetic plants could be interchangeably used for training a neu-
ral network. Pound et al. [13] demonstrated wheat root and
shoot feature identi�cation and localisation using two di�erent
standard CNN architectures for patch classi�cation. For shoot
features, they found that the leaf tips represented the hardest
classi�cation problem compared to the leaf base due to the ex-
isting variations in orientation, size, shape and colour of tips
in their dataset. Further reconstruction from the classi�cation
results of the overlapping patches allows localisation of sepa-
rate structural regions such as leaf tips and bases. However
the objects of interest as a whole (such as leaves) are yet to be
identi�ed in order to extract more morphological features (e.g.
leaf length and shape).
Our proposed framework treats the silique (or pod) count-

ing problem as an object detection and segmentation problem
followed by counting. One popular approach of deep learning
frameworks for object detection is to train a single convolu-
tional neural network to jointly perform object classi�cation
and localisation tasks, where the object localisations are usu-
ally de�ned by bounding boxes. Examples of such networks in-
clude Fast-RCNN (Regional-CNN), SSD (Single Shot Multibox
Detector), YOLO (You Only Look Once) [37]. However train-
ing of such networks require labelled data with detailed seg-
mentation or bounding boxes of individual objects, which are
obtained usually through a very tedious manual process. More-
over, the image size allowed for the network input is limited
due to the complexity of network architecture and the available
memory.
In our case, the resolution of the raw images needs to be

su�ciently high in order to preserve details of pods that are
small and narrow, often overlapping. A single image can also
contain a wide variation in the number of fruits from 0 to near
400, which poses further challenges for deep learning models
when the available labelled data is limited.
To address these issues, we adopted an alternative approach

that performs patch based classi�cation and localisation in two
separate phases. The �rst step is to classify a region of a suit-
able size in the original image into di�erent parts of the in�o-
rescences. In the localisation phase, each original image will
be scanned and each patch classi�ed as silique/not silique (i.e.
as one of the four classes including the tip, base or body of
siliques, and the stem in�orescence). Given an accurate clas-
si�cation of patches as silique/not silique, one could then esti-
mate the number of siliques and their lengths to a good preci-
sion. The manual annotation task for the proposed framework
was simple, involving collection of su�cient pixels from dif-
ferent de�ned structural parts of the plant.
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Table 1. Information about the dedicated data for di�erent tasks.
Dataset name Number of images Provided annotation Used task

Set-1 144 Silique main structural elements, Developing classi�cation model,
Silique count Developing counting pipeline

Set-2 2,408 Silique count Evaluating counting pipeline

Figure 1. An illustrative example of image and features (the important parts of the plants) annotated for patch based classi�cation..

Data Acquisition

A set of 2,552 images of mature in�orescences taken from a
subset of the Multiparent Advanced Generation Inter-Cross
(MAGIC) RIL population [38] were used to establish and test
the CNN pipeline. A subset (referred to as Set-1 = 144 images)
of this dataset was randomly selected for manual annotation
and then used to train one shallow and one deep convolutional
neural network. A total of 2,408 images (referred to as Set-2)
were used to test the performance of the selected model. Infor-
mation about the dedicated data for di�erent tasks is stated in
Table 1.
Plants were grown on an automatic watering platform

within the National Plant Phenomics Centre (NPPC) (Aberys-
twyth University, United Kingdom) in 6cm diameter pots half
�lled with vermiculite and the upper half with 30% grit/sand:
70% Levington F1 (peat based compost). The vermiculite was
used to restrict plant growth. Pots were �lled to a uniform
weight. Each plant was automatically weighed and irrigated
from above to a 75% gravimetric water content daily.
The mature in�orescence or stem of each plant, with at-

tached fruits was harvest and imaged in a �atbed scanner (Plus-
tek, OpticPro A320). Images were saved at 300 dpi and stored
in .PNG format with image size equal to 3600×5100. The im-
age �le name includes the identi�cation number for the line
(e.g. ATxxx_001xxx represents RIL001) according to Kover et
al. [38]. A sample image is shown in Figure 1. Manual counting
of viable fruits in images was undertaken by a single person to
minimize operator variation. ImageJ [39] was used to track the
counting by setting a label to each fruit as it was counted.

Patch based Classi�cation using CNNs

Data Preparation for Model Development

Data Annotation
An annotation tool with a graphical user interface (GUI) was
built (in MatLab) to assist with manual annotation of di�erent
parts of the in�orescence. Figure 2 shows the schematic of this
GUI with some screenshots of annotation. The user selects the
class type (tip, base, body of the silique and stem) and clicks
on the respective parts on each input image. The annotated
parts (points clicked) were saved as de�ned locations based on
image coordinates. An example annotated image illustrating
the prede�ned parts of the silique (tip, base, body and stem) is
given in Figure 3. This tool was used to manually annotate Set-
1, which was used to develop the patch classi�ers (see Section
Patch Based Classi�cation Problem).
The main advantages of this annotation platform include its

relatively low cost and ease of use. Compared to other annota-
tion approaches that require detailed segmentation, polygons
or bounding boxes, this approach requires annotation of just
four main structural elements. Using this platform, Set-1 was
manually annotated by a single person in a total of 36 working
hours.
Table 2 shows the number of annotations performed per

class (before augmentation). This dataset was used in the ini-
tial training step for classifying whole in�orescence into de-
�ned parts. In order to prepare patches for classi�cation, Set-
1 was randomly split into training, validation and test sets as
rounded of 65%, 20% and 15% of the 144 images.
Patch Generation & Augmentation
Similar approach to what was proposed in [13] has been fol-
lowed for image patch generation and augmentation. Using the
annotated data to prepare training samples, square bounding
box patches were extracted while being centred at the manually
annotated points. Subsequently, data augmentation [40, 41]
was performed to increase the amount of training data via spe-
ci�c transformations as well as considering frames di�erent
from the centred ones. The patches of size 50 × 50 were �rst
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Figure 2. The developed GUI used for manually annotating plant parts.

Figure 3. Example annotated images (from left to right) for tip, base, body and stem.

Table 2. Summary statistics for data annotation performed on Set-1.
Feature Number of manual annotations
Silique Tip 7299
Silique Base 8058
Silique Body 11187

Stem 10266

extracted. Then, random 32×32 pixel crops followed by random
mirroring or rotation were performed. For pre-processing, we
normalised the data using the channel means and standard de-
viations on the training set. For validation samples, no aug-
mentation was undertaken and the 32 × 32 patches centred at
the annotated points were extracted. Figure 4 shows various
examples of each class that were used in the training proce-
dure.

Data Preparation for Testing

The training patches were centred at the annotated points fol-
lowed by augmentation, as described earlier. To prepare test
samples, the di�erence in the pixel intensity distribution be-
tween the testing data and the training/ validation data (that
were used during training time) was taken into account. First,
the whole image was scanned over with a sliding window and
tiled into 32× 32 patches with 50% overlap both in the vertical
and horizontal direction (see Figure 7). Most pixels within the
area of interest (plant area) would hence be included in four dif-
ferent patches. The patches belonging to the white background
(lacking plant pixels) were excluded by thresholding.
The rationale behind selecting overlapping regions was (1)

to increase the number of patches by a factor of four compared
to without overlapping; (2) to make the patch classi�cation
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Figure 4. Example extracted patches using manual annotations. From top to bottom: samples of base, body, stem and tip, respectively. Note that, the key structural
elements are not always centered in the patches due to the random cropping process for patch extraction.

more robust by combining multiple predictions.
When applying the model to test data, the di�erence be-

tween the sample distribution for training and that for test-
ing, i.e. presence of potential covariate and dataset shift, can
adversely a�ect the model generalisation performance. To ad-
dress this issue, each test image will also be normalised using
the channel wise mean and standard deviation of the training
set.
Then the resultant patches were fed to the trained networks

and the classi�cation outcomes for each sample patch (tip,
base, stem, body) were computed.

Building CNN Classi�ers

In the next step, CNN-based classi�ers were built to take ex-
tracted patches of interest as input, and to output probability
scores for di�erent labels {0, 1, 2, 3} indicating the probability
that the input patch contains a base, body, stem and tip, re-
spectively.
Network Architecture
LeNet is a pioneering convolutional network that was proposed
to classify handwriting digits [42]. LeNet architecture [43],
consists of two sets of convolutional and pooling layers stacked
on top of each other, followed by two fully connected layers
and �nally ending with a Softmax layer (see Figure 5). LeNet
is a simple shallow network and has been chosen as a baseline
model in this study, considering the potentially higher compu-
tational resource needs for running more complex deep learn-
ing models.
DenseNet is a model notable for its key characteristic of by-

passing signals from preceding layers to subsequent layers that
enforces optimal information �ow in the form of feature maps.
Amongst DenseNet variants [44], DenseNet-Basic is a success-
ful model proposed for the CIFAR10 [34] image classi�cation
challenge. Hereafter, DenseNet-Basic will be referred to as
“DenseNet”. A simple DenseNet is made up of a total of L layers,
while each layer is responsible for implementing a speci�c non-
linear transformation, which is a composite function of di�er-

ent operations such as Batch Normalisation, Recti�ed Linear
Unit, Pooling and Convolution [42, 44]. Within a dense block
that consists of multiple densely connected layers with such
composite functions, all layers are directly connected to each
other, and each layer receives inputs (i.e. feature maps) from
all preceding layers (as illustrated in the middle row of Fig-
ure 6). The number of feature maps generated from the com-
posite function layer is usually �xed and is called the growth
rate (k) for the DenseNet.
To facilitate down-sampling for CNNs, the network used

for our experiment consisted of multiple dense blocks. And
the dense blocks were connected to each other through tran-
sition layers (composed of a batch normalisation layer, a 1×1
convolutional layer, dropout layer and a 2×2 average pooling
layer as shown in the bottom row of Figure 6).
The growth rate (k) was set to 12 for all dense blocks in

order to generate narrow layers within the overall DenseNet
structure (i.e. 3 dense-blocks with equal number of layers and
2 transition layers). A relatively small growth rate (of 12) was
found to be su�cient to obtain satisfying results on our target
datasets. The initial convolution layer incorporated 16 convolu-
tions of size 3×3 on the input images. The number of feature-
maps in all other layers follow the setting for k.
At the end of the last dense block (3rd dense block), a global

average pooling was performed to minimize over-�tting by re-
ducing the total number of parameters in the model. The �nal
Softmax classi�er of four output nodes will predict the proba-
bility for each class based on the extracted features in the net-
work. The rest of the model’s parameters with regards to the
kernel, stride and padding sizes were kept as default as detailed
in [44].
Training
In our experiments with LeNet and DenseNet, similar con�g-
uration has been applied as in Huang et al. [44]. Both mod-
els were trained via a stochastic gradient descent solver with
the parameters set to Gamma = 0.1 (for the learning rate de-
creasing factor), momentum = 0.9 (for weight update from the
previous iteration) and the weight-decay factor = 10–5. We
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Figure 5. LeNet architecture.

Figure 6. The DenseNet-Basic architecture used for patch based Arabidopsis structural part classi�cation. The feature-map sizes in the three dense-blocks were
32× 32, 16× 16, and 8× 8, respectively.

Table 3. Classi�cation results on the validation samples.
LeNet DenseNet

Accuracy 80.55% 86.80%
Loss 0.64 0.37

trained LeNet and DenseNet with mini-batches of size 64 and
8 (according to our hardware speci�cations), respectively. Both
models were trained using an initial learning rate of 0.001 with
33% step down policy. LeNet was trained for 15 epochs and
DenseNet was trained for 30 epochs. In our implementation,
the LeNet and DenseNet models pretrained on the CIFAR10
dataset [34] were used to initialise the weights, whilst the net-
works were �ne-tuned using prepared training data from the
silique dataset. In the pre-processing step for each model, the
mean patch calculated on the training set patches was sub-
tracted for each sample patch being fed.

All CNN training and testing was performedwithin the Ca�e
framework [45]. The computations were carried out using a
NVIDIA GeForce GTX 1080 GPU, Intel Core i7-4790 Processor
and Ubuntu 16.04 operating system.

Table 3 shows the classi�cation accuracy and loss for both
networks on the validation data from Set-1 after training.

Performance on Patch Based Classi�cation

In the initial evaluation, we used the test samples in our model
development data Set-1 to evaluate the classi�cation and de-
tection performance of both the shallow and deep networks.
The aim of this comparative evaluation was to choose the
best model for correct classi�cation of patches and estimating
silique counts on the smaller development dataset.
The classi�cation results of both networks are presented

in Tables 4 and 5 in terms of a confusion matrix, per-class
precision and recall, and total classi�cation precision and re-
call. Note that only annotated patches have been considered
for this evaluation. The DenseNet network has higher repre-
sentational power due to its deeper architecture and its use of
features of multiple levels for classi�cation in comparison to
the LeNet network; its e�cacy in the learning task has also
been evidenced by its higher accuracy in classifying plant parts
(as shown in Tables 4 and 5).

Post-processing for Silique Localisation &
Counting
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Table 4. Performance of patch based classi�cation on the testingimages for model development using LeNet network.

Actual
Predicted Base Body Stem Tip Precision Recall

(%) (%)
Base 344 12 52 4 74.1 83.5
Body 15 280 26 30 79.5 79.8
Stem 14 29 270 4 75.8 85.2
Tip 91 31 8 169 81.6 56.5
Total Precision = 77.8 %, Total Recall = 76.2 %

Table 5. Performance of patch based classi�cation on the testingimages for model development using DenseNet network.

Actual
Predicted Base Body Stem Tip Precision Recall

(%) (%)
Base 392 4 14 2 93.6 95.1
Body 15 290 13 33 93.2 82.6
Stem 11 14 290 2 91.5 91.5
Tip 1 3 0 295 88.9 98.7
Total Precision = 91.8 %, Total Recall = 92 %

Image Reconstruction

Given the classi�cation of various patches in an image, post
processing can be applied to reconstruct the image and detect
probable silique appearances. The plant regions are �rst iden-
ti�ed from the background (including borders) using simple
thresholding methods. Then the plant regions are further seg-
mented into four classes based on labelling of the patches of
interest.
As the patches for a test image are generated with 50%

overlap along both the horizontal and vertical direction, each
patch consists of four squares of equal size (16×16), called sub-
patches. Each sub-patch has four class predictions from four
adjacent patches, the �nal decision is inferred through major-
ity vote and the label for each pixel in the sub-patch was de-
termined accordingly (See Figure 7). In case of a tied vote for
several classes, the average probability of those classes for the
image will be assigned to the sub-patch and its pixels.

Silique Counting

To count siliques in the reconstructed image, a silique is de-
�ned as an area composed of three interconnected parts: one
tip, one body and one base in such a way that the body is located
between the tip and the base (Figure 1). The areas where tips
and bodies presenting shared borders are initially identi�ed,
these tip-body areas were extended through shared borders to
search for the connected tips, which eventually established a
combined area for a silique object.
In practice, many touching or overlapping siliques were ob-

served in the captured images, which was a problem for de-
tecting individual siliques accurately. In the case where one
silique object area contained multiple tips or bases, the angle
between the potentially overlaid siliques was calculated, us-
ing a cross product between the di�erent vectors linking the
bases to the corresponding tips. For example, for the case of
two siliques overlaying (often with the same apparent base or
tip), the centers of tips and bases were computed; then using a
cross product, the centers were connected in order to calculate
the angle between overlaid siliques. If the measured angle was
larger than a predetermined threshold, the region was consid-
ered as two distinctive siliques, otherwise as a single silique.

The value of the threshold was set to 0.05 Radian in our exper-
iments according to the resolution of the images. Please see
supplementary Figure S1 for an illustrative example on how to
detect/count individual siliques with overlapping regions.

Test results for Silique Counting

Results on the test data for model development

Figure 8 shows the results of image reconstruction for sev-
eral randomly selected images after patch classi�cation (using
the DenseNet network), with colours indicating di�erent struc-
tural parts of the plant.
Table 6 reports the performance of silique count prediction

using the two di�erent trained networks. In this table, the
correlation coe�cient (for the linear relationship between the
prediction and the manual counts) shows that the prediction
using the deeper model (DenseNet) is more accurate than us-
ing the shallower model (LeNet). This linear correlation can be
better seen in Figure 9 showing the scatter plots of the actual
vs automated silique counts. We also examined the distribu-
tion of the errors (actual–prediction) in silique counting, see
Figure 10 for the histograms of errors for the two trained mod-
els. It appears that both LeNet and DenseNet under estimated
the counts compared to manual counting in most cases.
Comparing a shallow and a deep network for classifying im-

age patches, we concluded that the classi�cation results and
the quality of the count estimation show improvement from
using the deeper architecture. Therefore, DenseNet has been
selected for identifying siliques, as it appeared to be more ro-
bust to the variations in shape and size. This is probably in part
a consequence of using a training set of images from diverse
individuals harvested at di�erent stages of silique maturation.

Results on the separate test data

To further evaluate the proposed framework, we used a sepa-
rate large dataset of 2,408 images available within the NPPC.
The scatter plot in Figure 11 shows a high positive correlation
(Pearson correlation coe�cient R2 = 0.90) between the manual
counts and automated counts.With the reconstructed silique
objects, additional morphological features could be extracted
including silique length. Predicted silique number and statis-
tics for silique length (mean, maximum and minimum) per im-
age are reported in Supplementary Data S1.
The CNN-based prediction tends to under-estimate com-

pared to actual manual counting. To better understand where
the problem lies, detailed detection results have also been vi-
sualised, see Figure 12 for some random examples. It seems
that the current post processing method might have di�culty
in detecting some small or overlapping siliques.

Discussion

A recent computer vision approach to fruit number estimation
involves linear regression using selected skeleton descriptors
(such as junction numbers and number of triple points) ex-
tracted after segmentation and 2D skeletonisation, resulting
in a validation correlation of R2 = 0.91 between observed and
automated values for the best performing model on the 100
examples [2] in a development dataset. When applied on the
dataset from a separate experiment, although the model can
qualitatively capture the main phenotype under investigation,
its accuracy against the manual counts dropped signi�cantly
to R2 of 0.7. This suggests that this regression approach to
fruit counting might not be generalised to other conditions as
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Figure 7. Flowchart of the sub-patch labelling step for image reconstruction.

Table 6. Performance for silique count prediction compared to manual counting on the 22 test images for model development.
Metric LeNet DenseNet

Correlation coe�cient 0.932 0.954
Root mean squared error 20.35 12.45

e�ectively as our object recognition approach. Apparently this
non-deep learning approach used only “handcrafted” global
features with resulting models more speci�c to the conditions
for training, whereas our approach used both local features (for
patch classi�cation) and some more global features (for object
reconstruction). Based on our test results on silique counting,
we expect our method to be useful for species with similar fruit
morphology such as Canola (Oilseed Rape) and other brassicas.
However, the CNN will most likely need to be �ne-tuned for
diverse silique morphology and imaging conditions.
There are several promising directions for future work for

which the developed software can be improved such as the de-
tection of other traits like silique length or branch number.
These two traits have been reported to be a good proxy of seed
number and therefore could be important for estimating pro-
ductivity [46]. The following considerations should be taken
into account in future to improve the classi�cation and detec-
tion performance:
i. The robustness of the representations in both networks
relied largely on the quality and quantity of the training and
test data. Increased variety in the training samples (along
with arti�cial augmentation) should provide more robust
learned representations and may facilitate extension to other
species.
ii. Deep learning models can take the whole image or the
patches as input. In this study, a patch based classi�er was
used and the image was scanned over with a sliding window,
classifying the patches. However, feeding all patches to the
networkwas time-consuming and the designated patch over-
lap produces substantial redundancy. To overcome these is-
sues, deep neural networks taking the whole image as input
for object detection can be explored.
iii. Generative adversarial networks (GANs) [47] have been
widely used in segmentation problems on real world [48, 49]

and medical data (see our recent application of these mod-
els on medical images [50, 51]). To avoid the need for post-
processing (which a�ects the performance), di�erent types
of GANs should be investigated.
iv. DeepPod can be used to accelerate the development of
even more robust fruit recognition approaches. DeepPod can
rapidly provide more annotated images as the output of the
proposed DenseNet model can be used to automatically gen-
erate detailed fruit annotation suggestions. A human annota-
tor would then focus on correcting false negatives (by adding
missed siliques) and false positives (or removing falsely de-
tected ones) instead of spending so much time on marking
each fruit contour individually.

Conclusion

In summary, we have developed DeepPod, an image-based
deep learning framework for fruit counting. We have demon-
strated DeepPod’s e�ectiveness in silique detection and count-
ing for Arabidopsis, as well as challenges due to presence of
overlapping siliques and variability in fruit morphology. The
pipeline developed has been shown to be cost e�ective in im-
age annotation for model development. To further improve
the pipeline, more robust and scale invariant methods will be
investigated for object detection and for extraction of more
morphological traits. Additionally active learning and transfer
learning could be applied for more e�ective data annotation
and machine learning modelling.

Availability of source code and requirements

• Project name: DeepPod
• Project home page: https://github.com/AzmHmd/DeepPod.git

https://github.com/AzmHmd/DeepPod.git
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Figure 8. Three example results of labelling on the reconstructed plant images based the DenseNet patch based classi�cation. Tips, bodies, bases and stems are
indicated in red, green, blue and white, respectively.

• Operating system(s): Platform independent
• Programming language: MATLAB
• Other requirements: CUDA version: 8.0, CuDNN version:
v5.1, BLAS: atlas, CAFFE version: 1.0.0-rc3, DIGITS version:
5.1-dev, MATLAB version: 9.3 or above

• License: MIT
• The annotation toolbox (also included in DeepPod project)
has been registered in the www.SciCrunch.org data sharing
and display platform with the Research Resource Identi�-
cation Initiative ID (RRID) number of “SCR_017413”, under
the name of “Plant Phenotyping Annotation Toolbox”.

Availability of supporting data and materials

The dataset for model development (Set-1, including 144 raw
images and their annotations, and manual silique counts), and
the dataset for testing (Set-2, including 2,408 raw images
and their manual silique counts), are available in the Aberys-
twyth research data repository, DOI:10.20391/21154739-f718-
457b-96�-838408f2b696.

Additional �les

• Supplementary Figure S1: an illustrative example on identi-
�cation of individual siliques with overlapping regions

• Supplementary Data S1: a CSV �le reporting the predicted
silique count, mean and range of silique length (in pixels)
for each image in Set-2.

Declarations

List of abbreviations

CNN Convolutional Neural Network
GUI Graphical User Interface
LSTM Long Short Term Memory
NPPC National Plant Phenomic Centre
RCNN Regional CNN
SSD Single Shot Multibox Detector
YOLO You Only Look Once

www.SciCrunch.org
https://doi.org/10.20391/21154739-f718-457b-96ff-838408f2b696
https://doi.org/10.20391/21154739-f718-457b-96ff-838408f2b696
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Figure 9. Predicted counts using the two models using validation and testing samples. R2 = 0.90 for the LeNet-based model and R2 = 0.95 for the DenseNet-based
model.

(a) Actual (manual) counts – LeNet based Prediction (b) Actual (manual) counts – DenseNet based Prediction

Figure 10. The histograms of errors in silique count prediction for the LeNet and DenseNet models.
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